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ABSTRACT 

The oil content of six Adansonia species (Bombacaceae family) of Madagascar (Adansonia gran- 
didieri, A. za, A. digitata, A. fony, A. rnadagascariensis and A. suarenzensis) and Africa (A. digitata) 
ranges from 8 to 46%. All the oils give a positive response to the Halphen test. Malvalic, sterculic and 
dihydrosterculic acids were detected using gas liquid chromatography-mass spectrometry (GLC-MS). 
Epoxy or hydroxy fatty acids were not found in these oils. Fatty acid composition was determined 
by GLC using glass capillary columns coated with BDS and Carbowax 20 M. Results obtained for 
cyclopropenic fatty acids (CPEFA) were compared to those ~ven by glass capillary GLC after dedva- 
tization with silver nitrate in methanol, by hydrogen bromide titration and by proton magnetic 
resonance (PMR). Good agreement was observed for the results given by the various methods. Malvalic 
acid content ranges from 3 to 28%, sterculic acid from 1 to 8% and dihydrosterculic acid from 1.5 to 
5.1%. Odd-numbered fatty acids (Pentadecanoic and heptadecanoic) were also observed in minute 
amounts (0.1-1.1%). Among the normal fatty acids, we observed mainly palmitic (21-46%), oleic 
(15-40%) and linoleic (12-32%). The relationship between fatty acid composition and Adansonia 
species is discussed. 
Lipids 17:1-10, 1981. 

INTRODUCTION 

It was reported in some papers and reviews 
(145) that cyclopropanic fatty acids (CPEFA) 
such as malvalic (8,9-methylene-heptadec-8- 
enoic) and sterculic (9,10-methylene-octadec-9- 
enoic) acids are widespread in higher plant 
families, especially in, e.g., Malvaceae, Sterculi- 
aceae, Tiliaceae, Sapindaceae and Bombacaceae. 
Recent works show that the oils containing 
CPEFA are frequently accompanied by smaller 
proportions of cyclopropanic fatty acids 
(CPAFA), such as dihydrosterculic and dihy- 
dromaivalic acids (7,8), which are the dihydro 
analogs of  CPEFA. In some cases, the CPAFA 
are the major components of the oils (6,9,10). 
Because these CPEFA are responsible for some 
physiological disorders and should have some 
cocarcinogenic properties (8,11-14), assays of 
seed oils for CPEFA have been done during the 
past decade. 

The genus Adansonia (Bombacaceae family) 
comprises some species in Africa, Madagascar 
and Australia. The African baobab, A. digitata, 
was not reported to contain CPEFA (15-17), 
although it was said in earlier investigations that 
baobab seed oils should contain CPEFA as 
these oils gave a positive Haiphen test (18-20). 
In a recent work, we have found that a Mala- 
gasy baobab species, A. grandidieri, contains 
malvalic (6-7%), sterculic (4-8%) and dihydro- 

sterculic (I s acids (21 ). 
In our interest of ascertaining whether any 

consistent relationship exists between the fatty 
acid composition and the taxonomical arrange- 
ment of  plants, we have made a more extensive 
study of fatty acid composition from various 
species of Adansonia. In this work, the fatty 
acid composition, with special attention to 
CPEFA and CPAFA of 6 Malagasy baobab 
species, was studied. Among the 7 species of  
Adansonia found in Madagascar (22), the 6 
species studied in this paper were: A. grandi- 
dieri, A. za, A. digitata, A. forty, A. madagas- 
cariensis and A. suarezensis. A sample of  the 
African baobab seed oil, A. digitata, from 
Haute-Volta was also investigated, tn some 
cases~ seeds of  different origin or seeds of 
different varieties were studied and 11 samples 
in all were investigated, as shown in Table 1, 
to determine the variation in fatty acid compo- 
sition. Identifications of malvalic, sterculic 
and dihydrosterculic acids were made using 
gas liquid chromatography-mass spectrometry 
(GLC-MS). CPEFA were analyzed by GLC of 
the derivatives obtained according to the 
method of  Schneider et al. (23). Results were 
compared to those obtained using direct GLC 
analysis of  the total fatty acid methyl ester 
fractions (24), hydrobromic acid titration 
(25,26) and the proton magnetic resonance 
(PMR) method of Pawlowski et al. (27). 
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TABLE 1 

Origin of Baobab Seeds 

Number Species Origin a 

1 A .  grandidier i  Morondava area 
2 A .  g m n d i a i e r i  Morondava Market 
3 A .  grandidier i  Refined oil (SICA, Morondava) 
4 A.  za Betsipotika forest (Morondava) 
5 A .  za vat. Boinensis Ambovombe area 
6 A .  za  vat. Bozy Ambanja area 
7 A .  digi tata Mahajanga 
8 A .  digi tata Bobo-Dioulasso (Haute-Volta) 
9 A .  f o n y  Andranomena (Beio/Tsiribihina) 

l0 A .  madacascariensis  Ramana beach (Antsiranana) 
I 1 A .  suarezens is  Andrakaka area (Antsiranana) 

aAIl the seeds were collected in Madagascar but sample 8 was collected in Haute-Volta. 

EXPERIMENTAL PROCEDURES 

Materials 

The baobab fruits 1, 2, 4-7 and 9-11 were 
collected in Madagascar areas as shown in Table 
1 during 1978-79. The African baobab fruit 
8 was collected in Haute-Volta in 1978. 

Ten oils, I, 2 and 4-11, were prepared from 
the corresponding dried seeds by Soxhlet 
extraction using light petroleum (40-60 C). 
The oil content of these seeds is given in Table 
2. A specimen of pure industrial and refined oil 
of A .  g r a n d i d i e r i  3 was purchased from SICA 
Society (Morondava, Madagascar). The iodine, 
saponification, acidic and hydroxyl values, as 
well as refractive index and density, are indi- 
cated in Table 2 and were determined according 
to NF methods (28). 

General Methods 

Infrared (IR) spectra were determined as 
liquid films or as 5% solutions in carbon tetra- 
chloride on a Perkin Elmer (Norwalk, CT) 
Model 457 instrument; ultraviolet (UV)spectra  
were measured using methanolic solution with 
a Beckman (Gagny, France) DB-G spectropho- 
tometer. 

Helphen Color Test 

The method of Halphen (29) was used for 
characterization of CPEFA. Equal volumes 
(about 1-3 ml) of oil, amyl alcohol and carbon 
disulfide containing 1% of sulfur were placed 
in a test tube and warmed on a steam bath 
during 10-15 min. A characteristic red pink 
color appeared for the I 1 oils. 

Other Chemical Procedures 

Durbetaki's method (25,26) was used at 2 
temperatures (3 and 55 C) for direct quanti- 

tative hydrogen bromide titration of oxiranic 
and cyclopropenic functions of fatty acids. 
Results were expressed in Table 2 as vernolic 
acid for the oxirane oxygen and as sterculic 
acid for the cyclopropene ring. Methyl esters 
were prepared from oils (5 g) by methanolysis 
(30) with 0.2 molar sodium methoxide in 
methanol (40 ml). Argentation of methyl esters 
was performed as described by Schneider et al. 
(23). 

Gas Liquid Chromatography 

An lntersmat IG 12 DFL gas chromatograph 
(Chelles-les-Coudreaux, France) equipped with 
a flame ionization detector and a glass injector 
was used. Two glass capillary columns were 
employed: a 45 m long, 0.35 mm id column 
coated with Carbowax 20 M (0.15 #mphase 
thickness) and a 25 m long, 0.40 mm id column 
coated with BDS (0.20/am thickness). Temper- 
atures were 190 C for the Carbowax 20 M 
column and 150 C for the BDS column; 200 C 
for the detector and 220 C for the inlet ovens. 
Flow rate of hydrogen as carrier gas was 1 ml/ 
min; split 5/100. The injections averaged 
about 0.5-1 /11 with a 5% solution of methyl 
esters. A Perkin Elmer Model 56 recorder was 
used and peak areas were integrated by a 
Spectra-Physics Minigrator integrator (Santa 
Clara, CA). 

Gas Liquid Chromatography-Mass Spectrometry 

Analyses were performed on a Vafian M 
112 S gas chromatograph spectrometer (Varian 
Europe, Zug, Switzerland). The BDS glass 
capillary column was used for GLC. Operating 
conditions were: column, 150 C; helium, 
1 ml/min; molecular separator, 200 C; ion 
source, 100 C; ionizing voltage, 70 eV. The 
data system was a Varian Spectro System 200. 
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Proton Magnetic Resonance 

The oils were dissolved (diluted 1:20, v/v) 
in a carbon tetrachloride/chloroform (90:10,  
v /v )  m i x t u r e .  A Perkin Elmer Model R 32 NMR 
Spectrometer (Norwalk, CT) was used for the 
analysis. The percentage CPEFA was calculated 
as previously described (27). Areas were mea- 
sured using a planimeter because the 2 peaks 
of interest were too close together to allow 
satisfactory use of the instrument's integrator. 
Twice-repeated scanning of  samples were made 
using a 250-cps sweep width. 

RESULTS 

Seeds of the various Adansonia species when 
extracted with petroleum ether gave 8-46% of 
oil (Table 2). For sample 6, oil content was 
very low (1.5%) because an immature fruit was 
investigated. The seed oils obtained are yellow 
fluids which crystallize in the refrigerator. The 
analytical values of  oils are summarized in 
Table 2. de Bruin et al. (31) and, later, Bohan- 
non and Kleirnan (32) reported that Pachira 
aquatica (bombacaceae) seed oil contains 
(~-hydroxy sterculic acid. The low results 
obtained for hydroxyl values (see Table 2) 
show that hydroxy acids are in minute amounts 
or absent in baobab oils. Hydrogen bromide 
titration at 3 C (25,26) revealed that epoxy 
acids are in very low concentration or non- 
existent, because results expressed as vernolic 
acid (9,10-epoxy-oleic acid) are about 0.1-0.5%. 
Epoxy acids were not detected using the picric 
acid thin layer chromatography (TLC) test 
(33). All the oils gave a positive red-pink 
Halphen color test, showing the presence of  a 
cyclopropenic group. The oils gave a charac- 
teristic infrared (IR) band at 1009-1010 cm -1 
for the cyclopropene moiety and hydrogen 
bromide titration at 55 C (25,26) revealed that 
total cyclopropenoid material ranges from 1.8 
to 18.5% (results expressed as sterculic ac id ,  
Table 2). Proton magnetic resonance (PMR) 
spectra showed proton singlet at 9.2 z. There 
was no ultraviolet (UV) maximum in the range 
220-230 nm, indicating no conjugated unsatu- 
ration. On the basis of these results, methyl 
esters were examined by GLC and GLC-MS. 

G LC Analysis Using CPE FA Derivatives 

Fatty acids methyl esters of the l 1 samples 
of baobab seed oils were prepared by trans- 
methylation of  the oils. CPEFA were trans- 
formed into more stable derivatives using the 
method of  Schneider et al. (23 ) .  For each 
C P E F A ,  2 methoxy ether compounds and 2 
ketonic compounds are formed, as shown in  
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Figure 1, from both sterculic and malvalic 
acids. 

The derivatized methyl esters of 4 baobab 
seed oils, 1, 4, 9 and 11, were analyzed using 
glass capillary columns coated with Carbowax 
20 M and BDS. The equivalent chain length 
(ECL) obtained for normal fatty acids were in 
good agreement with those given for Carbowax 
20 M (34,35) and for BDS (36,37). Malvalic 
and sterculic acids each gave 2 peaks for t h e  
ether derivatives (18:CM1 and 18:CM2; 19: 
CM: and 19:CM2) and 2 peaks for the ketonic 
derivatives (18:CC1 and 18:CC2 ; 19:CC1 and 
19:CC2) as has been shown for cot tonseed and 
kapok oils (24). The mass spectrum of  the 
fatty acid methyl ester with ECL 19.27 on 
BDS showed M + at m/e 310 (calculated for 
C20tI3802, MW 310) with other  ions at m/e 
278, 236, 194, 139, 97, 84, 69, 55 and 41. The 
presence of the ions at m/e 278 (M-CH40), 
236 (M-CH2C(OH)CH3), 194 (M-C6H1202) 
suggests that this fatty acid methyl  ester is 
methyl dihydrosterculate as reported by 
several authors (38-40). Under the present GLC 
conditions, the peaks of  methyl dihydroster- 
culate ( 19 :CA) and methyl linolenate ( 18:3w3) 
could not  be resolved on Carbowax 20 M 
(Table 3). The fatty acid composit ion is given 
in Table 3 and both sets of results obtained 

with the 2 glass capillary columns are in the 
same range. 

G L C  Analysis without  Derivatization 

Direct GLC analysis of total methyl esters, 
without previous CPEFA transformation, on 
BDS and Carbowax 20 M glass capillary col- 
umns permits the appearance of 2 new peaks 
which were identified using GLC-MS. The mass 
spectrum of  the fatty acid methyl ester with 
ECL 17.94 on BDS and 17.92 on Carbowax 
20 M showed M + at m/e 294 (calculated for 
C19H3402, MW 294) with other abundant ions 
at m/e 263, 223, 209, 164, 149, 123, 109, 95, 
81, 68, 55 and 41. The fragmentation pattern 
is basically similar to that of authentic methyl 
malvalate (41). The mass spectrum of the 
methyl  ester with ECL 18.90 on BDS and 
18.97 on Carbowax 20 M gave M + at m/e 
308 (calculated for C20Ha6Oz, MW 308) with 
other  ions at m/e 277, 237, 193, 163, 137, 
123, 109, 95, 81, 68, 55 and 41 and similar to 
that of methyl sterculate reported by Pawlow- 
ski et al. (41). Quantitative analysis results 
obtained for the 11 samples investigated are 
presented in Table 4 with BDS and in Table 5 
with Carbowax 20 M columns. Note that in 
most cases, total  CPEFA content  is higher with 
BDS than with Carbowax 20 M columns. It 
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CH3"'- {CH2)7"-" ~ =CH-- (CH2) 6 -  COOCH 3 

<]  CH2-- OCH s 

ICH,--(CH2]7"--  CH= ?-- (CM2) 6 - C O O C H 3  

L C H 2- OCH 3 

18:CM 1 and 16:CM 2 
.& 
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j 3 z 7 II II 2 6 

kelo ne / O CH 2 
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FIG. 1. Methoxy ether and ketone derivative formation of methyl malvalate and methyl sterculate by silver 
nitrate reaction in anhydrous methanol. Symbols used for the derivatives. 
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was shown in a previous paper (24) that tem- 
perature effects the CPEFA stability and that 
a better temperature for Carbowax 20 M would 
be 170 C. 

Comparative Results of CPEFA Determination 

CPEFA quantitation has long been a prob- 
lem because of instability of their methyl esters 
on the GLC columns (23). Coleman (42) 
reviewed 5 methods for determination of 
cyclopropenoid fatty acids. Among them, we 
chose Durbetaki's method (25) with hydro- 
bromic acid at 55 C, the PMR method of 
Pawlowski et al. (27) and compared the results 
obtained with those given by GLC using direct 
analysis or after derivatization of CPEFA. 
Results obtained for the 11 samples o f  A d a n -  
sonia species are presented in Table 6. Notable 
is that the results given by our method are in 
good agreement with those given by the others. 
These show that the direct GLC method ap- 
pears as an accurate and rapid method to 
simultaneously assay CPEFA and CPAFA 
methyl esters. 

DISCUSSION 

A m o n g  the 18 fa t ty  acids investigated in  the 
6 baobab species, one can observe the presence 
of odd-numbered fatty acids such as pentadeca- 
noic, heptadecanoic, heptadecenoic and hepta- 
decadienoic acids. It should be noted that 
presence of such odd-numbered fatty acids was 
recently reported in various species of, e.g., 
Bombacaceae, Malvaceae, Sterculiaceae, Sapo- 
taceae, Ebenaceae and Anacardiaceae (6,32). 
In all the cases, these fatty acids are found 
in small amounts (0.1-0.6%). Although epoxy 
and hydroxy acids occur in the Bombacaceae 
family (32), these acids were absent in the 
A n d a n s o n i a  genus. The same fatty acids were 
found in all the species and the most important 
were palmitic (21-46%), oleic (15-40%), linoleic 
(12-32%), malvalic (2-28%) and sterculic 
(1-8%) acids. The finding in sample 6 of an 
abnormally large amount of malvalic acid (A. 
za var. Bozy: 28-31%, see Tables 4 and 5) may 
have resulted because it was an immature fruit, 
and it is known that fatty acid composition 
evolves during seed maturation (43). On the 
other hand, fatty acid composition shows very 
little variation in the same species (as A. gran- 
didieri  samples 1, 2, 3 and A.  digitata samples 7 
and 8). 

Few results have been obtained in the search 
for a relationship between biochemical evidence 
and the taxonomical arrangement of t he  
A d a n s o n i a  genus. In a caryologic study of 8 
Adanson ia  species, Miege and Burdet (44) 
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and Miege (45) showed that there was a poly- 
ploid series between the species, but in a later 
work, Miege ascertained that the increasing 
complexity of the seed proteins of 4 species 
(A. digitata, A. forty, A. grandidieri and A. za) 
was related to the increases in chromosome 
number (46). We can remark, taking into 
account the variation in fatty acid composition, 
that it is possible to make some distinction 
between the various species. A content of 
palmitic acid near or above 40% is characteristic 
of A. grandidieri and A. suarezensis species. 
A. digitata species of Madagascar (sample 7) 
and of Africa (sample 8) are characterized by 
a higher content of oleic acid (35-40%). A. za, 
A. madagascariensis and A. fony species have 
almost equal proportions of palmitic, oleic and 
linoleic acids, which is about 25-30% (Tables 
4 and 5). The content of malvalic, sterculic and 
dihydrosterculic acids vary in a notable manner 
from one species to another. It was shown by 
Yano et al. (47) that the biosynthetic pathway 
of CPEFA and CPAFA involves the initial 
formation of dihydrosterculic acid from oleic 
acid, with subsequent desaturation to sterculic 
acid, and a-oxidation to malvalic acid. It is 
possible to make some distinction between the 
various species taking into account the stereu- 
lic/malvalic ratio (Table 4). A. grandidieri 
could be distinguished from A. suarezensis 
because the sterculic/malvalie ratio goes from 
1.0-1.2 to 0.6, respectively. It seems more 
difficult to use this ratio to distinguish A. za, 
A. madagascariensis and A. fony because the 
variation is slight (0.11-0.52) and large variation 
may be observed in the same species (7:0.19; 
8:0.52). The sterculic/dihydrosterculic ratio 
seems even more difficult to use (Table 4) if 
one considers the variation within the same 
species, such as A. grandidieri (1.73-4.75). 
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Photosensitized Oxidation of Methyl Linoleate: 
Secondary and Volatile Thermal Decomposition Products 1 
E.N, FRANKEL*,  W.E. NEFF, E. SELKE and D. WEISLEDER, Nothem Regional 
Research Center, Agricultural Research, U.S. Department of  Agriculture, Peoria, IL 61604 

ABSTRACT 

Studies of photosensitized oxidation of methyl linoleate show that the greater relative concen- 
tration of 9- and 13-hydroperoxides than 10- and 12-hydroperoxides is characteristic of singlet oxy- 
genation and not due to either simultaneous autoxidation or type 1 photosensitized oxidation. Cycli- 
zation of the internal 10- and 12-hydroperoxides accounts for their lower relative concentrations. 
Secondary products separated by silicic acid and high pressure liquid chromatography were charac- 
terized spectrally (IR, UV, 1H-NMR, laC-NMR, GC-MS). Major secondary products included diastere- 
omeric pairs of 13-hydroperoxy-lO,12-epidioxy-trans-8-octadecenoate (1 and III) and 9daydroperoxy- 
10,12-epidioxy-trans-I 3-octadecenoate (II and IV); nfinor secondary products included hydroperoxy 
oxygenated and epoxy esters. Thermal decomposition of the hydroperoxy cyclic peroxides produced 
hexanal and methyl 10-oxo-8-deeenoate as major volatiles from I and II1 and methyl 9-oxo-nonanoate 
and 2-heptenal from II and IV. Hydroperoxy cyclic peroxides may be important sources of volatile 
decomposition products of photooxidized fats. 
Lipids 17:11-18, 1981. 

There is evidence that oxygen activated in 
the singlet state (IO2) is involved in many 
biological processes (1-4) and that its reaction 
products may play a part in initiating the 
normal free radical autoxidation of unsaturated 
fats (5-7). For these reasons, many studies have 
been published recently on the reactions of 
IO 2 with unsaturated fatty acids (8-14), and 
several reviews have also appeared (4,15-18). 

According to the "ene" addition mechanism 
recognized for the reaction of 10 2 with unsatu- 
rated compounds (19-21), concerted addition 
would occur at each unsaturated carbon of the 
fatty acid chains. Some reports (10,13) indicate 
that the oxidation of methyl linoleate with 
IO2 forms conjugated (9- + 13-OOH) and 
unconjugated (10- + 12-OOH) hydroperoxides 
in approximately equal amounts; but other 
reports (6,11,12,14) show a product ratio 
favoring the conjugated hydroperoxides. With 
linolenate, w e  found an isomeric distribution 
favoring the external 9- and 16-hydroperoxides 
(23-25%) over the internal 10-, 12-, 13- and 
15-hy droperoxides ( 12-14%) (12). These stu dies 
using methylene blue as photosensitizer were 
fully confirmed by those of Terao and Mat- 
sushita (14,16) using chlorophyll as photo- 
sensitizer. 

In addition to hydroperoxidation, other 
reactions of IO 2 with unsaturated fatty acids 
have been investigated. Geometric isomeri- 
zation of trans, cis to trans, trans conjugated 

*Address correspondence to: Dr. E.N. P'rankel, 
Northern Regional Research Center, 1815 N. Univer- 
sity St., Peoria, IL 61604. 

1presented at 72nd Annual Meeting of the Amer- 
ican Oil Chemists Society, New Orleans, LA, May 
1981. 

hydroperoxides has been reported in the 
chlorophyll-sensitized photooxygenation of cis- 
4,cis-7-undecadiene, studied as a model of 
methyl linoleate (6). Secondary oxidation 
products that have been recently reported from 
methyl linoleate treated with ' 02  include di- 
and trioxygenated compounds (14), hydro- 
peroxy-cyclic peroxides and an unsaturated 
epoxy alcohol (22). Our previous studies 
identified hydroperoxy cyclic peroxides as 
major, and dihydroperoxides as minor secon- 
dary products in autoxidized methyl linolenate 
(23). Hydroperoxy cyclic peroxides from 
oxidized linoleate and linolenate were also 
implicated as important precursors of volatile 
decomposition products (24). This paper 
presents studies of the secondary products of 
photosensitized oxidation of methyl linoleate 
showing that cyclization of the internal 10- and 
12-hydroperoxides accounts for their lower 
relative concentration than the external 9- and 
13-hydroperoxides. Decomposition of the re- 
suiting hydroperoxy cyclic peroxides contrib- 
utes to the volatiles in photooxidized methyl 
linoleate. 

EXPERIMENTAL 

Pure methyl linoleate (100% by GLC) was 
prepared by counter double current distribu- 
tion (25) of safflower methyl esters followed 
by silicic acid chromatography and vacuum 
distillation. Silicic acid chromatography with 
hexane elution was repeated on small samples 
(1-2 g) of methyl linoleate just before each 
oxidation to remove traces of peroxides, as 
detected by peroxide value determination and 
by TLC. The same reducing agent (Ph3P bonded 
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on styrene-divinyl benzene copolymer) and 
silylating reagent were used as previously 
described (23). Procedures for reduction, 
catalytic hydrogenation and silylation were 
also the same. 

Photosensitized oxidations were done on 
samples free of peroxides in CH2CI 2 solution 
by bubbling O2 at 0 C using 10 mg methylene 
blue/g of methyl linoleate in an open tube 
exposed to a 1,000-W, air-cooled tungsten 
light source through a 14n. layer of water to 
filter IR radiation. Alternate light and dark 
exposures were achieved by interrupting the 
irradiation and sealing the reactor with alum- 
inum foil to avoid stray light exposure. Rates 
of oxidation were followed by peroxide value 
determinations (AOCS Method Cd 8-53). 

Oxidized samples were first separated on 
a silicic acid chromatographic column with 
diethyl ether/hexane eluants (26). Selected 
fractions were further separated by high pres- 
sure liquid chromatography (HPLC) with a 
50 x 0.94 cm, 10-/a silica column (Magnum-9, 
Partisil 10, Whatman, Inc., Clifton, NJ). The 
solvent pumped at 27 C and a rate of 1 ml/min 
consisted of a mixture of hexane/methylene 
chloride/ethyl acetate (6:4:1, v/v/v). A refrac- 
tive index detector was used and sample size 
varied from 15 to 20 mg. 

Purified oxidation products were character- 
ized by infrared (IR), gas chromatography-mass 
spectrometry (GC-MS), IH-NMR and IaC-NMR, 
by the same methodology described previously 
(23,27). TLC was done on Silica Gel 60 plates 
with fluorescent indicator (E. Merck, Darm- 
stadt, Germany) with the same developing 
solvent system as used for HPLC. Isomeric 
hydroperoxide analyses were made by GC-MS 
(28) after hydrogenation and silylation. Hydro- 
peroxycyclic peroxide fractions were decom- 
posed in the injector port of a gas chromato- 
graph at 210 C (24). The volatile decomposi- 
tion products were identified by computerized 
GC-MS and GC-retention (29), but the GC 
conditions were different: 3% J X R stationary 
phase in a 6 f t x  I/8 in. glass column, 0 to 250 
C at 2 C/min temperature program, 20 ml/min 
flow rate was used. 

RESULTS AND DISCUSSION 

Isomeric Hydroperoxide Analysis 

Because both oxidation of methyl linoleate 
with IO 2 and  free radical autoxidation produce 
the same conjugated 9-and 13-hydroperoxides, 
the isomeric ratio of hydroperoxides can vary 
if these 2 processes occur concurrently and if 
there is a photosensitized free radical process. 
Two reports (1 1,14) show a change in isomeric 
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ratio with level of oxidation, and Thomas and 
Pryor (13) suggested that this change is due to 
excited-state dye-hydroperoxide interactions. 
Some photosensitizers, such as riboflavin, also 
produce the same isomeric hydroperoxides in 
linolenate as the free radical autoxidation, by 
a type 1 mechanism involving diene radicals (9). 
In contrast to type 2 photooxidation, in which 
the sensitizer reacts with 02,  in type 1 photo- 
oxidation, the sensitizer reacts with the sub- 
strate usually with the formation of free 
radicals ( 19-21 ). 

To determine whether the relatively high 
concentration of 9- and 13-hydroperoxides 
compared to the 1 0 - a n d  12-hydroperoxides 
might be due to either concurrent autoxidation 
or type 1 photosensitization, oxidation of 
linoleate in the presence of methylene blue was 
measured during successive dark and light 
periods. The almost exclusive occurrence of 
sensitized photooxidation was demonstrated as 
no oxidation occurred in the dark periods 
(Fig. 1). The oxidation level either decreased 
slightly or remained essentially unchanged 
during each successive dark period. Samples of 
linoleate photooxidized in the presence of 
methylene blue were further analyzed for 
isomeric hydroperoxides by GC-MS at a wider 
range of oxidation levels than previously 
reported (12,14). Results in Table 1 show a 
consistently higher ratio of the 9- and 13- 
hydroperoxides than of the 10- and I2-hydro- 
peroxides (1.4:2.3) at all peroxide levels 
studied between 149 and 1,567. It is con- 
cluded, therefore, that the greater concentra- 
tion of the 9- and 13-hydroperoxides compared 
to the 10- and 12-hydroperoxides is not due to 
either simultaneous autoxidation or type 1 
photosensitized oxidation. This isomeric distri- 
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FIG. 1. Methylene blue-sensitized photooxidation 

of methyl linoleate. Illumination switched on and off 
as indicated. 
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PHOTOSENSITIZED LINOLEATE OXIDATION 

TABLE 1 

GC-MS Analysis of Isomeric Hydroxystearates a 
from Photosensitized-Oxidized Methyl Linoleate b 

13 

Peroxide value 
Time (hr) (me/kg) 9-OH 10-OH 

Relative % 
12-OH 13-OH 

0.5 149 32 15 16 37 
1.S 544 28 19 21 32 
2.5 743 28 19 21 32 
3.5 1,129 25 17 22 36 
4.5 1,567 25 19 23 33 

aFrom-hydroperoxides after hydrogenation and silylation (28). 
bConditions given in Experimental section. 

bution is clearly characteristic of oxidation 
with x02; i.e. , b o t h  conjugated and noncon- 
jugated hydroperoxides are unique 102 prod- 
ucts. 

Hydroperoxy Cyclic Peroxides 

An answer to the question of why the 
isomeric ratio of hydroperoxides did not  
conform to the statistical distribution expected 
from the concerted ene addition mechanism for 
102 (19-21) was sought by a study of the 
secondary photosensitized oxidation products 
of linoleate. Our previous studies on the autoxi- 
dation of methyl linolenate indicated that the 
lower relative concentration of the internal 
12- and 13-hydroperoxides could be accounted 
for by their cyclization in to  hydroperoxy cyclic 
peroxides (23). The internal 10- and 12-hydro- 
peroxides from linoleate oxidized with 102 
have the same homoallylic cis unsaturation 
required for cyclization as the corresponding 
internal 12- and 13-hydroperoxides of lino- 
lenate. Indeed, a mixture of hydroperoxy cyclic 
peroxides was recently identified by Mihelich 
(22) in sensitized photooxidized methyl lino- 
leate, but the positional isomers of these 
hydroperoxy cyclic peroxides were not  sepa- 
rated. In the present work, 4 isomeric hydro- 
peroxy cyclic peroxides were completely 
separated and identified. By achieving this 
separation, we were able to trace the origin of 
the hydroperoxy cyclic peroxides and study 
their role as precursors of volatiles (see section 
on Volatile Decomposition Products). 

A sample of methyl  linoleate subjected to 
sensitized photooxidation was analyzed by GC 
after hydrogenation and silylation. Although no 
quantitative estimate can be made by GC of 
the hydrogenated silyl derivatives, the chro- 
matogram in Figure 2 shows peaks due to 
epoxy-, hydroxy-, dilaydroxy- and tfihydroxy- 
stearates (28). The hydroxy- and dihydroxy- 
stearates come from mono- and dihydroper- 

oxides (see section on Hydroperoxy-Oxy- 
genated Derivatives). Trihydroxystearates come 
from the hydroperoxy cyclic peroxides (28). 
Partial resolution of the peak due to trihy- 
droxysterate indicates the presence of 2 posi- 
tional isomers that were identified below by 
GC-MS. 

Samples of methyl linoleate photooxidized 
at different peroxide levels were fractionated 
by silicic acid column chromatography. Various 
oxidation products were separated and identi- 
fied by TLC on the basis of functional groups 
by comparison with previously characterized 
compounds (27,28). Quantitative analyses show 
that the hydroperoxy cyclic peroxides are 
major, a n d  hydroperoxy-oxygenated com- 
pounds are minor secondary oxidation products 
(Table 2). These secondary and other unidenti- 
fied polar materials increased in concentration 
with the level of oxidation. At peroxide values 
above 2,000, the proportion of hydroperoxy 
cyclic peroxides was ca. one-third the concen- 
tration of monohydroperoxides. 

Silicic acid chromatographic fractions (eluted 

J 
| 

$ t e a r 3 t e  OH Stearin TriOH 

t J i I i L i = I i ~ i i i i i i J 

5 10 t5 
Retenhon 'lime. 

FIG. 2. Gas chromatogram of hydrogenated- 
sensitized-photooxidized methyl linoleate (TMS ether), 
peroxide value 1383. Conditions: see ref. 27. 
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TABLE 2 

Weight-Percent Composi t ion of  Silicic Acid Fractions 
from Photosensit ized-Oxidized Methyl Linoleate at 0 C 

Peroxide value (me/kg) 

863 1947 2262 2543 

Compounds Weight (%) 

Linoleate 85 70.2 62.8 S 1.9 
Epoxy esters 0.3 1.2 0.3 0.4 
Monohydroperoxides  a 12.6 24.3 30.3 30.7 
Hydroperoxy cyclic peroxides 1.3 2.8 3.6 9.7 
Hydroperoxy-oxygenated cpds 0.3 0.9 1.5 5.3 
Polar material  (?) 0.5 0.6 1.S 2.0 

a9 + 10 + 12 + 13-OOH (12). 

with 1:1 ether/hexane mixture) containing the 
hydroperoxy cyclic peroxides were further 
resolved by HPLC into 4 components  (2 posi- 
tional and 2 diastereoisomers) with the ternary 
hexane/methylene chloride/ethyl acetate, sol- 
vent system (Fig. 3). Cyclic peroxide fractions 
I-IV were characterized spectraUy, and the 
structures established are given in Figure 4. 
The pairs of  diastereoisomers I-III and II-IV 
differ by the configuration of the hydroperoxy 
group r61ative to that of the cyclic peroxide 
ring. The stereochemistry shown is based on the 
results of  Mihelich (22), assuming that the more 
polar diastereoisomer produces, upon hydro- 
genation, the all R methyl 9,10,12-trihydroxy- 
stearate. 

I 
N 

II 

g 

t 

r l t m  

\ 
lm 

FIG. 3. Microporous silica HPLC chromatogram 
of hydroperoxy-cyclic peroxide mixture from lino- 
leate photosensitized oxidation at 0 C, peroxide value 
2543 (flow 1.0 ml/min, mobile solvent: 6:4:1, hexane/ 
methylene chloride/ethyl acetate, refractive index 
detector). 

TLC (6:4:1,  hexane/methylene chloride/ 
ethyl acetate) showed 4 UV inactive spots of  
respective Rf 0.45, 0.41, 0.32 and 0.29 for 
cyclic peroxide fractions I, II, III and IV. IR 
(CS2) of  all fractions: 3530 (free OH or OOH), 
3700-3150 (bonded C-OH or C-OOH), 968 
(isolated trans unsaturation) cm -1 . 

Studies of IH-NMR (Table 3) and IaC-NMR 
(Table 4) proved the identi ty of  each individual 
hydroperoxy cyclic peroxide diastereoisomers 
(I-IV) and confirmed those reported by Mihe- 
lich (22) for mixtures of positional isomers. 
Although the positional isomers I-II and Il l-IV 
could not be distinguished by their IH-NMR, 
the diastereoisomers I-III and II-IV could be 
differentiated by the shifts of  the protons on 
carbons bearing the hydroperoxy groups 
(3.93 and 4.20 ppm) on one hand, and on the 
methylene proton C-1 lc~ (2.13 and 2.41 ppm), 

I CH3--(CH2)3 (CH2)6--COOMe 
OOH 

O ~ O  

11 C H3--(CH213 ~ ~ ( C  H216--C OOMe 
OOH 

O - - O  

m C H3--(CH 2 1 3 ~ ( C  H 2)6--C OOMe 
I 
OOH 

O - - O  

I~" C H3--(C H 2 } 3 ~ ~ ( C  H 216--C OOMe 
OOH 

FIG. 4. Structures of hydroperoxy cyclic peroxide 
fractions isolated by HPLC (see Fig. 3). Each structure 
shown consists of pairs of enantiomers and only one 
isomer is sh own. 

LIPIDS, VOL. 17, NO. 1 (1982) 



P H O T O S E N S I T I Z E D  L I N O L E A T E  O X I D A T I O N  

T A B L E  3 

I H - N M R  o f  M e t h y l  13-Hydroperoxy-lO,12-epidioxy-trans-8-octadecenoate (I , I I I )  a n d  
9 - H y d r o p e r o x y - I  0 , 1 2 - e p i d i o x y . t r a n s - I  3 - o c t a d e c e n o a t e  ( I I , IV) ,  a 8 p p m ,  J Hz  

15 

I l II  II IV Mul t ip l i c i t y  b P r o t o n s  I,III;  II ,IV 

A s s i g n m e n t  

I ,III  II ,IV 

10 .21  9 .71  9 . 5 8  9 .53  b r s  1 -- 
5 .91 5 .87  5 .91 5 .89  d t  1 J:  6 .5 ;  15 
5 .45  5 .40  5 .45  5 .40  d d  1 J:  7.5 
4 . 7 0  4 . 6 6  4 .69  4 . 6 6  q 1 J: 7.5 
4 . 4 5  4 . 4 5  4 . 4 4  4 . 4 5  d d d  1 J : 8 , 6 ,7 ;  3 ,5 ,8  
4 . 2 0  3 .94  4 . 1 7  3 .93  m 1 - 
3 .67  3 .66  3 .66  3 .66  s 3 -- 
2 . 7 8  2 .83  2 .77  2 .82  d d d  i J :  12.5 
2 .41 2 .13  2 .40  2 .13  d d d  l - 

1 3 - O O H  
H-8 
H-9  
H- IO 
H-12  
H-13  

O C H  a 
H-1 1~ 
H - I I ~  

9 - O O H  
H- I  4 
H-13  
H-12  
H - 1 0  
H-9 

aSee Fig. 4 fo r  s t r u c t u r e s .  

bMul t ip l i c i t y  : b r  = b r o a d ,  s = sing.let, d = d o u b l e t ,  q = q u a r t e t ,  m = m u l t i p l e t .  

on the other hand. The coupling constant for 
the proton on the carbon bearing the hydro- 
peroxy and the adjacent proton on the ring 
carbon is also significantly different for the 2 
diastereoisomers (Table 3). The resonance on 
methylene C-11 (8 40.8-43.3 ppm) was the 
only signal showing a significant difference 
between the pairs of diastereoisomers I-III and 
II-IV (Table 4). Small differences are apparent 
between positional isomers in the resonances 
due to oxygenated C-10 and C-12 (0.5 and 1.1 
ppm) and due to C-14 (I and III) and C-8 (I1 
and IV) a to the hydroperoxide group (0.8 
and 0.9 ppm). 

Further  identification of positional isomers 
I-II and Ill-IV was based on GC-MS of  hydro-  
genated and reduced hydroperoxy cyclic 
peroxides. The hydrogenated derivatives of I 
and l I l  after silylation produced the same 
MS fragments as 10,12,13-triOTMS-stearate, 
C-10: m/e (rel intensity) 273 (100) and C-13: 
173 (47). The corresponding hydrogenated 
derivatives of II and IV after silylation pro- 
duced 9,10,12-triOTMS-stearate, C -9 :259  (38) 
and C - 1 2 : 1 8 7  (100) (28). After reduction with 
polymer-bound PhsP, molecular related peaks 
were very weak: 414 (M +, 0.05), 398 (M-16, s), 
382 (M-32, 1). Cleavage at the carbon-bearing 

T A B L E  4 

IsC-NM R o f  1 3 - H y d r o p e r o x y -  1 0 , 1 2 - e p i d i o x y - t r a n s - 8 - o c t a d e c e n o a t e  ( [ , I I l )  
a n d  9-Hydroperoxy-10,12-epidioxy-trans-13-octadecenoate ( I I , IV)  a, 8 p p m  

1 111 C - A s s i g n m e n t  II IV C - A s s i g n m e n t  

1 7 4 . 3  1 7 4 . 4  1 1 7 4 . 4  1 7 4 . 4  1 
34.1  34.1  2 34.1  34 .1  2 
24 .9  24 .9  3 24 .9  24 .9  3 
28 .9  2 8 . 8  t 29 .6  29.3"~ 
28 .7  2 8 . 5 ~  4 , 5 , 6  29 .2  2 9 . 1 ~  4 , 5 , 6  
28 .5  29 .0  2 8 . 7 J  
32 .3  32 .3  7 32.1  32.1  15 

139 .3  1 3 9 . 0  t 139 .5  1 3 9 . 3  t 
124 .2  1 2 4 . 4 ~  8 ,9  1 3 , 1 4  1 2 4 . 0  124 .2  

83 .3  82 .9  10 83 .8  84 .0  12 
4 0 . 8  4 3 . 3  11 4 0 . 9  4 3 . 3  11 
84 .0  84.1 12 83 .3  82 .9  10 
86 .1  85 .9  13 86.1  85 .9  9 
3 1 . 7  31 .8  14 30 .9  30 .9  8 
25 .5  25 .3  15 2 5 . 7  25 .6  7 
3 1 . 7  31 .8  16 32.1  32.1  16 
22 .5  22 .6  17 22.5 22 .2  17 
14 .0  14 .0  18 13 .8  13 .9  18 
51 .4  51 .5  O C H  3 51 .8  51 .5  O C H  a 

aSee  Fig.  4 fo r  s t r u c t u r e s .  
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OTMS produced base peaks a t C - 9 : 2 5 9  (100) 
for II and IV and at C-13 :173  (100) for I and 
111. 

The mechanism for cyclization of internal 
10-hydroperoxide is depicted in Figure 5. This 
free radical cyclization is based on previous 
studies with autoxidized linolenate (30), 
autoxidized,  enzymatically produced 13-1ino- 
lenate hydroperoxide (31), and photosensitized- 
oxidized linoteate (22). The structural feature 
present in each precursor of cyclic peroxides 
is a cis-double bond homoallylic to the carbon 
bearing the hydroperoxides.  Cyclization of the 
internal 10- and 12-hydroperoxides having this 
structural feature accounts for their significant- 
ly lower concentration than the conjugated 
external 9- and 13-hydroperoxides (see section 
on Isomeric t lydroperoxide  Analysis). If molar 
concentrations for hydroperoxy cyclic perox- 
ides ('Fable 2) are added to those of 1 0 - a n d  
12-hydroperoxides (Table 1), the calculated 
ratios for 9 + 13/10 + 12-isomers approaches 1. 
Our observation that this isomeric ratio favors 
the conjugated 9- and 13-hydroperoxides at 
all levels of oxidation studied (Table 1) indi- 
cates that cyclization is a rapid process. Further  
evidence for this rapid cyclization is provided 
by the relatively high proport ion of  the cyclic 
peroxides among the secondary oxidation 
products (Table 2), in agreement with our GC- 
analyses showing tr ihydroxystearates (derived 
from cyclic peroxides l-IV) as important  
secondary oxidation products (Fig. 2). Further-  
more, our evidence in support  of an indepen- 
dent,  not photosensitized, free radical process 
(Fig. 5) is based on our observation that chro- 
matographically purified monohydroperoxides  
from photosensitized-oxidized methyl linoleate 
form significant amounts of  hydroperoxy 
cyclic peroxides upon standing in the dark at 
0-5 C (as detected by TLC and HPLC). 

Hy d roperoxy~)xygenated Derivatives 

A more polar fraction than the hydroperoxy 
cyclic peroxides separated by silicic acid 
column chromatography (3:2, ethyl ether/ 
hexane) was identified as due to a mixture of 
isomeric dihydroperoxides or hydroperoxy- 
oxygenated compounds.  TLC (1:1, ethyl 
ether/hexane) showed 2 slightly UV active 
spots of Rf 0.36 and 0.29 that gave a positive 
KI peroxide test (32). IR (CS2) 3510 (OH, 
OOH), 3005 (olefin), 960 (isolated trans 
unsaturation) cm -1. ZH-NMR (100 MHz, 
CDC13) ~i 5.61 ppm (m, 4H, CH=CH), 8.5 
(broad s, 2H, OOH), 4.38 (m, 2H, CH-OOH). 
After hydrogenation, the resulting dihydroxy- 
stearates were silylated and analyzed by GC- 
MS, m/e (rel intensity): 459 (M-15,0.64), 443 

HOO 

C H3--(C H2 ) 3 ~ ( C  H2)6--C OOMe 

~ -H. 

O--O 

H'~02 

HO0 0--0 

FIG.. 5. Mechanism for cyclization of internal 
10-hydroperoxide from photosensitized-oxidized 
methyl linoleate. 

(M-31,0.64). Cleavage at carbon-bearing OTMS 
indicated isomers with one hydroxy on C-9: 
259 (41.8), C - 1 0 : 2 7 3  (18) and C - 1 2 : 3 0 1  
(17.5) on the ester end, and one hydroxy on 
C - 1 0 : 2 1 5  (20), C - 1 2 : 1 8 7  (24.1) and C-13: 
173 (49.3) on the hydrocarbon end of the 
molecule. Therefore, we apparently deal with 
a mixture of  dihydroperoxides or hydroperoxy- 
oxygenated derivatives in which one hydro-  
peroxide group is located between C-9, C-10 
and C-12, and/or  the other hydroperoxide 
between C-10, C-12 and C-13. 

The 6 dioxygenated isomers that can be 
considered include: 9-10, 9-12, 9-13, 10-12, 
10-13 and 12-13. Because 9,13-dioxygenated 
compounds were previously identified as 
prominent secondary products of 9- and 13- 
linoleate hydroperoxides (27,28), the 9-12, 
10-12 and 10-13 isomers are apparently derived 
from the 1 0 - a n d  12-monohydroperoxides of 
methyl linoleate. The 9-10 and 12-13 isomers 
may be derived from the corresponding epox- 
ides that have been detected in small amounts 
by GC (Fig. 2) and identified by GC-MS: 312 
(M +, 0.2), 381 (M-31, 14.7), 9,10-epoxy: 199 
(7.4), 155 (5.7), 12,13-epoxy: 241 (2.2), 113 
(11.1) (27,28). Decomposition of  the hydro- 
peroxy cyclic peroxides I-IV may also provide 
a source of 10,12-dihydroperoxides (by loss of  
OOH and reaction with -OH and "H radicals). 
However, more direct evidence is needed by 
isolation of the individual isomeric dihydro- 
peroxides. 

Volatile Decomposition Products 

Pure hydroperoxides from autoxidized and 
photosensitized-oxidized fatty esters were pre- 
viously decomposed in the injector port of a 
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T A B L E  S 

GC-MS A n a l y s i s  a o f  Vola t i l es  f r o m  T h e r m a l l y  D e c o m p o s e d  M e t h y l  
1 3 - H y d r o p e r o x y -  1 O, 1 2 - e p i d i o x y - t r a n s - 8 - o c t a d e c e n o a t e  (1,III) 

a n d  M e t h y l  9-HyUroperoxy-lO,12-epidioxy.trans-I 3 - o c t a d e c e n o a t e  ( I I , IV)  a 

R ela ti.ve % 

C o m p o u n d  E l u t i o n  t e m p .  (C) I + 11I II + IV 

P e n t a n e  8 2 .4  - 
P e n t a n a l  17 0 .2  0 .5  
A c e t i c  ac id  22 0 .2  0 .4  
H e x a n a l  38 4 4 . 6  2 .5  
2 - H e x e n a l  4 6  0.1 0 .3  
2 - H e p t a n o n e  54 1.7 - 
2 - H e p t  ena l  75 1.1 27 .3  
2 - P e n t y l f u r a n  76 0 .2  1.9 
3 - O c t e n - 2 - o n e  85 -- 4 .9  
M e t h y l  h e p t a n o a t e  83 0 .4  - 
M e t h y l  o c t a n o a t e  99  1.7 5 .0  
H e x a n o i c  ac id  102 0 .5  - 
2 , 4 - N o n a d i e n a l  108  - 1.5 
M e t h y l  8 - o x o o c t a n o a t e  122 1.3 0 .3  
M e t h y l  9 - o x o n o n a n o a t e  1 5 0  3 .8  39 .3  
M e t h y l  1 0 - o x o - 8 - d e c e n o a t e  160  28 .6  2 .6  
U n i d e n t i f i e d  13.2  13.5  

aSee  E x p e r i m e n t a l  s ec t i on .  

GC-MS system to clarify the sources of undesir- 
able flavors (24). The same approach was used 
with the pure hydroperoxy-cyclic  peroxides 
isolated in the present work (see section on 
Hydroperoxy Cyclic Peroxides) to compare the 
volatile decomposit ion products with those of 
the corresponding monohydroperoxides.  Table 
5 compares the GC-MS analysis of  volatiles 
from methyl  13-hydroperoxy-10,12-epidioxy- 
trans-8-(I + III) and methyl  9-hydroperoxy- 
lO,12-epidioxy-trans-13-octadecenoate (II + 
IV). Hexanal and methyl  10-oxo-8-decenoate 
were major volatile products from cyclic 
peroxides I + III, and methyl  9-oxo-nonanoate 
and 2-heptenal, from cyclic peroxides II and 
IV. On one hand, hexanal and methyl 9-oxo- 
nonanoate were previously found as major 
volatiles from both autoxidat ion-  and photo-  
sensitized oxidation-produced hydroperoxides 
(24). On the other hand, methyl  10-oxo-8- 
decenoate, and especially 2-heptenal, were 
characteristic of the photooxidized-produced 
hydroperoxides (24). The other minor volatiles 
were generally the same as those from mono- 
hydroperoxides,  with the exception of  2- 
heptanone (from I + III) and 3-octene-2-one 
(from II and IV), which appear to be unique 
products of  the cyclic peroxides. 

The same scheme recognized for decomposi- 
t ion of  monohydroperoxides  (24,29) involving 
carbon-carbon cleavage about  alkoxy radical 
intermediates,  explains the formation of  
pentane and hexanal from cyclic peroxides I 
and III, and of  methyl  octanoate and methyl  

9-oxo-nonanoate from cyclic peroxides II and 
IV (Fig. 6). The cleavage between the peroxy 
ring and the alkoxy group is the most impor- 
tant. A less favorable cleavage between the 
double bond and the peroxy ring would pro- 
duce olefin radicals that may react with hy- 
droxyl  radical to form vinyl alcohols, which 
then would tautomerize to saturated aldehydes 
(24). This process explains the formation of 
methyl  9-oxo-nonanoate from cyclic peroxides 

i 
HO+O 0-~-0 

I l r~ I 

C H 3 - - ( C H 2 1 3 ~ ! ~ \ \  I I IL I (CH2)6--COOMe ( L  I]11 

H/ ', ', ~:o. 
t 

12.4%) CH3--(CH2}3--CH3/ ~ ,  OHC--(CH2)7--COOMe (3.~/~J 

(45%) C H3--(C H214--C HO t~-H2 OHC--C H~CH--(CH 2)6~COOMe 
�9 -O2 129%1 

CH3--ICH2)3--CH=CH--CHO 
I1.1%) 

I I 
, O-~r -O J O§ 
I I ~ I I 

I I CHa-- CH2 3 ~  CH2 6--COOMe 1~. ~1 

(2.5%) CH3--(CH2),I--CHO ~ H I I~H3--ICH216--COOMe (5.0%) 

c . 3 - ( c . ~ } 3 - c . = c . - c . o / ~  o.c - (c .~) , -coom.  1~1 

127%) J -O2o~Hc_c H___C H_(C H 2)6_C00M e 
CH3--(C H2)3--C H=C H--C--C H 3 (2.9~) 
(4.9%) II o 

FIG. 6. Thermal decomposition cleavage ofhydro- 
peroxy cyclic peroxides I-IV. 
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I and III and hexanal from cyclic peroxides II 
and IV. Cleavage of the peroxy ring and carbon- 
carbon bonds ~ to the t r a n s  olefinic bond is 
another important process producing major 
amounts of methyl 10-oxo-8-decenoate from I 
and III and 2-heptenal from II and IV. A less 
favorable cleavage of the peroxy ring and 
carbon-carbon bonds fl to the hydroperoxy 
group produced, after removal of the hydro- 
peroxide (by elimination of H 2 0 2 )  , small 
amounts of 2-heptenal from I and III, methyl 
10-oxo-8-decenoate and 3-octene-2-one from 1I 
and IV. The unsaturated methyl ketone ester 
expected also from I and III was not identified. 
Malonaldehyde was postulated as decomposi- 
tion product by cleavage on either side of the 
cyclic peroxides (30). However, this dialdehyde 
was not identified under our GC-MS conditions. 

The results of this work confirm our previ- 
ous postulate (24) that hydroperoxy cyclic 
peroxides may be important sources of volatile 
decomposition products, and account for the 
common products observed from hydroper- 
oxides of both autoxidized and photosensitized- 
oxidized methyl linoleate. 
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The Effect of Environmental Temperature on Sebum Composition 
in Tropical and Temperate Breeds of Cattle 
J.C. OWKELLY and H ,P. REICH, C.S.I.R.O., Division of Animal Production, 
Tropical Cattle Research Centre, PO Box 545, North Rockharnpton, 
QId. 4701, Australia 

ABSTRACT 

This study compared the effect of environmental temperature on sebum composition in 
2 breeds of cattle, British (SH) and Brahman (GB), which differ in their abilities to tolerate 
heat. By long-term exposure of both breeds to environmental temperatures of 24 C and 32 
C and the more heat-tolerant GB breed to 38 C, it was possible to make breed comparisons 
at (a) different body temperatures, i.e., when all animals were exposed to the same environ- 
mental temperature, and (b), at the same body temperature, i.e., when the 2 breeds were 
exposed to different ambient temperatures. The composition of sebum excreted to satura- 
tion level on the skin surface was determined. At the same body temperatures, the amounts 
of fatty acids in each lipid class were higher in GB than in SH animals except during hyper- 
thermia when the amounts of triglyceride fatty acids were similar in both breeds. The total 
amounts of individual fatty acids except 14:1, 16:1, 20:0 and 14:OH were higher in both 
breeds at 32 C than at 24 C. The GB cattle excreted more essential fatty acids (EFA) than 
the SH cattle at 24 C and at 32 C. There was a significant genotype by environment inter- 
action in the amounts of EFA partitioned between triglycerides and wax esters; in GB 
cattle, the amount of EFA excreted in triglyceddes decreased whereas the amount excreted 
in wax esters increased with rising body temperature. 
Lipids 17:19-26, 1981. 

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

Each m a m m a l i a n  species has character is-  
ticaUy d i f fe ren t  com pos i t i ons  of  skin surface  
l ipids (1) and  there  is diversity in c o m p o s i t i o n s  
of  lipid classes a m o n g  bovine  species (2). 
S e b u m  o u t p u t  in catt le,  as in m a n y  o the r  
species, is in f luenced  by e n v i r o n m e n t a l  t emper -  
a tu re  and  h u m i d i t y  (3 ,4) ,  but  the physiological  
role of  s ebum is no t  well unde r s tood .  Pan  (5)  
has suggested tha t  the  level of  skin surface 
l ipids on ca t t le  may  be re la ted  to di f ferences  
in hea t  to le rance  a m o n g  breeds  and O~Kelly 
and Reich (4)  d e m o n s t r a t e d  tha t  to ta l  s e b u m  
o u t p u t  in t h e r m o n e u t r a l  and  ho t  e n v i r o n m e n t s  
varies s ignif icant ly  wi th  geno type  and coat  
type.  There  are, however ,  no  compara t ive  
s tudies  of  the effects  of  e n v i r o n m e n t a l  t emper -  
a tu re  on  the l ipid class c o m p o s i t i o n  and  fa t ty  
acid profi les of  sebum in d i f fe rent  geno types  
o f  bovines.  

This  pape r  compares  the  sebum c o m p o s i t i o n  
of  Bri t ish (Bos taurus) and B r a h m a n  (Bos 
indicus) steers at  the same level of  feed in take  
in t h e r m o n e u t r a l  and  ho t  env i ronmen t s .  

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

Animals 

Four  B r a h m a n  and 4 Brit ish (1/2 S h o r t h o r n  • 
Y2 Here fo rd )  steers,  all a b o u t  14 m o n t h s  old, 
were used and  the  expe r i m en t ,  c o n d u c t e d  in 
summer ,  was divided in to  3 per iods  of  10 days 
each. Dur ing  the expe r imen ta l  periods,  the  

an imals  were housed  in a con t ro l l ed  t empera -  
ture  room.  Feed ( lucerne  hay)  was c o n s u m e d  
in po r t i ons  of  3 kg each in the  morn ing  and  
in the  a f t e rnoon ,  and  wate r  was freely ava i l ab le  
t h roughou t .  The  mean  b o d y  weights  ( k g - +  
s t anda rd  errors)  a t  t he  beg inn ing  o f  the  experi-  
m e n t  were:  B r a h m a n  196 -+ 2; Bri t ish 173 + 2. 

All 8 animals  were used in the  first 2 per iods  
whereas  on ly  the  4 Brahmans  were used in the 
th i rd  period.  Dur ing  the  first per iod,  a t h e r m o -  
neu t ra l  t empera tu re ,  24 C, was selected.  In the  
second  per iod,  the  t e m p e r a t u r e  of  the  room 
was ad jus ted  to  32 C dry bu lb  (DB),  28 C wet  
bu lb  (WB), so t ha t  rectal  t e m p e r a t u r e s  of  the  
Bri t ish animals  were a b o u t  1 C h igher  t han  at 
24 C and  the  animals  were cons ide red  to  be 
su f fe r ing  the  me tabo l i c  de r angemen t s  of  hyper -  
t he rmia  (6). In the  th i rd  period,  the  B r a h m a n  
steers  were h o u s e d  in the  room at a t emper -  
a tu re  38 C DB, 26 WB, which  m a i n t a i n e d  
the i r  m e a n  rectal  t e m p e r a t u r e  a b o u t  1 C h igher  
t h a n  at  24 C, and  the  animals  were cons idered  
t o  be suf fer ing  consequences  of h y p e r t h e r m i a  
(6). 

Sebum Collection 

The  skin was p repared  for s ebum co l lec t ion  
before  the  an imals  en t e red  the  c l imate  room.  
The  hair  on b o t h  sides of  the  midl ine  in the  
dorsal  t ho rac i co - lumba r  region was cut  wi th  
electr ic  cl ippers;  t hen  the  skin was shaved 
wi th  a safe ty  razor  and  washed  t h o r o u g h l y  
wi th  water.  A f t e r  one  day in the  c l imate  
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room, the shaved area of skin was washed 
thoroughly with methanol to remove lipid 
material. Four areas of 63.5 cm 2 were deline- 
ated on both sides of the mid-line; the areas 
were paired, each area on the left side being 
matched to an area in a corresponding position 
on the right side, and the pairs were numbered 
1-4 from the head toward the tail region. 
Sebum was collected from the first pair at 
6 hr, from the second pair at I day, from the 
third pair at 2 days and from the fourth pair at 
3 days after cleaning the skin with methanol. 
Immediately after sebum collection, the area 
was washed with methanol to provide time 0 
for the next sampling. Subsequently, sebum 
was collected from the paired areas, in the same 
sequence as the first sampling, at 4, 5, 6 and 7 
days after washing with methanol. 

Smith and Ahmed (7), using the cup/ 
methanol method (3) for collecting sebum, 
have confirmed that freshly collected bovine 
skin surface lipid is largely sebum, and the 
method used in this study follows that of 
Smith et al. (3). For sebum collection, an open 
glass cyhnder of 9 cm id was placed over the 
marked area of skin. The 63.5 cm 2 area of skin 
inside the cylinder was then irrigated with 1 X 
10 ml followed by 2 x 5 ml of methanol 
using a Manostat Pipette. The methanol wash- 
ings were combined and filtered through paper 
(Whatman No. 3) to remove skin debris and the 
filtrate was taken to dryness in a rotary vacuum 
evaporator under nitrogen. The residue was 
taken up in n-hexane and transferred to a tared 
glass weighing bottle. The n-hexane was then 
evaporated under nitrogen at 55 C to constant 
weight. 

Extraction and Analysis of Lipids 

The total lipid extract was fractionated 
into individual lipid classes by thin layer 
chromatography (TLC) using glass plates coated 
with 0.5 mm of Kieselgel G (E. Merck, Darm- 
stadt, Germany) and the 3-stage solvent system 
of Nicolaides et al. (8). All TLC plates were 
sprayed with a 0.1% w/v solution of 2,4- 
dichiorofluorescein in methanol and the lipid 
bands were visualized under UV light. The 
bands were scraped from the plates and the 
lipids were eluted with chloroform/methanol 
(2:1, v/v). Identification of lipid bands, except 
the wax esters, was by comparison with known 
standards and the material remaining on the 
origin of the plate was designated polar lipid. 

The isolation of the fatty acids and the 
identification of the hydroxy fatty acids from 
the bands scraped from the plates were done 
as described previously (2). Methyl esters of 
the fatty acids were prepared with methanolic 

HC1 and analyzed by gas liquid chromatography 
(GLC) in a Varian 3700 apparatus with a 
hydrogen flame ionization detector and a CDS 
III Chromatography Data System. A 1.8-m 
stainless steel column of 3 mm id was packed 
with Supelcoport (80-100 mesh, Supelco, 
Bellefonte, PA) coated with 10% DEGS-PS. 
The column temperature was 180 C and nitro- 
gen was the carrier gas. Peak identifications 
were based on retention times relative to 
methyl stearate and cochromatography with 
known standards of methyl ester mixtures 
(Nu-Chek-Prep, Inc., Elysian, MN). The abso- 
lute amount of fatty acids in each lipid class 
was determined using n-heptadecanoic acid as 
an internal standard (9). Free cholesterol was 
determined by the method of Maclntyre and 
Ralston (10). 

Statistical Analysis 

The results were subjected to analyses of 
variance using the method of least squares. 

RESULTS 

The pattern of changes in sebum excretion 
over the 7-day period following cleaning of 
the skin with solvent was similar for each breed 
and environmental temperature. The weight 
of sebum collected increased progressively over 
the 1-, 2-, 3- and 4-day periods. Thereafter, 
the weight of sebum which was collected over 
the 5-, 6- and 7-day periods was relatively 
constant and similar to the amount of lipid 
which accumulated over 4 days. Consequently, 
the mean value of the sebum collected from 
each animal over the 4- to 7-day periods was 
used as the measure of the sebum saturation 
level (SSL), which represents the maximal 
amount  of lipid that accumulates on the surface 
under given environmental conditions as 
described by O'Kelly and Reich (4). Only 
sebum collected at the saturation level was 
analyzed. 

The 3 fractions which chromatographed 
between sterol ester and triglyceride bands were 
designated wax ester bands 1, 2 and 3 as 
described previously (2) and the sum of the 
fatty acids from all 3 fractions was subsequent- 
ly called "wax ester fatty acid." There was 
generally a high inverse correlation between 
the amounts of fatty acids in the triglyceride 
and nonesterified fatty acid (NEFA) fractions, 
suggesting that the NEFA were derived from 
triglycerides. Consequently, the sum of the 
fatty acids from these 2 fractions was used in 
the statistical analyses. 

The results of the lipid composition of 
sebum excreted to saturation level are given in 
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TABLE 1 

Mean Rectal Temperature ((2), Weights of Fatty Acids Contained in the Sterol Ester, Wax Ester, 
Tfiglyceride, N E F A  and Polar Lipid Fractions and the Mean Weight o f  Free Sterol in the 

Sebum Excreted to Saturation Level in British (SH) and Brahman (GB) 
Cattle at Different Environmental  Temperatures 

Air tempo 24 C 32 C 38 C 

SH GB SE a SH GB SE a GB 

Rectal temperature 38.6 38.4 0.1 b 39.4 38.5 0.2 c 39.3 

Sterol ester 209 293 57 375 495 85 817 
Wax ester 1091 1159 180 2262 3004 280 b 3344 
Triglyceride + NEFA 1606 1594 162 2113 2596 398 2236 
Polar lipid 259 235 67 588 779 88 1013 
Total fatty acids 3164 3281 349 5339 6874 301 c 7411 
Free sterol 1541 1531 1 1979 2011 363 4370 

Values are expressed as/.tg/100 cm 2 of skin surface. 
aStandard error o f  the differences between breeds. 
bBreed differences significant at p < 0.05. 
CBreed differences significant at p < 0.01. 

Tables I-6. At  each envi ronmenta l  tempera ture ,  
there  were no  significant differences wi th in  
animals in the weights of  fat ty acids conta ined  
in the" individual lipid fractions n o r i n  the 
amount s  of  free sterol in sebum sampled on 
days 4 and 7. Consequent ly ,  the mean values of  
the a m o u n t  o f  lipids on these 2 days are re- 
por ted  in the tables. 

Between breeds, there were no significant 
differences in the weights o f  fat ty acids con- 
rained in the individual lipid classes nor  in the 
amounts  of  free sterol on the skin surface at 
24 C, but  at 32 C, the amoun t  o f  fa t ty  acid 
in the wax ester fraction and the amoun t  of  
to ta l  fa t ty  acids in sebum were significantly 
higher in Brahman than in British animals 
(Table 1). Within breeds, the amount  o f  free 
sterol and the weights o f  fa t ty  acids conta ined  
in all lipid classes were higher (p < 0.01) in 
hot  envi ronments  than at 24 C, but  in the 
Brahman breed, only the amounts  o f  free sterol 
and the weights of  fatty acids conta ined in the 
sterol ester fraction were higher (p < 0.01) 
at 38 C than 32 C. 

The total  amounts  of  the individual fat ty 
acids in sebum excre ted  to saturat ion level are 
shown in Table 2. The amounts  of  all fat ty 
acids except  14:1, 16:1, 20:0  and 14:OH were 
higher (p < 0.01) in both  breeds at 32 C than 
at 24 C. In the Brahman breed, the amounts  o f  
all the individual fat ty acids were higher (p < 
0.01) at 38 C than at 24 C, but  only the 
amounts  o f  14:1, 16:1, 20:4 and 14:OH 
were higher (p < 0.05) at 38 C than at 32 C. 
There  were breed differences in the amounts  
o f  18:2 and 18:3 at both  24 C and 32 C, but  
o f  the saturated acids, only 16:0 and 18:0 

showed significant breed differences at 32 C 
(Table 2). 

Sterol Esters (Table 31 

In the sterol ester  fract ion,  ,the fat ty acids 
16:0 and 18:0 were the only ones found in 
significantly greater (p < 0.01) amounts  at 32 C 
than at 24 C and the levels of  these saturated 
acids were higher (p < 0.05) in Brahman 
than in British animals at both  24 C and 32 C. 
However ,  in the Brahman breed, the amounts  
o f  all the fat ty acids except  18:2 and 20:0  
were higher (p < 0.01) at 38 C than at 24 C. 

Wax Esters (Table 4) 

There were only minor  amounts  of  the E F A  
1 8 : 2 ~ 6  and 1 8 : 3 ~ 3  in the wax ester fract ions 
at 24 C, but  the amounts  o f  these acids in- 
creased significantly (p < 0 . 0 0 1 ) i n  both  breeds 
in hot  environments .  At  32 C, the levels o f  the 
E F A  were higher (p < 0.05) in Brahman than 
in British animals. On the o ther  hand, the 
amounts  of  the ct-hydroxy acids 14:Ott  and 
16:OH were lower  (p < 0.05) in Brahman 
animals than in British animals at 32 C. The 
a m o u n t  o f  16 :OH in the wax esters was higher  
(p < 0.05) at 32 C than at 24 C in British 
cattle. In contrast ,  the level of  16:OH in the 
wax ester fraction in Brahman catt le  at 32 C 
was similar to that  at 24 C, a l though the level 
of  this acid at 38 C was higher (p < 0.05) 
than at 24 C. The amounts  of  all the  unsubsti- 
tuted fat ty  acids except  20:0 in Brahman catt le  
were higher at 38 C (p < 0.001) and at 32 C 
(p < 0.01) than at 24 C whereas,  in the British 
animals, only the amounts  of  the saturated 
acids 14:0 and 16:0 were higher (p < 0.01) 
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in the hot environment than at 24 C. 

Triglycerides (Table 5) 

In the fatty acids derived from triglycerides, 
there were significant breed differences in the 
amounts of 18:26o6 and 18:3603 at 24 C and 
in 14:OH and 16:OH at 32 C. The weights of 
18:2606 and 18:3603 i n  the triglyceride fraction 
from British cattle were not significantly 
different during exposure to 24 C or 32 C. 
However, the amounts of these acids in the 
triglyceride fraction of  Brahman cattle were 
lower (p < 0.01) at 32 C than at 24 C and 

lower (p < 0.05) at 38 C than at 32 C. In both 
breeds, the amount of  16:OH was higher (p < 
0.01) at 32 C than at 24 C and, in the Brahman 
breed, was higher (p < 0 . 0 1 ) a t  38 C than at 
32 C. The fatty acid 20:3 was the only unsub- 
stituted acid in-the triglyceride fraction from 
British cattle to differ significantly (p < 0.01) 
in amount at 32 C compared to 24 C. In 
contrast, the amounts of  14:0 and 18:0 as well. 
as 20:3 were higher (p < 0.01) at 32 C than at 
24 C in Brahman cattle. The amounts of 
18:0 and 20:3 in Brahman cattle were also 
higher (p < 0.01) at 38 C than at 24 C but the 

T A B L E  2 

Mean Tota l  Weigh t s  o f  Ind iv idua l  F a t t y  Ac ids  in the  S e b u m  E x c r e t e d  to  S a t u r a t i o n  Level  in Brit ish (SH)  
and B r a h m a n  (GB)  Ca t t l e  at D i f f e r e n t  E n v i r o n m e n t a l  T e m p e r a t u r e s  

24 C 32 C 38 C 

F a t t y  acid SH GB SE a SH GB SE a GB 

14:0  785 751 109 1196 1600 225 
14:1 44 39 7 45  50 9 
16 :0  862 813  71 1295 1663 112 b 
16:1 39 46  7 55 60  7 
1 8 : 0  270  321 30 387  591 48  c 
18:1  99 104 10 141 171 24 
1 8 : 2 ~ 6  221 278  17 b 317  4 8 9  34 c 
1 8 : 3 ~ 3  75 156 6 d 95 209 8 d 
2 0 : 0  87 91 15 96 140 25 
2 0 : 3  63 52 14 181 259  68 
2 0 : 4  -- -- -- 8 25 10 
2 0 : 5  -- -- -- 222 250  61 
1 4 : O H  58 46 12 92 55 21 
1 6 : O H  527 524 99 985 1075 108 

1339 
95 

1691 
79 

686  
175 
446  
238  

89 
214  
170 
378  
119 

1441 

Values  are e x p r e s s e d  as #g/1  O0 c m  2 o f  sk in  su r face .  

a S t a n d a r d  e r ro r  o f  the  d i f f e r e n c e s  b e t w e e n  breeds .  

bBreed  d i f f e r e n c e s  s ign i f i can t  at p < 0 .05 .  

CBreed d i f f e r e n c e s  s ign i f i can t  a t  p < 0 .01 .  

dBreed  d i f f e r e n c e s  s i gn i f i c an t  a t  p < 0 .001 .  

T A B L E  3 

Mean  Weigh t s  o f  Ind iv idua l  F a t t y  Ac ids  C o n t a i n e d  in the  S te ro l  Es t e r  F r a c t i o n  o f  S e b u m  E x c r e t e d  to  the  
S a t u r a t i o n  Level  in Bri t ish  (SH)  and  B r a h m a n  (GB)  Ca t t l e  at D i f f e r e n t  E n v i r o n m e n t a l  T e m p e r a t u r e s  

24 C 32 C 38 C 

F a t t y  acid SH GB SE a SH GB SE a 

1 4 : 0  46 71 21 75 101 34 
1 6 : 0  67 78 3 b 102 126 4 b 

16:1  - - 8 - -b  14 18 3 
1 8 : 0  49 74 75 124 18 b 
18 :1  9 10 2 11 13 4 
18:2co6 4 8 2 7 9 3 
2 0 : 0  15 24 4 15 25 7 
2 0 : 3  -- -- -- 13 17 11 
2 0 : 5  -- -- -- 49 33 30  

194  
271 

27 
172 

17 
8 

21 
13 
21 

Values  are e x p r e s s e d  as #g [  100 c m  2 o f  sk in  su r face .  

a S t a n d a r d  e r ro r  o f  the  d i f f e r e n c e s  b e t w e e n ' b r e e d s .  

bBreed  d i f f e r ences  s i gn i f i c an t  a t  p < 0 .05 .  
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amounts of 14:0 and 16:0 were lower (p < 
0.01) at 38 C than at 32 C. 

Polar Lipid (Table 6) 

There were no significant breed differences~ 
in the amounts of fatty acids contained in the 
phospholipid fractions of animals at 24 C and 
at 32 C. In both breeds, the amounts of the 
fatty acids 16-0, 18:1, 18:26o6, 20:3 and 16: 
OH increased (p < 0.01) with increasing envir- 
onmental temperature. 

23 

Breed Comparisons at the 
Same Body Temperatures 

The rectal temperatures were not  signifi- 
cantly different when the British animals (Tre 
38.5) exposed to 24 C were compared to the 
Brahman animals (Tre 38.6) exposed to 32 C, 
and similarly, when the British animals (Tre 
39.5) at 32 C were compared to the Brahman 
animals (Tre 39.4) at 38 C. It was thus possible 
to make breed comparisons at the same normal 
(Tre 38.55) and hyperthermic (Tre 39.45) 

T A B L E  4 

Mean Weights o f  Indiv idual  Fa t ty  Acids  Con t a ine d  in the  Wax Ester  Frac t ions  o f  S e b u m  Exc re t ed  to the  
Sa tu ra t ion  Level  in British (SH)  and B r a h m a n  (GB) Cat t le  at Di f fe ren t  E n v i r o n m e n t a l  T e m p e r a t u r e s  

24 C 32 C 38 C 

Fa t t y  acid SH GB SE a SH GB SE a GB 

14:0  368 393 67 717 9 4 0  130 850 
14:1 16 15 3 16 24 5 44  
16:0  108 110 13 354 759 244 846 
16:1 10 9 2 12 15 3 25 
18:0 58 80 10 104 209 30 b 260  
18:1 19 15 3 28 52 13 62 
1 8 : 2 ~ 6  -- -- -- 52 245 24 b 316 
1 8 : 3 ~ 3  8 16 4 26 108 20 b 152 
2 0 : 0  12 19 4 15 34 6 b 26 
20 :3  -- -- -- 32 4 4  11 50 
20 :5  . . . . . .  50 
14 : O H  56 45 11 84 31 24 b 37 
1 6 : O H  426 423  38 737 445  90 b 520 

Values  are expressed  as # g / 1 0 0  c m :  o f  Skin surface .  

aS t anda rd  e r ro r  o f  the  d i f fe rences  b e t w e e n  breeds.  

bBreed  d i f fe rences  signif icant  at  p < 0 .05 .  

T A B L E  5 

Mean Weights o f  Indiv idual  F a t t y  Acids  Con t a ine d  in the Tr ig lycer ide  + Nones te r i f i ed  F a t t y  Ac id  Frac t ions  
o f  S e b u m  E x c r e t e d  to the  Sa tu ra t ion  Level  in British (SH)  an d  B r a h m a n  (GB) Cat t le  

at Di f fe ren t  E n v i r o n m e n t a l  T e m p e r a t u r e s  

24 C 32 C 38 C 

Fa t t y  acid SH GB SE a SH GB SE a QB 

14:0 318 248  49 349 4 7 2  106 224  
14:1 24 16 6 23 17 7 29 
16:0 620  566 68 721 649  90 466  
16~1 23 26 4 23 21 5 19 
18:0  135 144 15 174 222 25 2 2 8  
18:1 57 67 6 73 76 14 56 
1 8 : 2 ~ 6  191 242 15 b 210 170 60 69 
1 8 : 3 ~ 3  61 121 5 c 55 65 13 21 
2 0 : 0  38 33 6 48  69 17 42 
20 :3  37 33 8 92 137 41 111 
20:5  - - -- 62 95 22 150 ~ 
14 :O H  - -- 8 24 4 b 3 
16 :OH  85 77 13 173 521 43 b 7 0 4  

Values are expressed  a s / zg /100  c m  2 o f  skin surface .  

aS t anda rd  e r ror  o f  the d i f fe rences  b e t w e e n  breeds.  

bBreed d i f fe rences  signif icant  at  p < 0 .05 .  

CBreed d i f fe rences  s ignif icant  at p < 0 .001 .  
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T A B L E  6 

M e a n  A m o u n t s  o f  I n d i v i d u a l  F a t t y  A c i d s  C o n t a i n e d  in t h e  P o l a r  L i p i d  F r a c t i o n  o f  S e b u m  E x c r e t e d  to  t h e  
S a t u r a t i o n  L e v e l  in  B r i t i sh  ( S H )  a n d  B r a h m a n  ( G B )  C a t t l e  a t  D i f f e r e n t  E n v i r o n m e n t a l  T e m p e r a t u r e s  

24  C 32  C 38  C 

F a t t y  ac id  S H  G B  SE  a S H  G B  S E  a G B  

1 4 : 0  55 39  21 55 87  33  71 
1 6 : 0  6 6  59  15 118  1 3 0  4 0  1 0 8  
1 8 : 0  27  24  6 33  36  7 2 8  
1 8 : 1  14 12 3 2 9  3 0  3 4 0  
1 8 : 2 6 o 6  26  23  7 4 8  65  10 51 
1 8 : 3 t o 3  4 15 5 13  36  12 6 6  
2 0 : 0  23  15 6 18  12 2 
2 0 : 3  23  14 6 4 5  62  2 3  4 0  
2 0 : 4  -- -- -- 8 25  10 170  
2 0 : 5  -- -- -- 1 1 0  122 18  1 5 8  
1 4 : O H  . . . . . .  19 
1 6 : O H  14 23  8 74  1 0 8  3 0  2 1 3  

Values are expressed as/ag/100 cm 2 of skin surface. 
aStandard error of the difference between breeds. 

body temperatures. 
At both normal and hyperthermic body 

temperatures, the amounts of (a) total indi- 
vidual fatty acids (Table 2), (b) all fatty acids 
in sterol esters except the polyunsaturated fatty 
acids (Table 3), (c) all the unsubstituted fatty 
acids in wax esters (Table 4) and (d) all the 
major fatty acids in phospholipids (Table 6) 
were higher (p < 0.01) in Brahman than in 
British animals. 

The amounts of the individual lipid fractions 
measured were higher (p < 0.01) in sebum from 
Brahman than from British steers at Tre 38.55 
and similarly at Tre 39.45 except for the 
weights of fatty acids in the triglyceride frac- 
tions which did not differ significantly between 
breeds (Table I). In the wax ester fractions, the 
amounts of the a-hydroxy fatty acids 14:OH 
and 16:OH were similar in both breeds at 
normal body temperature but were lower 
(p < 0.01) in the Brahman than in the British 
animals during hyperthermia (Table 4). At 
T~ 38.55, the amounts of the fatty acids 
14:0, 18:0, 20:3, 20:5, 14:OH and 16:OH were 
higher in the triglyceride fractions from Brah- 
man than from British cattle (Table 5). How- 
ever, during hyperthermia, the amounts of 
18:0, 20:3, 20:5 and 16:OH were higher 
(p < 0.01) and the amounts of 14:0, 16:0, 
18:2606 and 18:3603 were lower (p < 0.01) 
in triglyceride fractions from Brahman than 
from British steers. 

DI~IJ~ION 

Brahman cattle are known to be more 
tolerant of heat than British cattle. So, when 
the 2 breeds were exposed to the same hot 

environment (32 C), the Brahman cattle, as 
expected, maintained a lower body temperature 
than the British cattle. Clearly, in explaining 
breed differences in sebaceous gland activity in 
the present study, the interactions between 
genotype and environmental temperature had 
to be considered. Therefore, the experimental 
findings were interpreted in relation to breed 
differences in sebum output  and composition 
at (a) different body temperatures, i.e., when 
all animals were exposed to the same environ- 
mental temperature and (b) at the same body 
temperature, i.e., when the 2 breeds were 
exposed to different ambient temperatures. 

In considering the functional attributes of 
sebum, it is accepted that the surface lipids are 
designed to withstand the adverse effects of 
environmental constraints and it has been 
pointed out that polyunsaturated compounds, 
which are highly susceptible to oxidation by 
atmospheric oxygen, are virtually absent in 
surface waxes whereas such compounds are 
very significant components of internal lipids 
(I1). The production of sebum of such chem- 
ical stability in cattle would be highly advan- 
tageous from a nutritional aspect because 
biohydrogenation reactions within the rumen 
drastically reduce the metabolic supply of 
EFA from dietary sources. It is surprising, 
then, that cattle sebum is relatively rich in 
linoleic acid (2,12) and, in this study, the 
polyunsaturated fatty acids formed a signifi- 
cant proportion of the total fatty acids in 
sebum, being 14% in both breeds at 24 C 
ambient temperature and as high as 20% in 
the Brahmans at 38 C ambient temperature. 
As elevated body temperature in cattle has the 
effect of reducing food intake and because 
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prolonged exposure of British cattle to heat 
resulted in an increased output of linoleic acid. 
in the sebum (3), the loss of EFA through the 
skin of cattle in the tropics might be expected 
to be lower in adapted than in unadapted 
breeds. Contrary to expectations, it was found 
that, at both 24 C and 32 C ambient temper- 
atures, the Brahman cattle excreted significant- 
ly greater amounts of the EFA linoleic and 
linolenic (18:2w6 and 18:36o3) in sebum than 
the British cattle. There were also significant 
genotype by environment interactions in the 
amounts of EFA partitioned between the 
triglyceride and wax ester fractions. During 
hyperthermia in the British animals, the amount 
of EFA excreted in the triglyceride fraction was 
not significantly different from the amount 
excreted at normal body temperature. On the 
other hand, in Brahman animals, the amounts 
of EFA excreted in the triglyceride fraction 
decreased whereas the amount excreted in the 
wax esters increased with rising body temper- 
ature. 

Thus, the question is posed whether the 
diversion of EFA into wax esters at the expense 
of triglycerides in Brahman cattle during heat 
exposure has an adaptational significance. 
Linoleic acid is known to be important in the 
regulation of cutaneous moisture; however, 
the major barrier against water loss is not in 
the lipid film on the skin surface, but in the 
stratum corneum. However, the derivatives of 
the EFA 20:3, 20:4 and 20:5, which were 
present in only trace amounts in the sebum of 
animals at 24 C, were found in significant 
quantities in the sebum of animals in hot 
environments. Blood flow to the skin would 
increase with rising body temperature in both 
breeds and would presumably accelerate the 
supply of metabolites to the glands. Thus, the 
increasing amounts of polyunsaturated fatty 
acids incorporated in sebum components with 
increasing body temperature may be a reflec- 
tion of an elevated metabolism rather than a 
directed excretion onto the skin surface for a 
specific role in thermal balance. It might be 
noted that, although it appears most of the 
lipids are synthesized de novo by the gland 
(13), the EFA are not synthesized in the skin 
but originate from the food via the plasma 
lipoproteins and an increased blood flow would 
be a likely source of part of the increased 
amounts of these acids excreted in the sebum 
of animals exposed to hot environments. 

The density of hair follicles and, hence, 
sebaceous glands is greater in Bos indicus than 
in B. taurus cattle (14). The higher sebum 
output in Brahman than in British cattle at the 
same body temperature might, then, be sup- 

posed to be explained by the greater density of 
sebaceous glands in the Brahman animals. It is 
possible, however, that the breed difference in 
sebum output at the same body temperature 
does not arise solely from differences in sebace- 
ous gland density. For example, it has been 
proposed that the differences in heat tolerance 
between these 2 breeds might be explained 
largely by differences in the ability to lose heat 
by nonevaporative pathways (4). If this is the 
case, it could be expected that, compared to 
British cattle, the blood flow to the skin of 
Brahman cattle would be higher with an asso- 
ciated higher metabolic activity of the sebace- 
ous glands. 

In this study, the wax esters and triglycer- 
ides, lipid classes known to be synthesized in 
the sebaceous glands and exported in the 
sebum, contained a high proportion of hydroxy 
acids. As none of these acids were found in 
the sterol esters, it seems likely that the esteri- 
fled sterols of cattle surface lipids are mainly 
of epidermal origin as suggested by OrK611y 
et al. (2). While it was assumed that, in the skin 
surface lipids of humans, the free cholesterol 
originates from the epidermis (15), there has 
been no evidence that the free sterol present in 
the surface film of cattle is the result of any 
process other than keratinization of epidermal 
cells. It could be anticipated, then, that the 
amount of free sterol/unit surface area would 
be similar in the 2 breeds because it would 
not be influenced by breed differences in the 
density of sebaceous glands. Yet, at the same 
body temperature, the amount of free sterol 
was higher in Brahman than in British steers 
and, within breeds, the amount of free sterol 
which accumulated on the skin surface in- 
creased with increasing body temperature as 
did the amounts of wax esters and triglycerides 
from the sebaceous glands. These t-mdings 
suggest that, in cattle, a significant portion of 
the free sterol in the surface lipid film origi- 
nates in the sebaceous glands and is supported 
by the histochemical evidence for the presence 
of free cholesterol within the sebaceous glands 
of zebu and Ayrshire cattle (16). 
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Interrelationship between Dietary trans Fatty Acids 
and the 6- and 9-Desaturases in the Rat 
REMI DE SCHRIJVER 1 and ORVILLE S. PRIVETT 2, The Hormel Institute, 
University of  Minnesota, Austin, MN 55912 

ABSTRACT 

Studies are reported on the effects of dietary trans fatty acids on the 6- and 9-acyl desaturase 
activities in the liver microsomes of rats fed essential fatty acid (EFA)-deficient and non-EFA-deficient 
diets. In experiment I, weanling male rats were fed a semisynthetic diet with either 10% safflower 
oil (SAF) or 10% hydrogenated coconut oil (HCO). At the age of one year, half of the dietary fat was 
replaced by a supplement containing elaidate, linolelaidate and cis, trans-trans,cis-18:2 frRANS) for 
12 weeks. In experiment II, male rats which were kept from weaning on a 10% SAF diet for one year 
received one of the following fat supplements for a 12-week period: 10% HCO, 9% HCO + 1% TRANS, 
or 5% HCO + 5% TRANS. Feeding TRANS depressed the 6-desaturase activity in the liver microsomes, 
especially in the EFA-deficient rats (HCO + TRANS group of experiment I). Unlike the 6-deaturase 
activity, the 9-desaturase activity was not inhibited by the dietary trans fatty acids and was signifi- 
cantly stimulated in the non-EFA-deficient rats (SAF + TRANS group of experiment I and HCO + 
TRANS groups of experiment II). This was evidenced by incubation reactions and by comparisons of 
fatty acid consumptions and microsomal fatty acid levels, showing extra biosynthesis of 16 : 1 and 18:1 
when TRANS was fed. The biosynthesis of essential (n-6) fatty acids was depressed by the TRANS 
supplement in EFA-deficient as well as in non-EFA-deficient animals. 
Lipids 17:27-34, 1981. 

INTRODUCTION 

I t  has been well demonstrated that dietary 
trans fatty acids are incorpora ted  in animal and 
human tissues (1-10) in more or less significant 
amounts ,  depending on the  dietary concentra-  
t ion, the length of dietary t rea tment  and the 
particular tissue and lipid fraction. The path- 
ways for metabol ism of  trans fat ty acids are 
somewhat  different  than for the cis acids. 
Lemarchal  and Munsch (11) and Lemarchal  
(12) proved that  elaidic acid can be desaturated 
in vivo to some extent  to 5-cis,9-trans-octa- 
decadienoic acid, only when other  substrates 
for the 5-desaturase are lacking. On the o ther  
hand, elaidic acid is also conver ted to  stearic 
acid by a direct hydrogena t ion  process, as 
shown by Dhopeshwarkar  and Mead (13) in 
guinea pigs. Privett  et al. (3) and Karney and 
Dhopeshwarkar  (14) showed that  l inolelaidic 
acid is no t  conver ted  in vivo into  an eicosate- 
traenoic acid. It has also been demonst ra ted  
that  cis, trans-18:2, but not  trans, cis-18:2, is 
conver ted  to 20:4 with a trans double bond 
(3,15), indicat ing that the 6-desaturase re- 
quires a substrate with a 9-cis double bond.  
Al though some of  the trans isomers of l inoleic 
acid may be conver ted  in to  trans-arachidonic 
acid, it should be pointed out  that  they do no t  
have the properties of  essential fa t ty  acids 
(EFA)  (16). 

1present address: Laboratory of Animal Nutrition, 
University of Ghent, 19, Heidestraat, Merelbeke 
9220, Belgium. 

2person to whom reprint requests should be 
addressed. 

Because of their  s tructural  characterist ics,  
trans fa t ty  acids are potent ial ly able to affect  
the al ternat ing enzymat ic  desaturat ion and 
chain e longat ion reactions which occur  in 
animal and human tissues and by which dietary 
and endogenous  fat ty acids are conver ted in to  
higher  homologs.  At  the enzyme level, Brenner 
and Peluffo  (17) demons t ra ted  by in vitro 
exper iments  that l inolelaldate inhibits the 
microsomal  system that  converts  l inoleic acid 
to 3,-linolenic acid. Also using in vi t ro  experi- 
ments ,  Mahfouz et al. (18) found that  posi- 
t ional isomers of  trans-18:l acids inhibi t  5-, 
6- and 9-desaturase activities in liver micro-  
somes of  EFA-def ic ient  rats. In nut r i t ion  
exper iments ,  Anderson  et al. (15) found that  
increasing levels of  dietary 9-trans,12-trans- 
18:2 resulted in decreased levels of  arachidonic 
acid in the rat l iver even when appropr ia te  
amounts  of  l inoleic acid were fed. However ,  
a dietary mix ture  ofcis ,  trans-18:2 and trans, cis- 
18:2 did no t  inhibi t  the synthesis of  arachi- 
donic acid. In previous nut r i t ion  studies, 
Takator i  et al. (1), Privett  et  al. (2) and Kurata  
and Privett  (19) showed that  elaidate and 
part icular ly l inolelaldate impaired the conver-  
sion o f l i no l e i c  acid to arachidonic acid and also 
the conversion of  oleic acid to  eicosatrienoic 
acid. Simultaneously,  i t  was observed that  the 
level o f  ct~-18:l in the liver microsomes in- 
creased. The accumula t ion  of  cis-18:l may be 
due to several factors, such as increased con- 
sumpt ion ,  decreased catabolism, inhibi t ion of  
the 6-desaturase depressing the conversion of  
18:1 to higher homologs ,  and increased de novo 
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synthes i s  i nd i ca t i ng  t h a t  the  9-desa turase  
act iv i ty  is no t  i n h i b i t e d  by  trans f a t ty  adds .  
T h e  p resen t  n u t r i t i o n  e x p e r i m e n t s  were  de- 
s igned t o  inves t iga te  the  e f fec t  of  d ie ta ry  
trans f a t ty  acids, par t icu lar ly  on the  9-desatu-  
rase act ivi ty,  as c o m p a r e d  to  the  6-desa turase  
ac t iv i ty ,  in  EFA-de f i c i en t  and  non-EFA-def i -  
c i en t  rats. Desa turase  act ivi t ies  were measu red  
in i n c u b a t i o n  reac t ions  us ing  the  mic rosoma l  
f rac t ion  o f  t he  liver. Also,  the  fa t ty  acid p a t t e r n  
o f  the  hepa t i c  mic rosomes  was ana lyzed  to  
d e t e r m i n e  re la t ionships  be tween  the  syn thes i s  
o f  u n s a t u r a t e d  fa t ty  acids a n d  the  role of  
d ie tary  trans f a t ty  acids in  these  m e t a b o l i c  
processes.  

MATERIALS AND METHODS 

Animals 

T w o  e x p e r i m e n t s  were pe r fo rmed .  In the  
first expe r imen t ,  weanl ing  male  Sprague-  
Dawley rats were fed a s emisyn the t i c  diet  
(Table  1) based  on  casein, sucrose,  cellulose,  
and  c o n t a i n i n g  a 10% fat  s u p p l e m e n t ,  e i the r  
saf f lower  off (SAF)  or  h y d r o g e n a t e d  c o c o n u t  
oil (HCO).  At  the  end  of  a one-year  per iod ,  a 
m i x t u r e  of  trans fa t ty  acids ( T R A N S )  was 

TABLE 1 

Diet Composition (% by wt) 

Casein (vitamin test) 22.50 
L-Cystine a 0.20 
Wesson salt mixture plus 

ZnCI 2 and MnSO 4 oH2ob 4.03 
Choline mix c 1.00 
V i t a m i n  mix d 1.00 
Cellulose (Alphacel) 16.50 
Sucrose 44.77 
Fat e 10.00 

aL-Cystine was added to the diet to bolster the 
level of sulfur-containing amino acids. 

bwesson salt mixture did not contain zinc or 
manganese, hence these elements were added to the 
mix as follows: 0.60 g ZnCI a and 0.90 g MnSO 4 oH20 / 
200 g salt mixture. 

CCholine mix consisted of 22% choline dihydrogen 
citrate in vitamin test casein. 

dVitamin mix (1 kg) contained 2.5 g thiamine 
HCI, 2.5 g riboflavin, 9.0 g nicotinic acid, 9.0 g cal- 
cium pantothenate, 2.0 g pyridoxine HCI, 4.0 g 
cyanocobalamin (BI=), 7.5 g p-aminobenzoic acid, 0.1 
g folic acid, 0.02 g biotin, 20.0 g meso-inositol, O.S 
g menadione (vitamin K), and 943.0 g vitamin test 
casein. Fat and vitamins A, D and E w e r e  m i x e d  into 
the  diet daily and stored at 0 C overnight. Vitamin D 2 , 
5.0 mg; retinol acetate, 6.9 mg; a-tocopherol acetate, 
300 mg/kg of diet. 

epropyl gallate as an antioxidant was added to 
safflower oil and TRANS-concentrate (66 mg/100 g 
of fat). 

i nc luded  in each of  these  diets: 6 rats  f rom the  
SAF  group  were sh i f t ed  to  a diet  c o n t a i n i n g  
5% SAF  + 5% T R A N S  and  6 rats  f rom the  HCO 
group  were fed a 5% HCO + 5% T R A N S  supple-  
m e n t .  The  T R A N S  diets  were suppl ied  for  an  
add i t iona l  12 weeks. At  the  same t ime,  2 
groups  of  6 rats  r ema ined  on the  10% SAF or  
10% HCO diet.  The  T R A N S  c o n c e n t r a t e  
c o n t a i n e d  13.5% trans-18:l,  51% trans, trans- 
18:2 and  18% cis, trans-trans, cis-18:2. I t  was 
n o t  d e t e r m i n e d  if  b o t h  cis, trans-18:2 and  
trans, cis-18:2 or  only  one of  these  fa t ty  acids 
was p resen t  in the  T R A N S  supp l emen t .  

In the  second  expe r imen t ,  one-year -o ld  
Sprague-Dawley rats  which  had  been  kep t  on  
the  10% SAF diet  (Table  1) were swi tched  
to  EFA-de f i c i en t  diets,  e i t h e r  c o n t a i n i n g  10% 
HCO or 9% HCO + 1% T R A N S  or  5% HCO + 
5% T R A N S ,  also for  an add i t iona l  12 weeks.  
Each  group cons is ted  of  6 animals .  I t  is k n o w n  
tha t  EFA-de f i c i en t  rats  show e levated  e n z y m e  
activities,  as also r epo r t ed  in this  s tudy .  By 
swi tch ing  n o n - E F A - d e f i c i e n t  rats to  an EFA-  
def ic ien t  diet  for  a re lat ively shor t  per iod,  i t  
was h o p e d  t ha t  h igher  e n z y m e  act ivi t ies  would  
occu r  and  tha t ,  consequen t ly ,  the  e f fec t  of  
d ie ta ry  trans f a t ty  acids on  the  desaturase  
act ivi t ies  wou ld  be more  p r o n o u n c e d  and  mea-  
sured more  accura te ly ,  while  the  rats  were still 
n o n - E F A - d e f i c i e n t  a t  the  end  of  the  12-week 
e x p e r i m e n t a l  period.  

The  animals  were weighed at weekly  in te r -  
vals and  food  c o n s u m p t i o n  was measu red  on  
a daily basis. The  diets  were s to red  at  -20 C and  
were fed fresh daffy. The  rats were h o u s e d  in 
indiv idual  cages wi th  raised wire floors. The  
t e m p e r a t u r e  was k e p t  c o n s t a n t  a t  23 C and  the  
relat ive h u m i d i t y  at  55%. At  the  end  of  the  
exper imen t s ,  the  ra ts  were sacr i f iced by  exsan-  
gu ina t ion  a f te r  l ight  e the r  anes thes ia .  T h e  
an imals  were n o t  fasted before  ki l l ing in o rder  
to  be able to  measure  max ima l  act ivi t ies  of  ra t  
l iver desaturases  (20) .  

Enzyme Preparation 

Immed ia t e ly  u p o n  kil l ing of  the  animals ,  
t he i r  livers were excised, minced  and  r insed 
w i th  ice-cold saline so lu t ion  and  h o m o g e n i z a -  
t ion  so lu t ion  cons i s t ing  of  0.15 M KC1, 5 mM 
MgCI2 ,0 .25  M sucrose,  1.5 mM g lu t a th ione  and  
50 mM po tass ium p h o s p h a t e  buf fer ,  pH 7.3. 
Livers were h o m o g e n i z e d  in a Po t t e r -E lveh jem 
h o m o g e n i z e r  in  2 vol of  so lu t ion .  H o m o g e n a t e s  
were  cen t r i fuged  at 800  x g for  10 ra in  to  
remove  cell debris and  the  fa t  pad.  The  post-  
m i t o c h o n d r i a l  s u p e r n a t a n t ,  o b t a i n e d  by spin-  
n ing  at 12 ,000 x g for  30  min,  was f u r t h e r  
cen t r i fuged  at  100 ,000  x g for  1 hr. The  
100 ,000  x g pel le t  was r e suspended  in the  
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homogenization solution (0.5 ml/g of original 
liver), put into tubes under N 2 and stored at 
-70 C. All operations were done at maximal 5 
C. Protein concentration was measured accord- 
ing to Lowry et al. (21). 

Incubations 

GSH, ATP, CoASH, NADH and bovine 
serum albumin, containing less than 0.005% 
fatty acid, were purchased from Sigma Chem- 
ical Co., St. Louis, MO. For measuring the 6- 
and 9-desaturase activities, [ 1-14C] linoleic acid 

�9 and [ 1-14C ] stearic acid were used, respectively, 
purchased from New England Nuclear, Boston, 
MA. 

The microsomes were diluted with the 
homogenization solution to a concentration of 
20 mg protein/ml. Each incubation was done in 
2 ml of 0.15 M KC1-0.25 M sucrose solution 
containing: ATP, 10 /aM; CoA, 0.6/aM; NADH, 
2.5 /aM; MgC12, 10/aM; GSH, 3 /aM; potassium 
phosphate buffer, plt 7.3, 100/aM; microsomal 
protein, 5 mg; and 200 nmol of radioactive 
substrate. The incubation reaction was started 
by addition of the substrate solution. Incuba- 
tion vials were gently agitated at 37 C in air 
for 10 min. The reaction was stopped by the 
addition of 5 ml of a 10% (w/v) KOH solution 
in methanol and the mixture was allowed to 
saponify at 85 C for 2 hr under Na. After 
acidification, the fatty acids were extracted 
with petroleum ether. The extract was dried 
under a stream of nitrogen and esterified with 
anhydrous 10% (w/v) HCI in methanol at 85 
C for 2 hr. 

Radioactivities of the methyl esters were 
determined on fractions isolated by gas liquid 
chromatography (GLC) using a Hewlett Pack- 
ard instrument, Model 5840A, equipped with 
a 9:1 splitter and a 12 ft x 0.125 in. id column 
packed with 10% Silar 10C on 100-200 mesh 
Gas-Chrom Q at 170-250 C, programmed 
at 2.0 C/min with a flow rate of helium of 
10 cc/min. The fractions corresponding to the 
radioactive substrates 18:0 and 18:2(n-6), 
and the radioactive products 18:1(n-9) and 
18:3(n-6) were collected in glass tubes directly 
attached to the outlet of the splitter, coinci- 
dent with their detection by the flame detector. 
The collecting tubes were washed with 15 ml 
of toluene-based scintillation fluid (5.5 g of 
Permablend I/s of toluene). The radioactivity 
was measured in a Beckman LS 7500 liquid 
scintillation counter. The recovered radioactiw 
ity was 85% of the amount used. The per- 
centage of desaturation was calculated as the 
ratio of the counts in the product to the sum 
of the counts in substrate plus product, cor- 
rected for background. 
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Fatty Acid Analysis 

Fatty acid composition of dietary fats was 
determined by GLC of methyl esters prepared 
by interesterification with methanol using HCL 
as the catalyst (22). The fatty acid composition 
of the liver microsomal lipid was determined 
according to the saponification and methyla- 
tion procedures previously described in this 
report. Instrumental conditions were also the 
same. The fatty acid standards were purchased 
from Nu-Chek-Prep, Elysian, MN. 

R ESU LTS 

Experiment I 

The growth of the rats, kept for one year on 
either the 10% HCO diet or the 10% SAF diet, 
had plateaued. The rats of the 10% HCO group 
had developed dermal symptoms on feet and 
tail, typical of an EFA deficiency, and their 
growth was suppressed compared to the 10% 
SAF group. The average body weight of the 
10% HCO rats was 316 + 35 g (• SE) and the 
10% SAF rats weighed 491 + 42 g. The inclu- 
sion of trans fatty acids in the HCO and SAF 
diet for 12 weeks did not significantly (p < 
0.05) affect the growth or the food consump- 
tion of these animals. 

Generally, the fatty acid composition of the 
diet was well reflected in the fatty acid pattern 
of the liver microsomal lipid (Table 2). The 
10% SAF group showed high levels of linoleic 
acid and arachidonic acid in the liver micro- 
somes. The 10% HCO rats exhibited the typical 
fatty acid compositional pattern of an EFA 
deficiency: elevated levels of 16:1, 18:1 and 
20:3(n-9) and low levels of 18:2(n-6) and 
20:4(n-6). Also, minor amounts (<1%) of 
18:2(n-9), 20:2(n-9) and 20:4(n-7) charac- 
terized the fatty acid pattern of the liver micro- 
somes of the 10% HCO group. As observed by 
others (20,23-25), the incubation reactions 
showed elevated 6- and 9-desaturase activities 
in the liver microsomes of the EFA-deficient 
10% HCO rats (Table 3). 

Including the TRANS supplement in the 
SAF diet increased the 18: 2(n-6) concentration 
in the liver microsomes, in spite of the much 
lower consumption of this fatty acid, which 
indicated that the metabolism of 18:2(n-6) 
was inhibited. In agreement with this observa- 
tion were the results of the incubation reactions 
showing that the conversion of 18:2(n-6) to 
18:3(n-6) was significantly suppressed by the 
dietary trans fatty acids (Table 3). Feeding the 
TRANS supplement to the SAF animals in- 
creased the level of 18:1, and particularly 
of 16:1, in the liver microsomes, notwith- 
standing the fact that the intake of 16:1 was 
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TABLE 3 

Experiment I: Liver Microsomal Enzyme Activities (nmol]min/mg protein) a 

31 

5% SAF 5% HCO 
10% SAF + 5% TRANS 10 HCO + 5% rRANS 

Group b (0-15 months) (12-15 months (0-! 5 months) (12-15 months) 

6-Desaturase 0.26 + 0.03 c 0.20 -+ 0.03r 0.56 -+ 0.05 c 0.13 • 0.03 c 
9-Desaturase 0.83 • 0.05d, e f 1.66 • 0.06 d 1.57 + 0.07 e 1.83 -+ 0.06 f 

aM + SD, n = 6 for groups 10% SAF and 10% HCO;n = 5 for groups 5%SAF+ 5%TRANSand 5%HCO+ 
5% TRANS. 

bSAF = safflower oil, HCO = hydrogenated coconut oil, TRANS = concentrate of trans fatty acids. For 
additional details, see Materials and Methods. 

c,d,e,fValues with a common supei'script are significantly different (p < 0.05). 

no t  changed by shif t ing the rats to the 5% 
S A F  + 5% T R A N S  diet and t h a t  the 18:1 
consumpt ion  was decreased considerably.  In 
accord with this, the  9-desaturase activities 
measured in vitro were very significantly 
(p < 0.01) increased in the 5% SAF + 5% 
T R A N S  animals. 

Including the  TRANS supplement  in the 
HCO diet  did not  alter  the levels of  16:1 and 
18:1 and decreased substantial ly the levels of 
18:2(n-6),  20:4(n-6)  and 20::3(n-9) in the 
liver microsomes.  The measu remen t s  o f  the 
enzyme activities revealed a s t rong inhibi t ion 
o f  the 6-desaturase act ivi ty (p < 0.01) and a 
slight elevation o f  the 9-desaturase act ivi ty 
(p < 0.1) for  the 5% HCO + 5% T R A N S  group. 

Experiment II 

Switching the rats from the 10% SAF diet  
e i ther  to the 10% HCO, 9% t t C O +  1% T R A N S  
or  5% HCO + 5% TRANS diet  did no t  signifi- 
cantly affect  the body weights o f  these rats, but  
their  food consumpt ion  increased. However ,  
the food intake among  these groups was no t  
significantly different  (i9 < 0.05). 

Shif t ing the rats from the 10% SAF diet to 
the 10% HCO diet decreased the 18:2(n-6) 
level in the l iver microsomes from 11.7 to 7.8% 
and the 20:4(n-6)  level remained unchanged,  
indicat ing that  these rats did not  become EFA-  
deficient,  a l though they  received the  EFA-  
def ic ient  diet for 12 weeks (Table 4). Ano the r  
indicat ion for this p h e n o m e n o n  was the ab- 
sence of  18:2(n-9) and 20:4(n-7)  and the minor  
a m o u n t  (0.2%) o f  20:3(n-9) in the liver micro- 
somes of  the 10% HCO group.  The in vitro 
exper iments  showed that  the 6-desaturase 
act ivi ty was no t  altered by the 12-week feeding 
per iod of  the 10% HCO diet, but  the 9-desatur- 
ase activity was significantly increased (p < 
0.01). This was ref lected in the fa t ty  acid 
pattern o f  the l iver microsomes  of  the 10% 
HCO group, which showed substantial ly ele- 

vated levels of  16:1 and 18:1, a l though shift ing 
the rats from the 10% SAF diet to the 10% 
HCO diet did not  change 16:1 consumpt ion  
and 18:1 intake became nil (Table 5). 

Shif t ing the rats from the 10% SAF to the 
1% or 5% TRANS-eon ta in ing  HCO diet in- 
creased the amoun t  o f  16:1 in the hepat ic  
microsomes to the same ex ten t  as was observed 
with the 10% HCO group. The 18:1 level in the 
microsomes increased even more,  as compared  
to  the 10% HCO group, probably partly due to 
some higher 18:1 consumpt ion .  Measurements  
o f  the enzyme activities revealed significantly 
(p < 0.01) enhanced 9-desaturase activities in 
both TRANS-fed  groups. On the contrary,  
the 6-desaturase act ivi ty  was inhibi ted,  as also 
ref lected in the fat ty  acid patterns of  the liver 
microsomes.  Inc luding the T R A N S  .supple- 
men t  in the HCO diet resulted in accumula t ion  
o f  18:2(n-6) and depression of. the 20:4(n-6)  
level, p ropor t iona l  to  the trans fa t ty  acid 
concen t ra t ion  in the diet and in the microsomal  
lipid. 

DISCUSSION 

The exper iments  showed that  the 6-desatur- 
ase activity in the liver microsomal  fraction 
was impaired by feeding the T R A N S  supple- 
ment .  This could  be conc luded  from the results 
of  the incubat ion  reactions in which liver 
microsomes of  TRANS-fed  rats showed de- 
pressed rates of  the 6-desaturase-catalyzed 
conversion of  18:2(n-6) to 18:3(n-6).  Also, 
Brenner and Peluffo  ( 1 7 ) d e m o n s t r a t e d ,  with in 
vi t ro  exper iments  using fiver microsomes of  
rats fed a fat-free diet, that  l inolelaidate inhibits 
the conversion of  l inoteic acid to 7-1inolenic 
acid. In our  incubat ion  reactions, inhibi t ion 
o f  the 6-desaturase was shown in both EFA-  
deficient  and non-EFA-def ic ien t  rats. Evidence 
for  the in vivo 6-desaturase inhibi t ion was 
provided by the accumula t ion  of  18:2(n-6) 
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T R A N S  FATTY ACIDS AND DESATURASES 

TABLE 5 

Experiment II: Liver Microsomal Enzyme Activities (nmol/min/mg protein) a 

33 

10%SAF 10%HCO 9% HCO + 1% TRANS 5%HCO+ 5% TRANS 
Group b (0-12 months) (12-15 months) (12-15 months) (12-15 months) 

6-Desaturase 0.26 • 0.03c, e 0.25 • 0.04 d 0.20 • 0.03 c 0.16 • 0.05d, e 
9-Desaturase 0.82 • O.05f, g 1.43 • 0.05f, g 2.45 • 0.10g 2.83 • 0.09 f 

aM + SD, n = 6 for 10% SAF group; n = 5 for other groups. 
bSAF = safflower oil, HCO = hydrogenated coconut oil, TRANS = concentrate of trans fatty acids. For 

additional details, see Materials and Methods. 
c,d,e,f, g6-Desaturasr activities with a common superscript are significantly different for p < 0.05. 9-De- 

saturase activities with a common superscript are significantly different for p < 0.01. 

in the liver microsomes of  the TRANS-fed  
rats (unaffected by consumpt ion  of  this fat ty 
acid) and by consequent  depression of  the 
20:4(n-6) ,  22:4(n-6)  and 22:5(n-6)  biosyn- 
thesis in these animals. 

An interest ing observation relative to the 
effect  of  dietary t rans  fa t ty  acids on the 6- 
desaturase act ivi ty was that  the inhibi t ion of  
this enzyme system was more p ronounced  in 
EFA-def ic ient  condit ions.  In exper iment  I, 
shift ing the rats from the 10% SAF diet to the 
5% SAF + 5% T R A N S  diet lowered the 6- 
desaturase activity from 0.26 to 0.20 nmol /  
m i n / m g  protein while including the same 
amoun t  of  T R A N S  in the EFA-def ic ien t  HCO 
diet revealed a striking inhibi t ion of  the 6- 
desaturase: the activity dropped from 0.56 
to 0.13 n m o l / m i n / m g  protein.  This seemed 
to be related to the degree of  accumula t ion  of  
dietary t rans  fat ty acids in the liver micro-  
somes: the rats accumula ted  substantial ly more  
trans, trans-  18:2 and cis, t rans- trans ,  c i s -18:2  
when shifted to the TRANS-con ta in ing  HCO 
diet than when fed the 5% SAF + 5% T R A N S  
diet. In accord with this observation was that  
o f  Privett  et  al. (2), who concluded from the 
fatty acid composi t ions  of  rat liver and serum 
that primarily l inolelaidate,  c~mpared to elaid- 
ate, impaired the interconversion of  18:2(n-6) 
to 20:4(n-6).  

Unlike the 6-desaturase, the incubat ion  
exper iments  showed that  dietary t rans  fa t ty  
acids do not  inhibit  the 9-desaturase. In vivo 
it was shown that elevated levels of  16:1 and 
18:1 in the liver microsomes of  the TRANS-  
fed rats generally were not  affected by the 
consumpt ion  of  these fat ty  acids; rather they 
appeared to be related to 2 factors: extra 
biosynthesis of  16:1 and 18:1 and inhibi t ion 
of  the 6-desaturase system. Assuming that  the 
same 6-desaturase system is involved in the 
different  fat ty acid pathways,  the 6-desaturase- 
catalyzed conversions of  16:1(n-7) to 16:2(n-7) 
and 18:1(n-9) to 18:2(n-9) will be inhibi ted in 

the TRANS-fed  rats, similar to the inhibi t ion 
of  the 18:2(n-6) desaturat ion in the l inoleate  
pathway.  Consequent ly ,  some accumula t ion  of  
16:1 and 18:1 in the liver microsomes o f  the 
TRANS-fed  rats may  occur. Simultaneously,  
extra 16:1 and 18:1 may be synthesized as 
well, indicated by the elevated 9-desaturase 
activities in the TRANS-fed  groups. This was 
well demons t ra ted  by the 5% SAF + 5% 
T R A N S  group in exper iment  I: the consump- 
t ion o f  16:1 was negl igible .and,  as a conse- 
quence,  the elevated level of  microsomal  
16:1 was essentially produced by biosynthesis,  
which proved that  the 9-desaturase activity in 
vivo was not  inhibi ted,  but even enhanced.  
With regard to the increased 9-desaturase 
act ivi ty in these exper iments ,  Guo  and Alex- 
ander 's  (26) work should be ment ioned.  They 
repor ted  that  dietary elaidic acid s t imulated 
the capacity for hepatic  de novo  fatty acid 
synthesis of  saturated and monounsa tura ted  
fat ty acids from acetate.  

The effect  of  the T R A N S  supplement  on 
the increase of  the 9-desaturase activity in the 
EFA-def ic ien t  rats (5% HCO + 5% T R A N S  
group of  exper iment  I) was only slight as 
compared  to the p ronounced  effect  in the case 
o f  the non-EFA-def ic ien t  rats. This can be 
explained by the fact that,  unlike the 10% 
SAF rats, the liver microsomes of  the 10% 
HCO rats contained high levels of  16:1 and 
18:1 at the t ime these animals were switched 
to  the 5% HCO + 5% T R A N S  diet. Consequent -  
ly, some product  inhibi t ion could be expec ted  
when 16:1 and 18:1 were to be extra synthe-  
sized upon switching the animals to  the TRANS-  
conta in ing HCO diet. 

The results from the present s tudy indicate  
that ,  by feeding the  TRANS supplement ,  
the inhibi t ion o f  the 6-desaturase system 
appears to  be responsible for the decrease of  
the biosynthesis of  essential long-chain (n-6) 
fatty acids. However ,  the animal requires the 
highly unsaturated metabol i tes  and a t tempts  
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to respond, however unsuccessfully, by inten- 
sifying the production of the substrates it is 
able to syrithesize itself, 16 :l(n-9) and 18:1 (n-9), 
as shown by the elevation of  the 9-desaturase 
activity. 
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Volatile Hydrocarbons from Photosynthetic Membranes 
Containing Different Fatty Acids 
GERHARD SANDMANN and PETER B(3GER, Lehrstuhl fffr Phy$iologie und Biochemie 
der Pflanzen, Univer$it#t Konstanz, D-7750 Konstanz, Germany 

ABSTRACT 

A cell-free plant system was developed generating short-chain volatile hydrocarbons as markers of 
light-induced copper-mediated peroxidation of fatty acids present either as endogenous constituents of 
photosynthetic membranes or added exogenously. Different polyunsaturated fatty acids are present in 
the blue green algae Anacystis nidulans, Anabaena variabilis and Spirulina platensis. The first species 
has no polyunsaturated acids. Thylakoids isolated from these algae produce different short-chain 
volatile hydrocarbons. The location of the double bond of dienoie or higher polyunsaturated fatty 
acids most distant from the carboxyl group determines the chain length of hydrocarbons evolved. 
Their number of C-atoms is the same as found beyond this double bond of the fatty-acid molecule 
(<,J-l). This pattern of volatile hydrocarbons produced is in contrast to thermolytic cleavage. Malondi- 
aldehyde is formed only when at least 3 double bonds are present in the fatty acid. Peroxidation of 
endogenous thylakoidal and added fatty acids is completed within 24 hr; a maximum of 1% of the 
carbon skeleton can be recovered as volatile hydrocarbons~ 
Lipids 17:35-41, 1981. 

INTRODUCTION 

Short-chain volatile hydrocarbons are some 
of the possible degradation products formed 
during peroxidation of bound fatty acids (1). 
There are reports of significant formation of  
pentane and ethane by carbon-tetrachloride- 
treated rats (2), and evolution of ethane and 
ethylene when intact algae were illuminated in 
the presence of herbicides or toxic copper 
amounts (3,4). Evolution of propane was 
reported as the major gaseous hydrocarbon 
induced by herbicide treatment of the xantho- 
phycean alga Bumilleriopsis (5,6). 

From the reaction of fatty acids in model 
systems, it was found that the various hydro- 
carbon gases can be formed from different fatty 
acids (7-10). However, it is doubtful whether 
the origin of peroxidatively formed hydrocar- 
bon gases in biological systems can be shown 
by thermal and chemical peroxidative degrada- 
tion of fatty acids. 

Up to now, the origin of short-chain hydro- 
carbons evolved by isolated thylakoids has not  
been investigated. In the present communica- 
tion, this has been achieved using 3 species of 
blue-green algae which exhibit a qualitatively 
different fatty acid pattern, and from which 
active cell-free assay systems can be prepared. 

Thylakoid membranes isolated from these 
organisms were found to actively decompose 
their endogenous fatty acids as well as those 
which were added to the reaction mixture 
during illumination in the presence of copper 
(50 /aM CuSO4). The different hydrocarbons 
measured in such experiments allowed for a 
correlation with the composition of polyun- 

saturated fatty acid(s) present in this algal 
system. 

MATERIALS AND METHODS 

Algal Growth and Fatty Acid Determifiation 

Anabaena variabilis (strain 1403-4) a n d  
Anacystis nidulans (strain 1402-1) were ob- 
tained from the Algal Culture Collection, 
University of GiSttingen, whereas Spirulina 
platensis was from our own stock. They were 
cultivated as described previously (11,12) with 
the following modifications: Anacystis was 
grown at 35 C; the medium for Spirulina con- 
tained an additional 16 g of NaHCO3/s of cul- 
ture medium, which allows growth without 
gassing by air and CO2. 

Lipids were extracted from the wet paste of 
1-~ cell suspension batches under nitrogen and 
in the dark by successive treatments with meth- 
anol once at 65 C and twice with chloroform/ 
methanol (2:1, v/v) at 55 C (50 ml each). The 
combined fractions were pooled and mixed 
with an equal volume of saturated NaCI solu- 
tion in a separatory funnel. The lower organic 
phase was dried over anhydrous Na2SO4 and 
chromatographed on activated Silica Gel G 
plates in chloroform/methanol/water  (65:25:4,  
v/v/v) (13) to a front distance of about 5 cm to 
expel colored compounds. The layer between 
the origin and the lowest colored band was 
scraped off  the extracted by mixing the extract 
with an equal volume of 0.5 M methanolic KOH 
and boiling for 2 min. The fatty acids were 
esterified by adding another aliquot of 14% 
borontrifluoride in methanol (14). After 
boiling for another 2 min, the fatty acid methyl 
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esters were extracted with hexane and sepa- 
rated by gas liquid chromatography (GLC) on a 
15% Reoplex column at 200 C. Identification 
and quantitation of fatty acid esters was done 
with purchased standards, i.e., methyl esters 
from the fatty acids of Table 1. 

Spheroplast and Thylakoid Preparation; 
Lipid Peroxidation 

Spheroplasts are cells from which the wall 
has been removed by treatment with lysozyme. 
They are disrupted ("shocked")by introducing 
them into the incubation medium as described 
next; this suspension contains photosynthetic 
membranes (thylakoids) which are able to per- 
form the Hill reaction without loss of activity 
for about 2 hr. Spheroplasts were prepared 
according to the method of Spiller (15) with a 
lysozyme concentration of 1 mg/ml and an 
incubation time of 2 hr at 35 C. Cell-free photo- 
synthetic activity was routinely measured as 
oxygen evolution with the Clark electrode (16) 
using the H20 -~ ferricyanide system (15). Av- 
erage values of about 100 #mol 02 produced/ 
mg chlorophyll x hr were obtained. 

The incubation medium fo r  volatile hydro- 
carbon evolution consisted of phosphate buffer, 
pH 7.8, 10 mM; NH4C1, 5 mM; MgCI2, 5 mM; 
CuSO4, 50/aM; and thylakoids (shocked sphero- 
plasts) equivalent to 200/ lg  of chlorophyll a in 
a final volume of 2 ml as described previously 
(12). In the experiments of Tables 2 and 3 
and Figure 1, 3 mg of the fatty acid mentioned 
were pipetted by drops into the 2-ml incuba- 
tion medium containing the isolated Anacystis 
thylakoid material. For that purpose, palmitic, 
stearic and arachidonic acids were dissolved in 
methanol (3 mg[10 #1); the other fatty acids 

were used directly. Incubation was done in 
sealed headspace vessels for 2 hr under shaking 
in a Warburg apparatus, in light, at 25 C (4). 
Immediately after the onset of shaking, t he  
mixture became dispersed. The vessels fit into 
the automatic headspace sampler of Perkin- 
Elmer gas chromatograph Model F22, where 
they were warmed to 40 C and immediately 
withdrawn automatically. Hydrocarbons were 
separated on a 5-ft column of activated alumina 
with a temperature program from 100 to  170 C 
at a rate of 20 C/min, and from 170 to 185 C 
at a rate of 4 C/min and a nitrogen flow of 30 
ml/min. Mixtures of standard hydrocarbon 
gases were prepared in similar concentrations 
as found in the samples. The retention times 
were for: C2Hs, 0.8; C2H4, 1.1; C3H8, 1.6; 
C3H6, 2.2; n-C4-H10, 2.9; n-C4Hs, 3.2; i-C4Hs, 
3.9; CsH12, 4.8; and CsH10, 6.1 min. The hy- 
drocarbon gases were further identified on a 
Poropack-R column. The detection limits for 
the volatile hydrocarbons were 1-5 pmol. 
All experiments were done in duplicates. One 
representative set of data was documented from 
3 to 5 separate experiments. The standard error 
of these experiments was about 10-15%. After 
hydrocarbon measurement, malondialdehyde 
was determined from the same samples accord- 
ing to the method of Takahama and Nishimura 
(17). The values were corrected for the amount 
of thiobarbiturate-reactive material detected in 
the dark-treated controls, which was about 20% 
of the corresponding samples. 

To determine the degree of disappearance of 
added C-18 fatty acids (Table 3), samples were 
extracted 3 times with 2 ml of diethylether, 
and the ether was evaporated in a stream of 
nitrogen. The resulting residue was redissolved 
in 0.5 M methanolic KOH and the solution 

T A B L E  I 

C o n c e n t r a t i o n  o f  Fatty Acids in B lue-Green  Algae  

Anacystis nidulans Anabaena variabilis Spirulina platensis 

F a t t y  ac ids  (/~g//zg (~ug/~g (#g /#g  
p r e s e n t  c h l o r o p h y l l )  (%) c h l o r o p h y l l )  (%) c h l o r o p h y l l )  (%) 

14 :0  0.1 0 .5  1.7 1.8 0 .8  1.5 
16 :0  8 .8  50 .9  19.5  20 .2  24 .2  4 3 . 6  
16 :16o7  5.3 30 .6  2 5 . 8  26 .7  4 .9  8.9 
16:2(,o6 0 0 0 0 0 0 
16 :36o3  0 0 0 .3  0 .3  0 0 
18 :0  0 .2  1.1 0 .4  0 .4  3.2 5.7 
18:1(,o9 2 .9  16.5 12.7  13.1 3 .2  5.7 
1 8 : 2 t o 6  0 0 14 .9  1 5.4 9 .2  16.6  
18 :3 r  0 0 19 .9  20 .6  0 0 
18 :3r  0 0 0 0 12 .8  23.1 
2 0 : 4 t 0 6  0 0 0 0 0 0 

Values  < 0 .5% have  been  o m i t t e d ;  zero  d e n o t e s  u n d e t e c t a b l e  q u a n t i t i e s  (see M e t h o d s ) .  
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TABLE 2 

Formation of Volatile Hydrocarbons (nmol) from Exogenously Added Fatty Acids 
Peroxidized by llluminated Isolated Anacysris Thylakoids 

in the Presence of 50/aM CuSO 4 

Fatty acids 
(3 rag/2 ml) 

added to thylakoids Ethane Ethylene Propane Pentane Pentene 

Control 0 0 0 0 0 
+18:1 0.003 0 0 0 0 
+18:2t,96 0.32 0.19 0.09 8.14 1.19 
+18:3to3 6.31 3.71 0 0 0 
+ 18:3t~6 0.29 0.25 0.21 17.42 4.30 
+20:4to6 0.46 0.28 0.11 28.64 2.62 
+3-carotene 

(15 mg/2 ml) 0 0 0 0 0 

Control: no fatty acids were added to the reaction mixture. Three mg of the fatty acids 
used here are equivalent to about 10 /amol. These were introduced into the incubation 
medium as given in Methods and illuminated for 2 hr. Addition of 16:0, 16:1 and 18:0 fatty 
acids produced no hydrocarbons. Zero denotes undetectable quantities. 

"FABLE 3 

Formation of Volatile Hydrocarbons and Thiobarbiturate-Reactive Material (Malondialdehyde, MDA) 
from C-I 8 Fatty Acids during Copper-Mediated Peroxidation with Illuminated Anacysris Thylakoids 

in Short- and Long-Term Experiments 

Additions a 

Measurement over 1 hr Measurement  over  24  h r  

Sum Of volatile b Residual Molar ratio 
hydrocarbons MDA Molar ratio fatty acid (hydrocarbons/fatty 

(nmol) (nmol) (MDA/hydrocarbon) (/ag) acids degraded X 10 -3) 

18:0 0 <1 -- ND c -- 
18:1 0 <1 -- ND c - 
18:2 7.7 3 0.4 36.3 2.8 
18:3t.o3 5.6 23 4.1 80.7 2.4 
18:3606 11.8 47 4.0 21.8 8.6 

aThree mg fatty acid/2 ml reaction volume equivalent to 10/amol/2 ml. 
bEthane and ethylene, but pentane and pentene in the last line. 
CNot determined. 

t rea ted  as a l ready descr ibed  for fa t ty  acid deter-  
m ina t i o n .  

Chemicals 

Fa t ty  acids, their  m e t h y l  esters  ( bo th  ca. 
99% pure) ,  /~-carotene, and bo ron- t r i f l uo r ide /  
m e t h a n o l  m i x t u r e  were p u r c h a s e d  f rom Sigma, 
M/ inchen;  s t anda rd  h y d r o c a r b o n  gases  were 
pu rchased  f ro m  Linde ,  HiSllriegelskreuth, Ger- 
m a n y ;  fiquid p e n t a n e  and pen t ene ,  silica gel 
plates ,  and  o t h e r  analyt ica l -grade chemica l s  
were f ro m  Merck,  D a r m s t a d t ,  G e r m a n y .  

RESULTS 

Anacystis, Anabaena and  Spirulina were in- 
ves t iga ted  for the i r  f a t ty  acid c o n t e n t s  (Table  
1), C o m m o n  to  all 3 species  were the  l a rge  

a m o u n t s  o f  s tear ic  (18 :0) ,  oleic ( 18 :1 )  and  
pa lmi to le ic  acid (16 :1) .  Myrist ic  (14 :0 )  and  
pa lmi t ic  ( 16 :0 )  acid were f o u n d  as m i n o r  com-  
p o n e n t s  in each  o f  these  species.  O the r  fa t ty  
acids, especial ly u n s a t u r a t e d  ones ,  were n o t  
de tec tab le  in Anacystis. In con t ra s t ,  Spirulina 
and Anabaena c o n t a i n e d  b o t h  l inoleic (18 :2 )  
and  l inolenic  ( 18 :3 )  acid.  However ,  as s h o w n  
in Table  1, the  18:3 is p resen t  as the  a - i some r  
(18:36o3)  in Anabaena and as the  7 - i somer  
( 1 8 : 3 w 6 )  in Spirulina. 

In a s imilar  f a sh ion ,  qual i ta t ive  d i f fe rences  
could  be observed  in the  volat i le  h y d r o c a r b o n s  
evolving dur ing  l ight  i n c u b a t i o n  o f  t h y l a k o i d s  
f r om all 3 algae. (Table  4).  Anacystis did n o t  
f o rm  any  measu rab l e  volati le h y d r o c a r b o n s  
wi th  a cha in  l e ng th  o f  2 or  5 C-a toms.  The  
h y d r o c a r b o n  gases p r o d u c e d  by ' the  o t h e r  2 
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species were ethane, ethylene, pentane and 
pentene for Anabaena, and pentane plus pen- 
tene only in the case of Spirulina. Substantial 
quantities of  the 2 saturated volatile hydro- 
carbons were formed by control samples of 
Anabaena and Spirulina without addition of 
copper. Evolution of saturated gaseous hydro- 
carbons was increased 2- or 3-fold by 50 /aM 
CuSO4. The unsaturated hydrocarbons, ethyl- 
ene and pentene, were produced in substantial 
amounts only during the copper-mediated 
peroxidation. Hydrocarbons with 3 or 4 C- 
atoms were not detected with Anabaena and 
Spirulina. 

Anacystis thylakoids which did not exhibit 
any endogenous hydrocarbon-gas formation 
were used to peroxidize different fatty acids 
added to the isolated thylakoid membranes. 
In these experiments, copper-catalyzed, light- 
induced peroxidation of  palmitic (16:0), 
palmitoleic (16:1), stearic (18:0) and oleic 
(18:1) acids did not  result in the formation of  
any detectable hydrocarbon gases with a 2- to 
5-carbon skeleton (Table 2). In contrast, all the 
2-, 3- and 4-fold unsaturated fatty acids that 
were used yielded ethane, ethylene, propane, 
pentane and pentene, depending on the posi- 
tion of the double bonds. Application of  ct-lino- 
lenic acid (18:3603) to the Anacystis thylakoids 
yielded ethane and ethylene exclusively. Lino- 
leic acid (18:2co6), 7-1inolenic acid (18:36o6) 
and arachidonic acid (20:4t.o6) predominantly 
yielded pentane and pentene with traces of 
propane, ethane and ethylene. A compound 
with a conjugated system of double bonds was 
added as a control. As expected,/~-carotene did 
not produce volatile hydrocarbons (Table 2). 

Volatile hydrocarbon evolution by Anacystis 
thylakoids after addition of t~-linolenic acid was 
traced over 24 hr (Fig. 1). In the presence of 
50 /aM Cu ~*, light-induced ethane evolution 
started immediately and leveled off  between 7 
and 24 hr. In contrast, ethylene formation ex- 
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FIG. 1. Light-induced formation of ethane and 
ethylene from added ~linolenic acid (3 mg/2 ml) using 
isolated Anacystis thylakoids in the presence of 50/~M 
CuSO 4. Dark controls or light controls in which cop- 
per was omitted yielded about I nmol C-2 hydrocar- 
bons after 4 hr of incubation. The a-linolenic acid 
used was taken from a fresh vial opened immediately 
before the experiment. 

hibited a lag phase of 1 to 2 hr. In the linear 
part of the curve between 2 and 6 hr, the 
ethane-to-ethylene ratio was more or less con- 
stant with 2 to 2.5 times more release of  ethane 
than ethylene from a-linolenic acid. 

Table 3 demonstrates the quantitative rela- 
tionship of  the peroxidation of  linoleic, a-lino- 
lenlc and 3,-linolenic acid, each present with 3 
mg at the start. After 1 hr, the formation of 
volatile hydrocarbons and malondialdehyde 
from the C-18 fatty acids as indicated was 
determined. All fatty acids with 2 or more 
double bonds yielded short-chain hydrocarbon 
gases. Substantial amounts of  malondialdehyde, 
another marker product of lipid peroxidation, 
were only found when trienoic fatty acids were 

TABLE 4 

Production of Volatile Hydrocarbons (pmol) with Illuminated, Copper-Treated Thylakoids 
f rom Three  Spec ies  of Blue-Green Algae 

Hydrocarbons Anacysffs Anabaena Spirulina 
evolved Control Cu 2+ Control Cu 2+ Control Cu 2+ 

Ethane 0 0 16 .9  4 3 . 9  0 0 
E t h y l e n e  0 0 2 .7  4 5 . 2  0 0 
Pentane 0 0 20 .1  52 .4  11 .7  3 7 . 0  
Pentene 0 0 1.2 18.2 0 27.6 

Fifty ~uM CuSO 4 and isolated thylakoids were present in the incubation medium (see 
Methods); illumination was for 2 hr. In the control experiments, copper was omitted. Zero 
denotes undetectable quant i t ies .  
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degraded. In a parallel experiment over 24 hr, 
the maximal hydrocarbon evolution reached 
(Fig. 1) was determined together with the 
remaining fatty acid which had not been perox- 
idized. All polyunsaturated fatty acids were 
degraded to more than 99%. Stoichiometrical- 
ly, the yield of volatile hydrocarbons produced 
was, however, less than 1%. 

DISCUSSION 

The composition of fatty acids in Anacystis 
has been reported previously (18). This was 
confirmed for our strain; polyunsaturated acids 
were absent. The detection of additional lino- 
leic and oMinolenic acids in A. variabilis and 
linoleic and ~,-linolenic acids in S. platensis 
again is in accordance with previous investiga- 
tions (19-21). Furthermore, we determined 
the quantitative amount of these fatty acids 
in relation to chlorophyll contents (Table 1). 
This was necessary to estimate the amounts 
of volatile hydrocarbons evolved in relation 
to fatty acids of thylakoids. 

In a recent paper (1 2), the proposed mecha- 
nism of peroxidative formation of hydrocarbon 
gases was outlined. Radicals arising from the 
action of copper ions (or certain herbicides 
such as substituted p-nitrodiphenylethers like 
oxyfluorfen [ 5 ] ) initiate light-induced peroxi- 
dative degradations of fatty acids via the corres- 
ponding hydroperoxides. Copper ions are 
important for initiation of hydroperoxide 
formation and further conversion to hydro- 
carbons (12). Presumably, the ratio o f  ethane 
to ethylene is dependent on the relationship 
of Cu 2§ to Cu + ions in the medium, which is 
again influenced by the redox activity of the 
thylakoid material during the experimental 
time (Fig. 1). As shown in this paper, light- 
induced hydrocarbon-gas evolution from 
copper-treated thylakoids was clearly corre- 
lated with their endogenous fatty acids present 
in the photosynthetic membranes. 

Absence of polyunsatured fatty acids in 
Anacystis was paralleled by lack of detection 
of gaseous hydrocarbon formation (Table 4). 
The main qualitative difference in the polyun- 
saturated fatty acids between Spirulina and 
Anabaena, i.e., the presence of two 60-6 fatty 
acids in the ftrst species and both an 60-3 and 
an 60-6 fatty acid in the Anabaena, was demon- 
strated by the formation of volatile hydrocar- 
bons of 5 C-atoms in Spirulina, and by volatile 
hydrocarbons of 2 and 5-C atoms in Anabaena. 
Our conclusion that 2 C-atom hydrocarbon 
gases derive from 60-3 and 5 C-atom hydrocar- 
bons are formed from 60-6 polyunsaturated 
fatty acids was further corroborated by the 

addition of fatty acids to Anacystis under 
peroxidative conditions (Table 2). 

With our cell-free thylakoid system from 
blue-green algae, we have been able to confirm 
and generalize that at least 2 double bonds are 
necessary to degrade fatty acids to volatile 
hydrocarbons, and that the 60-6 isomers of 
polyunsaturated fatty acids yield hydrocarbons 
with 5 C-atoms and the 6o-3 species produce 
hydrocarbon gases with 2-C atoms. 

The following difference was evident be- 
tween peroxidation of either endogenous or 
exogenously added fatty acids. In the exo- 
genously added fatty acids (Table 2), small 
amounts of hydrocarbons with 2 and 3 C-atoms 
could always be detected with pentane and 
pentene as the major gaseous hydrocarbons. 
Less than 2% of volatile hydrocarbons shorter 
than 5 C-atoms were found during chemical 
decomposition of ~'-linolenic acid hydroperox- 
ide to pentane (9). However, when thylakoids 
from Spirulina were used, which endogenously 
contain only an 60-5 species as polyunsaturated 
fatty acid, pentane and pentene were found, 
but no other short-chain hydrocarbon gases. 

Comparison of the data from Tables 2 and 
4 supports the assumption that very small 
amounts of isomers (different localization of 
double bonds) present as impurities in the 
purchased fatty acids are the source of ethane, 
ethylene and propane (for which the amount 
was below 0.5 nmol/vessel over a 2-hr incuba- 
tion time; see Table 2). This conclusion does 
not agree with the interpretation of Dumelin 
and Tappel (8), who discussed formation of 
shorter chain hydrocarbons by fl-scission of 
longer chain alkyl radicals. Another argument 
against, e.g., the formation of propane from the 
pentane radical by ~scission, is our finding of 
large amounts of propane in the xanthophycean 
alga Bumilleriopsis filiformis when it was 
treated with paraquat (6). We succeeded in 
isolating from this alga a fatty acid that is de- 
composed mainly to propane in the Anacystis 
assay system of Table 2. Investigation of the 
structure of this fatty acid is underway.  

As demonstrated by our data with the bio- 
logical system presented here, peroxidative 
formation of volatile hydrocarbons by chemical 
decomposition of fatty acids cannot be reliably 
generalized. In particular, the results of thermo- 
lytic scission of fatty acids reported by Arnaud 
and Wuhrmann (7) cannot be compared to oxi- 
dative degradation under physiological condi- 
tions. Their finding that all unsaturated fatty 
acids, including the monounsaturated ones, 
were split to hydrocarbons suggests a mecha- 
nism different from hydrocarbon formation in 
biological systems. In the previously reported 
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model system (8) using fatty acid methyl esters 
and corresponding peroxides as well as iron and 
copper ions, pentane from added 6o-6, 7-1inoleic 
and arachidonic acids, methyl ester was formed 
as well as ethane from the w-3, aqinolenic acid 
methyl ester. These data are similar to ours. 
The chemical system described by Dumelin and 
Tappel (8) best resembles our enzymatically 
catalyzed reaction. 

The usefulness of applying fatty acids to 
suspensions of  intact algal ceils appears doubt- 
ful as a means of gaining insight into biological 
peroxidation processes, as was reported recent- 
ly (10). High fatty acid concentrations were 
necessary as compared to low yield of volatile 
hydrocarbons. The fatty acid uptake by the 
cells is the crucial point in using intact cells for 
quantitative measurements of biological fatty 
acid degradation and corresponding volatile 
hydrocarbon evolution. Still, the possibility 
remains that part of the gas production was 
caused by chemical decomposition outside the 
ceils due to metal ions present. The assay pre- 
sented in this paper comes closer to the physio- 
logical situation of the cells, because it takes 
advantage of  the endogenous thylakoid-bound 
fatty acids. 

Besides short-chain volatile hydrocarbons, 
thiobarbiturate-reactive material is a product of 
lipid peroxidation. During long-term incuba- 
tion, malondialdehyde as a reactive molecule 
can undergo side reactions by cross-linking with 
various biological compounds (22). Therefore, 
its relationship to hydrocarbons was deter- 
mined after a 1-hr incubation time (Table 3). 
Degradation of fatty acids and formation of  
hydrocarbon gases comes to an end after 24 
hr. Consequently, the total amount of volatile 
hydrocarbons evolved could only be measured 
after a longer reaction time (24 hr, Fig. 1). As 
a source of both malondialdehyde and volatile 
hydrocarbons during peroxidation by our 
thylakoid system, 3 types of fatty acids can 
be distinguished: first, saturated and monoun- 
saturated fatty acids yield neither gaseous 
hydrocarbons nor malondialdehyde; second, 
the dienoic acids form hydrocarbon, but very 
little malondialdehyde; and third, we have 
60-3 and 60-6 trienoic acids that produce hydro- 
carbons and malondialdehyde simultaneously. 
Absence of malondialdehyde from a dienoic 
fatty acid was already demonstrated for the 
autoxidation of linoleic acid (23). This can be 
explained by the mechanism proposed by Pryor 
et at. (24), who assumed malondialdehyde to 
be formed from a prostaglandin-hke endoperox- 
ide. This mechanism is only possible with a 
trienoic or more highly unsaturated fatty acid. 

The amount of malondialdehyde formed 

from a- or 3,-linolenic acids exceeded about 4 
times that of volatile hydrocarbons (Table 3). 
Ratios in the same order were reported by 
Riley and Cohen (25). In brain and liver ho- 
mogenates from mice treated with carbon tetra- 
chloride to induce peroxidation, they found 5 
to 9 times more malondialdehyde formation 
compared to ethane production. 

During a 24-hr incubation, about 99% of the 
added polyunsaturated acids were decomposed, 
and about 0.3-0.9% could be recovered as vola- 
tile hydrocarbons. These ratios were also re- 
ported for other peroxidative systems to which 
fatty acids had been added (8). As our data 
show, fatty acids present as part of membrane 
hpids seem to be less accessible, possibly due 
to a closer association with endogenous anti- 
oxidants (26). The thylakoids from Anabaena 
and Spirulina used in the peroxidation experi- 
ments (Table 4) contained roughly the same 
amount of endogenous polyunsaturated fatty 
acids as were exogenously added to Anacystis 
thylakoids (Table 2). Nevertheless, they pro- 
duce only 1 [ 1,000 of  the volatile hydrocarbons 
produced by exogenously given fatty acids as 
indicated by the data in Table 3. 
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Lung Phosphatidylcholine and Fasting 
in Male and Female Rats 
MASAO ABE*, MAKOTO ENDO and HIROSHI NAGAI, DeparlTnent of Biochemistry, 
Sapporo Medical College, Sapporo, 060, Japan 

ABSTRACT 

Lung from male and female rats fasted for 4 days were used. Phospholipid, phosphatidylcholine 
and its molecular species were analyzed in lungs from these rats and effects of fasting upon the bio- 
synthesis of phosphatidylcholine in lungs from both sexes were determined using radioactive choline. 
The molecular species of phosphatidylcholine in both male and female rats did not differ with fasting 
except the monoenoic species. Incorporation of choline into phosphatidylcholine in both male and 
female rats significantly increased after fasting, but distribution of radioactivity in phosphatidyl- 
choline yielded similar values in each g~oup. These results suggest that the decrease of saturated 
phosphatidylcholine content after fasting may be not due to specific change in saturated phospha- 
tidylcholine. 
Lipids 17:42-45, 1981. 

INTRODUCTION 

Pulmonary surfactant, which prevents the 
collapse of the alveoli during expiration and the 
riffling of alveoli with transudate from the 
capillaries (1), appears to be lipoprotein (2). 
The lipid part of this lipoprotein thought to 
be primarily responsible for the surface-active 
properties is the phospholipid saturated (dipal- 
mitoyl) phosphatidylcholine (3,4). 

It has been reported that the synthesis and 
secretion of components of the surfactant can 
be decreased by interfering with lung oxidative 
metabolism, and that fasting (food deprivation) 
depresses lung oxidative metabolism. Gail et 
al. (5) have reported that saturated phospha- 
tidylcholine (PC) of both tissue and lavage from 
lung tissue (male rat) significantly decreased in 
fasted rats. In spite of these decreases, the air 
pressure-volume curves of  excised lungs of 
fasted animals were the same as those for 
control animals. These reports led us to ques- 
tion whether only saturated PC in lung de- 
creased specifically after fasting. 

The purpose of this study was to examine in 
greater detail the amount and the composition 
of molecular species of PC in lungs of fasted 
rats. 

MATERIALS AND METHODS 

Male and female Wistar rats weighing ca. 
180 g were used in these experiments. Experi- 
mental rats were fasted for 4 days while control 
rats were maintained on an ad libitum diet of 
Oriental rat feed (composition: carbohydrate, 
53.0%; protein, 24.1%; lipid, 4.6%; water, 7.0%; 
mineral, 7.1%; fiber, 4.2%) (Oriental Yeast Co., 
Tokyo). All animals were allowed free access 
to drinking water. Rats were anesthetized by 
the intraperitoneal injection of pentobarbital 
(50 mg/kg body wt). In rapid sequence, we 

opened the thorax and transected the inferior 
vena cava and aorta. The lung was then re- 
moved and weighed. 

After the lungs were removed, they were 
sliced with a tissue slicer set at 1 mm. The slices 
were immediately weighed and placed into 
50-ml Erlenmeyer flasks containing 4.0 ml of 
Krebs-Ringer bicarbonate buffer with bovine 
serum albumin (5 g/100 ml) (6); 1.6 /aCi of 
[14C]choline was added to the medium. The 
flasks were capped, gassed with 95% 02 and 5% 
CO2, and then shaken at a frequency of 120/ 
min in an incubator at 37 C for 90 min. After 
incubation, the slices and medium were centri- 
fuged at 10,000 x g for 10 min; the sediment 
was resuspended in cold 0.9% NaCI solution, 
recentrifuged and then homogenized for lipid 
extraction. 

The lipids were extracted from the lung 
tissue (ca. 500 mg) or slices (ca. 200 mg) with 
30 ml of chloroform/methanol (2:1, by vol) 
according to the method of Folch et al. (7). 
The PC fraction was isolated by thin layer 
chromatography (TLC) using a solvent system 
of chloroform~methanol~water (70:30:5, by 
vol) as described previously (6). The PC frac- 
tion was further chromatographed to remove 
contaminated phosphatidylglycerol on thin 
layer plates (Silica Gel G plates prepared with 
0.4 M boric acid) using a solvent system of 
chloroform~methanol~water~cone ammonia (70: 
30:3:2,  by vol) according to the method 
of Poorthuis et ai. (8). 

PC was converted to diacylglycerol (DG) 
using phospholipase C according to the method 
of Renkonen (9). The DG was further con- 
verted to DG-acetate in the presence of pyri- 
dine and acetic anhydride. The resulting DG- 
acetate was separated into saturated, mono- 
enoic, dienoic, trienoic, tetraenoic and hexa- 
enoic species by TLC on AgNOa-impregnated 
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L U N G  PC A N D  F A S T I N G  IN R A T S  

T A B L E  1 

Phosphol ip id  C o n t e n t  in Cont ro l  and E x p e r i m e n t a l  Groups  

43 

Male (n=8)  Female  (n=8)  

Cont ro l  E x p e r i m e n t a l  P Con t ro l  E x p e r i m e n t a l  p 

Phosphol ip id  
/~mol/g w e t  lung 31.6 • 2.6 30.3 • 1.9 NS a 31.7 + 2.5 29.4 -+ 1.0 NS 
~ m o l / w h o l e  lung 34.4 -+ 3.2 27.3 + 2.7 < .001  33.8 +- 2.8 26.3 • 1.9 < .0 0 1  

Phospha t idy lcho l ine  
/Jmol/g w e t  lung 16.1 • 1.6 15.3 -+ 1.3 NS 17.4 • 1.4 17.9 + 1.0 b NS 
# m o l / w h o l e  lung 17.5 • 1.6 13.8 -+ 1.6 <7.001 18.5 • 1.6 16.0 • 1.7 c NS 
% to phospho l ip id  50.9 + 2.3 50.4 + 2.3 NS 54.9 + 3.6 60.8 • 3.1 d < .05  

Values are m e a n s  -+ SD; dupl ica te  d e t e r m i n a t i o n s  were  done  in each group.  

aNS = no t  significant .  

b p < . 0 1  vs male .  

e p < . 0 5  vs male .  

dp<.O01 vs male .  

plates using a solvent system of toluene/ 
methanol (97:3, by vol). 

In tissue slice experiments, saturated PC 
was obtained by using the procedure of Shi- 
mojo et al. (10) which oxidizes unsaturated 
acyl groups and reduces the chromatographic 
mobility of the unsaturated PC. 

Among the chemicals used in this study were 
[l,2-14C]choline (sp act 10 mCi/mmol, from 
New England Nuclear), bovine serum albumin 
(Fraction V powder, from Seikagaku kogyo 
Co., Ltd., Tokyo), and phospholipase C from 
Clostridium welchii (from Sigma, St. Louis, 
MO). 

Phosphorus was determined by the method 
of Bartlett (11). Glycerol was determined by 
the Van Handel and Zilversmit method (12). 
Protein content was determined in samples 
which had been homogenized in distilled water 
(13). Radioactivity was measured using a liquid 
scintillation counter and an external standard 
(6). 

R ESU LTS 

Table 1 shows some changes in phospholipid 
and PC contents of male and female rat lungs 
after fasting. Phospholipid contents/g wet lung 
in both sexes showed no difference between the 
control and experimental groups. The phospho- 
lipid content per whole lung in both male and 
female, however, significantly decreased after 
fasting. On the other hand, PC content/g wet 
lung in both male and female showed no 
difference between the control and experi- 
mental groups. The PC content per whole lung 
decreased significantly in male rats bqt only 
slightly in female rats after fasting. The per- 
centage of PC in phospholipid after fasting 

showed no change in male rats but increased 
significantly in female rats. In addition, PC 
content (both per g wet and per whole lungs) 
and its percentage to phospholipid in the 
experimental group were significantly greater 
in females than in males. 

Table 2 shows molecular species pattern of 
PC in control and experimental rat lungs (both 
m',de and female). Monoenoic species in both 
males and females significantly increased after 
fasting. Saturated PC, which is a major compo- 
nent of lung and surfactant PC, was similar in 
each group. The other species in both males 
and females showed no differences between 
control and experimental groups, indicating 
that fasting did not alter any molecular species 
of lung PC except the small changes in mono- 
enoic species. 

Table 3 shows incorporation of [ 14C ] choline 
into PC in the control and experimental rat 
lungs (both male and female). Sp act of PC 
in both males and females significantly increased 
after fasting, suggesting that utilization of 
choline increased in fasted rat lungs because 
PC content/g wet lung in both males and 
females showed no difference between the 
control and experimental groups (Table 1). 
Distribution of radioactivity in saturated and 
unsaturated PC showed no difference between 
the control and experimental lungs in both ~ 
male and female rats. 

DISCUSSION 

Faridy (14) has reported that food depriva- 
tion causes a decrease in contents of phospho- 
lipid and PC/mg DNA of lung. However, his 
data also indicated that phospholipid and PC/g 
wet lung after fasting yielded similar values to 
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TABLE 2 

Molecular Species of Phosphatidyicholine in Two Groups (Mol %) 

Male (n=8) 

Control Experimental p 

Female (n=8) 

Control Experimental 

Saturated 34.0 + 1.2 33.4 -+ 0.9 NS a 
Monoene 25.8 • 1.2 28.9 + 0.9 <.01 
Diene 17.5 • 1.0 16.7 -+ 1.0 NS 
Triene 3.0 +- 0.3 3.0 • 0.4 NS 
Tetraene 15.3 -+ 1.3 14.1 • 0.6 NS 
Hexaene 4.4 -+ 0.9 3.9 -+ 1.0 NS 

33.8•  33 .6•  
24.9 • 28 .0•  
16.7•  15.7• 

2 .9•  3 .1•  
16.0•  14.6•  

5 .7•  4 .8•  

NS 
<.01 
NS 
NS 
NS 
NS 

Values are means • SD; duplicate determinations were done in each group. 
aNS = not significant. 

TABLE 3 

Incorporation of [ 14C ]Choline into Phosphatidylcholine in Two Groups 

Male (n=3) 

Control Experimental p 

Female (n=3) 

Control Experimental 

Phosphatidylcholine (PC) 
(dpm X 10a//zmol) 118.8 + 8.3 135.6 +-4.8 <.0l  

Distribution % of 
radioactivity 

Saturated-PC 33.6 -+ 3.5 32.0 + 0.1 NS a 
U n s a t u r a t e d - P C  66.4 -+ 3.5 68.0 + 0 . l  NS 

121.0 • 1. .0 136.5 + 2.1 

32.1 + 2.1 33.2 + 1.0 
67.9 • 2:1 66.8 + 1.0 

<.01 

NS 
NS 

Values are means + SD; duplicate determinations were done in each group. 
aNS = not significant. 

those  of  cont ro ls .  Recen t ly ,  Gail e t  al. (5)  have 
e x t e n d e d  Fa r idy ' s  f indings by  measu r ing  satu- 
r a t ed  PC, which  is more  specif ic  t h a n  to ta l  PC 
and  a m a j o r  c o m p o n e n t  o f  p u l m o n a r y  surfac- 
rant ,  and  f o u n d  t h a t  s t a rva t ion  lowered  b o t h  
alveolar  and  lung  tissue sa tu ra t ed  PC. On  the  
o t h e r  h a n d  , t he  p resen t  resul ts  i nd i ca t ed  t ha t  
the  c o n t e n t s  o f  p h o s p h o l i p i d  and  PC changed  
a f t e r  fast ing w h e n  ca lcu la ted  per  who le  l u n g  
b u t  n o t  w h e n  ca lcu la ted  per  g wet  lung. There -  
fore,  th is  obse rva t ion  suggests t h a t  the  decrease  
in p h o s p h o l i p i d  and  PC, inc lud ing  s a tu r a t ed  
PC, a f t e r  fas t ing  may  be r e l a t ed  to  a decrease  of  
l ung  weigh t  caused  by  fasting. 

I t  m a y  be r ea soned  t h a t  f ood  depr iva t ion  
m a y  a l te r  l ung  surface  forces because  the  rates  
o f  synthes is  a n d  sec re t ion  o f  surface-act ive  
mate r ia l  can  be decreased b y  in t e r f e r ing  w i th  
l u n g  oxida t ive  m e t a b o l i s m  w h i c h  is depressed  
by  fasting. However ,  R hoades  (15) ,  Weiss and  
Ju r rus  (16) ,  and  Gail e t a l .  (5)  have r e p o r t e d  
t h a t  pressure-volume curves  of  lungs  excised  
f rom fas ted  ra ts  were the  same as t hose  of  
c o n t r o l  rats ,  a n d  Fa r idy  (14)  has  r e p o r t e d  
t he  s l ight ly increased  surface  force.  These  
obse rva t ions  are cons i s t en t  w i th  our  resul ts ;  
t he  PC and  sa tu ra ted  PC c o n t e n t / g  w e t  l ung  

a f t e r  fast ing s h o w e d  n o  change  in b o t h  male  
and  female rats. However ,  ou r  resul ts  appea r  to  
d i f fe r  f rom the  r epo r t  by  Gall e t  al. (5) ,  w h o  
r e p o r t e d  sl ight  decreases in  vo lume  dens i ty  of  
l amel la r  bodies  in  the  t ype  II cell c y t o p l a s m  of  
fas ted rats. 

The  in f luence  o f  fas t ing  on  the  u t i l i za t ion  o f  
glucose and  pa lmi t a t e  in  l ung  r e p o r t e d  by  
R h o a d e s  (15)  suggests some  changes  in PC 
m e t a b o h s m  to  m a i n t a i n  essent ia l  l ung  l ipids 
d u r i n g  an  a l te red  physiologic  s ta te .  In add i t ion ,  
Gross  et  al. (17)  have  r e p o r t e d  t h a t  f ood  
depr iva t ion  decreased the  ac t iv i ty  of  several 
e n z y m e s  requ i red  for  p h o s p h o l i p i d  synthes is .  
On the  o t h e r  hand ,  rats  fas ted  for  4 days m a y  
have a relat ive cho l ine  de f ic iency  because  
cho l ine  def ic iency  has been  r e p o r t e d  to develop 
b y  feeding  diets  w i t h o u t  cho l ine  for  4-7 days 
(18) .  We have  n o t e d  t h a t  the  fas ted  rat  l ivers 
have  compos i t i ona l  changes  o f  PC and  phospha -  
t i d y l e t h a n o l a m i n e  s imilar  to  those  of  chol ine-  
de f i c i en t  rats  (19) ,  a l t h o u g h  the  a l te red  physi-  
ologic s ta te  in  the  fas ted  ra t  m a r k e d l y  d i f fered  
f rom t h a t  in  the  cho l ine -de f ic ien t  ra t  (20) .  
The re fo re ,  t he  increased  i n c o r p o r a t i o n  o f  
rad io labe l  f rom chol ine  i n t o  PC in b o t h  male  
and  female  rats  a f t e r  fas t ing  (Table  3) suggests 
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contributions of  increased de novo synthesis 
of  PC, but also decreased pool size of free 
choline in the lung. Moreover, these results 
on choline incorporat ion into saturated and 
unsaturated PC indicate that fasting may not  
affect the specificity of  CDP-choline:diacyl- 
glycerol cholinephosphotransferase for each 
molecular species of diacylglycerol in the lung 
because the distribution of radioactivity in 
saturated and unsaturated PC showed no 
difference between control  and experimental 
groups. 
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METHODS 

Reactivity of Key Metabolic Sterols 
in Standard Colorimetric Assays for Cholesterol 
C H I T T A  P. S A R K A R  and R I C H A R D  J. CENEDELLA,  Department of Biochemistry. 
Kirksville College of Osteopathic Medicine, Kirksville, MO 63501 

ABSTRACT 

The reaction of lanosterol, desmosterol and 7-dehydrocholesterol, key intermediates in cholesterol 
biosynthesis, were-compared with cholesterol in 3 standard colorimetric assays for cholesterol based 
on formation of chomogens with acetic anhydride, ferric chloride and ferrous sulfate. Marked differ- 
ences in the reaction of the sterols in the different assays were due both to formation of chomogens 
with qualitatively similar spectral patterns but with greatly different extinctions and to formation of 
chromogens with clearly different absorption maxima For example, in all assays, cholesterol and 
desmosterol formed chromogens with very similar absorption spectra but with varying extinctions, 
whereas the lanosterol chromogen in all assays was different from cholesterol's in both absorption 
maxima and in extinctions. The findings show that attempts to measure tissue sterol levels by colori- 
metric methods can result in great errors when cholesterol is not the sole sterol. Also, the unique 
spectral properties of the ianosterol chromogen formed in the Liebermann-Burchard reaction (a sharp 
absorption peak at 450 nm) suggests the possible use of this method as a qualitative test for lanosteroi. 
Lipids 17:46-49, 1981. 

Differences in the reactivity of 7-dehydro- 
cholesterol and cholesterol in the Liebermann- 
Burchard reaction has been used as a basis for 
estimating hepatic cholesterolgenesis (1). Knowl- 
edge about the reactivity of  various sterols in 
colorimetric assays used to measure cholesterol 
have been important in pharmacological studies 
involving inhibition of  cholesterolgenesis at late 
metabolic steps (2,3). For example, Peter et al. 
(2), in attempting to measure changes in tissue 
total sterols following treatment of rats with 
20,25-diazacholesterol, a drug which causes 
accumulation of desmosterol, observed that 
desmosterol gave only 75% of the color pro- 
duced by cholesterol when the assay of  Zlatkis 
et al. (4) was used. The authors corrected their 
measurements of tissue sterols using this infor- 
mation. Dvornik and Hill (3) similarly used an 
observation that 7-dehydrocholesterol pro- 
duced only 40% as much color as cholesterol 
in the Zlatkis assay to permit measurement of 
tissue sterol levels following treatment with 
AY-9944. Although the reactivity of  some 
sterols in the Liebermann-Burchard reaction 
was compared many years ago (5,6), little 
information is available on possible differences 
in the reaction of important metabolic sterols 
in the various standard colorimetric assays for 
cholesterol and on the reason for such differ- 
ences. This study compares the reaction of 
lanosterol, desmost~rol and 7-dehydrocholes- 

terol, key intermediates in cholesterol synthe- 
sis, with cholesterol in the methods of  Sperry 
and Webb (modified Liebermann-Burchard) (7), 
Zlatkis et al. (4) and Searcy and Bergquist (8) 
for colorimetric estimation of cholesterol. 
These assays are based on the formation by cho- 
lesterol of  chromogens with acetic anhydride, 
ferric chloride and ferrous sulfate, respectively. 

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

Chemicals 

Ayerst Research Laboratories (Montreal, 
Que.) was the source of the AY-9944. Choles- 
terol, 7-dehydrocholesterol, desmosterol and 
lanosterol for gas liquid chromatography (GLC) 
and for generation of  the standard reaction 
curves in the different colorimetric assays were 
obtained from Sigma Chemical Co. (St. Louis, 
MO). Mass spectrometry of the commercially 
available lanosterol established it to be com- 
posed of about 60% lanosterol and 40% de- 
hydrolanosterol (unpublished observations). 
Cholesterol, 7-dehydrocholesterol and desmo- 
steroi each produced one peak in GLC analysis. 
All other chemicals and solvents were reagent- 
grade quality. 

Animals and Treatments 

Pregnant Sprague-Dawley rats were obtained 
from Hilltop Lab Animals, Inc. (Scottdale, PA). 
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Beginning at 6 days of age, pups were injected 
(s.c.) every fourth day with 50 mg/kg of  AY- 
9944 (trans-l,4-bis[ 2-chlorobenzylaminometh- 
yl] cyclohexane dihydrochloride) suspended in 
olive oil. This dosage was continued for 4 
weeks. Untreated pups served as controls. 

Extraction and Saponification of Starols 

Treated and age-matched control rats were 
sacrificed by decapitation at 35 days of age. 
Total lipids were extracted from whole brain 
by homogenization in 20 vol of chloroform/ 
methanol (2:1, v/v) as we described before (9). 
Aliquots of the total lipid extract were saponi- 
tied and the nonsaponifiable lipids recovered 
(10). The sterol content of this fraction was 
then quantitated by GLC and by 3 separate 
colorimetric assays (4,7,8). 

Estimation of Sterols by Gas Liquid Chromatography 

Sterols were analyzed by GLC using a 6-ft 
coiled glass column (0.22 mm id) packed with 
3% OV-17 on 100/120 Gas Chrom Q and oper- 
ated isothermally at 265 C in a Becker 417 gas 
chromatograph with flame ionization detection 
(FID). Cholesterol and 7-dehydrocholesterol 
appeared as 2 well separated peaks in this sys- 
tem. Sterol concentrations were determined by 
comparing the area of peaks (determined by 
triangulation) with that produced by a known 
amount of 5-a cholestane added as internal 
standard. The ratio of the response of a given 
mass of  cholesterol and 7-dehydrocholesterol 
to 5-a cholestane in the FID was also deter- 
mined. 

Colorimetric Assays of Sterols 

The reactivity of cholesterol, lanosteroI, 7- 
dehydrocholesterol and desmosterol in 3 stan- 
dard colorimetric assays for cholesterol were 
compared. The reaction curves generated by 
known amounts of these sterols were deter- 
mined for the acetic-anydride method of Sperry 
and Webb (7), the FeCI 3 method of Zlatkis et 
al. (4) and the FeSO4 method of Searcy and 
Bergquist (8) as modified by Pollet et al. (11). 

Absorption Spectra of Sterol Chromogens 

The absorption spectrum of the chromogens 
developed by a given mass of the various sterols 
in each of the color reactions was determined 
for the 350 nm and 720 range using a Perkin- 
Elmer Lambda 3 recording spectrophotometer.  

RESULTS AND DISCUSSION 

Marked differences were seen in the reaction 
curves generated by the various sterols in the 
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FIG. I. Reaction curves of cholesterol, desmo- 
sterol, 7-dehydrocholesterol and lanosterol in 3 colori- 
metric assays for cholesterol. A. Method of Sperry and 
Webb (7) using the Liebermann-Burchard reagent 
(acetic anhydride): od read at 660 nm. B. Method of 
Searcy and Bergquist,(8) as modified by Poller et al. 
(11) using FeSO4: od read at 460 rim. C. Method of 
Zlatkis et al. (4) using FeCls: od read at 560 nm. 

different color assays (Fig. 1). As noted earlier 
(5,6), 7-dehydrocholesterol yielded higher 
optical densities than cholesterol with the 
Liebermann-Burchard reagent (Fig. 1A) where- 
as lanosterol and desmosterol produced about 
only 10 and 40%, respectively, of the color 
generated by cholesterol. The poor reaction of 
lanosterol and desmosterol can be explained 
by lack of  formation of a chromogen by either 
sterol which absorbed in the 660 nm range 
(Fig. 2A), the wavelength optimum of the 
assay. Although the absorption spectrum of 
7-dehydrocholesterol and cholesterol were 
qualitatively similar, both having absorption 
peaks in about 660 nm and 400 nm, 7-dehydro- 
cholesterol produced a greater extinction than 
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FIG. 2. Absorption spectra of chromogens produced by cholesterol, desmosterol, 7-dehydrocholesterol and 
lanosterol in 3 different colorimetric assays for cholesterol. Scans were made between 720 nm and 350 nm at a 
rate of 120 nm/min using a Perkin-Elmer Lambda 3 recording spectrophotometer. A. Acetic anhydride method 
of Sperry and Webb (7); each sterol present at 300/@. B. FeSO, method of Pollet et al. (11); each sterol present 
at 100 ug. C. FeCI 3 method of Zlatkis et al. (4); each sterol present at 200/~g. 

cholesterol at both of these wavelengths. The 
sharp absorption peak produced only by lano- 
sterol at about 450 nm was interesting in that 
it suggests that the Liebermann-Burchard 
reagent might be used as a rather specific color- 
imetric test for lanosterol. 

As with the Liebermann-Burchard reagent, 
the intensity of the color produced by the 
individual sterols in the FeSO4 method of 
Searcy and Bergquist (8) as modified by Poller 
et al. (11) correlated well with the absorption 
spectrum of the chromogens formed. Choles- 
terol and desmosterol each produced similar 
amounts of a chromogen with an absorption 
maximum at about 495 nm (Fig. 2B) and the 
standard curves generated by the 2 sterols were 
virtually superimposable (Fig. I B). Although 
standard curves were prepared by measuring 
the absorbance at 460 nm according to Pollet 
et al. (11), the actual absorption maximum of 
the chromogen produced by cholesterol is 
around 490 nm. Little 490 nm absorbing 
chromogen was formed by 7-dehydrocholes- 
terol and lanosterol (Fig. 2B) and each yielded 
standard curves for this reaction for which 
slopes were only about 40% of those generated 
by cholesterol and desmosterol (Fig. 1B). It 
is notable that the chromogens produced by 
all 4 sterols had an absorption peak at about 
380 nm. This was the maximum absorbance 
for both 7-dehydrocholesterol and lanosterol 
chromogens (Fig. 2B). 

The method of Zlatkis et al. (4) for quanti- 
ration of cholesterol is based on formation of 
a chromogen with FeC13 that possesses an 

absorption maximum at 560 nm. Both choles- 
terol and desmosterol formed chromogens 
which absorbed significantly at this wavelength 
(Fig. 2C); however, the extinction of the cho- 
lesterol chromogen was clearly greater than 
desmosterol's and the standard curve generated 
by cholesterol had a much steeper slope than 
that formed by desmosterol (Fig. IC). 7-Dehy- 
drocholesterol and lanosterol produced little 
color relative to cholesterol in this assay (Fig. 
IC), since neither sterol formed a chromogen 
with FeC13 that absorbed appreciably in the 
560 nm range (Fig. 2C). Both produced chro- 
mogen with an absorption maximum at about 
490 nm. 

Differences in the reaction of these sterols 
in the standard colorimetric assays for choles- 
terol were due both to formation of chromo- 
gens with qualitatively similar spectral patterns 
but with greatly different extinctions at the 
wavelength optimum for the method, and to 
formation of chromogens with very clearly 
different absorption maxima. For example, 
the chromogens formed by cholesterol and 
desmosterol in all 3 assays had very similar 
patterns of absorption with varying extinctions 
at the optimal wavelengths. On the other hand, 
the absorption spectrum produced by lano- 
sterol in all assays were clearly different from 
those of cholesterol in both absorption maxi- 
mum and in extinction. 

These findings show that attempts to mea- 
sure tissue total sterol levels by colorimetric 
methods when cholesterol is not the sole sterol 
present can result in great errors. Treatment of 
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TABLE 1 

Brain Sterol Levels in Control and AY-9944-Treated 
Rats Measured by Various Methods 

mg Total sterol/g brain 
(wet wt) a 

Method b Control AY-9944 c 

Gas chromatography 12.1 + 0.6 12.9 -+ 0.4 
Acetic anhydride 13.3 :t 0.9 33.2 + 0.1 
Ferrous sulfate 13.3 -+ 0.5 6.5 -+ 0.3 
Ferric chloride 13.3 • 0.3 6.8 -+ 0.1 

b u t  o n l y  w i t h  t h e  F e S O  4 m e t h o d  o f  Z l a t k i s  e t  
al. (4) .  A n y  o t h e r  c o m b i n a t i o n  o f  s t e r o l s  m u s t  
be  m e a s u r e d  b y  G L C  to  q u a n t i t a t e  t h e  t o t a l  
s t e ro l  c o n t e n t .  
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aValues are the mean -+ SEM of  3 individual brains. 
bTotal sterols of  whole brains o f  35-day-old con- 

trol and AY-9944-treated rats (50 mg/kg, s.c., every 
4th day starting at 6 days of  age) were quantif ied by 
gas chromatography and by 3 different colorimetric 
assays. Cholesterol was used to generate the s tandard 
curve for each assay. 

CAbout 80% of  the total steroi was determined by 
GLC to be 7-dehydrocholesterol.  

t h e  r a t  b e t w e e n  1 a n d  5 w e e k s  o f  age w i t h  A Y -  
9 9 4 4  r e s u l t e d  in  r e p l a c e m e n t  o f  a b o u t  8 0 %  o f  
t h e  b r a i n  c h o l e s t e r o l  w i t h  7 - d e h y d r o c h o l e s t e r o l  
w i t h o u t  s i g n i f i c a n t l y  c h a n g i n g  t h e  t o t a l  s t e r o l  
c o n c e n t r a t i o n  o f  t h i s  t i s s u e  ( T a b l e  1). Use  o f  
t h e  3 c o l o r i m e t r i c  a s s a y s  t o  m e a s u r e  b r a i n  t o t a l  
s t e r o l s  r e s u l t e d  in e i t h e r  a g ro s s  o v e r e s t i m a t i o n  
o r  u n d e r e s t i m a t i o n  o f  s t e r o l  levels  w h e n  c h o l e s -  
t e ro l  was  u s e d  to  g e n e r a t e  t h e  s t a n d a r d  c u r v e .  
B a s e d  o n  t h e  d a t a  p r e s e n t e d  in Fig.  1, a m i x t u r e  
o f  c h o l e s t e r o l  a n d  d e s m o s t e r o l  is t h e  o n l y  c o m -  
b i n a t i o n  in  w h i c h  t o t a l  s t e ro l  levels  c o u l d  be  
c o r r e c t l y  e s t i m a t e d  b y  a c o l o r i m e t r i c  m e t h o d ,  
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and Positional Isomers of Long Chain 
Monounsaturated Fatty Ac ids  ~ 
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and ROLF BLOMSTRAND, Department of Clinical Chemistry, 
Huddinge UniversiW Hospital, Karolinska Instituter, 
Stockholm, Sweden 

ABSTRACT 

Positional and geometrical isomers of monounsaturated long chain fatty acids were analyzed by the 
combination of high performance liquid chromatography (HPLC) and glass capillary gas chromatogra- 
phy (GC). A preparative group separation of cis and trans isomers of the monounsaturated fatty acid 
methyl esters was achieved according to chain length by reversed-phase HPLC, and using a highly 
sensitive interference refractive index detector. After collection of the different fractions containing 
cis and trans forms of the monounsaturated fatty acid methyl esters, the fractions were analyzed for 
their content of positional isomers using glass capilla'ry GC with Silar-5 CP as stationary phase. The 
preparative step in the HPLC was also used analytically for the determination of the ratio between 
the cis and trans monounsaturated fatty acids. A comparison was made between the results obtained 
with the HPLC ~echnique and the results of a GLC technique with a packed OV-275 column. There 
was a good correlation between the 2 techniques with a tendency to higher trans values with the HPLC 
technique (4%). It was shown with reference substances that 18:lt~6-cis to wl  l-cis and 18: lto5-trans 
to tol2-trans, the most common monounsaturated fatty acid isomers in partially hydrogenated vege- 
table oils, could be almost quantitatively recovered in the HPLC step. Most of the individual positional 
isomers of monounsaturated fatty acids of varying chain length could be separated and determined in 
the glass capillary GC step with the exception of those isomers containing the double bond in a rela- 
tively high to-position. The relative standard deviation of the technique as determined with reference 
substances was better than 4%. The described technique was applied to the analysis of the isomeric 
monounsaturated fatty acid content in partially hydrogenated vegetable and marine oils, and about 5 
samples a day could be executed. 
Lipids 17:50-59, 1981. 

INTRODUCTION 

Most of the  vegetable  and mar ine  oils 
c o n s u m e d  t o d a y  are par t ia l ly  h y d r o g e n a t e d  to 
ob ta in  a more  desirable physical  fo rm and 
improved  s tabi l i ty  when  s tored .  Dur ing this  
process,  t he  p o l y u n s a t u r a t e d  fa t ty  acids in the  
na tura l  oils are main ly  reduced .  Depend ing  on  
the  h y d r o g e n a t i o n  c o n d i t i o n s  used,  the  result-  
ant  m o n o u n s a t u r a t e d  fa t ty  acids usually con-  
ta in  a large n u m b e r  of  pos i t iona l  i somers  wi th  
the  doub le  b o n d  of  b o t h  cis and trans conf igu-  
ra t ion .  When feeding e x p e r i m e n t s  are made  
wi th  par t ia l ly  h y d r o g e n a t e d  vegetable  and  
mar ine  oils, it is very i m p o r t a n t  to  charac te r ize  
these  d ie tary  oils wi th  respect  to  the  i somer ic  
fa t ty  acid con t en t .  An i m p o r t a n t  biological  
p r o b l e m  is to fol low the  i n c o r p o r a t i o n  of  
i somer ic  fa t ty  acids in to  organ lipids, and 
especial ly in to  the  m e m b r a n e  phospho l ip ids  
(1). 

*To whom correspondence should be addressed. 
Ipart of this work has been presented at the ISF/ 

AOCS World Congress, New York (1980) JAOCS 58, 
(4), 1981, abstr, no. 184. 

Trad i t iona l ly ,  the  d e t e r m i n a t i o n  of  trans 
fa t ty  acids has  been  done  by inf rared  ( IR)  
s p e c t r o p h o t o m e t r y ,  a t e c h n i q u e  which  requires  
relat ively large a m o u n t s  of  sample  (2). 

Gas l iquid c h r o m a t o g r a p h y  (GLC)  on  
packed co lumns  has  been  used for  quan t i t a t i ve  
d e t e r m i n a t i o n  of  the  cis and trans percen tages  
of  m o n o u n s a t u r a t e d  fa t ty  acids, e i the r  as e p o x y  
derivat ives of  the  m e t h y l  esters  us ing conven-  
t iona l  s t a t iona ry  phases  (3),  or  as m e t h y l  esters  
us ing the  very polar  s t a t iona ry  phases  Silar-10 C, 
SP-2340 or  OV-275 (4-10).  When  these  types  of  
s t a t iona ry  phases were coa ted  on  capil lary 
co lumns ,  pos i t iona l  and  geomet r ica l  i somers  of  
m o n o u n s a t u r a t e d  fa t ty  acid m e t h y l  esters  could  
be resolved to some  ex t en t ,  bu t  some of  the  cis 
i somers  generally over lapped  wi th  the  trans 
i somers  (I  1-14). Our  exper i ence  is t ha t  i t  is 
di f f icul t  to  prepare  h igh-ef f ic iency capillaries 
wi th  these  very polar  s t a t iona ry  phases  (15) .  

Because esters  of  m o n o u n s a t u r a t e d  fa t ty  
acids do no t  no rma l ly  p roduce  mass spect ra  
useful  for  d e t e r m i n a t i o n  of  the  doub le  b o n d  
pos i t ion  or geomet r ica l  con f igu ra t ion ,  su i tab le  
derivat ives mus t  be made.  A t t e m p t s  have been  
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made with epoxy derivatives (I 6,17), trimethyl- 
silyloxy derivatives (18), pyrrolidide derivatives 
(19) and methoxy derivatives (20), or to use 
chemical ionization mass spectrometry (21), 
but the techniques have not been applied to 
the analysis of complex fatty acid mixtures 
such as partially hydrogenated vegetable and 
marine otis. 

In most common techniques used for the 
�9 analysis of positional and geometrical isomers 
of monounsaturated long chain fatty acids in 
biological materials, the monounsaturated fatty 
acids are first isolated as methyl esters accord- 
ing to chain length by preparative GLC, then 
separated into their cis and trans forms by 
argentation thin layer chromatography (TLC), 
followed by GLC of the ozonide cleavage 
products of the monounsaturated fatty acids. 
The technique has been used successfully to 
determine the content of isomeric monounsatu- 
rated fatty acids in partially hydrogenated 
vegetable and marine oils as well as the degree 
of incorporation of different isomeric fatty 
acids into organ lipids after feeding partially 
hydrogenated oils (22-32). The technique is 
very precise and gives almost complete informa- 
tion on all isomeric monounsaturated fatty 
acids, but consists of many different steps and 
is therefore time-consuming and laborious. 
Two-step countercurrent distribution or rubber 
and silver-saturated resin liquid chromatogra- 
phy together with ozonolysis techniques have 
been used successively by Dutton (33) in the 
analysis of isomeric fatty acids of partially 
hydrogenated vegetable oils, but the analysis 
was limited to only one chain length. 

In this work, we have used a simpler tech- 
nique based on the combination of high per- 
formance liquid chromatography (HPLC)and 
glass capillary gas chromatography (GC). After 
a group separation on the HPLC according to 
geometry and chain length, the cis and trans 
monounsaturated fatty acids were collected and 
analyzed for their content of positional isomers 
using high-efficiency capillary columns (15). 

MATERIALS AND METHODS 

Reference Substances and Other Chemicals 

Geometrical and positional isomers of octa- 
decenoic acid (18:16ol, 18:lw2-cis  to 18:1- 
6015-cis and 18: 1603-trans to 18:16013-trans) 
were a generous gift from Prof. F.D. Gunstone 
(University of St. Andrews, Scotland). Posi- 
tional cis isomers of eicosenoic acid (20:1w3 
and 20:16o9) and docosenoic acid (22:1603, 
22: 1607, 22:16o9 and 22: 16ol 1) were obtained 
from Unilever Research (Vlaardingen, The 
Netherlands). All other fatty acids used were 

obtained from Nu-Chek-Prep. (Elysian, MN). 
Partially hydrogenated peanut oil was a gift 
from Dr. B. Andersen (Aarhus Oliefabrik A/S, 
Aarhus, Denmark), partially hydrogenated 
Norwegian capelin oil, a gift from Dr. R. 
Ohlson (AB Karlshamns Oljefabriker, Karl- 
shamn, Sweden), and partially hydrogenated 
herring oil, a gift from Dr. J. Beare-Rogers 
(Dept. of Health and Welfare, Ottawa, Canada). 
Methanolic sodium methoxide (0.5 M ) w a s  
obtained from Applied Science Europe B.V. 
(Oud-Beijerland, The Netherlands). Methanolic 
hydrogen chloride (1 M) was prepared from 
hydrogen chloride, purity 99% (AGA Special 
Gas, LidingS, Sweden). All other reagents and 
chemicals used were purchased from Merck 
(Darmstadt, G.F.R.). 

Preparation of Samples 

TLC of phospholipids was done as previous- 
ly described (34). Analysis of the positional 
distribution of fatty acids in phosphatidylcho- 
line and phosphatidylethanolamine was per- 
formed by enzymatic hydrolysis with phospho- 
lipase A2 (Ophiophagus Hannah, Sigma Chem- 
ical Co., St. Louis, MO) as described by Christie 
(35). Fatty acid methyl esters were prepared by 
transesterification of the dietary oils or phos- 
pholipids followed by acidic esterification with 
1 M hydrogen chloride in methanol essentially 
described by Carreau and Dubacq (36). When 
methyl esters of free fatty acids were prepared, 
the transesterification step was omitted. 

High Performance Liquid Chromatography (HPLC) 

Instrumentat ion.  An OPTILAB 931 HSRI 
high performance liquid chromatograph with a 
highly sensitive Interference Refractive Index 
(IRI) detector MULTIREF 902 (OPTILAB, 
V'~illingby, Sweden) was used. The measuring 
cell vol was 12 pl and the light path length was 
10 mm. The column used was a Lichrorna 200 
• 4.6 mm id stainless-steel column, slurry- 
packed with reversed-phase material, 5-p 
Nucleosil C18 (Machery-Nagel, Diiren, G.F.R.). 
This chromatographic system allowed measure- 
ment of changes in RI of 5 x 10 -9 A RI, which 
was equal to a detection limit of about 10 ng 
for fatty acid methyl esters. The outlet of the 
refractive index detector was modified in order 
to collect fractions. 

Column packing. The column was prepared 
by the upward slurry packing technique des- 
cribed by Bristow et al. (37). The packing 
apparatus consisted of an A 9512 LC air oper- 
ated pump (Stansted Fluid Power, LTD, Essex, 
England) connected via a valve to the bottom 
of a sample cylinder with a vol of 75 ml. The 
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HPLC column was connected at the top of the 
sample cylinder. The reversed-phase packing 
material was slurried in chloroform, ultrasoni- 
cated for 5 min, transferred to the sample 
cylinder, and forced with acetone into the 
column at a pressure of  40 MPa. After passage 
of 150 ml of acetone, the column was turned 
180 ~ and a further 50 ml of acetone was 
pumped through the column. By this packing 
procedure, high-efficiency columns were ob- 
tained (about 9,000 plates/200 mm, calculated 
from palmitic acid methyl ester eluted at k'=8 
under the chromatographic conditions used). 

H P L C  procedure .  Twenty/11 of a sample or 
standard mixture of fatty acid methyl esters 
dissolved in methanol containing BHT (20 ng/ 
/11) was injected into the liquid chromatograph 
using a loop injector (Valco CV-6-UHPa-N60, 
Valco Instruments Co., Houston, TX). Distilled 
and f'fltered methanol/water (89:11, v/v) was 
used as the mobile phase, and the flow rate was 
1.2 ml/min. Under these conditions, the back 
pressure obtained was 12-14 MPa. The detector 
sensitivity was set to 10-s-10 -6 ARI fullscale 
deflection (FSD) depending on the amount of 
sample to be analyzed. The ratio between cis 
and trans forms of monounsaturated fatty acid 
methyl esters was calculated by area integration 
using an Autolab System IV (Spectra-Physics, 
Mountain View, CA). Fractions corresponding 
to the cis and trans forms of the fatty acids 
were collected. The solvent was evaporated 
under nitrogen, and the residue was dissolved in 
hexane and analyzed for the content of posi- 
tional isomers using glass capillary GC. 

Glass Capillary Gas Chromatography 

In s t rumen ta t ion .  Either the glass capillary 
GC system with a solventless injector (falling 
needle) as previously described ( 1 5 ) o r  a Frac- 
tovap 4160 gas chromatograph equipped with 
an "on-column injector" (Carlo Erba Strumen- 
tazione, Milano, Italy) was used. The column 
used (58 m • 0.3 mm id) was coated with Silar- 
5 CP (Applied Science Europe B.V., Oud Beijer- 
land, The Netherlands). 

Column  preparation.  Silar-5 CP was coated 
according to the static method on borosilicate 
glass capillary columns with barium carbonate 
deposition as previously described (15). By this 
procedure, high-efficiency capillary columns 
were obtained (more than 130,000 real plates/ 
58 m and a separation number of about 24). 

Glass capillary gas chromatograph ic  proce-  
dure. Standard mixtures of isomeric fatty acids 
or cis and trans fractions from the preparative 
HPLC were injected into the column. The oven 
temperature was 160 C and the carrier gas was 

helium (0.6 ml/min). Retention times and peak 
areas were calculated using a CDS-111 chromat- 
ographic data system (Varian, Palo Alto, CA). 

Packed Column Gas Liquid Chromatography 

The ratio between cis and trans monounsatu- 
rated fatty acids was also determined with 
packed column GLC using 15% OV-275 on 
100-120 mesh Chromosorb P, AW-DMCS 
(Supelco Inc., Bellefonte, PA). The analysis was 
performed in a HP 5710A gas chromatograph 
(Hewlett-Packard Co., Palo Alto, CA)equipped 
with a 8.5 m • 2 mm id glass column. The oven 
temperature was 220 C, and helium at a flow 
rate of 10 ml/min was used as carrier gas. Area 
calculation was made with an Autolab System 
IV. 

R ESU LTS 

In order to study the influence of the geom- 
etry and position of the double bond on the 
chromatographic behavior of monounsaturated 
fatty acid methyl esters in the HPLC system 
used, a series of positional isomers of  cis and 
trans octadecenoic acid methyl esters (18:1) 
was used as model substances. The double bond 
in the cis isomers was distributed from 6o2 to 
6o15 and in the trans isomers from w3 to 6o13; 
18:16oi was included. In Figure 1, the relative 
retention time ( the retention time for palmitic 
acid methyl esters was set to 1.0) of  the diffe- 
rent isomers of  octadecenoic acid methyl esters 

1.3" 

q~ 
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, - 1 . 2  
.O 
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.~ 1.1 

i , , , , , , , , , , . . . .  

15 13 11 9 7 5 3 1 

Double bond position (to) 

FIG. 1. Relative retention time in the reversed- 
phase HPLC of different isomers of octadecenoic acid 
methyl esters as a function of the position and geom- 
etry of the double bond. The retention times are 
related to the retention time of palmitic acid methyl 
ester. Double bond position (~) is stated from the 
hydrocarbon end of the fatty acid molecule. Column: 
5-/~ Nucleosil C18 , 200 • 4.6 mm id; mobile phase: 
methanol/water (89:11, v/v); flow: 1.2 ml/min; 
pressure: 13 MPa. 
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is plotted vs the position and geometry of the 
double bond. The cis isomers eluted before the 
corresponding trans isomers. The cis isomers 
with the double bond in a position near the 
ends of the molecule cochromatographed with 
trans isomers with the double bond distributed 
around the middle of the molecule. Thus, it 
is obvious that, under the conditions used, a 
complete group separation into cis and trans 
cannot be achieved if a large number of posi- 
tional isomers is present. In most partially 
hydrogenated oils, the cis isomers of the mono- 
unsaturated fatty acids have the double bond 
in a relatively narrow range around the middle 
of the molecule compared to the trans isomers 
(I0). Therefore, when fractionating in the 
preparative HPLC procedure, most of the cis 
isomers should be collected as is predicted by 
Figure 1. 

To investigate this assumption, a mixture of 
cis isomers of octadecenoic acid methyl esters 
with the double bond in the odd co-positions 
7-11 and a corresponding mixture of trans 
isomers with the double bond in the odd co- 
positions 5-11 were first analyzed separately 
by glass capillary GC. Then, the 2 mixtures 
were mixed. After separation on HPL(', the 
cis and trans fractions were collected and each 
fraction was reanalyzed by glass capillary gas 
chromatography. The cis and trans isomers 
with the double bond in the even co-positions 
(co6-10 and co6-12 for cis and trans, respective- 
ly) went through the same procedure. The rea- 
son for dividing the different isomers into 2 
groups containing odd and even double bond 

position was to minimize the risk of different 
isomers overlapping in the glass capillary GC, 
giving more reliable results. The results of these 
investigations are presented in Table 1. The 
recovery of cis isomers co6-11 and trans isomers 
co5-12 are nearly complete. The relative stan- 
dard deviation calculated from 6 analyses was 
better than 4%. If further cis isomers were in- 
cluded into the mixture, e.g., cis co5 and cis 
co12, they were partially separated from the 
trans materi-,d. This was not a problem with 
the trans isomers, because they eluted after the 
cis isomers and could all be quantitatively col- 
lected. However, they could be contaminated 
with small amounts of cis isomers with the 
double bond in a low or high o~-position if 
present in the sample. 

Besides the preparative approach of the 
HPLC technique, the possibility of using it ana- 
lytically at the same time in order to determine 
the ratio of cis and trans isomers of the mono- 
unsaturated fatty acids on the same runs was 
investigated. There were not any common fatty 
acids which interfered with octadecenoic,  eico- 
senoic or docosenoic acids. However, arachi- 
donic acid and docosahexaenoic acid cochro- 
matographed with hexadecenoic acids. Thus, 
the ratio of cis and trans hexadecenoic acids 
could not be determined in phospholipids, 
which are rich in these polyunsaturated fatty 
acids. However, if a methoxy-bromomercuri- 
adduct separation (38) is included before the 
HPLC separation, the overlap or coincidence 
due to different chain length and number of 
double bonds could be avoided, as only the 

T A B L E  1 

E f f ec t  o f  the  D o u b l e  Bond  Pos i t ion  a n d  G e o m e t r y  o n  the  Q u a n t i t a t i v e  Co l l e c t i on  
o f  cis a n d  t rans  F r a c t i o n s  o f  O c t a d e c e n o i c  Ac id  a f t e r  H P L C  S e p a r a t i o n  

D i s t r i b u t i o n  o f  18:1  cis i s o m e r s  (%) D i s t r i b u t i o n  o f  18 :1  t rans  i somer s  (%) 

~ 7  co9 c e l l  co5 t~7 co9 t o l l  

B e f o r e H P L C  3 4 . 1 •  5 4 . 3 •  1.4 1 1 . 6 - + 0 . 4  2 2 . 4 •  2 4 . 7 + 0 . 6  2 6 . 1 - + 0 . 2  2 6 . 8 - + 0 . 5  
A f t e r  H P L C  36 .5  -+ 0 .3  52 .7  -+ 0 .3  10 .8  -+ 0 .2  23 .2  -+ 0 .3  2 6 . 0  -+ 0 .4  25 .6  -+ 0 .5  25 .2  + 0 .7  

D i s t r i b u t i o n  o f  18:1 cis i somers  (%) D i s t r i bu t i on  o f  18:1  t rans  i s o m e r s  (%) 

co6 t.O8 t e l 0  co6 co8 r + 12 

Be fo re  H P L C  30 .9  -~ 0 .2  27 .0  -+ 0 .3  42.1  -+ 0 .4  24 .8  -+ 0 .3  30 .4  -+ 0.1 4 4 . 8  • 0 .3  
After H P L C  31.1 • 0 .6  27 .2  • 0 .8  4 1 . 7  • 0 .3  25 .6  • 0 .5  30 .6  -+ 0 .6  4 3 . 8  • 0 .4  

Mix tu res  o f  cis a n d  t rans  o c t a d e c e n o i c  ac id  m e t h y l  es te r s  ( 1 8 : 1 )  wi th  the  d o u b l e  b o n d  in o d d  a n d  even ~o- 
pos i t ion  were  f i rs t  a n a l y z e d  s e p a r a t e l y  b y  glass cap i l l a ry  gas c h r o m a t o g r a p h y  (be fo r e  H P L C ) .  The  d i f f e r e n t  
isomers were  m i x e d  i n to  2 m i x t u r e s  c o n t a i n i n g  c/s a n d  t rans  i somer s  o f  o d d  a n d  even  co-posit ion~ r e spec t i ve ly .  
A f t e r  H P L C  s e p a r a t i o n ,  the  cis and  t rans  f r a c t i o n s  were  c o l l e c t e d  a n d  e a c h  f r a c t i o n  r e a n a l y z e d  by glass cap i l l a ry  
gas c h r o m a t o g r a p h y  (a f t e r  HPLC) .  C h r o m a t o g r a p h i c  c o n d i t i o n s  are given in Fig.  1. D o u b l e  b o n d  p o s i t i o n  (co) is 
stated f r o m  the  h y d r o c a r b o n  e n d  o f  the  f a t t y  ac id  m o l e c u l e .  The  f igures  in the  t ab le  are m e a n  -~ s t a n d a r d  devia-  
t ion  o f  6 ana lyses .  
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TABLE 2 

Relative Detector Response of  Different Geometrical 
and Positional Isomers of  Octadecenoic Acid 
as Determined by HPLC using RI Detection 

and Gas Chromatography (GLC) 
on OV-275 Packed Column 

t o n  

(18:lwn trans.~ 
k~'- ~ C-~ ~HPLC 

18: Iron ) H  cis 
\18: I to9 trans PLC 

(ll8:lton trans~,]GLC ,,(18:lt~ c/s ) 
8:1C09 eis ~18:1t09 trans GLC 

7 1.03 0.96 
8 1.07 0.93 
9 1.07 0.95 

10 1.07 0.95 
11 1.06 0.96 

monoene  fract ion needs to be analyzed by 
HPLC. 

Before using peak area percentage in the 
calculat ion of  the ratio be tween  cis and trans 
monounsa tura ted  fat ty  acids in quant i ta t ive  
HPLC analysis with refractive index detec tor ,  
the relative response be tween  cis and trans 
isomers and between different  posit ional  
isomers has to  be investigated. Unfor tuna te ly ,  
the amount  of  the di f ferent  isomeric octadece-  
noic acids available was no t  large enough to 
prepare accurate standard mixtures  by weigh- 
ing. To overcome this problem,  mixtures  with 
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FIG. 2. Comparison of the HPLC method and the 
GLC method on OV-275 packed column for the deter- 
mination of trans octadecenoic acid as % of total 
octadecenoic acids. The analyses were made on 1- 
and 2-position of mitochondrial phospholipids after 
feeding partially hydrogenated oils to rats. HPLC 
conditions as in Fig. 1. For experimental details of 
the GLC method, see Materials and Methods. 

an approximate  concen t ra t ion  o f  isomers were 
prepared,  and the  response in the HPLC pro- 
cedure was compared  t o  those obta ined after 
gas chromatographic  separat ion on OV-275- 
packed co lumn using a f lame ionizat ion detec- 
tor, for  which the response is p ropor t iona l  to 
the mass concentra t ion.  The results of  this 
investigation are presented in Table 2. The area 
ratios be tween  dif ferent  trans isomers of  octa- 
decenoic acid methyl  esters (u~7-11) and oleic 
acid methy l  ester (18:16o9c) obta ined  in the 
HPLC analysis were divided with the corres- 
ponding area ratios obtained after  GLC analysis 
on OV-275. The corresponding rat ios were cal- 
culated for the di f ferent  cis isomers using elai- 
dic acid methyl  ester (18 :16o90  as reference.  
Ideally, the ratio should be 1.00. There was a 
very small difference in response be tween 
different  posit ional isomers, but  about  6% 
higher values were obtained for the trans 
isomers in the HPLC procedure  compared  to 
the GLC. Thus, a small difference in refractive 
index for cis and trans isomers cannot  be ex- 
cluded. Ano the r  explanat ion could be the 
opposi te  elut ion order  obta ined in the HPLC 
procedure  compared  to GLC. Tailing cis peaks 
in the HPLC procedure  could interfere  with the 
trans peaks and vice-versa in the  GLC proce-  
dure. 

The trans octadecenoic  acids as percentage 

~ 2  

o 

c~  

0 30 6'0 minu tes  

FIG. 3. Reversed-phase HPLC of fatty acid methyl 
esters obtained after transesterification of partially 
hydrogenated Norwegian capelin oil. Sample size: 25 
/~g. Detector sensitivity: 10 -6 ARI FSD. For further 
information of the chromatographic conditions, see 
legend to Fig. 1. Shorthand notation is used for the 
fatty acids indicating chain length:number of double 
bonds. Note that the fatty acid methyl esters elute 
according to their relative solubility in the mobile 
and stationary phases. The more methanol-soluble 
monounsaturated fatty acids elute much faster than 
the corresponding saturated fatty acid and nearly 
coelute with the nearest lower saturated homolog. 
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TABLE 3 

Comparison of the HPLC Method and the GLC 
Method on OVJ27S Packed Column for the 

Determination of trans Monounsaturated Fatty Acids 
as Percentage of Total Fatty Acids in Some 

Partially Hydrogenated Oils 

Oil HPLC (%) GLC (%) 

Partially hydrogenated 
peanut oil 50.6 46.5 

Partially hydrogenated 
Norwegian capelin oil 35.2 35.8 

Partially hydrogenated 
herring oil 27.1 25.9 

of  to ta l  oc t adeceno ic  acids in rat  hea r t  mi to-  
chondr ia l  phospho l ip id s  a f te r  feeding par t ia l ly  
h y d r o g e n a t e d  oils were d e t e r m i n e d  by  HPLC 
and  GLC on  OV-275 .  In Figure 2, the  trans 
oc t adeceno i c  acid percen tage  o b t a i n e d  wi th  the  
HPLC t e c h n i q u e  is p l o t t ed  vs the  co r r e spond ing  
values o b t a i n e d  wi th  the  GLC t echn ique .  Some-  
wha t  high values (4%) were ob t a ined  wi th  the  
HPLC t echn ique ,  and the  cor re la t ion  coeffi-  
c ient  b e t w e e n  the  2 m e t h o d s  was 0.99.  

The reversed-phase HPLC separa t ion  of  f a t ty  
acid m e t h y l  esters  ob t a ined  a f te r  t ranses ter i f ica-  
t ion  of  part ial ly h y d r o g e n a t e d  Norwegian  
capel in  oil is s h o w n  in Figure 3. As can be seen 
f rom the  c h r o m a t o g r a m ,  there  was a sepa ra t ion  

accord ing  to  cha in  l eng th  and  n u m b e r  of  dou-  
ble bonds .  The  m o n o u n s a t u r a t e d  fa t ty  acids 
e lu ted  before  t he  co r r e spond ing  sa tu ra t ed  fa t ty  
acids. The  cis fo rms  o f  the  m o n o u n s a t u r a t e d  
fa t ty  acids e lu ted  before  the  trans forms.  

In Table  3, the  c o n c e n t r a t i o n  of  trans m o n o -  
u n s a t u r a t e d  fa t ty  acids of  some  par t ia l ly  h y d r o -  
gena ted  oils o b t a i n e d  wi th  the  HPLC procedure  
is c o m p a r e d  to the  co r r e spond ing  results  ob-  
ta ined  af te r  GLC analysis  on  OV-275 .  The  con-  
c e n t r a t i o n  was ca lcula ted  f rom the  to ta l  f a t ty  
acid c o m p o s i t i o n  d e t e r m i n e d  by  glass capi l lary 
GC and  f rom the  ra t io  b e t w e e n  trans and cis 
m o n o u n s a t u r a t e d  fa t ty  acids o b t a i n e d  wi th  the  
2 d i f fe ren t  t echn iques .  There  was a t e n d e n c y  to  
h igher  values for  the  trans f a t ty  acid concen t r a -  
t ion  w h e n  ana lyzed  by  HPLC. 

The  e lu t ion  p a t t e r n  of  d i f f e ren t  geomet r i ca l  
and  pos i t iona l  i somers  o f  oc t adeceno i c  acid 
m e t h y l  esters in the  glass capil lary GC using 
Silar-5 CP as s t a t iona ry  phase  has  previously  
been  descr ibed (15) .  As can be seen f rom 
Figure 4,  some  pos i t iona l  i somers  of  oc tadece-  
no ic  acid could  n o t  be resolved.  F r o m  this  
c h r o m a t o g r a m ,  the  loga r i thm of  the  ad jus ted  
r e t e n t i o n  t imes for  pos i t iona l  i somers  wi th  
the  doub le  b o n d  in the  same co-posi t ion could  
be p lo t t ed  vs the  ca rbon  a t o m  n u m b e r  (39) ,  
and  could  be used for  a t en ta t ive  iden t i f i ca t ion  
o f  u n k n o w n  isomer ic  m o n o u n s a t u r a t e d  fa t ty  
acids. 

22:1 

I 
100 

20:1 18:1 

BHT H ~o 
s 

2 

7 

9 is 

I I 
50 0 

Retention time (minutes) 

FIG. 4. Glass capillary gas chromatography of a standard mixture of different positional cis isomers of long 
chain monounsaturated fatty acids. Shorthand notation is used for the fatty acids indicating chain length:number 
of double bonds. The peak numbers refer to the double bond position (to), which is stated from the hydrocar- 
bon end of the fatty acid molecule. BItT = 2,6-di-tert-butyl-p-cresol. Silar-5 CP on borosilicate glass capillary 
column, 58 m X 0.3 mm id. Column temperature: 160 C. Carrier gas: helium, 0.6 ml/min. 
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FIG. 5. Glass capillary gas chromatography of the cis fractions of monounsaturated fatty acid methyl esters 
isolated after HPLC separation of the methyl esters obtained after transesterification of partially hydrogenated 
Norwegian capelin oil. Chromatographic conditions and further informations are given in legend to Fig. 4. 

Th 6  cis isomers of  the monounsa tu ra ted  
fa t ty  acids f rom partially hydrogena ted  Norwe-  
gian capelin oil obtained af ter  HPLC separat ion 
and f ract ionat ion were analyzed for the con ten t  
of  posit ional isomers by glass capillary GC (cf. 
Fig. 5). Similar results were obta ined with the  
trans fractions,  but  the di f ferent  posit ional  
isomers were more difficult  to separate (cf. 
Fig. 6). 

F rom the results obtained in the analysis by 
HPLC and glass capillary GC, the partially 
hydrogenated  Norwegian capelin oil could be 
characterized with respect to the dis t r ibut ion 

of  geometr ical  and posit ional  isomers Of mono-  
unsaturated fat ty acids o f  chain length 18-22 
(cf. Fig. 7). As can be seen f rom the figure, 
most  of  the posit ional isomers of  the monoun-  
saturated fat ty  acids could be separated by glass 
capillary GC, but  some isomers,  especially those 
with the double  bond in a higher  co-position, 
were no t  resolved. Because no positive identifi-  
cation such as ozonolysis  was done on the diffe- 
rent cis and trans fractions, one cannot  exclude 
the possibility that  a small amoun t  of  high co 
number  22:1 isomers (e.g., 22:16016) from re- 
duct ion  of  22:6603 can coincide with  lower co 

20:i 

9 

22:1 ~ I~ 

9 lo 

i I 

18:1 

~o 

BHT 

--F  

100 50 0 

Retention t ime (minu tes)  

FIG. 6. Glass capillary gas chromatography of the rrans fractions of monounsaturated fatty acid methyl 
esters isolated after HPLC separation of the methyl esters obtained afte/ transesterification of partially hydro- 
genated Norwegian capelin oil. Chromatographic conditions and further informations are given in legend to 
Fig. 4. 
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FIG. 7. The distribution of positional and geometrical isomers of monounsaturated fatty 
acids in partially hydrogenated Norwegian capelin oil as determined by the combination of 
HPLC and glass capillary gas chromatography. The distribution of cis and trans isomers is 
given as % of total monounsaturated fatty acids of each chain length. The double bond posi- 
tion (to) is stated from the hydrocarbon end of the fatty acid molecule. 

number isomers in the glass capillary GC. In 
the octadecenoic and eicosenoic acid cis frac- 
tion, the fatty acids with the double bond in 
609-position dominate. In the t rans  fractions, 
there was a somewhat wider distribution of 
positional isomers. 

DISCUSSION 

The technique described here for the anal- 
ysis of geometrical and positional isomers of 
monounsaturated fatty acids as methyl ester 
derivatives was based on the combination of 
reversed-phase ItPLC using RI detection and 
glass capillary GC. Botch (40) and Pei et al. 
(41) have used phenacyl and p-bromophenacyl  
esters, respectively, as fatty acid derivatives in 
the reversed-phase HPLC. These strongly UV- 
absorbing derivatives not only increase the 
sensitivity in the HPLC analysis but also the 
molecular weight. Thus, a subsequent analysis 
of positional isomers by glass capillary GC has 
to be performed at very high temperatures. By 
using methyl ester derivatives which have excel- 
lent gas chromatographic properties, these 
analyses could be done at relatively low tem- 
peraturesl 

Different silver-loaded stationary phases 
have been shown to give good separations o f  
geometrical isomers of monounsaturated fatty 
acids. Emken et al. (42) and Scholfield (43) 
used silver-saturated cation exchange resins and 
Lam and Grushka (44) used silver-loaded 
aluminosilicate. Battaglia and FriSlicb (45) 
showed that even certain positional isomers 
could be resolved when using silver-nitrate- 

treated silica, ttowever, a separation according 
to chain length could not be obtained with 
these techniques. Consequently, these tech- 
niques are unsuitable to differentiate between 
isomers of different chain lengths. On the con- 
trary, the separation according to chain length 
was not a problem in the reversed-phase chro- 
matography, but the separation power of 
geometrical isomers was not  as high as in argen- 
tation chromatography. However, Schomburg 
and Zegarski (46) have shown that the cis and 
t rans  separation in reversed-phase chromatogra- 
phy could be improved by the addition of silver 
ions to the mobile phase. 

The relative response in the HPLC analysis 
using RI detection of some geometrical and 
positional isomers of  octadecenoic acid was 
investigated and compared with those obtained 
in the GLC analysis using an OV-275-packed 
column. For  the isomers investigated, the re- 
sponse was practically independent  of  the 
double bond position. It should be pointed out 
that, in the quantitative analysis of the t rans  
monounsaturated fatty acid content of partially 
hydrogenated oils and mitochondrial  phospho- 
lipids (cf. 'Fable 3 and Fig. 2), we cannot ex- 
clude the possibility that positional isomers 
other than those investigated could differ in 
response. A possible explanation to the fact 
that the trans values obtained by the HPLC 
method were somewhat higher (ca. 4%) than 
those obtained by the GLC method is either a 
small difference in response of  the RI detector 
between cis and t rans  fatty acids or that the 
heterogeneity of the t rans  fatty acids is greater 
than that of  the cis fatty acids (10). Thus, in 
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the GLC analysis, trans fatty acids with the 
double bond in a low c0-position probably 
will coelute with the cis isomers and give rise 
to too-low trans fatty acid values. These dis- 
criminating effects of t rans  fatty acids in the 
GLC procedure have also been confirmed in 
comparisons with I R spectrophotometry (10). 

The method presented here has been used in 
connection with rat feeding experiments with 
�9 partially hydrogenated vegetable and marine 
oils (1). The partially hydrogenated oils were 
characterized and the distribution of positional 
and geometrical isomers of monounsaturated 
acids in different phospholipids was estimated 
with this method. The sensitivity of the tech- 
nique permitted analysis of less than 100/lg of 
lipid material. About 5 samples a day could be 
executed. The HPLC step used is a very mild 
procedure compared to preparative GLC, which 
has been used to isolate fatty acids according to 
chain length for the ozonolytic procedure. Un- 
fortunately, not all of the positional isomers of 
monounsaturated fatty acids present in the 
biological samples could be resolved by the 
glass capillary GC step. In order to determine 
the complete distribution of all existing posi- 
tional isomers, the cis and trans fractions 
isolated after HPLC separation should be 
subjected to ozonolytic cleavage with subse- 
quent analysis with glass capillary GC. With 
these modifications, the often inefficient and 
troublesome fractionation with preparative 
GLC and argentation TLC commonly used in 
connection with ozonolytic cleavage could be 
replaced by a single and less laborious step. 
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Simultaneous Determination of Sonchus arvensis L. 
Triterpenes by Gas Chromatography-Mass Spectrometry 
S.N. HOOPER a, R.F. CHANDLER a. *, E. LEWIS b and W.D. JAMIESON b, aCollege of 
Pharmacy, Dalhousie University, Halifax, Nova Scotia, Canada; and bAtlantic Research 
Laboratory, National Research Council. Halifax, Nova Scotia, Canada 

ABSTRACT 

Sonchus arvensis L. or sow thistle has proved an excellent source of pentacylic triterpenes; triter- 
penes account for about 6% of the crude lipid extract or 0.2% of the dried plant. Composition of the 
triterpenoid frac'tion, as indicated by gas chromatography of the corresponding acetates, was a-amyrin 
(9%), #-amyrin (21%), lupeol (13%), taraxasteroi (24%) and pseudo-taraxasterol (12%). A single, long- 
chain alcohol (16%) was also present. The nature of the triterpenoids was defined using gas chromatog- 
raphy and gas chromatoglaphy-mass ~ectrometry (GC/MS) and confirmed by direct comparison with 
authentic samples. The use of combined GC/MS proved extremely valuable in the simultaneous anal- 
ysis of a mixture of triterpene acetates and greatly reduced the t ime needed to phytochemicaUy evalu- 
ate these compounds. 
Lipids 17:60-63, 1981. 

During ou r  s tudies  of  he rba l  remedies  o f  the  
Micmac Ind ians  (1), i t  b e c a m e  necessary to  ob-  
ta in  enough  pseudo- ta raxas te ro l  for  its charac-  
t e r i za t ion  by p r o t o n  and  ca rbon-13  nuc lear  
magne t ic  r e sonance  s pec t r o s copy  (NMR).  Son-  
chus  asper had  previously  been  r epo r t ed  as an  
exce l len t  source  of several c o m m o n  t r i ter -  
peno ids  inc lud ing  pseudo- ta raxas te ro l  (2) .  Al- 
t h o u g h  we did no t  have  S. asper,  we did have  a 
small  a m o u n t  o f  dried S o n c h u s  arvensis L. (sow 
th is t le )  f r o m  a previous  screening  p rogram (3).  
Like o t h e r  m e m b e r s  of  the  Compos i t ae  (2 ,4) ,  
S. arvensis con ta ins  larger a m o u n t s  o f  ta raxa-  
s terol  t h a n  pseudo- ta raxas te ro l ,  a d i f f icul t  pa i r  
to  separa te  (4,5).  Before separa t ing  and  pur i fy-  
ing pseudo- ta raxas te ro l  in S. arvensis, we 
decided to verify its i d e n t i t y  and  the  a m o u n t  
p resen t  in the  p lan t .  Gas l iquid c h r o m a t o g r a p h y  
(GLC)  and  gas c h r o m a t o g r a p h y - m a s s  spec t rom-  
e t ry  (GC/MS)  were chosen  as the  analy t ica l  
t echn iques .  

Using app rop r i a t e  s t andards  and  GC/MS,  the  
i den t i f i c a t i on  of  each t r i t e rpene  in the  m i x t u r e  
was possible  fo l lowing a single in j ec t ion  o f  the  
ace ty la t ed  t r i t e rpeno id  f r ac t ion  of  a p lan t  ex-  
t rac t .  To the  best  o f  ou r  knowledge ,  this  t ech-  
n ique  has  been  appl ied to the  analysis of  a 
t r i t e rpene  mix tu r e  on ly  once  before  (6).  

MATERIALS AND METHODS 

Collection and Extraction 

The aerial par t s  of  S o n c h u s  arvensis L. were 
col lec ted  dur ing  the  f lower ing stage f rom an 
open  field near  Halifax,  Nova Scot ia ,  in Sept .  
1980. The  mater ia l  was d e t e r m i n e d  by  Dr. 
M.J. Harvey,  D e p a r t m e n t  o f  Biology,  Dalhousie  
Univers i ty ,  and  h e r b a r i u m  samples  are n o w  on  
file. The  p lan t  mater ia l  was dried in a forced-air  

oven  at 60 C and  g round  in a Wiley mill  t o  a 
coarse p o w d e r  (0.5 cm).  This  mater ia l  (300  g) 
was p laced in a beake r  and  mace ra t ed  for  at  
least  24 h r  in each s o l v e n t - t w i c e  wi th  pe t ro -  
l eum e the r  and  twice  wi th  c h l o r o f o r m .  The  
solvents  were r emoved  in vacuo,  p r o d u c i n g  a 
yel lowish-green semisol id  mass. These  ex t rac t s  
were c o m b i n e d  (10.3  g) and  saponi f ied  via 
AOCS m e t h o d  Ca. 6b-53 (7).  The  nonsapon i f i -  
able po r t i on  was ex t r ac t ed  wi th  d ie thy l  e t h e r  
and  the  so lvent  was again r emoved  in vacuo,  
y ie ld ing  a ye l low mater ia l  (8.8 g). 

K n o w n  weights  of  n o n s a p o n i f i a b l e  mater ia l  
and  cho les t ane  were mixed  and  GLC analysis  

TABLE 1 

Gas Chromatographic Relative Retention Times 
for Sonchus arvensis Triterpenes a 

Column 
Compound OV-I OV-I 7 OV-225 

Alcohols 
g-Amyrin  2 .35  4.42 6.08 
c~-Amyrin 2.52 5.24 7.04 
Lupeol 2.52 5.24 7.32 
~-Taraxasterol 2.98 6.72 9.13 
Taraxasterol 2.98 6.74 9.69 

Acetates 
fl-Amyrin 2.88 5.36 6.60 
ct-Amyrin 3.10 6.04 7.57 
Lupeol 3. l 0 6.32 7.97 
~-Taraxasterol 3.66 8.19 9.90 
Taraxasterol 3.66 8.25 ! 0.50 

aAll figures are recorded as relative retent ion t imes 
(RRT) using 5cr as the internal standard. 
Absolute retention times for 5c~-cholestane were 3"00, 
3:51 and 4:01 min, respectively, for the OV-I, OV-17 
and OV-225 columns. All identifications were con- 
firmed by spiking with authentic standards. 

LIPIDS, VOL. 17, NO. 1 (1982) 



M E T H O D S  61 

was conducted to determine the percentage of  
the triterpenes present. 

T h i n  Layer  Chromatography  ( T L C )  

The material obtained above was fraction- 
ated by preparative TLC using plates coated 
with Silica Gel H. Following visualization pro- 
cedures, the sterols appeared as a red band (Rf 

0.25) and the triterpenes as a red-brown b a n d  
(Rf ~ 0.40). The material from both bands was 
recovered by extracting the silica gel with ether 
and chloroform (8). 

Gas Liquid C h r o m a t o g r a p h y  

GLC was conducted on the crude extract 
and on fractions from TLC as free alcohols or 
as acetates (8). A Hewlett-Packard Model 5750 
gas chromatograph, equipped with a dual flame 
ionization detector and a Model 3380A integra- 
tor, and containing 6 ft x 1/4 in. glass columns 
packed with OV-17, OV-1 (9) or OV-225 (3% 
on 100-120 mesh Chromosorb W, H.P.), was 
used for all GLC analyses. Column tempera- 
tures were maintained at 250, 290 and 250 C, 
respectively, and gas flows for each column 
were 60 ml/min for nitrogen (the carrier gas) 
and hydrogen, and 240 ml/min for the air. 

100" 

z 

g 
<~ 100 

50 �84 

A 

8 

18:25 19:30 21:40 23:50 26:00 27:05 
RETENTION TIME ( rain ) 

FIG.  1. To ta l  ion cur ren t  c h r o m a t o g r a m  of  S. 
arvensis t r i t e rpene  ace ta tes :  A. ob t a ined  by EI-MS; 
B. ob t a ined  by m e t h a n e  PCI-MS. 

Gas Chromatography -Mass  Spec t romet ry  

GC/MS studies were performed on a Finni- 
gan-MAT 4000 GC/MS quadrapole mass spec- 
trometer coupled to an INCOS data system. 

T A B L E  2 

Relative Intensi t ies  in the  Elec t ron  I m p a c t  Mass Spec t ra  a 
of  Sonchus arvensis Tr i t e rpene  Ace ta t e s  

m / e  c~-Amyrin j3-Amyrin Taraxas te ro i  Pseudo-Taraxas te ro l  Lupeol  

468  b 0.4 0.4 1.7 0.2 2.5 
453 . . . .  0 .6 
408  - - 1.6 0.3 0.7 
393 - - 0.8 0.5 1.0 
249 0.7 0.6 6.7 4.3 7.5 
229 - - 3.6 - 9.4 
218 100 100 5.0 2.2 26 
204 - - 14 - 23 
203 27 51 15 9.3 32 
191 7.5 3.4 31 16 33 
189 44 19 100 100 99.8  
175 12 11 23 19 31 
161 18 8.6 23 14 34 
149 15 7.2 18 12 29 
147 23 15 31 18 40  
137 10 - 11 8.1 20  
135 42 18 55 44  72 
133 32 15 28 32 40  
123 30 9.2 32 36 54 
121 38 19 74 77 90 
119 . . . .  55 
1.09 44 20 81 64 89 
107 45 23 72 65 100 

a R e t e n t i o n  t imes  o f  the  mass spect ra l  scans, a s  ob ta ined  f r o m  the  GC/MS (Fig. 1), used 
in the analysis o f  the  t r i t e rpene  ace ta tes  were:  a - a m y r i n ,  21 :10 ;  f l -amyrin,  19 :50 ;  t a raxa-  
sterol,  26 :10 ;  pseudo- ta raxas te ro l ,  25 :00 ;  and lupeol ,  21 : 50 rain. The  shou lder  at 2 0 :1 5  is 
an un iden t i f i ed  t r i t e rpene  acetate�9 

bMolecular  ion (M+). 
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The column was a high-capacity OV-I flexible 
quartz capillary (25 m x 0.3 mm id) which was 
directly interfaced to the source of the mass 
spectrometer. Source temperatures (indicated) 
were 260 C for electron impact (El) MS studies 
and 230 C for the positive ion chemical ioniza- 
tion (PCI) MS studies. The El spectra were 
obtained at 70 eV. Methane was used as the 
ionizing gas for the PCI studies at a source pres- 
sure of 0.02 t (indicated), and helium was used 
as the carder gas (2 ml/min). 

Authentic Samples 

Authentic samples were purchased as fol- 
lows: cholestane, ~-sitosterol and stigmasterol- 
Sigma Chemical Co., St. Louis, MO; cholesterol 
-Fisher  Scientific Co., Montreal, Quebec; 
campesterol-Apphed Science, State College, 
PA; or- and ~-amyrin-Pfaltz and Bauer, Inc., 
Stamford, CT. Taraxasterol was a gift from Dr. 
T.R. Watson, Pharmacy Department, University 
of Sydney, Australia, and pseudo-taraxasterol 
acetate was a gift from Dr. R.V. Madrigal, 

Northern Regional Research Laboratory, 
USDA, Peoria, IL. 

RESULTS AND DISCUSSION 

Although GC/MS could potentially be used 
to rapidly identify the components of a triter- 
pene mixture, it apparently has been successful- 
ly employed for this purpose only once before 
our study (6). It has, however, been used to 
identify pure triterpenes (10). 

Analyses by GLC (Table 1) demonstrated 
that the triterpenes of S. arvensis, which oc- 
curred as a mixture of alcohols and their ace- 
tates, represented about 6% of the crude lipid 
extract or about 0.2% of the dried plant mate- 
riM. Under the conditions described, retention 
times of the triterpene acetates differed suf- 
ficiently on OV-17 and OV-225 columns to 
permit identification of each acetate. Sepa- 
ration was incomplete on OV-17 at higher 
temperatures (275 C) and on OV-I columns, 
however. Five triterpenes were identified by 
GLC analyses of their acetates, when compared 

T A B L E  3 

Rela t ive  In t ens i t i e s  in the  Me thane  Posi t ive  Chemica l  I on i z a t i on  Mass Spe c t r a  a 
o f  Sonchus arvensis T r i t e r p e n e  Ace t a t e s  

m / e  r , -Amyr in  # - A m y r i n  T a raxas t e ro l  P seudo-Ta raxas t e ro l  Lupeo l  

4 6 8  b 0.2 0.1 0.2 0.1 -- 
453  0.1 0.2 0.1 0.1 -- 
4 0 9  63 38 58 55 24 
408  49 31 28 32 14 
394 -- -- -- 6.3 1.5 
393 24 16 25 25 9 .6  
327 -- -- -- 0.4 -- 
326 . . . .  0.2 
249 2.3 2.3 3.1 2.3 2.1 
229 . . . .  18 
219 38 34 39 38 32 
218 58 43 9.0 4 .0  12 
205 60 64 73 64 76 
203 38 49 49  42  57 
192 . . . .  9.6 9.8 
191 62 69 99 75 7.3 
189 37 42 47 39 45 
175 20 25 20 16 21 
161 20 25 16 16 19 
149 47 47 47 44  56 
147 21 22 14 13 16 
137 46 51 35 34 41 
135 41 39 30 33 38 
133 23 24 15 19 17 
123 72 66 55 48  67 
121 43 41 41 41 34 
109 100 100 100 tO0  100 
107 32 35 21 20  23 

a R e t e n t i o n  t imes  o f  the  mass  spect ra l  scans as o b t a i n e d  f r o m  the G C / M S  (Fig.  l )  used  in 
the  analys is  o f  the  t r i t e r p e n e  ace ta t e s  were :  or-am yr in ,  21 : 10; f l -amyr in ,  19 :  30; t a rax  as terol ,  
2 5 : 5 0 ;  p s e u d o - t a r a x a s t e r o l ,  2 4 : 5 5 ;  and iupeol ,  2 1 : 3 5  m i n .  The  s h o u l d e r  at 2 0 : 0 0  is an un-  
i den t i f i ed  t r i t e rpene  ace ta t e .  

bMolecu la r  ion (M+).  
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to a u t h e n t i c  samples.  Taraxas te ro l  was the  
ma jo r  t r i t e rpene  f o u n d  (24% of  the  t r i t e rpene  
TLC band) .  B-Amyrin  r ep resen ted  21%, lupeo l  
13%, pseudo- ta raxas te ro l  12%, and ~-amyr in  
9% of  the  band .  

A single c o m p o n e n t ,  wi th  a sho r t e r  GLC 
r e t e n t i o n  t ime  (RT  = 8 :05  min ;  cf. Fig. 1 ) t h a n  
the  t r i t e rpenes  and  which  p r o d u c e d  a negat ive  
L i e b e r m a n - B u r c h a r d  test ,  r ep resen ted  a n o t h e r  
16% of  the  to ta l .  This  c o m p o u n d  was readi ly  
isola ted by prepara t ive  a rgen ta t ion  TLC (8)  
and  was ident i f ied  as a long-chain  a lcohol  by 
its in f ra red  and  NMR  spectra .  

The  to ta l  ion  cu r r en t  c h r o m a t o g r a m  for  the  
t r i t e rpene  ace ta tes  o f  S. arvensis, o b t a i n e d  by  
using EI-MS, is s h o w n  in Figure 1A; Figure 1B 
shows the  c h r o m a t o g r a m  p roduced  by  using 
m e t h a n e  PCI-MS. A l t h o u g h  reso lu t ion  of  the  
t r i t e rpene  ace ta tes  was i n c o m p l e t e  o n  the  OV-I  
capil lary co lumn ,  we were able to  separate  
these  c o m p o u n d s  by mass c h r o m a t o g r a p h y  
using t he  da ta  sys tem.  In th i s  way,  mass  spec t ra  
(Tables  2 and  3) were ob t a ined  for  the  5 t r i ter -  
penes  t h a t  GLC ind ica ted  were present .  In all 
cases, GLC r e t e n t i o n  t imes  and  the  mass spec t ra  
agreed wi th  those  of  the  a u t h e n t i c  samples.  
Also observed in the  to ta l  ion cu r ren t  chro-  
m a t o g r a m s  was a c o m p o u n d  appear ing  as a 
shou lde r  on  the  ~-amyr in  band .  This  c o m p o u n d  
appears  to  be the  ace ta te  of  a m o n o h y d r o x y -  
t r i t e rpene  as i ts molecu la r  ion  occurs  at 4 6 8 ;  
however ,  i ts  i d e n t i t y  has  n o t  been  resolved.  

Pentacylc l ic  t r i t e rpenes  are m i n o r  c o m p o -  
n e n t s  of  mos t  p lan t s  and are se ldom c o m m e r -  
da l ly  available.  Because th i s  class of  c o m p o u n d s  
has  recen t ly  been s h o w n  to exh i b i t  a n t i t u m o r  
(11-16) ,  a n t i h y p e r c h o l e s t e r e m i c  (17 ,18) ,  ant i -  
i n f l a m m a t o r y  (19-21) ,  an t i convu l san t  ( 1 9 ) ,  
an t ibac te r ia l ,  analgesic, ant i tuss ive  and  m a n y  
o t h e r  act ivi t ies  (20-22) ,  i t  is i m p o r t a n t  to  f ind 
a source  t ha t  can provide  these  c o m p o u n d s  in 
quan t i t i e s  large enough  to  pe rmi t  more  ex ten-  
sive biological  test ing.  Our  inves t iga t ion  and  
o t h e r  r epor t s  (2 ,10)  ind ica te  t ha t  th is t les  m ay  
be such a source.  

This s t udy  has d e m o n s t r a t e d  h o w  useful  
GC/MS is for  rapid iden t i f i ca t ion  of  t r i t e rpene  
ace ta tes  p resen t  in a c o m p l e x  mix tu re .  This  
t e c h n i q u e  e l imina tes  the  need  for  t ed ious  and  
t i m e - c o n s u m i n g  iso la t ion ,  pu r i f i ca t ion  and  
cha rac te r i za t ion  p rocedures  usually appl ied to 
th is  g roup  o f  p roduc t s .  
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Essential and Nonessential Fatty Acid Oxidation 
in Mice Bearing Ehrlich Ascites Carcinoma 
M U R A D  OOKHTENS*  and NOME BAKER, Tumor.Lipid Laboratory, Research Service, 
Veterans Administration Wadsworth Medical Center, Los Angeles, CA 90073, and 
the Department of Medicine, UCLA School of Medicine, Los Angeles. CA 90024 

ABSTRACT 

We tested the hypothesis that mobilized (essential) free fatty acids (FFA) are spared from oxida- 
tion in cancer-bearing animals. We injected tracers [1-t4C] linoleate, [1-t4C] palmitate and Nail"CO 3 
intravenously as single rapid doses in separate groups of mice bearing Ehrlich ascites tumor (EAT) and 
controls, and measured breath ~4CO 2. The data from NaHt4CO3 injections were used to develop 
kinetic, compartmental models of the HCO~-CO= systems. These models were integrated with our 
earlier model of plasma FFA turnover for conttol and EAT-bearing mice. The integrated mulficompart- 
mental models were then fitted to breath 14CO3 data from mice injected with tracer FFA to compute 
the rates of FFA oxidation. FFA were not spared from an oxidative fate in our cancer-bearing vs nor- 
mat animals; moreover, essential FFA were not preferentially spared from oxidation compared to non- 
essential FFA in the cancer-bearing mice. 
Lipids 17:65-71, 1982. 

INTRODUCTION 

Very little is known about the fate of FA 
mobilized from the fat depots of tumor-bearing 
animals. In describing a lipid mobilizing factor 
in lymphoma-bearing mice, Kitada et at. (1) 
also noted that linoleate mobilized from labeled 
triglycerides of transplanted adipose tissue 
appeared to be spared an oxidative fate in their 
tumor-bearing mice. The linoleate mobilized 
from the fat depots seemed to be preferentially 
sequestered by the cancer cells, which require 
FA supplied by the host for tumor growth (2). 
AtttroUgh this finding was not the main point 
of the study (1), it is of special interest in the 
light of earlier findings from our laboratory 
conducted on mice bearing EAT (3-5). Using 
tracer palmitate and linoleate, complexed to 
mouse serum albumin and injected intravenous- 
ly (iv), we have shown that: (a) both essential 
and nonessential fatty acids are mobilized in 
EAT-bearing mice at rates that are indistinguish- 
able from those of controls under either fed or 
fasted states (3,4); (b) essential and nonessen- 
tial FFA are taken up from the tumor's extra- 
cellular fluid rapidly, but with no evidence of 
sequestration of  essential FA (6); and (c) no 
more than 1% of the fat mobilized by the host 
is transported to the tumor (3,5). We have 
assumed that, eventually, most of the essential 
and nonessential FFA mobilized from the fat 
depots of our tumor-beating mice are probably 
oxidized to CO 2. Thus, our working hypothesis 
is that both essential and nonessential FA are 
mobilized from the fat depots of cancer-bearing 

Abbreviations: FA, fatty acids; FFA, free fatty 
acids; VLDL-TGFA, very low density lipoprotein- 
triglyceride fatty acids; 18:2, linoleate; 16:O, palmi- 
tate; EAT, Ehrlieh ascites tumor. 

animals at about the same rates as in controls, 
and the FFA that enter the circulation are oxi- 
dized to CO2 or stored again in the host's 
tissues with only a minor fraction being taken 
up by cancer cells. 

In this study, as an initial test of this hy- 
pothesis, we have studied our cancer-host 
model, i.e., EAT grown in mice. Instead of 
using labeled adipose tissue grafts (1), we sim- 
plified the experimental design to a more direct 
one, i.e., injection of  14C-labeled tracer FFA- 
serum albumin complex iv into EAT-bearing 
and control mice and measurement of breath 
14CO2. We also studied the kinetics of  the 
HCO5-CO2 system in EAT-beating and control 
mice using tracer NaH14CO3 injections. We 
have used these data to estimate by multicom- 
partmental analysis the effect of a large tumor 
on the rate of essential and nonessential FFA 
oxidation to CO2 in mice. 

MATERIALS AND METHODS 

Animals and Tumors 

Male, Swiss Webster mice (Hilltop Lab 
Animals, Inc., Chatsworth, CA), 5-10 weeks 
old, maintained on Purina Laboratory mouse 
chow and water ad libitum, were used. Tumor 
inoculations with 15 x 106 Ehrlich-I.ettrd 
hyperdiploid ascites tumor ceUs (chromosome 
number 44) were made using the transplanted 
cells from the subline maintained in Swiss 
Webster mice by Dr. Ralph McKee, Biological 
Chemistry Department, UCLA School of  
Medicine. The details of the transplantation 
procedure have been described previously (5). 
Mice were used 9-10 days following the inocula- 
tion. At that time, their body weights had 
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increased from 28.5 + 0.6 g to 44.3 + 0.9 g 
(mean + SE, n = 28) and their whole tumor 
volumes (cells plus extracellular fluid) were 
8-10 ml. The age-m=itched control animals had 
body weights equal to 32.6 -+ 0.4 g (mean + 
SE, n = 16) on the experimental days. The 
experiments started at 8-9 a.m. at which time 
the breath CO2 collections from the first pair 
of mice (one control and one tumorous) were 
started. Commonly, 4 such pairs of mice were 
used in any single experiment on a given day. 
Breath CO2 collection from the last pair started 
around 3-4 p.m. at the latest. From our previ- 
ous experience, mice with access to food ad 
llbitum under the circumstances of our experi- 
ments are likely to be post-absorptive or briefly 
fasted (3,4). 

Sodium Bicarbonate 

NaH14CO3, 4.2 mCi/mmol (Dhom Products, 
Ltd., Los Angeles, CA, Lot No. C03702), was 
used. Each mouse was injected iv with 1.5 /aCi 
of this tracer, diluted to 50/zl in slightly alka- 
line saline. 

Fatty Acid-Serum Albumin Complexes 

[l-14C]Palmitic acid, 58 mCi/mmol, and 
[1-14C]linoleic acid, 52~5 mCi/mmol (Dhom 
Products, Ltd., Los Angeles, CA, Lot Nos. 
C16103B, C16103C, and C22904), 99% pure 
by thin layer chromatography on silica gel and 
silver nitrate silica gel systems, were used. Fatty 
acid-serum albumin complexes of each were 
prepared according to the procedure described 
previously (7). In the injected dose, the final 
molar ratio of the total FA (added and already 
present in serum) to serum albumin was ca. 2. 
In our experiments, 50 /zl containing either 1 
/.tCi of palmitate complex or 0.4 /aCi of the 
linoleate complex was injected iv (tail vein). 

Breath CO 2 Measurements 

The apparatus and the techniques for col- 
lecting the  expired air, trapping the CO~ pres- 
ent in the breath of mice, and measuringa4CO2 
have been described in our earlier study (8). 

Liquid Scintillation Counting 

Aliquots (0.5 ml) of the trapping agent taken 
at different times during each experiment were 
dispersed in 10 ml of Insta-Gel/toluene (1:1, 
v/v) scintillation cocktail in glass counting vials 
(8). Appropriate blanks and dose assays were 
PrCepared similarly. All samples were assayed for 

-radioactivity in a Beckman LS 3133P liquid 
scintillation spectrometer. An external standard 
was used to determine the degree of quenching. 

AND N. BAKER 

Multicompartmental Analyses 

Multicompartmental models were formu- 
lated to fit the data and to compute the FFA 
transport and oxidation rates using the SAAM 
program (9), and an IBM 360/91 digital com- 
puter. Many of the general assumptions in- 
volved in the use of simplified models to study 
rates of oxidation of metabolic fuels have been 
described and discussed in an earlier article (10). 

RESULTS 

Bicarbonate-CO= Systems 

Transport of ]4CO 2 to the lungs and subse- 
quent expiration in breath involves mixing and 
dilution of 14CO2 in the intermediate pools of 
HCO~-CO2 in both tumor-beating and control 
mice. To identify the kinetics of these pools 
and to incorporate them in our analysis for 
estimation of the rates of FA oxidation, we 
have done the following 2 sets of experiments. 

Breath ~4CO2 in Control and EAT-Bearing Mice 
after iv Injection of Tracer NaH14CO3: 
Kinetic Behavior of the Bicarbonate Pools 

A group of normal and EAT-beating mice 
were injected with tracer NaH14CO3 iv and the 
cumulative appearance of 14CO2 in their breath 
was measured (8). Figure 1 shows the data from 
these experiments. As can be seen, in both t h e  
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FIG. 1. Breath ~4CO2 following iv injections of 

tracer NaH~*COa into control (open circles; n = 3) and 
EAT-bearing (dark circles; n = 4) mice. Bars, -+ SE. 
Curves represent the least squares fits obtained 
with SAAM using the 2-compartment model shown 
and allowing all 3 fractional transport rates to adjust 
during iterations. The computed values for the rates 
are shown in Table 1.13 represents the influx of un- 
labeled C02-bicarbonate to maintain the steady-state. 
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T A B L E  1 

F r a c t i o n a l  T r a n s p o r t  Ra tes  (min  ~ ) o f  the  B i c a r b o n a t e - C O  2 S y s t e m  
in C o n t r o l  a n d  E A T - B e a r i n g  Mice 
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ko3 a k43 ka4 

C o n t r o l  0 .34  • 0 . 0 1 4  b 0 . 0 8 5  • 0 . 0 2 3  0 . 0 0 3 4  • 0 .001  
E A T - B e a r i n g  0 . 2 0  -+ 0 . 0 0 7  0 . 1 3  • 0 . 0 1 3  0 . 0 1 8  • 0 . 0 0 3  

a F r a e t i o n a l  r a tes  c o r r e s p o n d  to  those  s h o w n  in Fig. 1. 
b M e a n  -+ SD (n = 4).  

controls (open circles) and EAT-bearing (dark 
circles) mice, about 85% of the injected label 
was expired in breath 14CO2; however, in con- 
trol mice, almost all of the expired ~4CO2, was 
recovered in breath in the initial 15-20 min, 
whereas in the EAT-bearing group, the appear- 
ance of 14CO2 was relatively delayed and 
reached 85% of the dose toward the very end 
of the experiment. This delayed appearance of 
14COz implies that EAT-bearing mice have 
larger or more bicarbonate pools than controls. 
Since our only aim in these studies was to 
define the kinetics of the HCO3-CO2 system so 
that we could estimate the oxidation rates of 
FA to CO2 (see below), we did not attempt any 
more detailed investigation of this difference. 
We used the 2-compartment model shown in 
Figure 1 to fit the data separately for each 
group of mice. Compartment 3 in the model 
includes all the HCO3-CO2 pools that are in 
rapid equilibrium with the vascular pool where 
the injection (iv) of the tracer takes place and 
from which CO2 is expired. Compartment 4 
represents a lumping of those body HCO~-CO2 
pools which turn over slowly, but fast enough 
to recycle labeled bicarbonate into compart- 
ment 3 during the experiment. The best least 
squares fits obtained by allowing the adjust- 
ment of all 3 fractional transport rates (shown 
in Fig. 1) for control and EAT-bearing mice are 
shown by the curves drawn in Figure 1. The 
values of the fractional transport rates are 
shown in Table 1. In the control mice, only 
about 20% of the total flux of the rapid com- 
partment mixes with the slow compartment 
[k43/(k43 + k03)]; this mixing component 
reaches about 40% of the total flux in EAT- 
bearing mice. This increase is partly due to  
exchange of plasma bicarbonate with the large 
tumor extracellular fluid bicarbonate pool 
(M. Ookhtens and N. Baker, unpublished obser- 
vations). The 2-compartment models for the 
HCO]-CO2 systems of control and EAT-bearing 
mice were later integrated with our model for 
FFA turnover (4) to compute the rates of FFA 
oxidation to COx (see below). 

Breath |4C02 Measurements after iv Injection 
of Tracer [1J4C] Palmitate or [1J4C] Linoleate 

Either of these labeled tracer FA complexed 
to mouse serum albumin was injected iv into 
separate groups of control and EAT-bearing 
mice and their breath ~4CO2 output was mea- 
sured. As can be seen (Fig. 2), 30-40% of the 
injected doses were recovered as breath 14CO2 
in 1 hr. The apparent features of these data 
were the virtual identity of the breath 14CO2 
between the control and EAT-bearing groups 
for each tracer FA. There was no evidence that 
the essential FA 18:2 was being spared from 
oxidation any more than the nonessential FA 
16:0. In fact, about 30% more 14CO2 was ex- 
pired after injection of [ 14C] 18:2 compared to 
that expired after injection of [14C] 16:0 (Fig. 
2; about 40% vs 30% of injected dose). This 
difference is diminished when the relative 
plasma pool sizes of the 2 FA are considered in 
control and EAT-bearing mice (15-30% higher 
plasma 16:0 vs 18:2 concentrations [3]). 
Therefore, instead of attempting to highlight 
the minor differences in the molar rates of oxi- 
dation of each FA, we have used tracer data 
from each to estimate a range for the rates of 
total FA oxidation, considering each tracer to 
be representative of the kinetics of total FA 
oxidation (3). 

Estimation of FFA Oxidation Rates by 
Multicompart mental Analysis 

To estimate the rates of FFA oxidation from 
the data presented in Figure 2, we proceeded 
as follows. We had already established in an 
earlier study (3) that plasma palmitate and lino- 
leate (as FFA-albumin complexes) turn over at 
the same rate in both EAT-bearing and control 
mice. Second, we used the 2-compartment 
model proposed by Baker et al. (4) which was 
based on a detailed study of the turnover of 
labeled palmitate complexed to serum albumin 
in fasted tumor-bearing and control mice. We 
believe that this simplification is warranted 
since our earlier study (4) had defined the kine- 
tics of plasma F F A  turnover within narrow 
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FIG. 2. Breath 14CO2 following iv injections of (a) [ 1-~4C1 palmitate and (b) [ 1J4C] - 
linoleate complexed to m o u ~  serum albumin into control (open circles) and EAT-bearing 
(dark circles) mice, respectively. Data points and vertical bars represent mean -+ SE for 4 
mice in each group. Broken and continuous curves represent the least squares fits to the data 
from control and EAT-bearing mice using the integrated model (Fig. 3) of the FFA and 
HCO;-CO 2 subsystems. 

limits and all of the parameters were identical 
in the EAT-bearing and control mice. We then 
integrated this 2-compartment model that 
defined the plasma- and extraplasma-FFA 
kinetics with the bicarbonate model (Fig. 1) 
for each group (parameters listed in Table 1). 
The integrated model is shown in Figure 3. 
For each case, i.e., control and EAT-bearing 
mice, the fractional transport rates for the 
HCO3-CO2 system were set to the values identi- 
fied before (Table I) and were kept constant 
during successive iterations using the SAAM 
program (9). Most of the fractional transport 
rates of the 2-compartment model representing 
plasma FFA kinetics were also kept constant. 
Thus, k~2 and k21, representing the exchange 
between compartments 1 and 2, and the total 
fractional irreversible disposal (kol + k31 in 
Fig. 3) were fixed at the values determined 
previously (4). In each case, k31 (i.e., the frac- 
tional rate of FFA oxidation) was the only 
parameter allowed to adjust independently 
while fitting the integrated models to the data 
presented in Figure 2. The value for k0t was a 
dependent variable, defined as k01 = 1 .2-  k31 
(see Fig. 3). The computer-derived fits are 
shown by broken (controls) and solid (EAT- 
bearing) curves in Figure 2. Table 2 presents 
the values estimated by the SAAM program for 
the fractional rates (rain -1) of FA oxidation 
(k31), previously measured FFA pool sizes (4), 
and our computed rates (#eq/min/mouse) of 
FFA oxidation in control and EAT-bearing 
mice using tracers [l-14C]palmitate and [ 1- 
14C] linoleate. 

As shown in Table 2, the mean fractional 
rates of FFA oxidation using labeled palmitate 
as a tracer were lower than the corresponding 
values using labeled linoleate in both control 
and EAT-bearing mice (0.39 vs 0.55 min -1 and 
0.48 vs 0.61 min - l ,  respectively). Since the 
fractional SD of each rate obtained with the 
SAAM analysis was only about 2-3%, each of 
these differences was highly significant (p < 
0.01). However, this statistical analysis is in- 
conclusive for 2 reasons. First, the SD of k31 
are unrealistically low due to the method of 
analysis used (fixed parameters for the FFA 
and bicarbonate subsystems). Second, as al- 
ready noted, the pool sizes of plasma palmitate 
tend to be 15-30% greater than those of lino- 
leate in both groups (3). Therefore, the oxida- 
tion rates, when expressed as/aeq 16:0 or 18:2/ 
min/mouse, are clearly not significantly differ- 
ent. Whether or not linoleate is oxidized sig- 
nificantly faster than palmitate, one point is 
clear: essential FFA oxidation is not reduced 
compared to nonessential FFA oxidation in 
these tumor-bearing mice. 

The values of k31 shown in Table 2 also 
indicate clearly that, regardless of the tracer 
used, the fractional rates of FFA oxidation in 
tumor-bearing mice are not depressed compared 
to those of the controls. Thus, using labeled 
palmitate, the fractional rates were 23% faster 
in the tumor-bearing mice (0.48 vs 0.39 min -1); 
using labeled linoleate, there was a 10% increase 
in the rate (0.61 vs 0.55 min- l ) .  In each case, 
the difference appeared to be statistically signi- 
ficant; however, as already noted, the fractional 
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SD obtained in the SAAM analysis were un- 
realistically low (2-3%). The mean of  the frac- 
tional rate constants using 16:0 and 18:2 may 
give the best estimate of k31 for the total 
plasma FFA pool (Table 2, line 3). The grand 
mean was 17% faster in the tumor-bearing than 
in the control mice (0.55 + 0.065 vs 0.47 --- 
0.080 rain-l) .  The difference was not staffs- 
tically significant. Therefore, based on the 
values for k31 shown in Table 2, the FFA being 
mobilized from the fat depots in the tumor- 
bearing mice are not spared from an oxidative 
fate when compared to the controls. This is 
also seen deafly when the mean fractional FFA 
oxidation rates are multiplied by the corres- 
ponding plasma FFA pool sizes of each group. 
As shown in the bot tom of Table 2, the FFA 
oxidation rate to CO2 tended to be faster in the 
tumor-bearing than in the control mice (1.00 + 
0.23 vs 0.79 -+ 0.25/~eq FFA/min/mouse);  the 
difference was not statistically significant. 
Based on these observations and our earlier 
study (3), we must conclude that both essential 
and nonessential FFA are mobilized from the 
fat depots at approximately equal rates in EAT- 
bearing and control mice and the mobilized 
FFA are oxidized to CO2 at least as rapidly in 
the tumor-beating mice as in the controls. 

DISCUSSION 

Although many earlier studies (e.g., review 
by Begg [ 11 ] ) have reported the mobilization 
and depletion of fat stores along with develop- 
ment of hyperlipidemia in cancer-bearing 
animals, we have been unable to find any 
published quantitative studies of plasma FFA 
oxidation rates in cancer-bearing mice. The 
only directly relevant study seems to be that 
of Waterhouse and Kemperman with human 
subjects (12). They found no difference in the 
rates of plasma FFA oxidation in cancer pa- 
tients compared to controls. The early study of 
Medes et al. (13) clearly established that exog- 
enously fed fatty acids are rapidly oxidized by 
tumor-bearing mice; however, rates of  FA oxi- 
dation were not calculated (about 80-90% of 
ingested [1-taC]palmitic acid was expired as 
14CO2 within 24 hr), and no control mice were 
studied. 

Aside from the findings of Kitada et al. (1), 
we know of only one other study., that of Costa 
et al. (14), in which FA oxidation in the tumor- 
bearing host was reported to be impaired. Costa 
et al. described a marked depression of breath 
t4CO2 formation from injected 14C-labeled tri- 
glyceride in mice beating Krebs-2 carcinoma vs 
controls. We have criticized (8) their experi- 
mental design in terms of both the form and 
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FIG. 3. Integrated model of FFA turnover and 
Oxidation to CO 2. The FFA subsystem was defined in 
an earlier study (4), and the HCO;-CO, subsystem was 
developed in this paper. This integrated model was 
used to estimate the fractional rate of FFA oxidation, 
k3t, which was submitted as the only independent 
adjustable parameter during the SAAM runs. The frac- 
tional rates between compartments 1 and 2, as well as 
the total rate of loss out of compartment 1, i.e. (ko~ + 
k3t) , were kept constant and equal to values deter- 
mined before (4). The fractional transport rates of the 
HCO;-CO 2 system were submitted as constants and 
equal to the ones presented in Table 1 for control and 
EAT-bearing mice. The arrow marked with *FFA 
represents the iv injection of tracer 16:0 and 18:2. I~ 
represents the influx of cold FFA to maintain the 
steady-state. 

route of  tracer administration ([ t4Cl tripalmitin 
dissolved in carrier peanut oil, injected intra- 
peritoneally), as well as their failure to measure 
any intermediate pool sizes involved in tracer 
dilution (e.g., the plasma TG pool). Our experi- 
ments (8) that were designed to verify the 
generality of  the findings of Costa et al. (14) 
failed to show any depression of plasma VLDL- 
TGFAJ4C oxidation to 14CO2 in mice bearing 
subcutaneous, solid Ehrlich tumors. Mice bear- 
hag Ehrlich ascites tumors show a significant 
(2-to-3-fold) depression in the breath 14CO 2 
compared to controls when both are injected 
iv with VLDL-TGFAJ4C; however, this depres- 
sion is almost entirely accountable (M. Ookh- 
tens and N. Baker, unpublished observations) 
by tracer dilution due to the hypertriglyceri- 
demia that develops in this cancer-host model 
(15,16). 

Thus, the available literature would lead 
one to predict that FFA are readily oxidized 
by the tumor-bearing host. Yet, in a recently 
published study by Kitada et al. (1), the in- 
teresting incidental observation was made that, 
in mice bearing virus-accelerated lymphoma, 
the labeled essential FA (18:2) mobilized from 
the host adipose tissues are largely sequestered 
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TABLE 2 

Fractional and Total Rates of Plasma FFA Oxidation 
in Control and EAT-Bearing Mice 

Parameters 
(rates and pool sizes) Control EAT-Bearing 

Fractional rates (k.3 t) of EFA 
oxidation (rain- ' )  for: 

[ l-t4C palmitate 0.39 a 0.48 
I 1-14C]linoleate 0.55 0.61 
Mean (16:0 + 18:2) 0.47 -+ 0.080 b 0.55 • 0.065 c 

Plasma FFA pool sizes 
(geq/mouse) d 1.69 -+ 0.53 1.82 • 0.42 

Rates of total FEA oxidation 
(/aeq/min/mouse) e 0.79 -+ 0.25 1.00 -+ 0.23 

aFractional SD were of the order of magnitude of 2-3% but are not shown because of 
constraints used in t h e  SAAM analysis (see text). 

b• SD. 
cNS (control vs tumor-bearing mice). 
dData from our previous study (4). 
eComputed by multiplying the mean fractional rates (line 3) by the plasma FFA pool 

sizes (line 4 ) o f  control and tumorous mice, respectively, taking into account the variances. 

by  t u m o r o u s  t issues and  spared  f rom an  oxida-  
tive fate.  This obse rva t ion  raises the  possibi l i t ies  
t h a t  essential  F A  were seques te red  by  the  
t u m o r  to  a grea te r  e x t e n t  t h a n  nonessen t i a l  F A  
and  t ha t  essent ia l  FA were pre fe ren t ia l ly  spared  
f rom ox ida t i on  to  CO 2 by  the  hos t .  (Since  the  
o x i d a t i o n  of  fa t ty  acids was no t  the  cen t ra l  
po in t  of  the i r  s tudy ,  Ki tada  et  al. did n o t  com-  
pare  essent ia /  with nonessential FA o x i d a t i o n . )  
We did no t  de tec t  any increased m o b i l i z a t i o n  
and  pre fe ren t ia l  s eques t r a t ion  of  the  essential  
F A  l inolea te  vs the  nonessen t ia l  F A  pa lmi t a t e  
by  EAT growing  in Swiss-Webster  mice (3,6) .  
In the  p resen t  s tudy ,  we have  measu red  the  oxi- 
da t ion  rates  o f  mobi l i zed  F A  to CO2, and  we 
have t r ied to tes t  d i rect ly  the  poss ibi l i ty  t h a t  
essential  F F A  are spared an ox ida t ive  fate in 
EAT-bear ing  mice.  However ,  to  avoid t echn ica l  
compl i ca t i ons  and  possible ar t i fac ts  i n t r o d u c e d  
by  graf t ing of  pre labeled  adipose  t issue pieces 
(1) ,  we selected a more  s t r a igh t fo rward  exper i -  
men ta l  design,  i.e., the  iv in jec t ion  of  t r acer  
F F A  c o m p l e x e d  to mouse  se rum a l b u m i n  fol- 
lowed  by m e a s u r e m e n t  of  b rea th  14CO2 for  
per iods  of  a b o u t  1 hr .  

Using t racer  t e chn iques  to iden t i fy  the  
k ine t ics  of  the  HCO~-CO2 sys tems in b o t h  
EAT-bear ing  and  con t ro l  mice,  and  integrat -  
ing our  previously descr ibed (4)  compar t -  
m e n t a l  mode l  for  p lasma F F A  kine t ics  wi th  
HCO3-CO2 models  developed in the  p resen t  
s tudy ,  we e s t ima ted  the  rates  o f  F F A  o x i d a t i o n  
in EAT-bear ing  and  con t r o l  mice.  Our  analyses  
failed to show any  evidence  for  the  spar ing  of  
F F A  f rom an oxidat ive  fa te  in EAT-bear ing  
mice compared  to con t ro l s ,  or  any t e n d e n c y  

toward  the  pre fe ren t ia l  spar ing of  the  essential  
FA compared  to  the  nonessen t i a l  FA.  

The  i n t e r p r e t a t i o n  of  ou r  resul ts  is depend-  
den t  on the  a s sumpt ions  i n h e r e n t  in t racer  
k ine t ic  m e t h o d s  involving single-dose in jec t ions  
and  m u l t i c o m p a r t m e n t a l  analyses (10) .  It is 
unl ikely  tha t  those  a s sumpt ions  could  be ins t ru-  
m e n t a l  in our  fai lure to  de tec t  any s ignif icant  
d i f fe rences  be tween  the  FA o x i d a t i o n  ra tes  in 
EAT-bear ing  mice vs cont ro l s .  If, indeed,  the re  
are any d i f fe rences  in these ra tes ,  t h e y  m u s t  be 
so sub t le  t ha t  they  c a n n o t  be de t ec t ed  by  ou r  
m e a s u r e m e n t  a n d / o r  analy t ica l  t echn iques .  At  
any  ra te ,  these d i f ferences  c a n n o t  be as d rama-  
tic (pract ica l ly  an  al l -or-none response  wi th  
respec t  to  F A  o x i d a t i o n )  as those  r epo r t ed  by  
Ki tada  et  al. (1).  

In o rde r  to  reconci le  ou r  resul ts  with  those  
of  Ki tada  et  al., several i m p o r t a n t  variables 
need  to be cons idered :  the  use of  labeled,  
graf ted fat  pads vs t ha t  of  labeled  F F A - a l b u m i n  
complexes  as t r ace r  t e chn iques  for  s t udy ing  fat  
d e p o t  mob i l i za t ion  and  FA ox ida t ion ;  differ- 
ences  in our  app roaches  to da ta  analyses;  inter-  
p r e t a t i on  of  sho r t - t e rm vs long- te rm t racer  
s tudies ;  the  use of  a solid l y m p h o m a  ra the r  
than  an ascites t u m o r  and  the  a t t e n d a n t  per fu-  
s ion- t r anspor t  factors ;  and,  perhaps ,  nu t r i t i ona l  
s tates  o f  the  mice.  Studies  designed to exp lore  
these variables in b o t h  t y m p h o m a - b e a r i n g  and  
F, AT-bear ing  mice and the i r  con t ro l s  are in 
progress. 
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ABSTRACT 

This study was undertaken to determine if rabbit neutrophils contain sufficient ether-linked pre- 
cursor for the synthesis of 1-O-aikyl-2-acetyl-sn-glycero-3-phosphocholine (platelet activating factor) 
by a deacylation-reacylation pathway. The phospholipids from rabbit peritoneal polymorphonuclear 
neutrophils were purified and quantitated, and the choline-containing and ethanolamine-contalning 
phosphoglycerides were analyzed for ether lipid content. Choline-containing phosphoglycerides (37%), 
ethanolamine-containing phosphoglycerides (30%), and sphingomyelin (28%) were the predominant 
phospholipid classes, with smaller amounts of phosphatidylserine (5%) and phosphatidylinositol 
(<1%). The choline~linked fraction contained high amounts of 1-O-alkyl-2-acyl- (46%) and 1,2-diacyl- 
sn-glycero-3-phosphocholine (54%), with a trace of the l-O-alk-l'-enyl-2-acyl species. The ethanola- 
mine-linked fraction contained high amounts of l-O-alk-l'-enyl-2-acyl- (63%) and 1,2-diacyl-sn-glycero- 
3-phosphoethanolamine (34%), and a low quantity of the l-O-aikyl-2-acyl species (3%). The predomi- 
nant l-O-alkyl ether chains found in the sn-1 position of the choline-linked fraction were 16:0 (35%), 
18:0 (14%), 18:1 (26%), 20:0 (16%), and 22:0 (9%). The major 1-O-alk-l'-enyl ether chains found in 
the sn-I position of the ethanolamine-linked fraction were 14:0 (13%), 16:0 (44%), 18:0 (27%), 18:1 
(12%) and 18:2 (3%). The major acyl groups in the sn-I position of 1,2-diacyl-sn-glycero-3-phospho- 
choline and 1,2-diacyl-sn-glycero-3-phosphoethanolamine were 16:0, 18:0 and 18:1. The most abun- 
dant acyl group in the sn-2 position of all classes of choline-and ethanolamine4inked Ph0sphoglycer- 
ides was 18:2. Although this work does not define the biosynthetic pathway for platelet activating 
factor, it does show that there is ample precursor present to support its synthesis by a deacylation- 
reacylation pathway. 
Lipids 17:72-77, 1982. 

INTRODUCTION 

PAF is a very poten t  inducer  of  rabbit plate- 
let aggregation and the release of  serotonin,  
prostaglandins and granular const i tuents  from 
platelets (1). It has recently been shown to have 
the s tructure l-O-alkyl-2-acetyl-sn-glycero-3- 
phosphochol ine  (1-O-alkyl-2-acetyl-GPC) (2). 
Originally, PAF was found to be secreted f rom 
antigen-st imulated,  IgE-sensitized basophils, 
and has since been shown to also be secreted by 
other  cells including macrophages (3), mono-  
cytes and po lymorphonuc lea r  neutrophi ls  
(PMN) (4). 

Two pathways  for the synthesis of  1-O-alkyl- 
2-acetyl-GPC have been demonst ra ted  in micro- 
somal preparat ions of  rat spleen and several 
o ther  tissues. The first pathway involves an 
acetyltransferase enzyme  which transfers ace- 
tate from acetyl-CoA to l-O-alkyl-2-1yso-GPC 
(5). In the second pa thway,  1-O-alkyl-2-acetyl- 
GPC is synthesized f rom l-O-alkyl-2-acetylgly- 
cerol by a Cl)P-choline:  l-O-alkyl-2-acetylgly- 

Abbreviations: PAF, platelet activating factor; 
GPC, sn-glycero-3-phosphocholine; PMN, polymorpho- 
nuclear neutrophils; TLC, thin layer chromatography; 
GPE, sn-glyc~ro-3-phosphoethanolamine; GLC, gas 
liquid chromatography; PC, choline-containing phos- 
phoglycerides; PE, ethanolamine-containing phospho- 
glycerides; PS, phosphatidylserine; PI, phosphatidyl- 
inositol. 

cerol chol inephosphotransferase  reaction (6). 
For  the first pathway to operate  as part of  a 
deacylat ion-reacylat ion cycle in whole ceils, 
a pool  of  1-O-alkyl-2-acyl-sn.glycero-3-phospho- 
choline containing a long-chain residue at the 
2-position would be expected .  In this case, a 
phospholipase A2 react ion (7) would make 
available the necessary substrate for the acyl- 
transferase of  the deacy!at ion-reacylat ion path-  
way. Chap et al. (8) showed that  14C-labeled 
acetate was incorpora ted  into 1-O-alkyl-2- 
acetyl-GPC in s t imulated platelets;  however ,  
this work did no t  define the pa thway of  syn- 
thesis. 

In this s tudy,  we have characterized the 
lipids of  rabbit neutrophi ls  to  de termine  if the 
cells contain enough 1-O-alkyl-2-acyl-GPC to 
serve as a possible precursor of  1-O-alkyl-2- 
acetyl-GPC. Our s tudy was l imited to  the phos- 
pholipids because we were focusing on possible 
PAF precursors and because work  has previous- 
ly been done on PMN neutral  l ipid (9). 

MATERIALS AND METHODS 

Materials 

All chemicals were reagent grade or be t ter  
and solvents were distilled before  use. Type I1 
shellfish glycogen,  phospholipase C (Bacillus 
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cereus) and phospholipase A2 (Ophiophagus 
hannah venom) were obtained from Sigma 
Chemical Co. Rhizopus delemar lipase was 
obtained from Miles Biochemicals. 1-O-Alkyl- 
glycerol standards were purchased from Serdary 
Research Laboratories. All other lipid standards 
were from Supelco and Nu-Chek-Prep. Vitride 
(NaAIH2[OCH2CH2OCH 3] 2) was purchased 
from Alfa Products. 

Preparation of Cells 

Rabbit peritoneal PMN were obtained from 
New Zealand Albino White rabbits 3-5 hr after 
the administration of Type II shellfish glycogen 
(10). The leukocyte population contained bet- 
ter than 95% PMN and there were less than 20 
platelets/100 PMN. Cell yield from 3 rabbits 
was 1-2 x 109 PMN. 

Extraction and Fractionation of Lipids 

Cellular lipids were extracted by the method 
of Bligh and Dyer (11) immediately after cell 
collection. The choline-linked and ethanola- 
mine-linked glycerolipid fractions were purified 
by preparative TLC on Silica Gel H. The plates 
were developed in chloroform~methanol~glacial 
acetic acid/water (50: 25: 8:4, v/v) and the lipids 
were recovered from the gel by Bligh and Dyer 
extraction (I I ). 

Quantitation of Phospholipid 

An aliquot of the total lipid extract (200- 
300 #g) was analyzed by 2-dimensional TLC 
using chloroform~acetone~glacial acetic acid/ 
methanol/water (60:24:18:12:6,  v/v) in the 
first dimension and n-butanol/glacial acetic 
acid/H20 (80:26:26, v/v) in the second dimen- 
sion (C.C. Cunning, ham, personal communica- 
tion). The various phospholipids were visualized 
and assayed for lipid phosphorus using the 
method of Rouser et al. (12). Recovery of 
phospholipid phosphorus was better than 90%. 

Separation and Quantitation of 1,2-Diacyl-, 
1-O-Alkyl-2-acyl- and 1-O-AIk-1 '-enyl-2-acyl-GPC 
and -GPE 

Purified choline- and ethanolamine-contain- 
ing fractions (1-3 rag) were coated inside a 100- 
ml round-bottomed flask, exposed to HC1 gas 
for 5 rain to hydrolyze the 1-O-alk-lt-enyl 
groups, and then flushed thoroughly with Nz. 
The cleaved aldehyde, the lysophospholipid, 
and the unreacted phospholipid were separated 
by preparative TLC as described in the previous 
section. The amount of lysophospholipid as 
determined by lipid phosphorus analysis of the 
separated products was taken as the l-O-alk-l '-  
enyl content. Cleavage of the diacyl and alkyl- 

acyl phospholipids was negligible under these 
conditions. 

The unhydrolyzed phospholipid was treated 
with phospholipase C and the products acety- 
lated according to Waku et al. (13) to yield 1,2- 
diacyl-3-acetylglycerol and 1-O-alkyl-2-acyl-3- 
acetylglycerol. These 2 species were separated 
by preparative TLC on Silica Gel H using hex- 
ane/diethyl ether/glacial acetic acid (70:30:1, 
v/v). In order to measure the different classes, 
the purified acetylglycerides and the lysophos- 
pholipid from acid treatment were dissolved in 
2.7 ml of methanol containing 7% H2SO 4. The 
samples were sealed under N 2 and heated for 
2.5 hr at 80 C. After cooling in ice 2 ml of H20 
were added and the methyl esters were ex- 
tracted twice into hexane. These samples were 
analyzed by GLC as described next using 15:0 
methyl ester as an internal standard. Each tool 
of methyl ester was taken to represent 1 tool of 
l-O-alkyl-2-acyl-phospholipid, 1 mol of 1-O-alk- 
1 -enyl-2-acyl-phosphohpld, or 0.5 mol of 1,2- 
diacyl phospholipid. 

Determination of 1-O-AIk-l'-enyl Chain Distribution 

Aldehydes formed from acid treatment of 
plasmalogen were reduced with Vitride (Na- 
A1H: [OCH2CH2OCH3 ] 2) to the corresponding 
alcohol by the method of Snyder et al. (14). 
The fatty alcohols were then acetylated in the 
same manner as the diglycerides (13) and ana- 
lyzed by GLC as described later using 15:0 
alcohol acetate as an internal standard. 

Determination of 1-O-Alky! Chain Distribution 

l-O-Alkyl-2-acyl-3-acetylglycerol (1-2 mg) 
was reduced with Vitride for 1.5 hr as already 
described to yield 1-O-alkylglycerol, which was 
purified by preparative TLC. The isopropyli- 
dene derivative was made by a modified meth- 
od of Wood (15). Briefly, 1 ml of acetone con- 
taining 0.1 pl of 70% perchloric acid was added 
to the sample. The mixture was allowed to 
stand at room temperature for 20 min, 1-2 
drops of concentrated NH4OH were added, and 
the product was extracted 3 times with 1:1 
hexane/diethyl ether. The isopropylidene deriv- 
atives were analyzed by GLC as described later. 
The 1-O-alkyl chain distribution was based on 
area percentages. Peak identities for these 
samples were also confirmed by GLC-mass 
spectroscopy (GLC-MS) analysis as described 
later. 

Fatty Acid Distribution of 1,2-DiacyI-GPC and -GPE 

Fatty acyl residues at positions 1 and 2 of 
diacyl-GPC and -GPE were analyzed by the 
method of Sugiura et al. (16). 
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GLC Analyses 

All GLC analyses were p e r f o r m e d  on a 
Var ian  3700  gas c h r o m a t o g r a p h  wi th  a CDS- 
111 data  processor .  Methy l  esters were ana- 
lyzed on  a 62-m glass capi l lary c o l u m n  coa ted  
wi th  OV-351'. C o l u m n  t e m p e r a t u r e  ranged f rom 
155 to  245 C wi th  a p r o g r a m m e d  rate o f  8 C/  
min  up  to  200  C, t hen  5 C /min  up  to  245 C. 
The  h e l i u m  f low ra te  was 1 m l / m i n .  The injec- 
t o r  and  de t ec to r  t e m p e r a t u r e s  were 200 and  
300  C, respect ively.  

F a t t y  a lcohol  ace ta tes  were separa ted  on  a 
6-ft  glass c o l u m n  packed  wi th  10% Silar-10C on  
100 /120  mesh  Gas-Chrom Q. C o l u m n  tempera -  
ture  ranged f rom 160 to 235 C at  a ra te  of  3 C/ 
min.  l sop ropy l idene  alkylglycerols  were ana- 
lyzed on  the  same co l um n ;  however ,  t he  tem-  
pe ra tu re  ranged f rom 180 to  235 C at 3 C]min .  
The  n i t rogen  f low rate  was 30 m l / m i n .  In jec to r  
and  de t ec to r  t e m p e r a t u r e s  were 200  C and  300  
C, respect ively.  

GLC-MS analysis was p e r f o r m e d  u n d e r  the  
auspices o f  Dr. D.L. Mil l ington (Univers i ty  of  
N o r t h  Carolina,  Chapel  Hill). The  i n s t r u m e n t  
was a VGMM-7070  doub le  focusing mass 
s p e c t r o m e t e r  coupled  to  a HP-5710A gas chro-  
ma tograph .  The c o l u m n  was a 25-m HP " fused  
si l ica" SP2100  coa ted  capil lary,  p r o g r a m m e d  
f rom 60 to  200  C at 20 C/ra in ,  t hen  f rom 200 

to  270  C at 4 C/min .  The  carr ier  f low rate was 
1 ml /min .  

RESULTS A N D  DISCUSSION 

The phosph0 l ip ids  of  r abb i t  PMN, which  
c o n s t i t u t e d  ca. 43% by mass of  t he  to ta l  l ipid 
f rac t ion ,  were q u a n t i t a t e d  by  TLC and  lipid 
p h o s p h o r u s  analysis as descr ibed in Methods .  
As s h o w n  in Table  1, the  phospho l ip ids  were 
f o u n d  to  be h igh  in PC (37%),  PE (30%) and  
sph ingomye l in  (28%). There  was also a signi- 
f i can t  a m o u n t  of  PS (5%) and  a trace of  PI 
(<1%).  No ly sophospho l ip id s  were de tec ted .  
These  results  are s imilar  to the  f indings of  
Mason et al. (17) ,  which  showed  guinea pig 
pe r i tonea l  PMN to  be h igh in PC (34%), PE 
(32%) and  sph ingomye l in  (19%) wi th  smaller  
a m o u n t s  of  PS (8%) and  PI (5%). Circula t ing  
h u m a n  PMN, however ,  have been  r epo r t ed  to 
con ta in  h igher  a m o u n t s  of  PC (44%) and  
reduced  levels of  sph ingomye l in  (5%) in addi- 
t i on  to PE (33%),  PS (8%) and  PI (7%) (9).  
In this  s tudy ,  p la te le t  l ipid c o n t a m i n a t i o n  was 
ca lcula ted  to be  n o  more  t han  1% based on  the  
phospho l i p id  c o n t e n t  of  h u m a n  pla te le ts  (18) .  

As s h o w n  in Table  2, the  PC f rac t ion  o f  rab- 
bit  PMN c o n t a i n e d  54% 1,2-diacyl-GPC and  
46% 1-O-alkyl-2-acyl-GPC. To  ou r  knowledge ,  

TABLE 1 

Phospholipid Composition of Polymorphonuclear Leukocytes 

Sphingomyelin 
Choline-containing phosphoglycerides 
Phosphatidylinositol 
Phosphatidylserine 
Ethanolamine-containing phosphoglycerides 

mol % phosphorus 
(N = 9) a 

2 7 . 8  + 1 . 9  
3 7 . 0  -+ 1 . 9  

<1 
4 . 8  -+ 1 . 9  

29.8 +- 1.9  

aEach determination represents a separate population of 1-2 X 10 9 cells. Standard devia- 
tions are given. There were 5350 +- 965 nmol of l i p i d  p h o s p h o r u s [ l O  9 PMN (N = 3) and 937 
-+ 65 nmol of lipid phosphorus/mg of total lipid (N = 3). 

TABLE 2 

Ether Class Composition of Choline- and Ethanolamine-Containing Phosphoglycerides 

Choline-containing 
phosphoglycerides 

(N : 4) a 

Ethanolamine-containing 
phosphoglycerides 

(N = 3) a 

1,2-Diacyl 54.3 + 2.2 b 33.7 -+ 0.8 
l-O-Alkyl-2-acyl 45.5 +- 2.5 3,0 -+ 0.8 
1-O-Alk-l'-enyl-2-acyl trace 63.4 -+ 2.4 

aEach determination represents a separate population of cells. 
bData are presented as tool % -+ standard deviation. Classes were quantitated as described 

in Methods. 
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TABI.E 3 

I"atty Chain Distribution of Choline-('ontaining i'hosphoglyccrides 

75 

1.2-l)iacyl 1 -O-AI kyl-2-acyl 
(nlol %) (tool %) 

Position 1 Position 2 Position 1 l'osition 2 
(N - 2) a (N = 4) a (N - 3) a,h (N - 4) a 

16:0 42.7 + 1.4 16.2 * 0.5 35.1 *- 2.4 13.1 +- 1.9 
16:1 4.6 r 2.3 3.5 * 0.3 -- 2.0 * 0.4 
18:0 15.3 • 2.2 4.0-+ 1.6 14.1 _+ 1.1 2.2 -+ 0.7 
18:1 25.7 + 3.1 16.6 ~ 2.0 26.1 -" 1.S 13.7 * 2.7 
18:2 8.9-+ 1.5 52.7 + 4.5 -- 65.0 ~: 2.0 
18:3 0.5 ~ 0.5 1.2 t 0.7 - 0.4 ~- 0.4 
20:0 16.0"t- 1.3 - 
20:3 0.8 ~ 0.8 1.7 ~ 1.0 -- 
20:4 0.2 ~ 0.2 2.7 ~ 0.3 - -  1.3 • 0.7 
20:5 - 0.2 • 0.3 -- 
22:0 -- - 8.7 -~ 1.9 -- 
Other c -- 1.1 ~ 0.6 -- 0.1 r 0.2 

aFach determination represents a separate population of cells. Standard deviations are 
given. 

hBased on area % rather than mol %. 
CMinor chains present were 22: 1, 22:4, 22:5 and 22:6. 

this is the first repor t  on the 1-O-alkyl c o n t e n t  
of  neut rophi l  l ipids;  this level is unusually high 
when compared  with the amounts  in mos t  
o ther  tissues (19). To conf i rm that  these levels 
were present ,  a comple te  Vitride reduct ion  (14) 
of  the chol ine-conta in ing  fract ion was per- 
fo rmed .  The alkylglycerol was quan t i t a ted  by 
the m e thod  of  Blank et al. (20) and found to  
agree with the GLC data. There was also a 
trace of  choline-l inked plasmalogen ( l -O-alk-  
l ' -enyl-2-acyl-GPC) as shown by lipid phos- 
phorus  analysis fol lowing acid hydrolysis ,  but  
fur ther  charac ter iza t ion  was not  pursued due to  
the minute  quant i t ies  present .  The PE fract ion,  
on the o ther  hand,  conta ined  high amoun t s  
of  1-O-alk-l ' -enyl-2-acyl-GPE (63%), smaller 
amount s  of  1,2-diacyl-GPE (34%), and a 
relatively low quant i ty  of  l-O-alkyl-2-acyl-GPE 
(3%). A high plasmalogen con t en t  in e thanola-  
mine phosphoglycer ides  (66%) has also been 
found  in circulating human  PMN (21). 

The fa t ty  acyl d is t r ibut ion of  PC and PE is 
shown in Tables 3 and 4, respectively.  The 
major  acyl groups found  in the PC and PE frac- 
t ions  were 16:0, 18:0, 18:1 and 18:2, which 
concurs  with Elsbach's  analysis o f  rabbi t  PMN 
total  lipid (22). In the 1,2-diacyl-GPC, the 
major  acyl group in the sn-I  posi t ion was 16:0 
(43%), but there  were also significant amoun t s  
of  18:1 (26%) and 18:0 (15%). l towever ,  the 
sn-I  posi t ion o f  the 1,2-diacyl-GPE conta ined  
mainly  18:0 (48%), with smaller amoun t s  o f  
18:1 (26%) and 16:0 (11%). 

The most  abundan t  acyl group in the sn-2 

posi t ion of  bo th  1,2-diac~,l-GPC (53%) and 
-GPE (48%) was 18:2, with lesser amoun t s  o f  
16:0, 18:1 and o the r  unsaturates .  Arachidonate  
comprised  only 3 and 6% of  the c h o l i n e - a n d  
e thanolamine- l inked  fractions,  respectively,  in 
the sn-2 posi t ion.  

To de te rmine  the e ther  chain d is t r ibut ion ,  
1-O-alkyl-2-acyl phosphoglycer ides  were ana- 
lyzed by GLC as the i sopropyl idene  derivative 
of  1-O-alkylglycerol as already described.  
Analysis by GLC-MS yielded character is t ic  
ions of  M-15 and m/z  = 101, bo th  indicative 
of  a glyceryl e ther  s t ructure  (2). In the l-O- 
alkyl-2-acyl-GPC, the 5 major  e ther- l inked 
chains were 16:0 (35%), 18:0 (14%), 18:1 
(26%), 20:0 (16%) and 22:0 (9%). GLC-MS 
analysis also showed minute  traces ( < <  1%) of  
14:0, 17:0, 19:0 and 18:2. The mass spectra  of  
the 20:0 and 22:0  i sopropyl idene  derivatives 
are shown  in Figure 1 ; their  presence is surpris- 
ing because the alkyl chains of  most  tissues 
analyzed have been res t r ic ted to  18 carbons and 
shorter .  However,  rat intest inal  mucosa  has 
been repor ted  to  conta in  22% 20:0 in the  1-O- 
alkyl-2-acyl-GPC fract ion (19). In the 1-O-alkyl- 
2-acyl-GPE fract ion,  these 5 major  peaks were 
also found ,  but  in slightly differing propor t ions .  
Due to the small amoun t s  of  1-O-alkyl-2-acyl- 
GPE available, only one quant i ta t ive  analysis 
of  the  chain d is t r ibut ion was done.  

As was the case with the  1,2-diacyl phospho-  
glycerides,  18:2 was the p r e d o m i n a n t  fa t ty  acid 
residue in the  sn-2 posi t ion  of  1-O-alkyl-2-acyl- 
GPC and -GPE, account ing  for 65 and 51%, 
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respectively, of  the residues at the 2-position. 
Smaller amounts of  18:1, 16:0 and 18:0 were 
also found, but there was again very little arach- 
idonate found in the sn-2 position, accounting 
for 1% in 1-O-alkyl-2-acyloGPC and 7% in the 

1-O-alkyl-2-acyl-GPE. 
The vinyl ether chain distribution of  1-O-aik- 

l '-enyl-2-acyl-GPE was determined by GLC as 
already described. Analysis of  the PE plasma- 
logen showed 14:0 (13%), 16:0 (44%), 18:0 

T A B L E  4 

F a t t y  C h a i n  D i s t r i b u t i o n  o f  E t h a n o l a m i n e - C o n t a i n i n g  P h o s p h o g l y c e r i d e s  

1 -2-Diacy i  l - O - A l k y l - 2 - a c y l  1 - O - A l k :  l ' - e n y l - 2 - a c y l  
( m o l  %) ( t oo l  %) ( t oo l  %) 

P o s i t i o n  1 P o s i t i o n  2 P o s i t i o n  1 P o s i t i o n  2 P o s i t i o n  1 P o s i t i o n  2 
(N = 2) a (N = 4)  a (N = 1)a, b (N = 2)  a (N = 3)  a (N = 7)  a 

1 4 : 0  . . . .  12 .8  + 2 .8  
1 6 : 0  10.8-+ 1.0 8.0-+ 3 .3  17 .0  I 0 . 0  • 1.7 44 .3 -+  3 .9  1~9 + 0 .8  
16 :1  1 . 5 - + 0 . 8  2 . 0 -  + 1.0 -- -- -- 1 . 0 - + 0 . 4  
1 8 : 0  4 7 . 8 - +  6 .8  6.4-+ 2 .6  2 6 . 0  7.7-+ 0 .0  2 7 . 0  • 3 .2  1.1 -+ 0 .8  
1 8 : 1  26.1 -+6.3  21 .7-+  2 .6  2 2 . 5  19.7-+ 1.5 1 1 . 8 - + 3 . 1  8 . 5 - + 0 . 5  
1 8 : 2  6 .0  -+ 1.1 4 7 . 8  • 12 .2  -- 50 .9  -+ 4 .2  2 .7  -+ 1.2 80 .2  -+ 2.1 
1 8 : 3  2.8-+ 1.4 2.2-+ 1.7 -- 3 .3  • 3 .3  -- 1.0-+ 0 .4  
2 0 : 0  -- -- 2 5 . 0  -- -- -- 

20:3 2.1 -+ 2.1 1.7-+ 0.7 -- -- -- 0.5 • 0.2 

20:4 0.3-+ 0.3 6.3-+ 0.8 -- 6.7 • 0.4 -- 4.5-+ 1.6 

2 0 : 5  -- 1.2-+ 1.2 -- -- -- 0.1 -+ 0.1 
2 2 : 0  -- -- 9.5 -- -- -- 
O t h e r r  3.2-+ 2 .3  1.3-+ 1.5 - 1 . 9 •  1.9 -- 1.2-+ 0 .9  

a E a c h  d e t e r m i n a t i o n  r e p r e s e n t s  a s e p a r a t e  p o p u l a t i o n  o f  cel ls .  S t a n d a r d  d e v i a t i o n s  are g i v e n .  

b B a s e d  o n  area  % r a t h e r  t h a n  m o l  %. 

CMinor  c h a i n s  p r e s e n t  we re  2 2 : 1 ,  2 2 : 4 ,  2 2 : 5 ,  2 2 : 6  a n d  24 :  1. 
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FIG. 1. Mass spectra of the 20:0 and 22:0 1-O-alkyl isopropylidene derivatives. Charac- 
teristic ions are shown at m/z = 101 and M - 15. 
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(27%),  18:1 (12%) and  18:2 (3%) as the  5 
ma jo r  vinyl  e the r  cha ins  in the  sn-1 pos i t ion .  
The sn-2 pos i t ion  was compr i sed  main ly  of  
18"2 (80%), 18:1 (9%), and  o the r  u n s a t u r a t e s  
inc lud ing  a r ach idona t e  (5%). 

This  s t u d y  provides  no  direct  i n f o r m a t i o n  on  
the  p a t h w a y  by which  PMN syn the s i ze  PAF.  
However ,  it does  show tha t  rabbi t  n e u t r o p h i l s  
con t a in  ample  p recursor  to  s u p p o r t  the  s y n t h e -  
sis o f  PAF  by a deacy la t ion - r eacy la t ion  pa th -  
way.  It will be i m p o r t a n t  to t ake  in to  a c c o u n t  
the  large a m o u n t s  of  l -O-alkyl-2-acyl-GPC in 
s tud ies  o f  the  syn thes i s  o f  PAF  in neu t roph i l s .  
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In vivo and in vitro Antilipolytic Effects of Some 
Various Substituted Homocysteine-Thiolactone- 
Nicotinamides: Structure-Activity Study 
F. M A C C A R I * ,  O .  G H I R A R D I ,  P. D E  W I T T  and  M . T .  R A M A C C I ,  Research Laboratories, 
Sigma- Tau S.p.A., Pomezia, Italy 

A B S T R A C T  

The antilipolytic activity of homocysteine-thiolactone-nicotinamide (ST22) and its 2-chloro 
(ST71), 6-chloro (ST82) and 6-hydroxy (ST90) derivatives was investigated by evaluation of serum 
free fatty acids (FFA) and triglycerides (TG) (in vivo) and FFA release from adipose tissue (in vitro). 
Increased FFA levels in 17-hr fasted rats at 60 rain following treatment with 7 �9 10-* mol kg -l p.o. 
were reduced by 70% (ST22), 60% (ST82) and 18% (ST71), whereas ST90 provoked no change; TG 
levels showed similar changes. Bawl FFA release from epididymal rat adipose tissue at 60 rain follow- 
ing treatment with 7 �9 10-" mol kg -1 p.o. of ST22 and ST82 was reduced by 79 and 45%, respectively. 
Lipid mobilization induced by noradrenaline (NA) was diversely affected by the compounds according 
to the tests employed: with in vivo experiments, serum FFA levels were reduced by 60, 70, 10 and 5% 
at 60 min following treatment with ST22. ST82, ST71 and ST90, respectively (7 - 10-4 mol kg -= p.o.; 
NA bitartrate, 2 mg kg -I s.c.); in vitro, ST22 produced no change, whereas the other compounds 
induced a significant mobilization of FFA. The results suggest that: (a) antilipolytic activity can be 
greatly modified when various substituents capable of influencing either the inductive (-1) or the reso- 
nance (+M) effect are introduced into the different positions of the pyridine ring; and (b) the lipolysis 
experiments did not evince any direct relationship between the effects obtained by the in vivo tests 
and those obtained by the in vitro tests. 
Lipids 17:78-83, 1982. 

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

A pre l iminary  pharmacologica l  inves t igat ion 
on a series of  molecules  co r re spond ing  to the 
fo rmula  h o m o c y s t e i n e - t h i o l a c t o n e - n i c o t i n a m i d e  
tha t  was done  to de tec t  new an t i l ipemic  agents  
showed  tha t  some of  t hem were endow ed  with 
i n  vivo an t i l ipo ly t ic  act ivi ty (1). A r educ t i on  in 
the  serum free fa t ty  acid ( F F A ) l e v e l s - i n -  
creased e i the r  by fast ing or no rad rena l ine  (NA)  
s t imu la t ion  in the  ra t - -was  found ,  bu t  no  antag- 
onism of  F F A  mobi l i za t ion  from rat ep id idymal  
tissue in vi t ro  occur red  (1). 

The absence  of  a re la t ionship  be tween  the  
results  ob t a ined  wi th  the  2 expe r imen ta l  models  
was also observed in the case of o the r  com- 
pounds ,  such as 3 ,5 -d imethy l -pyrazo le  and 5- 
me thy l -pyrazo le  3-carboxyl ic  acid, b o t h  of  
which are capable  of  depress ing serum F F A  
levels in vivo, bu t  only the  l a t t e r  of  inh ib i t ing  
lipid mobi l i za t ion  in vitro (2-4). This was 
shown  to be due to the  s t ruc tu re  o f  the  mole-  
cule and the  capabi l i ty  of  3 ,5 -d imethy l -pyrazo le  
to conver t  i tself  in vivo to the  active fo rm:  5- 
methy l -pyrazo le  t r i ca rboxyl ic  acid (5). 

The resul ts  ob t a ined  f rom the pre l iminary  
pharmacolog ica l  screening of  the molecules  
ST22,  ST82,  ST71 and ST90,  r epresen ted  by 
Scheme I, 

r--7 Z - ]  
II I , II 
I,~ x~l H O 

ST 22 ST 82 

c . - ~ / c . , . ~ / ~  r 
II I I II II I I II 
I~,, N~,$ ~C.I H O HO/l~,w N,~3 H O 

ST 71 ST90 

SCHEME 1 

suggest t ha t  the  e lec t ron ic  ba lance  exis t ing be- 
tween the  2 func t iona l  groups  of  the  molecules ,  
aza and ca rbonyl ,  respect ively,  responsible  for 
the  pharmacologica l  act ivi ty of  the  c o m p o u n d s ,  
varies in re la t ion  to the  changes  b r o u g h t  a b o u t  
in the  n ico t in ic  acid ring. 

This p r o m p t e d  us to  invest igate  more  closely 
how the  chemical  s t ruc tu re  affects  the  response  
to the  c o m m o n l y  used tests  for  an t i l ipo ly t ic  
act ivi ty .  

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

An ima l  Diet  and Drugs 

Albino  Wistar ra ts  f rom Sigma-Tau breed ing  
s tock of  bo th  sexes weighing 180-250 g were 

[.IPIDS, VOL. 17, NO. 3 (1982) 
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TABLE 1 

Effect of  Some Homocysteine-Thiolactone-Nieot inamides on Lipolysis Induced 
by 17-hr Fasting in Rats 

79  

Dose S-FFA S-TG 
Compound  (mol/kg/p.o.)  (~Eq/1) (%) (p) (mg/100 ml) (%) (p) 

Control - I t  19 -+ 69 - - 93.4 +- 9.2 - - 
ST22 7 .  10 -4 335-+ 37 30 * 35.5-+ 3.8 38 * 
ST82 7 " 1 0  -4 447 -+ 28 40 * 58.6 -+ 4.1 62 ** 
ST71 7-  10 -4 917 -+ 122 82 NS 99.9-+ 7.5 107 NS 
ST90 7" 10 -4 1286 +- 125 115 NS 90.5 -+ 10.7 97 NS 

Serum free fatty acid and triglyceride average values -+ SEM at 60 min after administra- 
tion. 

S tudent ' s  t-test: *p<0.001 and **p<:0.O1, respectively, significant difference vs control; 
10 rats/group. 

u s e d .  T h e  r a t s  we re  f ed  ad l i b i t u m  w i t h  M T  
A l t r o m i n - R i e p e r  d i e t  ( V a n d o i g s ,  B o l z a n o ,  I t a l y )  
w i t h  f ree  a cce s s  to  w a t e r  a n d  k e p t  in  m a k r o l o n  
cages  (42 .5  x 26  • 15 c m )  i n g r o u p s o f  5, a t  
23 -25  C w i t h  6 0 %  re la t ive  h u m i d i t y ,  in  a l i gh t -  
c o n t r o l l e d  r o o m  ( 1 2 - h r  l i gh t ,  6 a .m~-6 p . m . ,  a n d  
12 -h r  d a r k ,  6 p . m . - 6  a . m . ) .  

T h e  c o m p o u n d s  u n d e r  i n v e s t i g a t i o n ,  s y n t h e -  
t i z ed  at S i g m a - T a u  c h e m i c a l  l a b o r a t o r i e s ,  
were  d i s so lved  in  a q e u o u s  s o l u t i o n  a n d  g iven  
b y  gavage  in t h e  in  v iv io  e x p e r i m e n t s ,  w h e r e a s  
f o r  t h e  in  v i t r o  e x p e r i m e n t s ,  t h e y  we re  a d d e d  
d i r ec t l y  t o  t h e  m e d i u m .  

T h e  a q u e o u s  s o l v e n t  w a s  u s e d  as t h e  p l a c e b o  

fo r  b o t h  e x p e r i m e n t a l  m o d e l s .  N o r a d r e n a l i n e  
b i t a r t r a t e  ( M e r c k )  d i s s o l v e d  in w a t e r  was  s u b -  
c u t a n e o u s l y  i n j e c t e d  i n t o  t h e  a n i m a l s  (2  m g / k g )  
in  t h e  in v ivo  e x p e r i m e n t s ,  a n d  a d d e d  ( 0 . 1 5  
m c g / m l )  t o  t h e  m e d i u m  f o r  t h e  in  v i t r o  e x p e r i -  
m e n t s .  

Experiments 

In  l i p o l y s i s  i n d u c e d  b y  f a s t i n g ,  t h e  a n i m a l s  
o f  b o t h  s e x e s  we re  d e p r i v e d  o f  f o o d  fo r  17 h r  
w i t h  f ree  acces s  to  w a t e r  a n d  t h e n  t r e a t e d  
e i t h e r  w i t h  a s ingle  ora l  d o s e  (7 �9 10 -4  m o l / k g )  
o f  e a c h  c o m p o u n d  o r  w i t h  p l a c e b o .  F F A  a n d  
s e r u m  t r i g l y c e r i d e  ( T G )  levels  we re  d e t e r m i n e d  

. 2 0 -  
.J 

�9 10- 
u 

i -lC 
- 2 O -  

u. - ~ -  

~ - 4 0 -  

- 5 0 -  

- 6 O -  

HOURS 

FIG. 1. Effect o f  ST22 (o--o 7 - 10 -4 mol/kg) and ST82 (zx--~  7 - 10 -4 mol/kg) p.o. 
on lipid mobilization in 17-hr fasted rats. Mean value o f  serum FFA in percentage o f  con- 
trois (1119-+69 ~tEq/1) at different intervals after administrat ion.  S tudent ' s  t-test vs control:  
empty ,  dot ted,  half-filled and filled symbols  indicate nonsignificant  difference, p<0 .05 ,  
<0.01 and <0.001,  respectively; 10 rats/group. 
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at various intervals fol lowing administrat ion.  
In Iipolysis induced by noradrenal ine ,  freely 

fed animals received the single oral dose (7 �9 
10 --4 mol /kg)  of  each c o m p o u n d  or placebo 
and, 30 min later,  they  rece ived  noradrenal ine  
bi tartrate �9 subcutaneously  (2 mg/kg).  F F A  
serum levels were determined at 30 min fol low- 
ing the noradrenal ine inject ion.  -6o- 

In order  to evaluate the effect  o f  the com- 
pounds  on the basal release o f  F F A  f rom adi- -so. 
pose tissue, freely fed male animals were given -~o- 
a single oral dose (7 �9 10 -4 mol /kg)  of  each 
compound  and, at different  t ime intervals, they  ~ - 3 0 .  

were killed and the epididymal  adipose tissue ~ _ 
rapidly removed,  minced,  pooled,  dis tr ibuted 
(200 mg + 10) and incubated  in flasks contain-  o 
ing 5 ml o f  Krebs phosphate  buffer  with 3% 
bovine albumin (Fract ion  V Pentex)  according ~ -?o .  

to  the  me thods  described by Bizzi et al. (6,7). ~ - ~  
Regarding the s tudy of  t h e  effects  p roduced  

by the compounds  of  the NA-induced F F A  ~ -5o 
release f rom adipose tissue, epididymal  adipose ~ .,o 
tissue removed from normally  fed rats was 
homogenized  and incubated for 30 min in the -3o 
same medium as already described with the -2o 
addi t ion of  NA (0.15 mcg/ml)  and the com- 
pounds under  invest igation (8 �9 10 -4 M). 

F F A  levels were determined after  an addi- 
t ional 60 min of  incubat ion.  Van Handel  and 
Zilversmith 's  me thod  (8) was employed  for 
determining triglyceride and Dole 's  m e t h o d  (9) 
as modif ied  by Trout  et al. (10) for F F A .  

R E S U L T S  

Increased F F A  levels in the serum of  17-hr 
fasted animals were significantly reduced 60 
min after  oral adminis t ra t ion of ST22 and 
ST82, whereas no  changes were caused by ST71 
and ST90 (Table 1). 

A similar effect  was obta ined in regard to 
serum triglycerides (Table 1). The capabil i ty o f  
bo th  ST22 and ST81 to reduce F F A  levels in 
fasted rats lasted up to the 4 th  hr  fol lowing oral 
adminis t ra t ion with maximal  activity at the 
30th rain. 

However ,  the 2 compounds  showed different  
behavior  in affecting F F A  levels: a rebound 
effect  was significantly present  at the 6th and 
12th hr  after ST22 t rea tment ;  the maximal  
increase caused by ST82 at 8-12 hr  fol lowing 
adminis t ra t ion did no t  exceed basal values 
(Fig. 1). The effect  elicited by both  compounds  
on serum TG levels was d i f ferent  in intensi ty  
and durat ion as one oral adminis t ra t ion of  

S T 2 2  determined a more marked and signifi- 
cant  effect  up to the 4th hr, whereas when 
ST82 was given, a less marked effect  which was 
nevertheless highly significant beyond  the 8th 

hr, was observed (Fig. 2). 

The lipid mobi l iza t ion  induced by NA in 
vivo was antagonized by orally administer ing 
ST22 and ST81 which reduced serum F F A  
levels by 60 and 70%, respectively.  Also in tiffs 
case, ST71 and ST90 had no  activity (Fig. 3). 

z l  

I I  . . . .  
. n . s . .  

0:.5 1 4 8 12 

ST 82 

,l, i i _ L . _ _ . . L  i �9 I i 
0.5 I 4 8 12 HOURS 

FIG. 2. Effect of ST22 (7 �9 10-'  mol/kg p.o.) and 
ST82 (7 �9 10 -4 mol/kg p.o.) on 17-hr fasting-induced 
lipolysis in rats. Mean values of serum triglycerides in 
percentage of control (78.2-+3.6 mg/100 ml) at differ- 
ent time intervals after administration. Student's t-test 
v s  control; NS, dotted, half-filled and filled symbols  
indicate nonsignificant difference, p<0.05, <0.01 
and <0.001, respectively; 10 rats/group. 

8 0 -  

'~ ~ 70 "  

6(3" ,,=,~ 

I I , ,  
i I I l 

~ T 2 2  ST82 

n s ,  

I. 

ST 71 STgO 

FIG. 3. Effect of some homocysteine-tbiolactone- 
nicotinamides (7 �9 10 -4 mol/kg p.o.) on FFA mobili- 
zation stimulated by NA bitartrate (2 mg kg -~ s.c.) in 
rat. Mean of values serum FFA in percentage of con- 
trol (normal = 428.74_+27, 45 pEq[1; control = 973.72 
+-34.26 pEq/1) at 30 min after NA and at 60 min after 
compound administration. Student's t-test vs control; 
NS and filled symbols indicate nonsignificant differ- 
ence and p<0.001, respectively; 10 rats/group. 
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FIG. 4. Basal FFA release from epididymal adipose tissue in normally fed rats untreated 
(o--o)  or treated with ST22 (o - -o  7 �9 10 -4 mol/kg p.o.) and ST82 (zx--zx 7 �9 10-4 mol/kg 
p.o.). Mean value of FFA, ,Eq/g/2 hr, released at different time after administration. 
Student's t-test vs control: empty and dotted symbols indicate nonsignificant difference 
and p < 0.05, respectively; 8 rats/group. 

The in vitro FFA release from epididymal adi- 
pose tissue removed from pretreated animals 
was diversely affected by the compounds. ST22 
at 1 hr caused a sharp reduction in FFA release 
values which showed a progressive increase 
from the 2nd through the 4th hr; ST82 did not 
produce any significant change, although a 
slight initial reduction followed by an augmen- 
tation of  the same magnitude at the 4th hr was 
apparent (Fig. 4). Also in this case, ST71 and 
ST90 had no effect. 

NA-induced FFA release from adipose tissue 
removed from untreated animals was unaf- 
fected by the presence of ST22 in the medium, 
but was significantly increased by ST82, ST71 
and ST90 (Fig. 5). ST82 proved to be the most 
active and the intensity of  effect was dose- 
related (Fig. 6). 

DISCUSSION 

The investigation of  antilipolytic drugs is 
still of  considerable interest due to the close 
correlation between the presence of impaired 
lipid metabolism and some high-risk diseases, 
e.g., myocardial infarction, atherosclerosis and 
diabetes. Because of this, new drugs with the 
capability of  affecting lipid metabolism without 
causing hazardous side effects are of  particular 
interest. 

The results of our research summarized in 
Table 2 suggest several considerations. One of 
these concerns the methods used for evaluating 

antilipolytic activity which showed that there is 
not always a direct relationship between the 
results obtained by in vitro and in vivo experi- 
ments. Both ST22 and ST82 inhibited lipolysis 
in vivo, but in vitro, the ST22 showed no effect 
whereas the ST82 augmented the effects of 
the lipolytic process inducer. This property was 
also shared by ST71 and ST90 which had no 

N ,  

8 0 -  

T O -  

$ 0 -  

4 0 -  

3 0 -  

3 0 -  
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O .~ 
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. 2  

n . | .  
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S T n  ST82 ST71 STglO 

FIG. 5. Effect of some homocysteine-thiolactone- 
nicotinamides (8 - 10 -4 M) on FFA release (pEq/g/hr) 
from rat epididymal adipose tissue stimulated by NA 
(0.15 mcg/ml of incubation medium). Mean value of 
FFA release in percentage of control. Student's t-test 
vs control: NS and filled symbols indicate nonsignifi- 
cant difference and p<0.001, respectively; 6 rats/ 
group. X 2 = the corresponding value on the y axis is 
to be multiplied by 2. 
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FIG. 6. Effect  of  ST82 at 3 dose levels (10 -6, 
10 -s, 10-' M) on NA (0.15 meg/ml incubation medi- 
um) stimulating FFA release (#Eq/g/hr) from rat epi- 
didymal adipose tissue. Mean value of FFA in percent- 
age of control: half-t'dled and filled symbols indicate 
p<0.01 and <0.001, respectively; 6 rats/group. 

in vivo activity. 
The cause of these differences could be 

ascribed to a difference in experimental condi- 
tions, and the difficulty in an accurate evalua- 
tion of the multiple mechanisms which are 
responsible for the in vivo lipolytic process can 
only provide a partial, and not  always easily 
interpreted, indication in regard to metabolic 
activities exhibited by these compounds. The in 
vitro study of the 4 molecules under investiga- 

TABLE 2 

Summary of the Effect of  Some Variously 
Subst i tuted Homocysteine-Thiolactone-Nicotinamides 

on Lipid Metabolism in the Rat 

o 

S T 7 1  r 0 + 

ci o 
o 

In vivo experiments:  (a) serum FFA in 17-hr fasted 
rats; (b) serum FFA in NA-treated (2 mg/kg s.c.) rats; 
(c) FFA release from epididymal  adipose tissue of rats 
treated with the compounds;  (d) in vitro exper iments :  
release from the adipose tissue of  untreated animals 
incubated with NA 0.15 mcg/ml  and the compounds.  

t = Enhancement .  
= Inhibition. 

-- = No effect. 
o = Untested. 

tion did not elicit antilipolytic activity which 
was present in vivo with elevated intensity ex- 
clusively for ST22 and ST82. 

Considering the structural properties of 
these compounds, in ST22, the relative posi- 
tions of the aza group and of the -C=0 group 
could allow variation in the resonance structure 
identified in Scheme II. These electronic de- 
fects appear to occur in positions 2, 

A ~ 

I I I I I  
~N "~| 1" o ~ |  4" o 

e 71 e | V, IF -] 

I~N J~l 2 H O e~N'S~J  5 H O 

| 

4 and 6. 

SCHEME II 

The introduction of a substituent in t h e  
foregoing positions could affect the Charge dis- 
tribution only when the electronic nature of 
the substituent significantly interacts with the 
basic molecule nucleus. In particular, in 2- 
chloro derivative (ST71), the remarkab le - I  
effect of the chloride atom deeply influences 
the charge distribution of that part of the 
molecule between the aza group and the car- 
bonyl group, whereas in the 6-chloro derivative 
(ST82), the remarkable -I effect and the mild 
+M effect of the alogen atom are insufficient 
to perturb the above charge distribution. A 
slight alteration in the reSonance structures 3 
and 5 occurs in the ST82. 

Conversely, the 6-hydroxy derivative (ST90), 
owing to the remarkable +M effect of the 
hydroxyl group, shows an electronic distribu- 
tion of that part of the molecule. This is hy- 
pothesized to be structurally related to anti- 
lipolytic activity, and a loss of activity was 
observed (Scheme III). 

o | 

[ ~ I I ! I I  ~ , , , . . , . j  . o 
H O ~  

SCHEME III 
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Moreover, one should not overlook the 
possibility that a 7-ketone tautomeric form 
may exist. This could cause an electronic 
distribution other than the one for ST22 
in the pyridine ring (Scheme IV). 

7 

SCHEME IV 
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Hydroperoxides Formed by Ferrous Ion-Catalyzed 
Oxidation of Methyl Linolenate 
I. TOYODA, J. TERAO and S. MATSUSHITA*, Research Institute for Food Science, 
Kyoto University, Uji, Kyoto 61 I, Japan 

ABSTRACT 

An emulsion of methyl iinolenate was allowed to oxidize with a catalyst of ferrous sulfate and 
ascorbic acid. Three oxidation products were isolated, and their hydrogenated derivatives were charac- 
terized as the isomeric mixture of methyl monohydroxyoctadecanoate (monoOH), methyl 9,16-dihy- 
droxyoctadecanoate (diOH), and the isomeric mixture of methyl trihydroxyoctadecanoate (triOH). 
The monoOH isomers and diOH apparently were derived from methyl monohydroperoxyoctadecatri- 
enoate (monoHPO) and methyl dihydroperoxyoctadecatrienoate (diHPO), respectively. Two triOH 
isomers (the 9,10,12- and 13,15,16-isomers) were thought to be derived from the products containing 
cyclic peroxide-hydroperoxide structure. 9,16-diHPO was produced by the incubation of monoHPO 
with ferrous sulfate and aseorbie acid. Moreover, the experiment using ~aO 2 demonstrated that mono- 
HPO yielded 9,16-diHPO by reacting with oxygen molecule. 9,10,13- and/or 9,12,13- and 12,13,16- 
and/or 12,15,16-triOH isomers were also detected in the hydrogenated derivatives of oxidation prod- 
ucts from monoHPO. 
Lipids 17:84-90, 1982. 

ABBREVIATIONS 

MonoHPO (methyl  monohydroperoxyoeta-  
deeatrienoate);  dif-fPO (methyl  dihydroperoxy-  
oetadecatrienoate);  HPLC (high performance 
liquid chromatography);  GLC (gas liquid chro- 
matography); GC-MS (gas chromatography-mass 
spectrometry);  TLC (thin layer chromatogra- 
phy);  TMS (trimethylsilyl);  TBDMS (tert-butyl- 
dimethylsilyl);  monoOH (methyl monohy-  
droxyoctadecanoate) ;  diOH (methyl dihydroxy- 
oetadecanoate);  triOH (methyl  t r ihydroxyocta-  
decanoate). 

INTRODUCTION 

It has been generally accepted that  metal 
ions and metaUo-proteins catalyze lipid peroxi- 
dation, resulting in the deterioration of  edible 
oils and oil-containing foods ( I ) .  Hemoglobin 
and other iron porphyrins are the major cata- 
lysts of  lipid oxidation in meat and meat prod- 
ucts (2-4). Non-heine iron (5,6) and inorganic 
ferrous ions (7) have also been shown to cata- 
lyze lipid oxidation in foods. 

Chan and Newby (8) reported on the iso- 
meric composit ion of  monohydroperoxides  
formed by the oxidation of linoleic acid and its 
ester catalyzed by hemoproteins and transition 
metal ions using HPLC. Products formed by 
hemoglobin-catalyzed decomposit ion of lino- 
leic acid monohydroperoxides  were also studied 
by Hamberg (9). Furthermore,  Gardner et al. 
(10,11) identified various nonvolatile products 
formed by the decomposit ion of  linoleic acid 
monohydroperoxides  with Fe(III)-cysteine and 
suggested that  alkoxy radicals have a part in 
the hemoly t ic  decomposit ion.  However, the 

mechanisms of oxidation and decomposit ion 
of linolenic acid oxidation products have not  
been completely clarified because of the com- 
plexity of the reactions. 

In this paper, products formed by Fe(II)- 
catalyzed oxidation of methyl  linolenate were 
isolated and characterized by GC-MS. GC-MS 
analysis was further applied to investigate 
secondary oxidation products formed from 
monoHPO. The oxidation pathway of methyl  
linolenate during ferrous ion catalysis is also 
discussed. 

EXPERIMENTAL PROCEDURES 

Materials 

Methyl linolenate (99% grade) was pur- 
chased from Nakarai Chem. Co., Kyoto,  Japan. 
Before use, methyl  linolenate was purified by 
column chromatography with Florisfl (100/  
200 mesh) to exclude a n y  peroxides (12). 
H21SO (99.75%) and lSO2 (99%) were pur- 
chased from Commissariat a L'Energie Atom- 
ique, France. 

Preparation of monoHPO 

Methyl linolenate was autoxidized at room 
temperature with bubbling air for 2 days. 
MonoHPO were separated from autoxidized 
methyl linolenate by silica gel chromatography 
(13) and then purified by preparative TLC (14). 
The 9-isomer and 13-isomer of monoHPO were 
prepared from monoHPO mixture by HPLC 
with repeated injection (15). 

Oxidation Procedure 

Emulsion of  methyl  linolenate or monoHPO 
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were prepared as follows: 2.0 ml of 0.l  M phos- 
phate buffer, pH 6.2, containing 0.1% Tween 
20, EDTA ( I0  -s M), and methyl llnolenate or 
monoHPO (7.8 x 1 0  -3 M)were  thoroughly 
emulsified with an ultrasonic vibrator (28 kHz) 
for 1 rain or 10 sec, respectively. The reaction 
was initiated by addition of the catalysts (50 MI 
aqueous solution of FeSOa and 100 M1 aqueous 
solution of ascorbic acid [f'mal cone, FeSO4 = 
I0 -s M, ascorbic acid = 2 x 10 -3 M]). Incuba- 
tion was done at 25 C with continuous shaking. 

Isolation of Oxidation Product-, 

The reaction mixture was extracted with 
chloroform/methanol ( I : I ,  v/v). The extracts 
were concentrated in vacuo, and then applied 
to Silica Gel G (Merck, Silica Gel PF-254)- 
coated TLC plate (0.5 mm thick) in a solvent 
for development, n-hexane/diethyl ether/acetic 
acid (60:90:1, v/v/v). The bands of the prod- 
ucts were detected under UV light and were 
scraped off, and then extracted with chloro- 
form. For clarifying the TLC pattern of oxida- 
tion products, a Shimadzu double wavelength 
TLC scanner CS-910 was used for monitoring 
the plate. 

Incubation of monoHPO with H2~So 

Tween 20 (final cone, 0.1%), 0.5 t~l of 
EDTA aqueous solution (f'mal conc, 10 -s M) 

(o) 
methyl ll~ 
l lnolenote|l  (b) 

(c) 

(Q) 

(b) 

Rf value 

FIG. 1. TLC patterns of oxidized methyl linolen- 
ate. Methyl linolenate after incubation with Fe(ID- 
ascorbic acid for 4 hr was spotted on a TLC plate. 
Development was performed with n-hexane/diethyl 
ether/acetic acid (60:90:I, v/v/v). After it was sprayed 
with 50% H2SO 4 in saturated KaCrO 7 solution (A) 
or 5% KI in ethylcellosolve solution (B), the plate was 
heated for 10 rain prior to monitoring at 350 nm. 
Chromatog~am of (C) was obtained by monitoring at 
235 nm without spraying any solution. 

and 1 mg of monoHPO were added to 300/zl of 
H21so and emulsified in a sonicating bath 
(Bransonic 42, 98-V) for 3 mitt. The emulsion 
was incubated with addition of FeSO4 (I0  -s M) 
and ascorbic acid (2 x 10 -3 M) for 7 hr at 25 C. 

Incubation of monoHPO with :so: 

An emulsion of monoHPO (2.0 ml, 7.8 X 
10 -3 M) containing 0.1% of Tween 20 and 
EDTA (10 -s M) was placed in a reaction vessel 
with an adjunct cell containing a solution of 
1S0 pl aqueous solution of FeSO4 (10 -s M) 
and ascorbic acid (2 x 10 -3 M), which was then 
sealed. After the solutions were evacuated and 
headspace was replaced by argon gas, the vessel 
was evacuated, followed by saturation with 
tSO 2. Incubation was started by mixing the 
emulsion with a solution of FeSO4 and ascorbic 
acid. The reaction mixture was extracted after 
a 3-hr incubation. 

Derivatization 

Reduction by NaBH4 and hydrogenation 
with palladium on carbon were done in the 
same manner as described previously (16). The 
procedures of trimethylsilylation and tert-  
butyldimethylsilylation were the same as those 
described in the previous paper (17). 

Gas Liquid Chromatography 

After the derivatization, the reaction prod- 
ucts were analyzed by GLC with a Shimadzu 
GC-7A apparatus equipped with a glass column 
packed with 2% OV-I on Neopack 2A, 60/80 
mesh. The quantities were calculated by using 
methyl heptadecanoate as internal standard. 

Gas Chromatography~ass Spectrometry 

A PAC 300 system consisting of an LKB- 
9000S gas chromatograph-mass spectrometer 
with OKITAC minicomputer were used with a 
glass column packed with 2% OV-1 on Neopack 
2A. The column temperature was set at 200- 
260 C (3 C/rain). The conditions for operating 
the mass spectrometer were described previous- 
ly (17). The selected ion retrieval was per- 
formed from scans obtained at 5-see intervals. 
The isomeric composition of monoHPO was 
pcalculated by a computer summation of the 
peak areas of fragment ions which were due to 
the a-cleavage of the trimethylsflyloxy group 
of each positional isomer of monoOH formed 
by the reduction and hydrogenation of mono- 
HPO (18). 

RESULTS 

Characterization of Oxidation Products 

Figure 1 shows the densitometric pattern of 
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oxidized methyl  linolenate. Three spots, a, b 
and c, we, re positive to the peroxide-detecting 
reagent, i.e., a solulion of  potassium iodide. 

The U V  spectra of fractions a and b gave the 
xEtOH at 234.5 and 235.5 nm, respectively, max 
due to  conjugated diene. The spectrum of  frac- 
t ion c showed the absorption peaks due to con- 
jugated triene {~EtOH = 259.5, 269 and 280 ~, ' ,nlaK' 
rim). The 3 fractions had almost the same infra- 
red (IR) spectra in which strong absorption 
appeared at the vicinity of  3,400 cm - I  due to  a 
hydroperoxy group. 

The TMS derivative of  hydrogenated frac, 
t ion a was separated into 2 peaks on a chromat- 
ogram, and their mass spectra corresponded to 
those of  the isomeric mixture of  monoOH and 
the relative proport ions of the monoOH homers  
(9-isomer, 36.5%; 12-isomer, 10.0%; 13-isomer, 
13.1%; 16-isomer, 40.4%) almost agreed with 
those obtained from the autoxidat ion mixture 
of methyl  linolenate reported by Frankel et al. 
(19,20). Therefore, fraction a was identified as 
an isomeric mixture of  monoHPO (Scheme I). 

The TMS derivative of  hydrogenated frac- 

t ion b was also separated into 2 peaks on the 
gas chromatogram and the fragmentation pat- 
terns in their mass spectra corresponded to 
those of methyl  9,10,I 2-tr ihydroxyoctadecano- 
ate (9,10,12-triOH) and methyl  13,15,16-tri- 
hydroxyoctadecanoate  (I  3,15,16-triOH) (20). 
Begemann et al. (21) previously reported that  
the 9,10,12 and 13,15,16-triOH can be pro- 
duced by reduction and hydrogenat ion of  6- or 
5-membered cyclic peroxide-hydroperoxides.  
Thus, it is apparent that  fraction b (Scheme II) 
contains the isomeric mixture of  cyclic perox- 
ide-hydroperoxide structures (20). 

Fraction c gave only 1 peak on the chromat- 
ogram. Figure 2 shows the mass spectra of TMS 
and tert-butyldimethylsilyl (TBDMS) deriva- 
tives of  the hydrogenated fraction c. Although 
the molecular ion [M § did not  appear, charac- 
teristic ions for the TMS derivative of  methyl  
dihydroxyoctadecanoate  (diOH) were present 
at m/z 459 [M-15, loss of  CHa] (Fig. 2-A). For  
the TBDMS derivative (Fig. 2-B), fragment ions 
were present at m/z 543 [M-15],  501 [M-57, 
loss of C(CHa)a] , 369 [501-132, loss of tert- 

C H ~  (CH2).6C00C, H3 . ~ ( C H 2 )  6COOCH 3 
c~ 

CH~~~" v (CH2'~C~_~CH3 
C N 3 ~ ( C H 2 ) 6 C O O C H 3  

OH HO0 OH 

c~ 
HO0,, (CH,OeCOOCH3 

CH 3 , u i (C) COOCH 
CH3 OH 

SCHEME I. Structure and reactions of fraction a. 

0-0 OOH 
C H ~  (CH2)6C~CH 3 OH 

C~" ~ (CH216C~CH) 
0~0 

C H ~  OH OH 
xo (CH2)6C~CH3 

~0 O--O 
C H 3 ~ ( C H 2 ) 6 C ~ C H 3  

OH 
~ ( C ~ ) 6 C O ~ H  3 0 0 

(CH2)6C~CH3 CH3 OH OH 
C H 3 ~  

SCHEMEII. St~cture ~ d  reactionsof~actionb. 
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259 

22'l t II 355 
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500 (m/z) 

g 

100 

337 

173 301 

269 385 
,I , 369 401 

, ! ! t M 
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501 

529 .3 
! 

500 (m/z) 

FIG. 2. Mass spectra of hydrogenated fraction c. (A) TMS derivative; (B) TBDMS deriva- 
five. 

butyldimethylsilanol]. 
Fragment ions due to a-cleavage of trimeth- 

ylsilyloxy and tert-butyldimethylsilyloxy group 
were represented in the formula: 

i = 445 . = 259 

TMS J TMS 
(5 6 

131 " ~  317: | M * "  474 

= 529 P - ~ 3 0 1  
TBDMS [ TBDMS 
(5 6 

CH3CH JCHt(CH2)JOHt(CH2)7--COOCH3 
17  -J ,o, i 

Fragment ions, m/z 355, 227, were formed by 
the loss of trimethylsilanol from m/z 445 and 
317, respectively. Other a-cleavage ions such as 
m/z 187 or 315 did not appear in the spectra of 
TMS derivative. Thus, 2 hydroxy groups were 
apparently located at C-9 and C-16 positions. 
From the spectral data just described, fraction c 
(Scheme III) was tentatively identified as 

methyl 9,16-dihydroperoxyoctadecatrienoate 
(diHPO). 

Nonvolatile Products Formed by the Reaction 
of mamoHPO with Fe(ll)-Ascorbic Acid 

The reduction, hydrogenation and trimethyl- 
silylation of the reaction mixture after incuba- 
tion of methyl linolenate or monoHPO with 
Fe(II) and ascorbic acid produced a gas chro- 
matogram, a typical example of which is shown 
in Figure 3. Five major peaks observed in the 
chromatogram for methyl linolenate (Fig. 3-A) 
were attributed to the derivatives of oxidation 
products, monoOH, diOH and triOH. On the 
other hand, the reaction products of monoHPO 
gave one prominent peak of 9,16-diOH, minor 
peak of 13,15,16-triOH and no peak of 9,10,12- 
triOH. The other peaks (peak 6 and 7) were 
identified as 9,10,13- and/or 9,12,13-triOH, 
and 12,13,16- and/or 12,15,16-triOH by their 
mass spectra described next. 

Fragmentations characteristic for the TMS 
derivative of triOH were present at m/z (rel. 
intensity), 457 [M-(90+15)] (5), and 441 
[ M-(90+31 ), loss of trimethylsilanol and OCH3] 
(6). Fragment ions due to a-cleavage of trimeth- 
ylsilyloxy group appeared at 389 (5), 299 [389- 

H O 0  OOH 
CH3 ~ (CIt2)6C00CH3 ~ (CH2)6COOCH 3 

�9 CH 3 1 " - - 

OH 

SCHEME III. Structure and reactions of  fraction c. 
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A 
methyl octodecanoote 2 

B 2 

mln 

FIG. 3. Gas chromatograms of  the reaction mix- 
ture of  methyl l inolenate (A) and monoHPO (B). Incu- 
bation o f  methyl  l inolenate or monoHPO with Fe(l l)- 
ascorbic acid was done at 25 C for 4 hr (A) or 2 hr (B). 
Peaks were identif ied as: 1, a mixture of  9-, 12-, and 
13-monoOH; 2, 16-monoOH; 3, 9,16-diOH; 4, 9,10,12- 
triOH; 5, 13,15,16-triOH; 6, 9,10,13- and/or 9,12,13- 
tr iOH; 7, 12,13,1@ and/or 12,15,16-triOH. 

901 (100), 259 (49), 213 [303-901 (70), and 
173 (55) for peak 6, and 431 (3), 341 [431-90] 
(58), 301 (50), 261 (26), 171 [261-90] ( I00) ,  
131 (41) for peak 7. 

TMS TMS TMS 

6 6 6 

1 7 3  ~ - -  3 0 3 - q ~ - ~ - ~ - 2 5 9  

TMS TMS TMS 

6 6 6 

1 7 3  : - -- 3 8 9  - -  z 2 5 9  

TMS TMS TMS 

6 6 6 
CH3CH2CHI{CH2) 2--CH16H--(CH2h 0--COOCH3 

131 ~ " 2 6 :  ~ - -  ~ 301 

TMS TMS TMS 

6 6 6 

131 t - -  z 431 - -  ~301 

A B 

I0 i0 

0 ~ -  ~ . o 0 l "2 
hr hr 

FIG. 4. Changes in the amounts of the reaction 
products of methyl linolenate (A) or monoHPO (B). 
The amounts c/f each product was determined by the 
peak area in the chromatogram as shown in Fig. 3. 
o: Isomeric mixture of monoOH; e: 9,16-diOH; A: 
isomeric mixture of triOH. 

Figure 4 shows the changes in the amounts 
of 9,16-diOH and the isomeric mixture of tri- 
OH during the incubation of methyl linolenate 
(A) or monoHPO (B) with Fe(II)  and ascorbic 
acid. In the reaction of methyl  linolenate, 
about 15 mol % of monoOH was detected by 
GC after a 3-hr incubation. The amounts of 
9,16-diOH and triOH isomers also increased 
with time in the reaction of both methyl lino- 
lenate and monoHPO. Although the total  
amounts of  triOH isomers accumulated during 
the incubation of  monoHPO was significantly 
smaller than that  of 9,16-diOH, the reverse was 
true throughout  the incubation of  methyl lino- 
lenate. Isomeric mixtures of  monoHPO after 4 
hr of incubation produced 9,16-diOH (17.8%), 
9,10,12-triOH (0.5%), 13,15,16-triOH (1.0%), 
9,10,13- and/or 9,12,13-triOH (5.3%), 12,13, 
16-and/or  12,15,16-triOH (0.8%). On the other 
hand, 9-monoHPO isomer produced 9,16-diOH 
(15.7%) and 9,10,13- and/or 9,12,13-triOH 
(4.3%), and 13-monoHPO isomer produced 
9,16-isomer (1.3%), 13,15,16-triOH (4.0%) and 
9,10,13- and/or 9,12,13-triOH (5.4%). 

Origin of  Oxygen  in the  React ion Products 
of m o n o H P O  

Two experiments were done to determine 
the origin of  oxygen in the reaction products of 
monoHPO: (I) incubation of  monoHPO with 
Fe(II)-ascorbic acid in H21so and air; (II) the 
same incubation in normal H20 and 1802. 
Mass chromatograms of 9,16-diOH and 9,10,13- 
and/or  9,1.2,13-triOH produced from the 2 
experimental conditions were obtained by 
monitoring the principal a-cleavage ions of their 
TMS derivatives (Fig. 5). When the emulsion of 
monoHPO was incubated in 1SO2, unique frag- 
ment ions appeared at m/z 133,229 [319-90],  
and 261 for 9,16-diOH (A) accompanied by the 
principal a-cleavage ions specific to the TMS 
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derivatives of 9,16-diOH, m/z 131, 227 and 
259. 

TMS 1 ~ 8  TM[~S 261 

|o 
131 ~ -- 319 ~ " 

~ 259 

18~ MS / r  

C"3C:::t"|'OH;':]t"I'OH2"COOCH3 
In the case of  9,10,13- and/or  9,12,13-triOH 

(B), unique fragment ions also appeared at m/z 
175, 215 and 301 [391-90].  These fragmenta- 
tions indicate that the TMS derivatives of  diOH 
and triOH contain (CHB)3SilsO groups (22). In 
contrast, these unique fragment ions were 
hardly detected at all when monoHPO was 
incubated in the emulsion of  H21SO (Fig. 5-I). 
It is therefore concluded that the diOH and 
triOH were derived by incorporation of  oxygen 
into monoHPO. 

Experiment 1 Experiment II 

261 
259 

s'/ ~ ,  229 
"J 227 
/ 133 

J , L 131 

0 50 0 50 
Scan number 

B Experiment I 

I . . . .  l ' �9 

o 5o 

Experiment II 

/~ (m/z) 
301 
299 
215 
213 
175 
173 

0 50 
scan number 

FIG. 5. Mass chromatograms of 9,16-diOH (A) and 
9,10,13- and/or 9,12,13-triOH (B) obtained from the 
reaction mixture of monoHPO. I: Incubation with 
H2180; II: incubation with 1802. 

DISCUSSION 

Free radical oxidation of methyl linolenate 
produces an isomeric mixture of  monoHPO (9-, 
12-,13- and 16-isomers) (19,20). Moreover, 
9,10,12- and 13,15,16-triOH were previously 
detected in the more polar products in oxidized 
methyl linolenate and were assumed to be de- 

r ived  from cyclic peroxide-hydroperoxides (21). 
Franket et al. (20) suggested that cyclic perox- 
ide-hydroperoxides are produced by cyclization 
o f  12- and 13-monoHPO isomers. Pryor et al. 
(23) also indicated that cyclization of 12- and 
13-peroxy radicals would produce hydroperox-  
ides containing 5-membered cyclic peroxides 
or prostaglandin-like endoperoxides.  However, 
the results obtained from incubation of the 
isomeric mixture of  monoHPO with inorganic 
iron (Figs. 3 and 4) suggest that cyclic peroxide- 
hydroperoxides hardly accumulate during 
decomposit ion of monoHPO, compared to the 
oxidation of  methyl linolenate. Relatively low 
proport ions of  12- and 13-isomers of  monoHPO 
may affect the yields of  9 ,10,12-and 13,15,16- 
triOH in the products of monoHPO. 

On the other hand, 9,10,13- and/or  9,12,13-, 
and 12,13,16- and/or  12,15,16-triOH were 
present in the hydrogenated derivatives of 
oxidation products from monoHPO. Format ion 
of the lat ter  triOH isomers cannot be explained 
by the cyclization of  12- and 13-monoHPO. It 
seems reasonable that an alternative pathway 
other than cyclization of 12-and 13-monoHPO 
participates in the formation of  cyclic peroxide- 
hydroperoxides from monoHPO, e.g., cycliza- 
t ion of  9-monoHPO or 16-monoHPO followed 
by hydroperoxidat ion.  

Format ion of  diHPO is a characteristic for 
secondary oxidat ion of monoHPO. The results 
obtained from incubation of monoHPO with 
1802 demonstrated that  hydroperoxidat ion of 
monoHPO leads to .the formation of diHPO. 
The hydroperoxidat ion pathway of 9- and 16, 
isomers is postulated as shown in Scheme IV. 
Hydroperoxidat ion may occur in the penta- 
diene structure of the 9- and 16-isomers, similar 
t o t h e  free radical oxidation of methyl linoleate 
(24). The pentadiene radical which is formed 
by hydrogen abstraction at C-14 pos i t i on  of 
9-monoHPO would be subjected to an at tack 
of oxygen, resulting in 9,12- and 9,16-diHPO 
isomers. On the other hand, the pentadiene 
radical formed by hydrogen abst ract ion of  the 
C-11 posit ion of 16-monoHPO isomer would 
yield 9,16- and 13,16-diHPO isomers. It was 
not  clarified why no 9,12- and 13,16-isomers 
were detected in the secondary oxidation prod- 
ucts. This result may be explained by  selective 
at tack of oxygen at C-9 and C-I 6 positions or 
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CH H ~  C H 3 . ~ V ~ ,  
COOCH 3 COOCH3 17 14 I~ B 6 4 z 

I I 

0 2 O~ H O ~ / ~  ~ O H  

+H. HO0 "~H" OOH ~ +H. 

CH3 ~ COOCH31 

HO0 HO0 OOH OOH CH CH3 
~ ' ~ ~ z ~ / ~  ~ COOC,13 ~ COOCH3 

SCHEME IV. Formation of diHPO from monoHPO. 

by  the  d i f fe rence  of  the  s tab i l i ty  a m o n g  3 d iOH 
isomers.  

Hydrope rox ides ,  inc lud ing  d iHPO and  cycl ic  
p e r o x i d e - h y d r o p e r o x i d e s ,  p r o b a b l y  act  as pre-  
cursors of  s econda ry  d e c o m p o s i t i o n  p r o d u c t s  
such as volat i le  c a r b o n y l  c o m p o u n d s  and  poly-  
mer ic  p roduc t s .  I t  is t he r e fo re  cons ide red  t h a t  
the  f o r m a t i o n  of  these  volat i le  o x y g e n a t e d  
c o m p o u n d s  p lay  a large pa r t  in the  de te r io ra -  
t ion  of  ed ib le  oils and  o i l -con ta in ing  foods .  

When  we were p repar ing  th is  paper ,  a r e p o r t  
by  Franke l  et  al. (25 )  was pub l i shed .  He and  his  
colleagues iden t i f i ed  i somer ic  m i x t u r e  o f  cycl ic  
pe rox ide -hyd rope rox ides  and  d iHPO p r o d u c e d  
f rom au tox id ized  m e t h y l  l ino lena te  and  sug- 
gested t ha t  cyclic p e r o x i d e - h y d r o p e r o x i d e s  are 
fo rmed  b y  cyc l i za t ion  o f  12- and  13 - m onoH PO ,  
and  diHPO,  by  h y d r o p e r o x i d a t i o n  of  9- and  16- 
m o n o H P O .  Our  s tudies  o n  s econda ry  o x i d a t i o n  
o f  m o n o H P O  d e m o n s t r a t e d  t h a t  d iHPO is 
fo rmed  by h y d r o p e r o x i d a t i o n  of  m o n o H P O .  
However ,  the  f o r m a t i o n  p a t h w a y  of  cyclic 
p e r o x i d e - h y d r o p e r o x i d e s  cou ld  n o t  be  en t i r e ly  
clarif ied.  We ind ica ted  t h a t  an a l t e rna t ive  pa th -  
way which  p roduces  9 ,10 ,13-  a n d / o r  9 ,12 ,13-  
and  12,13,16-  a n d / o r  12 ,15 ,16- t r iOH as h y d r o -  
gena ted  derivat ives also par t i c ipa tes  in the  
f o r m a t i o n  of  cyclic p e r o x i d e - h y d r o p e r o x i d e s  
f rom m o n o H P O .  
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On the Specificity of a Phospholipase A 2 Purified 
from the 106,000 x g Pellet of Bovine Brain 
N.C.C. GRAY and K.P. STRICKLAND* ,  Department of Biochemistry, 
University of Western Ontario, London, N6A 5CI, Ontario, Canada 

ABSTRACT 

Assessment has been made of the specificity of a purified phospholipase A 2 from the 106,000 X g 
pellet (microsomal fraction) of bovine g~ey matter which shows strong activity toward phosphatidyl- 
inositol (PI). In the first series of experiments involving the utilization as substrates of PI with differ- 
ent 14C- or 3H-labeled fatty acids in the 2-position, the purified phospholipase A 2 most readily re- 
moved 16:0 palmitic acid, followed by 18:0 stearic acid, 18:1 oleic acid and 20:4 arachidonic acid. 
In the second series of experiments, the purified phospholipase A 2 showed preferential action toward 
PI (100%) compared to phosphatidyleholine (PC, 62.5%), phosphatidic acid (PA, 32.6%), phospha- 
tidylethanolamine (PE, 25.1%) and phosphatidylserine (PS, 21.5%), where each phosphoglyceride was 
labeled in the 2-position with [ 1-14C] oleic acid. In the third series of experiments, fatty acids were 
shown to cause inhibition of action of the purified phospholipase A 2 on 1-acyl, 2-[1J4C] oleoyl PI 
in the order 20:4 > 18:1 > 18:0 > 16:0 which is the reverse order to that just noted. In the final 
series of experiments, the addition of the phosphoglycerides PC, PE, PS and PA in amounts of 5 or 
10 pM caused either no inhibition (PE, 2%), slight inhibition (PC, 15%) or reasonably significant 
inhibition (PA, 20% and PS, 40%) of action of the purified phospholipase A 2 on 1-acyl, 2-[1J4C] - 
oleoyl PI. The pattern of specificity observed for the purified phospholipase A a combined with its 
microsomal location are the expected properties of a phospholipase A 2 that might function in a 
deacylation-reacylation cycle for modifying the fatty acid distribution in PI. 
Lipids 17:91-96, 1982. 

INTRODUCTION 

Recent studies from this laboratory (1,2) 
have demonstrated in a 106,000 • g pellet 
(microsomal fraction) of bovine or rat brain 
the presence of a phospholipase A2 which has 
a pH optimum of 7.5 and shows good activity 
toward phosphatidylinositol (PI). This enzyme 
has been purified to homogeneity. It requires 
Ca 2§ for activation and is stimulated by low 
concentrations of Triton X-100. The enzyme is 
stabilized by glycerol, asolecithin and 13-mercap- 
toethanol, which are necessary additions for 
assay. 

Our interest in this enzyme and its purifica- 
tion and characterization arose from earlier 
studies in which attempts were made to deter- 
mine how the predominant 1-stearoyl, 2- 
arachidonoyl molecular species of PI in brain 
and other tissues arose (see ref. in 1). It was 
concluded that a major reshaping of the PI, 
synthesized de novo, must occur by a de- 
acylation-reacylation cycle such as that existing 
for other phosphoglycerides (3-5). Although 
good evidence existed for a selectivity toward 
arachidonoyl CoA in the reacylation of 1-acyl 
lyso PI, there was no good definitive evidence 
for a suitable deacylation mechanism until  our 
studies (1,2) were completed. 

The Findings reported on the purified 
phospholipase A2 from bovine brain (2) do not  
include any consideration of the selectivity 
shown by this enzyme in respect to the nature 
of the fatty acid in the 2-position. This paper 

reports the results obtained for the action of 
the purified phospholipase A2 from bovine 
brain of PI containing different labeled fatty 
acids in the 2-position and on different phos- 
phoglycerides containing [1J4C]oleic acid in 
the 2-position. The effects of the addition of 
different fatty acids and of different phospho- 
glycerides on the deacylation of 2-[1J*C] - 
oleoyl-Pl have also been examined and the 
results obtained are reported. 

MATERIALS AND METHODS 

Materials 

The following acids, [ lJ4C]stearic acid 
(40-60 mCi/mmol), [ 1J4C] oleic acid (56 mCi/ 
mmol) and [5,6,8,9,11,12,14,15-3H (N)] arachi- 
donic acid (60-100 Ci/mmol) were all pur- 
chased from New England Nuclear Corp., 
Boston, MA. [1J4C]Palmitic acid (59 mCi/ 
mmol) came from Amersham Searle Co., Oak- 
ville, Ontario. Phosphatidylinositol (pig liver), 
phosphatidylcholine (beef brain), phosphatidyl- 
ethanolamine (egg), phosphatidylserine (beef 
brain) and phosphatidic acid (egg) were all 
obtained from Serdary Research Laboratory, 
London, Ontario. Phospholipase A2 (400-500 
U/mg) purified from Crotalus adamanteus 
venom was purchased from Serdary Research 
Laboratory, London, Ontario. Triacylglycerol 
lipase (EC 3.1.1.3), which is predominantly 
a phospholipase Ax toward PI (6) from Rhizo- 
pus arrhizus, was obtained from Sigma Chem- 
ical Co., St. Louis, MO. 
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Preparation and Purification of 
2-]4C or SH-Labeled Acyl PI. 

The 2J4C - or 3H-labeled acyl PI were 
essentially prepared as described earlier (1) 
for the preparation and purification of  l-acyl,  
2-[ 1-14C]oleoyl GPI (GPI = sn-glycerol-3- 
phosphoinositol),  l-acyl lyso-PI was formed by 
action of phospholipase A2 partially purified 
from C. adamanteus venom on pig liver PI. 
The reacylation of  the lyso-PI was done using 
a modified system of Webster and Alpern (7), 
as described by Shum et al. (1). The reacylation 
was done using the fatty acids [1-14C]oleic' 
[ 1-14C ] palmitic, [ 1-14C ] stearic and [ 5,6,8,9,- 
11,12,14,15-3H (N)]arachidonic and a rat 
liver microsomal fraction as the enzymatic 
source. Each of the different 2J4C - or 3H- 
labeled acyl PI was extracted according to 
Folch et al. (8) and purified essentially as 
described by Hanahan et al. (9). Each of  the 
labeled PI was examined for location of the 
14C- or 3H-labeled acyl groups by gas liquid 
chromatographic (GLC) analysis (1,10) using 
a Beckman GC-65 (Beckman Instrumentg, 
Inc., Fullerton, CA) fitted with a Beckman 
DEGS metal column (6'  x 1[8") and assess- 
ment of the radioactivity removed by phospho- 
lipase A2 action. The results obtained indicated 
that the labeled PI substrates contained approx- 
imately the following amount  of label in the 
2,acyl position: 20:4, 98%; 18:1, 94%; 18:0, 
9(~o and 16:0, 80%. Rather rapid transacylation 
was evident with the 16:o-labeled PI. These 
substrates were used as quickly as possible 
because of the problem of  transacylation. 

Preparation and Purification of 
2- [1-Z4C] OleoyI-Labeled Phosphoglycerides 

Of the five 2-[ 1-14C] oleoyl-labeled phospho- 
glycerides used in this study, only the 1-acyl, 
2-[ 1-14C1 oleoyl phosphatidylcholine (PC) was 
purchased (Applied Science Div., Milton 
Roy Co. Lab. Group, State College, PA). This 
phosphoglyceride was further purified by 2 
consecutive runs on silicic acid/celite (2:1, 
w/w) columns eluted with a chloroform/ 
methanol gradient (9) prior to being used in 
the assay. 

Thep repa ra t i on  and purification of l-acyl- 
2-[ 1-14C] oleoyl phosphatidic acid (PA), l-acyl- 
2-[ IJ4C] oleoyl phosphatidylethanolamine 
(PE) and l-acyl-2o[ I J4C]o leoy l  phosphatidyl- 
serine (PS) were done in a similar manner to 
that already described for the preparation and 
purification of  l -acyl-2-[IJ4C]oleoyl-PI .  In- 
stead of using PI, unlabeled preparations of 
each of the other phosphoglycerides were 
substituted into the procedures for deacylation 

by phospholipase A2 and subsequent reacyla- 
tion of the lyso-intermediates with [1-14C] - 
oleic acid to yield the appropriately labeled 
phosphoglyceride. The method of Hanahan et 
al. (9) was used to separate the newly formed 
2-[ l-t4C] oleoyl-labeled phosphoglycerides. The 
location of the [1J4C] oleic acid within each 
phosphoglyceride was determined by GLC 
analysis (1,10) and shown to be comparable 
to that  reported earlier for PI (1). 

Preparation and Purification 
of 1-AcyI-Labeled PI 

A series of PI labeled in the l-posit ion with 
1J4C]palmit ic  acid, [l-14Clstearic acid, [1- 
4C]oleic acid and [5,6,8,9,11,12,14,15-H 

(N)] arachidonic acid was prepared and purified 
as described by Holub and Piekarski (6). All 
resulting 1-acyl-labeled PI were checked for the 
location of the incorporated fatty acid by 
GLC analysis, as described previously (1) and 
as applied to the 2-acyl-labeled PI. 

Purified Phospholipase A: Preparation 

The preparation and purification of  the 
phospholipase A2 extracted from the 106,000 
x g pellet of bovine grey matter  has recently 
been described (2). The purification involved 
extraction from the 106,000 x g pellet (i.e., 
microsomal fraction) by Triton X-100, fol- 
lowed by ammonium sulfate fractionation, 
consecutive column chromatography runs on 
Sephadex G-200 and DEAE-Sephacel and 
preparative polyacrylamide gel electrophoresis. 
The procedure yielded a Ca2+-activated phos- 
pholipase A2 preparation that showed a single 
b a n d  on SDS-polyacrylamide gel electro- 
phoresis with a molecular weight of 18,300 
daltons (2). Kinetic and other properties of  the 
enzyme are reported elsewhere (2). This puri- 
fied phospholipase A2 was used as the enzyme 
preparation for the studies reported here. 

Phospholipase A 2 Assay 

The basic assay system (2) contained in 0.5 
ml was: Tris-maleate-acetate buffer, 50 mM, 
pH 7.5 ; CaCI2, 5 mM; 2-[ 1-t4C] oleoyl-labeled 
phosphoglyceride (3.0-5.5 x 104 dpm), 0.3 
mM; and 25.0-40.0 pg purified phospholipase 
A2. The radioactive phosphoglycerides, dis- 
solved in chloroform, were dried down under 
nitrogen and dispersed in the buffer by sonica- 
tion in an ultrasonicator bath (Branson Instru- 
ments Ltd., Danbury, CT). The assay tubes 
were incubated for 10 rain at 37 C in an Aqua- 
therm water bath shaker (New Brunswick 
Scientific, New Brunswick, N J) at 200 rpm. 

In the experiments where various fatty acids 
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or phosphoglyeerides were tested for their 
competitive effect on the deacylation of  1-acyl- 
2-[1J4C]oleoyl-PI,  each was added to the 
assay system at the level of the Tris-maleate- 
acetate buffer (50 mM; pH 7.5). Each was 
sonicated in an ultrasonicator bath prior to 
addition to the assay tube. 

Extraction and Separation 
of Reaction Products 

The extraction and separation of  the reac- 
tion products (fatty acids and lyso-phospho- 
glycerides) formed from the different [2-t4c] - 
or [3H]acyl PI or 1-acyl, 2- [1J4Cloleoyl  - 
labeled phosphoglycerides were done as des- 
cribed by Shum et al. (1). 

Measurements of Radioactivity 
and Enzyme Activity 

Appropriate areas from thin layer chromato- 
graphic plates were scraped into scintillation 
vials and the radioactivity was determined by 
liquid scintillation counting as described earlier 
(1,2) using aqueous counting scintillant (ACS) 
supplied by Amersham Corp. (Oakville, On- 
tario). Phospholipase Az activity was expressed 
as /amol fatty acid released/min/mg protein. 
The protein was measured by the method of 
Bradford (11) using the kit supplied by Bio-Rad 
Laboratories (Canada) Ltd. (Mississauga, On- 
tario). 

R E SU L TS 

Those PI, prepared with different labeled 
fatty acids in the 2-position as described in 
Materials and Methods, were first used as 
substrate in assessing the specificity of the 
phospholipase A2 purified from the 106,000 x 
g pellet of bovine brain in this laboratory (2). 

93 

Table 1 shows the results obtained from this 
study. An interesting pattern emerged. The PI 
with 16:0 palmitic acid in the 2-position was 
the most active in terms of released fatty acid 
followed by 18:0 stearic acid, 18:1 oleic acid 
and 20:4 arachidonic acid. The 2 saturated 
fatty acids were released at 2-5 times the rate 
of the monoenoic (oleic) fatty acid and 4-10 
times the rate of  the tetraenoic (arachidonic) 
fatty acid studied in this series. It should be 
noted that the purified phospholipase A2 
showed little or no activity toward any PI 
synthesized with labeled fatty acids in the 
l-position. The small activity that was ob- 
served was accountable on the basis of a small 
amount of  transmigration of labeled fatty acid 
to the 2-position. 

The second series of substrates to be pur- 
chased or prepared for assessment of the above 
phospholipase A2 included the phosphoglycer- 
ides, PC, PE, PS, phosphatidic acid (PA) and 
PI, all with [ IJ4C] oleic acid in the 2-position. 
As noted in Table 2, the purified phospholipase 
A2 showed greatest activity toward PI; with 
this activity set at 100%, the following descend- 
ing order of activity resulted: PC (62.5%), 
PA (32.6%), PE (25.1%) and PS (21.5%). The 
60% higher activity shown toward PI compared 
to PC, the next highest activity, indicates a 
reasonable selectivity on the part of the puri- 
fied phospholipase A2 toward PI. 

The third series of experiments undertaken 
was to examine the effect of the addition of 
unlabeled fatty acids (corresponding to those 
used to label PI in Table 1) on the release of 
[ 1J4C] oleic acid from the 2-position of PI. The 
results obta ined  (Table 3) show that arachi- 
donic acid causes the greatest reduction in 
release of  labeled oleic acid followed by oleic 

TABLE 1 

Specificity of the Purified Phospholipase A 2 from the 106,000 X g pellet 
Microsomes) of Bovine Brain Acting on PI Labeled with 

Different  Fatty  Acids  in the 2-Posit ion 

Substrate  a Number 

Fatty acid released b 
(pmol/min/mg 
protein + SEM) 

Fatty acid released relative 
to 2-[ 1-14C ] oleoyl-PI 

(%) 

2-[ 1-14C]Palmitoyl-Pl 4 2.67 -+ 0.305 496 
2-[ IJ4C ]Stearoyl-Pl 3 1.03 +- 0.144 194 
2-[ IJ4C]OleoyI-Pl 17 0.53 + 0.029 100 
2-[ 5,6,8,9,11,12,14,15-3Hl 

ArachidonoyI-PI 4 0.23 :t 0.019 43 

aThe labeled substrates noted were prepared as described in Materials and Methods  based on  the procedures 
described earlier (1). 

bThe phospholipase Aa was purified as outlined in Materials and Methods and described e lsewhere  (2). The 
activity of the enzyme was measured as described in Materials and Methods based on the method reported earlier 
by Shum et al. (1). 
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TABLE 2 

Specificity of the Purified Phospholipase A 2 from the 106,000 X g Pellet (Mierosomes) 
of Bovine Brain Acting on Different Phosphoglycerldes Labeled with [ 1-14C]- 

Oleie Acid in the 2-Pos i t ion  

Substrate a Number 

Fatty acid released b Activity relative to 
(,umol/min/mg 2-[ 1-14 C ] oleoyl-PI 
protein • SEM) (%) 

l-Acyl, 2-[ 1-14C I oleoyl-Pl 
l-Acyl, 2-[ IJ4C ] oleoyl-PC 
l-Acyl, 2-[ 1-14C I oleoyl-PA 
1-Acyl, 2-[ 1-14C ] oleoyl-PE 
1 Acyl, 2-[ l-t4C ] nleoyl-PS 

17 0 . 5 3 4  + 0 . 0 2 9 4  1 0 0 . 0  
4 0 . 3 3 4  + 0 . 0 2 6 5  62 .5  
4 0 . 1 7 4  • 0 . 0 1 3 9  3 2 . 6  
4 0 . 1 3 4  + 0 . 0 2 6 5  25 .1  
2 0 . 1 1 5  c ( 0 . 1 0 5 ,  0 . 1 2 4 )  2 1 . 5  

aSubstrates were either purchased (PC) or prepared (PI, PE, PS and PA) as described in Materials and Meth- 
ods based on procedures described earlier (1,2). 

bThe phospholipase A~ was purified and its activity measured as noted for Table 1. 
CAverage of the 2 values shown in parentheses. 

TABLE 3 

Effect of Different Fatty Acids on the Action of Purified Phospholipase A 2 
from the 106,000 X g Pellet (Microsomes) of  Bovine Brain toward 

PI Labeled with [ IJ4C ] Oleic Acid in the 2-position 

n m o l  [ 1-14C]oleic acid 
Concentration released/rain/rag protein b % of control 

Fatty acid added a (/~M) Expt. 1 Expt. 2 Expt. 1 Expt. 2 Ave. 

Control - 493.3 617.6 100.0 100.0 100.0 
Palmitic acid 5 437.6 561.0 88.7 90.8 89.8 

(16:0) 10 441.3 538.0 89.5 87.1 88.3 
Stearic acid 5 412.1 519.8 83.5 84.2 83.9 

(18:0) 10 402.3 537.2 81.6 87.0 84.3 
Oleic acid 5 372.9 496.3 75.6 80.4 78.0 

(18:1) 10 321.4 463.1 65.2 75.0 70.1 
Arachidonic acid 5 249.5 221.4 50.6 35.9 43.3 

(20:4) 10 186.8 198.6 37.9 32.2 35.1 

aFatty acids were added to buffer to give the final concentrations shown and then sonicated as detailed in 
Materials and Methods. 

bThe phospholipase A 2 was purified and its activity measured as noted for Table 1. 

acid, t h e n  stearic  acid and  f inal ly  pa lmi t i c  acid. 
This  o rde r  o f  w h a t  m i g h t  be  t e r m e d  p r o d u c t  
i n h i b i t i o n  is t he  exact  reverse to  t ha t  observed  
for  the  release of  the  co r r e spond ing  labeled  
f a t t y  acids f rom the  2-posi t ion.  

The  final  s t u d y  to be r e p o r t e d  is c o n c e r n e d  
wi th  the  e x a m i n a t i o n  of  t he  add i t i on  o f  differ-  
en t  un l abe l ed  phosphog lyce r ides  on  the  release 
o f  [ 1 J 4 C ] o l e i c  acid f r o m  the  2-pos i t ion  of  
PI (Table  4). B o t h  PS a n d  PA show s igni f icant  
i nh ib i t i ons  (40  and  20%, respec t ive ly)  o f  
release o f  labeled  oleic acid f r o m  PI whereas  the  
r e d u c t i o n s  observed  w i th  PC (15%) and  PE 
(2%) are b o t h  less and  of  e i the r  bo rde r l i ne  or  
n o  significance.  The  types  of  i n h i b i t i o n  ob- 
served are n o t  i ncons i s t en t  w i th  w h a t  m i g h t  be  
e x p e c t e d  w i th  a phospho l ipase  A2 showing  
se lec t iv i ty  t o w a r d  PI. 

DISCUSSION 

The  d iscovery  (1)  and  s u b s e q u e n t  purif i-  
c a t ion  (2)  of  a phospho l ipa se  A2 p resen t  in  t he  
m i c r o s o m a l  f r ac t ion  of  b r a i n  w h i c h  showed  
good  ac t iv i ty  t o w a r d  PI was o f  cons iderab le  
in t e res t  to  us  in  regard  to s tud ies  t h a t  were in 
progress  o n  h o w  the  p r e d o m i n a n t  1-stearoyl,  
2 - a r ach idonoy l  species o f  PI m a y  be  fo rmed .  
As c i ted  e lsewhere  (1 ,2) ,  on ly  a l imi ted  n u m b e r  
of  s tudies  are r e p o r t e d  w h i c h  focus  p r imar i ly  
o n  the  deacy la t ion  o f  PI. Ye t  i t  is essent ia l  for  
th i s  process  to  go o n  i f  t he re  is to  be  s ign i f ican t  
r e shap ing  of  the  PI molecu le  in t e r m s  of  i ts  
f a t t y  acid c o m p o s i t i o n  b y  a deacy la t ion-  
r eacy l a t i on  cycle "(3-5). F u r t h e r m o r e ,  consider-  
able  in  vivo and  whole-cel l  s tudies  wi th  labeled  
p recursors  yield da ta  wh ich  s t rong ly  suggest  a 
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TABLE 4 

Effect of Adding Different Phosphoglycerides on the Action of Purified 
Phospholipase A 2 from the 106,000 X g Pellet (Microsomes) of 

Bovine Brain toward PI Labeled with [ 1-14C]Oleic Acid in the 2-Position 

95 

Concentration nmoi [ 1-14C ] oleic acid 
Phosphoglyceride added OM) released/min/mg protein a % of control 

Control - 483.2 100.0 
Ph osph atid ylcholine 5 421.4 87.2 

10 408.3 84.5 
Phosphatid ylethanolamine 5 473.2 97.9 

10 474.1 98.1 
Phosphatidylserine 5 321.6 66.6 

10 282.1 58.4 
Phosphatidic acid 5 396.8 82.1 

10 384.6 79.6 

aThe phospholipase A 2 was purified and its activity measured as noted in Table 1. 

major role for this cycle in regard to PI metab- 
olism. The experiments done in this study were 
designed to assess the specificity of this phos- 
pholipase A2, particularly in respect to its 
action on PI with a view to determining wheth- 
er this enzyme might have the right charac- 
teristics and, hence, the potential to function 
in a deacylation-reacylation cycle. 

The results obtained showed a number of 
patterns which are consistent with the func- 
tional role just described for the purified 
phospholipase A2. The finding that the satu- 
rated fatty acids (16:0 first and then 18:0) 
are preferentially released compared to unsatu- 
rated fatty acids and that 18:1 oleic acid is 
preferentially released compared to 20:4 
arachidonic acid is the type of  pattern to be 
expected for a phosphollpase A2 if the arachi- 
donoyl group in the 2-position of PI is to be 
conserved. Such a selectivity would be useful 
for the removal of fatty acids other than 
arachidonic from the 2-position to form lyso- 
PI which could then be acylated by acyltrans- 
ferases showing selectivity for arachidonoyl 
CoA (6,12,13). Also, disaturated-GPI, if pres- 
ent, would be preferentially attacked. However, 
in contrast to the situation for PC (14), the 
possibility of this happening significantly for 
PI seems unlikely in view of the finding of 
Holub et al. (15) that only trace amounts of 
disaturated-GPI exist in the PI of  bovine brain 
although on a purely random basis up to 21% 
could exist in this form. The pattern of fatty 
acid inhibition observed is also consistent 
with that interpretation. Thus, the greater 
inhibition noted with arachidonic acid is to be 
expected if arachidonoyl groups are to be 
prevented from being released. Finally, the 
somewhat greater preference shown by the 
purified phospholipase A2 toward PI than other 

phosphoglycerides points to the possibility that 
this enzyme has a prime role to play in respect 
to PI metabolism. This raises the interesting 
possibility that several membrane-bound A2 
phospholipase may exist in a tissue such as 
brain which show different substrate specific- 
ities. 

Until truly in vitro or reconstitution experi- 
ments with purified enzymes (phospholipase 
A2 and acyltransferases) are done, it is not 
possible to demonstrate a direct involvement of  
the purified phospholipase A2 under study in 
a deacylation-reacylation cycle for PI. However, 
the pattern of action of this phospholipase A2 
and the fact that it is located in the microsomal 
fraction where the acyltransferases are found 
(6,12,13) provide strong support for the 
role described here for this enzyme. Once the 
appropriate lyso-PI is formed, there is good 
evidence for the presence of acyltransferases 
(6,1 2,13) that show selectivity in terms of  the 
fatty acid added. 

An alternate physiological role for the 
purified phospholipase A2 which is somewhat 
negated by the results reported here is that of 
producing arachidonic acid for prostaglandin 
synthesis (16,17). Actually, much controversy 
exists in respect to whether arachidonate 
derived from PI for prostaglandin synthesis is 
provided via the consecutive actions of PI- 
phosphodiesterase and diacylglycerol lipase 
(18) or by a PI-hydrolyzing phospholipase A2 
(19). The fact that the purified phospholipase 
A2 shows less activity toward PI with arachi- 
donate in the 2-position would argue against a 
major role for this enzyme in respect to the 
release of arachidonate, unless, as yet undis- 
covered, regulatory mechanisms operating in 
the membrane locus of  the enzyme alters its 
specificity. 
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Gas Chromatographic Assay of the Diastereomeric 
Composition of all-rac-ol-Tocopheryl Acetate 1 
CLIFFORD G. SCOTT*, NOAL COHEN, PATRICK P. RIGGIO and 
G IUSEPPE WEBER, Chemical Research Department, 
Hoffmann-La Roche Inc., Nutley, NJ 07110 

ABSTRACT 

It has been established by an evaluation of 6 production samples ofall-rac-c~-tocopheryl acetate 
that all 4 racemates (RRS/SSR, RRR/SSS, RSR/SRS and RSS/SRR) are consistently present in 
equimolar amounts (SD < 0.3, RSD < 1.2%). An analysis of variance indicated variance due to signal 
noise to be consistent within a sample run but to vary from day to day. Variance due to area measure- 
ment was greater for the first and last elt~ted racemates than for the second and third. Peak width 
and asymmetry were found to be extremely sensitive to sample loading and, even within acceptable 
limits for good quantitation, the distortion was sufficient to give the elution prof'de the appearance 
of a sample composed of 4 components in unequal proportions increasing according to the order of 
elution. 
Lipids 17:97-101, 1982. 

INTRODUCTION 

A recent publication by Slover and Thomp- 
son (1) describes an elegant gas chromato- 
graphic procedure for the analytical separation 
and quantitation of  the 4 racemates present in 
all-rac-ot-tocopherol. The paper included data 
indicating the composition of 2 commercially 
available synthetic all-rac-a-tocopherols to have 
a skew distribution of the 4 racemates; thus 
normalized peak areas for the racemates are 
shown as 22.8, 25.0, 25.6 and 26.7% in order 
of their elution (data averaged over 8 determi- 
nations between the 2 samples). Similar skew 
distributions were reported for an all-rac-a- 
tocopherol USP reference sample and for 
material extracted from a vitamin E capsule. 

These results contrast with our own pub- 
lished data (2) on ROCHE production all-rac- 
c~-tocopherols which were obtained using a 
slight modification of the Slover-Thompson 
procedure in which the methyl ether rather 
than the trimethylsilyl ether derivative was gas 
chromatographed. Our data indicated the 
racemates to be present in essentially equal 
amounts (24.9, 25.1, 24.8 and 25.0%, in order 
of elution). 

Because the biological activity of all-rac-a- 
tocopherol can be a function of the racemate 
distribution, it is of  the utmost  importance that 
these differences be resolved, not only with 
respect to the distribution itself, but also to 
the constancy of the distribution from sample 
to sample. The work reported in this paper 
addresses these questions as they relate to 
ROCHE production all-rac-a-tocopheryl ace- 
tate. 

IDedicated to the memory of Dr. Willy Leim- 
gruber, who died July 8, 1981. 

EXPERIMENTAL 

Samples 

Six samples were obtained, 1 from each of 
6 batches of production NF/USP grade all-rac- 
oetocopheryl acetate chosen at random from 
batches made during March 1980-March 1981. 
The acetates were reduced to the alcohol with 
lithium aluminum hydride and then methylated 
with dimethyl sulfate as previously described 
(2). Solutions of  the methyl ether in methylene 
chloride at 0.01% and 0.02% levels were used 
for gas chromatographic analysis. 

Gas Chromatography 

Gas liquid chromatography (GLC) was done 
on a 100 m x 0.25 m m i d  glass capillary 
column coated with SP2340 liquid phase 
(Quadrex Corp., New Haven, CT). The gas 
chromatograph was a Hewlett-Packard Model 
5700 equipped with flame ionization detector 
and standard splitter. Hydrogen was used as 
carrier gas at an average linear velocity of  ca. 
14 cm sec -1, and the column temperature was 
held at 190 C. The injector and detector 
temperatures were 250 and 300 C, respectively. 

Analysis Scheme 

The analysis scheme was to inject each of  
the 6 samples 5 times (30 chromatograms) and 
replicate the area measurements 5 times on 
each chromatogram (150 sets of data). Because 
of  the lengthy retention time of ca. 180 rain, 
the injections for each sample were piggy- 
backed at 20-min intervals. Also, for expedi- 
ency, 6 rather than 5 injections were piggy- 
backed on each sample to cover the eventuality 
that a noise spike or obvious baseline pertu- 
bation occurred during the elution of any one 
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of the first 5 injections. Only for 1 out of the ~:,c~-~ 
6 samples did this situation arise. For the other 
5 samples, data were obtained for the first 5 
injections. In order to cover what was believed 
to be an acceptable range of mass injected, 
injections ranged from ca. 1 /al of the 0.01% 
solution to 2 /.d of the 0.02% solution of 
methyl ether derivative in methylene chloride. I 

Quantitation 

The detector output was fed to an auto- 
ranging analog-to-digital converter (Digimetry 
unit  ex Computer Inquiry Systems, Waldwick, 
NJ) coupled to a Hewlett-Packard Model 2 IMX ~ 
computer (128K) and 7900A cartridge disc 
system (10M bytes). The detector output was 
sampled 15 times/sec and data, averaged 
every sec, were analyzed by area internal 
normalization using a combination of custom 
supplied software for area integration (Com- 
puter Inquiry Systems) and in-house user- 
written software for direct interaction with the 
CRT of the data system. Briefly, the quantita- 
tion was achieved by plotting the 4 eluted 
racemates of a sample full-scale on a Tektronix 
4010-1 screen and using the cross-hairs to 
indicate to the computer where the baseline 
should commence and terminate and where the 
perpendiculars should be dropped at the 
valleys. The areas enclosed within the indicated 
boundaries were then automatically integrated 
and normalized by the computer. For the 5 
sets of area measurement made on each chro- 
matogram, the operator attempted to eliminate 
the subjectivity of the assessment, and at the 
same time obtain the maximal variances, by 
randomly including all possible variations of, 
e.g., baseline and perpendicular drop positions, 
when, due to random noise, several options 
were available. Calculated data for each sample 
were held in the computer and not printed out 
until after the fifth and last analysis had been 
completed. 

Chromatographic Data 

Plate numbers at 0.607 of the peak height 
were calculated by the computer for all 4 
components for every injection of all 6 samples. 
Asymmetry ratio defined as the ratios of peak 
widths, rear/front, on either side of the per- 
pendicular dropped from the peak maximum 
and measured at 0.1354 of the peak height 
were also determined. 

I n ,  , 1 6  C h ~  T~Qy �9 

I 

I 

RESULTS AND DISCUSSION 

Quantitative Results 

The overall chromatogram obtained for the 
run of 6 piggy-backed injections on sample lot 

P a e l  1 

I 

. .-C~Jl r ,  

M I n ,  

3 5 . 0  7 e . ~  1~ '5.8 1 4 0 0  t 7 5 . 0  Z l ~ . e  2 4 5 . 0  28Q.Q  315.~135Q.1~ 

2 t .  1 3 4  S m ~ 2  . ~d~l~l 
t . l s 3  m I N u T g S s in . ,  . g g g  

FIG. 1. Chromatographic run of 6 piggy-backed 
injections for the all-rac-c~-tocopheryl methyl ether of 
lot #473050 on 100 m X 0.25 mm id glass capillary 
column coated with SP 2340 liquid phase. 

#473050 is shown in Figure 1. The computer- 
enlarged chromatogram for the elution of the 
first injection is shown in Figure 2 together 
with 2 options for base-line position. The 
continuous baseline and perpendiculars from 
the valleys shown in Figure 2 were the boun- 
daries which gave 25.45, 24.95, 24.91 and 
24.69% for the racemates in order of elution. 
Another option for baseline choice (dashed 
line) gave results of 25.20, 24.94, 24.93 and 
24.93% for the racemates. 

The detailed results obtained for the first 
5 injections of the sample shown in Figure 1 
are given in Table 1. A summary of the overall 
mean values obtained for the 6 samples are 
given in Table 2. The mean values, corrected to 
the fourth significant figure are RRS/SSR 

F - t g r i t , 1 8  Ch,B ~ e o y  ~ 3 Z  pm I @ P ~  I 

. . . . . . .  ~ . , , ,  . . . . .  . . . . ,  . . . .  �9 . . . .  , . . . . . . . . . .  , . . . .  , 

i 'ham, 3 .175  .~qlx,  . I~Q 
N t n ,  I 1113 M Z i t  u T [ s ~b-~: . l l m g  

FIG. 2. Elution prof'de for the first injection of lot 
#473050 (elution period between 178 and 180 min 
on Fig. 1) showing 2 options for baseline position. 
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T A B L E  1 

Norma l i zed  Area  Percentages  for  Lot  # 4 7 3 0 5 0  

First e lu ted  r a c e m a t e  RRS /S S R 

In jec t ion  # 1 2 3 4 

Area  1 25.01 24 .63  24 .90  24.82 
Det.  # 2 25 .20  24 .76  24 .74  25.01 

3 25 .04  24 .99  24 .92  25.05 
4 25 .45  24 .78  24.75 24 .83  
5 25 .28  25 .26  24 .79  24.81 

Mean 25 .196  24 .884  2 4 . 8 2 0  24 .904  
Overall  m e a n  24 .928  

Second  e lu ted  r a c e m a t e  RRR/S S S  

5 

24 .86  
24 .92 
24 .89  
24.95 
24.55 
24 .834  

In jec t ion  # I 2 3 4 5 

Area  1 24 .88  24 .60  25 .08  24.92 24.81 
Det.  # 2 24 .94  24.71 24 .98  2 4 .9 0  24 .77  

3 24.85 24 .72  25.11 24.95 24.74 
4 24 .95  24 .64  25.07 24 .93  24.75 
5 24 .97  24 .74  25.09 24.92 24.71 

Mean 2 4 . 9 1 8  24 .682  25 .066  24 .924  24 .756  
O v e r ~ l  m e a n  24 .869  

Third  e lu ted  r a c e m a t e  RS R/S RS  

In jec t ion  # 1 ~ 3 4 5 

Area  1 25 .05  25 .27  25 .13  25 .19  25.19 
Def. # 2  24 .93  25 .23 25 .09  25.17 25.21 

3 25 .09  25 .18  25 .07  25.11 25.22 
4 24.91 25 .33  25.19 25.15 25 .18  
5 24 .98  25.05 25.22 25 .24  25.38 

Mean 24 .992  25 .212  25 .140  25 .172  25 .236  
O v e r ~ l  m e a n  25 .150  

Four th  e lu ted  c o m p o p e n t  RSS/SRR 

Injec t ion  # 1 2 3 4 5 

Area  1 25 .06  25 .50  24 .88  25 .08  25.14 
Det. # 2 24 .93  25 .30  25 .20  24.92 25 .10  

3 25 .02  25 .10  24.91 24.88 25.15 
4 24 .69  25 .24  24 .99  25 .10  25.12 
5 24 .77  24.95 24 .90  25 .03  25.37 

Mean 24 .894  25 .218  24 .976  25 .002  25 .176  
Overall  m e a n  25 .053  

T A B L E  2 

S u m m a r y  o f  Normal i zed  Area  Percentages  for  6 Samples  

R a c e m a t e  

Lot  # RRS /S S R RRR/SSS  RSR/SRS R S S / S R R  

256011 24.901 24 .999  25 .098  25 .009  
4 7 3 0 5 0  24 .928  24 .869  25 .150  25 .053  
2 0 8 1 1 0  25 .020  24 .965  2 5 . 0 5 0  24 .966  
164090 24 .996  25 .173  25 .054  2 4 . 7 8 0  
4 0 8 0 3 0  24 .979  24 .980  25 .130  2 4 . 9 1 0  
333031 25 .058  24 .804  25 .092  25 .046  
Mean 24 .980  24 .965  25 .096  24.961 
SD a 0 .293  0 .245 0 .158  0 .283  
Upper  l imit  b 25 .736  25 .597  25 .504  25.691 
L ow er  limit b 24 .224  24 .333  2 4 . 6 8 8  24.231 

aS tandard  devia t ions  are based on the 150 data  points  ob ta ined  for  each  r a c e m a t e .  

b U p p e r  and lower  l imits at 99% conf idence  levels. 
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racemate = 24.98, RRR/SSS = 24.97, RSR/ 
SRS = 25.10 and RSS/SRR = 24.96. Standard 
deviations calculated for each racemate on the 
total of 150 data points obtained for each 
(based on the assumption that all 6 samples 
can be regarded as belonging to the same 
population) and without any rejection of 
statistical outliers are 0.293, 0.245, 0.158 and 
0.283, respectively, in order of elution. The 
data confirm our previous findings using 
considerably less data, that the 4 racemates 
are present in equal amounts and the ratios do 
not vary between samples. While this contrasts 
with the results reported by Slover and Thomp- 
son, it should be noted that, in their paper (1), 
they draw attention to the difficulty of the 
chromatography and the smallness of their area 
measurements, and indicate confirmatory work 
is required in other laboratories before conclu- 
sions should be drawn regarding tocopherols in 
general. 

Evaluation of the Quantitative Procedure 

The quantitative procedure used was one of 
area normalization of 4 closely eluted peaks 
having identical physical properties and, there- 
fore, the variances in the analytical measure- 
ment can be narrowed down to 2 sources. The 
first source is the fluctuation in response of the 
detector output and signal transmission over 
the time of an elution period and the second 

source is in the assessment of the areas on the 
chromatogram. The design of the analytical 
scheme allowed these variances to be estimated 
by an analysis of variance. The results are given 
as standard deviations in Table 3. 

The estimates of the standard deviations of 
the detector output  range from a low of 0.08 
to a high of 0.43. The only pattern that 
emerges is that the variation between samples 
is greater than within a sample. This is compati- 
ble with the situation of working at high 
sensitivity with noise levels showing a greater 
day-to-day variation (each sample run on a 
different day) than over the 2-hr elution period 
for 6 piggy-backed injections of a single sample. 

The estimates of the standard deviations of 
the area measurements (given in parentheses 
in Table 3) have values between 0.14 and 0.24 
for the first and last eluted peaks and between 
0.05 and 0.09 for the 2 middle peaks. These 
results tend to suggest that the variability in the 
area measurement is attributable to the posi- 
tioning of the start and end of the baseline, 
rather than the positioning of the perpendicu- 
lars dropped from the valleys. This tendency is 
reflected in the overall standard deviations 
reported in Table 2. In this respect, it is of 
interest to note that in 5 of the 7 analyses 
reported by Slover and Thompson (their 
Table 2, ref. l )  this trend is clearly observed, 
with the standard deviations for the data on 
the 2 center peaks being lower than for the 2 

TABLE 3 

Standard Deviations Attr ibutable  to Detector Output  and (Area Normalization) 

Racemate 

Lot # RRS/SSR RRR/SSS RSR/SRS RSS/SRR 

256011 0.12 (0.20) 0.16 (0.06) 0.16 (0.09) 0.15 (0.19) 
473050 0.14 (0.17) 0.15 (0.05) 0.09 (0.08) 0.12 (0.15) 
208110 0.43 (0.21) 0.22 (0.08) 0.16 (0.08) 0.19 (0.24) 
164090 0.35 (0.14) 0.39 (0.06) 0.22 (0.05) 0.39 (0.15) 
408030 o. l i (0.20) o.09 (o.07) 0.14 (o.o6) o.o8 (0.21) 
333031 0.19 (0.16) 0.24 (0.05) 0.11 (0.06) 0.22 (0.16) 

TABLE 4 

Plate Numbers  and (Asymmetry  Values) over 6-fold Range of  Sample Size Injected 

Area my. sec RRS/SSR RRR/SSS RSR/SRS RSS/SRR 

22 354 a (0.93) 357 (0.86) 379 (0.85) 420 (0.82) 
61 295 (0.67) 316 (0.61) 340 (0.62) 403 (0.56) 
74 276 (0.58) 308 (0.57) 320 (0.58) 393 (0.46) 

110 248 (0.50) 287 (0.42) 302 (0.50) 394 (0.36) 
129 210 (0.44) 254 (0.43) 278 (0.46) 360 (0.32) 

aValues in table to be multiplied by 1,000 to obtain plate number .  
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outer peaks. It is thus conceivable that their 
main source of variance occurred in the posi- 
tioning of the start and end of the baseline and 
instrumental error biasing one or other (or 
both) of these positions could readily introduce 
the skew distribution observed by them. 

Evaluation of Chromatographic Data 

As reported by Slover and Thompson, 
separation efficiency and peak shape of the 
racemates are unusually sensitive to sample 
size. The sample sizes used in this study were 
varied over a narrow range representing a 
compromise between obtaining adequate sepa- 
ration and accurate area measurement. Plate 
numbers and asymmetry values are given in 
Table 4 for injections covering the range from 
minimum to maximum used in this study. For 
the minimal injection, the peaks are essentially 
symmetrical even though there is a distinct 
trend for introduction of asymmetry progres- 
sing from the first to the fourth eluted race- 
mate. Plate numbers are also essentially the 
same, although it might be that the slight 
increase in efficiency for the fourth eluted 
racemate is just significant. As the sample 
size is increased, the asymmetry increases and 
the peaks broaden (as indicated by plate 
numbers which, due to the asymmetry, are 
somewhat artificial). The broadening is consis- 
tently greater for the first eluted racemate than 
it is for the last. l~ae increase in broadening 
for the second and third eluted racemates is 
intermediate between the ftrst and last eluted. 
The net effect of these changes is to distort the 
appearance of the chromatogram, as shown in 
Figure 3, which compares the elution profile 
for the smallest injection with the elution 
profile for the largest injection. The elution 
profile for the larger injection could certainly 
lead to the belief that the racemates were 
present in a skewed distribution. 

The data reported here in  show quite con- 
elusively that the 4 racemates present in syn- 
thetic, i.e., all-rac-c~-tocopheryl acetate, are 
present in equimolar amounts (RSD < 1.2%) 
in 6 samples chosen at random from production 
lots spanning a period of 12 months. 

FIG. 3. Elution profiles for the minimal and max- 
imal sample injections used in the study. 

The variances of determination are greater 
for the first- and last-eluted racemates than 
they are for the second and third and this 

�9 appears attributable to the poorer definition 
in choosing baseline start and end rather than 
choosing the position for dropping perpendicu- 
lars at the valleys. 

Elution peak shape is particularly sensitive 
to sample load with, in addition to peak front- 
ing, the earlier eluting peaks broadening more 
quickly than the later eluting peaks. The net 
result is that, even without overload affecting 
quantitative precision, the visual effect is to 
suggest a skew distribution of the racemates. 
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ABSTRACT 

Plant sterols and triterpenes exhibit a wide range of pharmacological activities. As part of our 
ongoing studies of the medicinal aspects of Maritime flora, particularly the herbal remedies of the 
Micmac and Malecite Indians, we determined the nature of the sterols and triterpenes of Tanacetum 
vulgate L. (Compositae)-a widely used herbal remedy usually referred to as tansy. By using thin layer 
and gas chromatographics, nuclear magnetic resonance (NMR) spectroscopy and combined gas chro- 
matography-mass spectrometry, we were able to identify #-sitosterol as the major sterol and a-amyrin 
as the major triterpene of tansy. We also identified the sterols stigmasterol, campesterol and cho- 
lesterol and the triterpenes t3-amyrin and taraxasterol. A fourth triterpene was tentatively identified 
as pseudo-taraxasterol. The successful therapeutic application of this herb may be due partly to the 
presence of one or more of these compounds. The sterols and triterpenes of tansy have not been 
previously reported; neither, to our knowledge, have the NMR spectra of the amyrins and the NMR 
and mass spectra of taraxasterol. 
Lipids 17: 102-106, 1982. 

Our l i terature searches of  the medicinal  
aspects of  Marit ime flora, particularly the 
herbal remedies of  the Micmac and Malecite 
Indians (1,2), revealed only 3 references (3-5) 
to the sterols and tr i terpenes of  Tanacetum 
vulgare L. (Composi tae) ,  c o m m o n l y  known  
as tansy, despite the extensive use of  this plant 
as a t radit ional  medicine (6-11) and the numer-  
ous phy tochemica l  studies reported (12-22). 

Plant sterols and tr i terpenes (pentacycl ic  
tr i terpenes) exhibi t  a wide range of  pharmaco- 
logical activities. These include an t / tumor  and 
cy to tox ic  (23-28), an t ihypercholes teremic  (29- 
30), an t i - inf lammatory  (31-33), ant iconvulsant  
(31), antibacterial ,  analgesic, antitussive and 
expec to ran t  (32-34) activities. 

Some of the t radi t ional  uses of  tansy could 
conceivably be related to the presence of  the 
sterols and tr i terpenes which we had shown 
were present in the plant in an earlier s tudy (2). 
We, therefore,  decided to investigate the nature 
of  these compounds  in tansy. 

Even though its oil is toxic  (8,35-39).  tansy 
has a rich heritage as a t radi t ional  herbal 
remedy.  It was officially listed in the United 
States Pharmacopeia as a s t imulant ,  anthel-  
mint ic  and emmenagogue  f rom 1820 to 1905 
(6,40). Tansy was widely used for these pur- 
poses and for its tonic,  diaphoret ic ,  emetic ,  
nervine, analgesic, ant i - inf lammatory  and o ther  
activities for problems such as rheumatism,  
bruises, swellings, dermatologic  affl ict ions,  
fevers, headaches,  diarrhea, sore throat ,  preven- 
t ion of  pregnancy and some gynecological  
problems (6-11,35,36,41).  Tansy has also been 
employed  as an insect repel lent  (36,42) and an 

insecticide (8,35,36). The Micmac Indians used 
the plant to prevent pregnancy (largely as an 
abort i facient)  and as a diuretic (43). 

MATERIALS AND METHODS 

Collection and Extraction 

The aerial parts of  T. vulgare L. were col- 
lected during the f lowering stage from the 
roadside and railway slopes near Port  Williams, 
Nova Scotia,  during Sept. 1979. The material  
was determined by Dr. M.J. Harvey, Depart-  
ment  of  Biology, Dalhousie Universi ty,  and 
herbar ium samples are now on file. The plant 
material  was dried in a forced-air oven at 60 C 
and ground in a Wiley mill to a coarse powder  
(0.5 era). This material  (11.7 kg) was placed in 
a stainless steel tank and macera ted  in chloro- 
f o r m / m e t h a n o l  ( I : I, v/v) for at least 24 hr. The 
extract  was then drained f rom the tank. This 
procedure  was repeated 3 t imes;  the extracts  
were combined ;  and the solvent was removed 
in vacuo to produce a dark green semisolid 
mass (456 g). This mass was saponified follow- 
ing AOCS m e t h o d  Ca 6b-53 (44). The non- 
saponifiable materials were ext rac ted  with ether  
and the solvent was again removed in vacuo,  
yielding a yellowish solid (81.4 g). 

Thin Layer Chromatography 

The nonsaponif iable material  obta ined was 
f ract ionated by preparative thin layer chro- 
matography  (TLC) using plates coated with 
silica gel H. Fo l lowing  visualization pro- 
cedures, the sterols appeared as a red band (Rf 

0.25) and the t r i terpenes as a red-brown 
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T A N A C E T U M  STEROLS AND TRITERI'ENES 

TABLE l 

Gas Chromatographic Relative Retention Times for Tansy 
Sterols and Triterpenes a 
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Column 

Compound SE-30 OV-I OV-17 OV-225 

Sterols 
Cholesterol 1.53 1.57 2.15 - 
Cam pesterol 1.86 1.91 2.65 - 
Stigmasterol 2.10 2.02 2.90 - 
/3-Sitosterol 2.14 2.25 2.96 - 
Unknown A ND b ND 3.08 - 
Unknown B ND ND 3.14 - 

Triterpenes 
13-Amyrin 2.48 -- 3.26 6.38 
a-Amyrin 2.66 -- 3.70 7.39 
qJ-Taraxasterol c 2.92 - 4.53 9.60 
Tarax asterol 2.92 - 4.55 10.20 
Unknown A 3.72 - 5.01 11.07 
Unknown B 3.94 - 6,53 12.0 1 
Unknown C ND -- 7,11 13.60 

aAIl figures are for the free "alcohols and are recorded as relative retention times (RRT) 
using 5a-cholestane as the internal  standard. 

bNot detected under the stated operating conditions. 
CTentative structural identification. 

band (Rf ~ 0.40). The material  f rom bo th  
bands  was recovered by ext rac t ing the silica 
gel with e ther  and ch lo ro form (45). 

The t r i te rpene  band was acetyla ted  (45) 
and fur ther  f rac t iona ted  using silica gel H 
impregnated  with silver ni t ra te  (46-48). The 
6 bands present ,  shown with 2 ' ,7 ' -d ichloro-  
f luorescein (46,48),  were numbered  according 
to increasing Rf. Fol lowing elut ion f rom the 
plates with e ther  and ch loroform,  bands  1, 2 
and 6 produced  negative Liebermann-Burchard  
tests  and were not  s tudied further .  Bands 3, 
4 and 5 p roduced  positive tests (49) for tr i ter-  
penes. To obtain a few mg of  3 t r i te rpene  
acetates  that  were at least 80% pure,  we re- 
peated the silver ni t ra te  process for bands  
3 and 5. 

Gas Liquid Chromatography 

The sterol  fract ion was analyzed by gas 
liquid ch roma tog raphy  (GLC) using SE-30, 
OV-I and OV-17 columns,  and au then t ic  
reference s tandards  (50). The t r i te rpenes  were 
similarly analyzed using SE-30, OV-I 7 and OV- 
225 (3% on  100-120 mesh C h r o m o s o r b  W, 
H.P.) co lumns  and respective oven t empera tu res  
of  290, 275 and 250 C. Relative re ten t ion  t imes 
(RRT)  were calculated using 5ot-cholestane as 
the internal  reference.  Results are recorded in 
Table 1. 

Nuclear Magnetic Resonance Spectroscopy 

The NMR spectra  were recorded on a 

Varian IIR-220 spec t rome te r  located at the 
Canadian ,220 MHz NMR Centre ,  Depa r tmen t  
of  Medical Genetics,  University of  Toron to .  
Prel iminary NMR spectra were recorded on the 
Varian A-60, T-60, and CFT-20 spec t romete r s  
of  Dalhousie Universi ty,  l tal ifax,  Nova Scotia. 
All spectra  were recorded on dilute solut ions in 
deu te ra ted  solvents  using te t ramethyls i lane  as 
the internal  reference.  Results are presented  in 
Table 2. 

Gas Chromatography-Mass Spectrometry 

Gas ch romatography-mass  spec t rome t ry  (GC/ 
MS) studies were pe r fo rmed  on a Finnigan- 
MAT 4000 quadrapole  mass spec t rome te r  
coupled  to an INCOS data system. The column 
was a high capacity 3% OV-I flexible quartz  
capillary (25 m x 0.3 mm id) which was 
direct ly in terfaced to the source of  the mass 
spec t romete r .  Source t empera tu res  ( indicated)  
were 260 C for  e lec t ron impact  (El)  MS studies 
and 230 C for the positive ion chemical  ioni- 
zat ion (PCI) MS studies. Methane was used as 
the ionizing gas for  the PCI studies at a source 
pressure of  0.02 torr  ( indicated) ,  and hel ium 
was used as the carrier gas (2 ml /min) .  The E1 
studies  were de te rmined  at 70 eV. Results are 
presented  in Table 3. 

Authentic Samples 

Authen t i c  samples were purchased as fol- 
lows: choles tane, /3-s i tos terol  and s t i g m a s t e r o l -  
Sigma Chemical  Co., St. Louis, MO; cholesterol  
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-F i she r  Scientific Co., Montreal, Quebec; 
campesterol-Applied Science, State College, 
PA; and 0t- and /3-amyrin-Pfaltz and Bauer, 
Inc., Stamford, CT. Taraxasterol was a gift 
from Dr. T.R. Watson, Pharmacy Department, 
University of Sydney, Australia. 

RESULTS AND DISCUSSION 

Quantitative TLC indicated that the sterols 
and triterpenes, respectively, represented about 
33 and 32% of the nonsaponifiable fraction. 

GLC of the sterol band recovered from the 
thin layer chromatograms showed 6 sterols 
present (Table 1). ~Sitosterol, representing 
63% of the sterols, was the major one found. 
Other sterols that could be identified were 
stigmasterol (22%), campesterol (8%) and 
cholesterol (5%). Co-injection of the sterol 
fraction sequentially with each of the authentic 
sterols produced single, symmetrical peaks, 
verifying the identity of these 4 sterols in tansy. 
Traces of 2 additional, unidentified sterols 
accounted for the remaining 2% of the sterol 
fraction. 

Similar treatment of the triterpene fraction 
indicated 6 triterpenes present when the SE-30 
column was used. However, when we used the 
OV-17 column, one of the triterpene peaks 
appeared as a poorly resolved pair, RRT of 4:53 
and 4.55. Complete separation was obtained on 
the OV-225 column, establishing the presence 
of 7 triterpenes in tansy. The GLC data (Table 

1) demonstrated the presence of ~-amyrin 
(59%), /3-amyrin (25%), taraxasterol (9%), 
and a fourth triterpene (4%) tentatively iden- 
tified as pseudo-taraxasterol. This latter triter- 
pene also appears in Achillea millefolium L. 
(yarrow) as the others do. The remaining triter- 
penes (3%) were not identified. 

The triterpene acetates that were obtained 
by repeated silver nitrate chromatography, 
ct-amyrin, /3-amyrin and taraxasterol, were 
analyzed by both NMR (Table 2) and GC/MS 
(Table 3). 

The NMR spectra of these 3 triterpene 
acetates were in keeping with those of similar 
compounds (51,52). The appearance of a triplet 
at 5.14 ppm and 5.18 ppm in a- and/3-amyrin, 
respectively, was consistent with an olefinic 
hydrogen at C-12. The chemical shifts of the 
acetate group (2.05-2.06 ppm) and of the 
corresponding methine hydrogen (4.50-4.53 
ppm) suggest an equatorial acetate. In C6D 6 
solution, the associated coupling constants 
(5 and 12 Hz) of the methine hydrogen suggest 
a slight conformational change, but both were 
in keeping with 2 vicinal coupling interactions: 
one axial-axial (J = 12 Hz) and the other axial- 
equatorial (J = 5 Hz). The fact that no other 
coupling constants appeared to be present 
supports the presence of a vicinal gemdimethyl 
group at C-4. 

The spectrum of taraxasterol acetate showed 
a doublet (1.02, J = 6 Hz) corresponding to 
the methyl group at the tertiary carbon (C-19) 

T A B L E  2 

N u c l e a r  Magnetic Resonance Assignments for Tansy Triterpene Acetates 

c~-Amyrin / L A m y r i n  Taraxasterol 

Group assignment Identity a Shift b Identity a Shift b Identity a S h i f t  b 

C H  a - C  3H,s  0 .81  6H,s  0 . 8 4  9 H , s  0 .85  
C H  3 - C  9H, s  0 .89  12 t i , s  0 . 8 9  3H, s  0 . 8 7  
C H  a - C  3H,s  0 .93  6H,s  0 . 9 8  3H,s  0 . 9 3  
CHa  - C  3H,s  1 .00  . . . .  
C H  a - C  3H,s  1 .02  - - 3H , s  1 .02  
C__H a - C  3H,s  1 .08  . . . .  
C__H a - C H  . . . .  3 H , d  c 1 .02 
CH__ a - C  H::=C 2 H , m  1 .90  2 H , m  1 .90  - - 
C H  a - C O  3H,s  2 .06  3H, s  2 . 0 6  3H,s  2 .05  
C H  3 - C H  . . . .  1 H , m  2 . 1 0  
CH2- .~-C-CH . . . .  I H , m  2 . 4 0  
C H _ - O A C  I H , t  d 4 . 5 3  I H , t  d 4 . 5 3  I H , t  d 4 . 5 0  
CH2==C . . . .  2 H , m  4 . 6 0  
C__H ==:C 1H,t  e 5 .14  I H , t  f 5 . 1 8  -- -- 

a ln  CDCI3 ,  n u m b e r  of  hydrogens, multiplicity (d =doublet,  m = m u l t i p l e t ,  s=s ingle t ,  t= t r ip l e t ) .  
b ( 6 ) ,  p p m .  

c j  (coupling constant) = 6 Hz.  
dj ~ 8 Hz.  

e j  = 3-4 Hz.  

fJ  =4Hz. 
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TANACETUM STEROLS AND TRITERPENES 

TABLE 3 

Relative Intensities in the Mass Spectra of Tansy Triterpene Acetates 
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Mass-to-charge 
rates 

Electron impact spectra Chemical ionization spectra 

a-Amyrin fl-Amyrin Taraxasterol a-Amyrin fl-Amyrin Taraxasterol 

468 a 0.4 0.4 1.9 0.2 0.1 0.2 
453 -- -- -- 0.1 0.2 0.1 
409 -- -- -- 63 38 58 
408 - -  - -  1.6 49 31 28 
393 -- -- 0.8 24 16 25 
249 0.7 0.6 6.7 2.3 2.3 3.1 
229 -- -- 3.6 -- -- -- 
219 -- -- -- 38 34 39 
218 100 100 5.0 58 43 9.0 
205 -- -- -- 60 64 73 
204 -- -- 14 -- -- -- 
203 27 51 15 38 49 49 
191 7.5 3.4 31 62 69 99 
189 44 19 100 37 42 47 
175 12 t l  23 20 25 20 
161 18 8.6 23 20 25 16 
149 15 7.2 18 47 47 47 
147 23 15 31 21 22 14 
137 10 -- 11 46 51 35 
135 42 18 55 41 39 30 
133 32 15 28 23 24 15 
123 30 9.2 32 72 66 55 
121 38 19 74 43 41 41 
109 44 20 81 100 100 100 
107 45 23 72 52 35 21 

aM+ (molecular ion). 

and  a b road ,  2 - p r o t o n  m u l t i p l e t  c en t e r ed  at 
4 . 6 0  p p m  c o n s i s t e n t  wi th  an exocyc l i c  vinyl ic  
g r o u p  (C-20(30) ) .  

T h e  El  m a s s  spec t r a  o f  t~- and /3-amyrin 
ace ta t e s  agreed wi th  p u b l i s h e d  data  (46) ,  and  
the  s p e c t r u m  of  t a r axas t e ro l  ace ta te  was  in 
keep ing  wi th  p red i c t ed  f r a g m e n t a t i o n  p a t t e r n s  
(53 ,54) .  

The  PCI mass  spec t r a  fo r  the t r i t e r p e n e s  
were  very similar ,  d i f fe r ing  on ly  i n t h e  relat ive 
a b u n d a n c e  o f  t he  f r a g m e n t  ions ;  h o w e v e r ,  all 
s h o w e d  a base  peak  at  m / e  109. 

In  s u m m a r y ,  direct  c o m p a r i s o n  wi th  a u t h e n -  
tic mate r ia l  by  GLC,  N M R  and  G C / M S  con-  
f i rmed  the  i d e n t i t y  o f  r and  /3-amyrins ( b a n d  
5) and  t a r a x a s t e r o l  ( b a n d  3). Band 4 was  a 1:1 
m i x t u r e  o f  t a r a x a s t e r o l  and  the  s u b s t a n c e  we 
are t en ta t ive ly  calling p s e u d o - t a r a x a s t e r o l .  Th i s  
c o m p o u n d  is be ing  ana lyzed  as pa r t  o f  o u r  
s tud ies  o n  y a r r o w ,  in w h i c h  it is m o r e  preva-  
lent .  F o r  this  r ea son ,  we have n o t  inves t iga ted  
its i den t i t y  f u r t h e r  in th is  s t u d y  b e y o n d  con-  
f i rming  tha t  it is iden t ica l  w i th  the  c o m p o u n d  
tha t  o c c u r s  in y a r r o w .  

This  is a p p a r e n t l y  the  first  t ime  t h a t  s t e ro l s  
(/~-sitosterol,  s t i gmas te ro l ,  c a m p e s t e r o l  and  
cho l e s t e ro l )  and  t r i t e r p e n e s  ( a - a m y r i n ,  fl- 
a m y r i n ,  and  t a r a x a s t e r o l )  have b e e n  iden t i f i ed  
in T. vulgare, a l t h o u g h  the  p re sence  o f  s t e ro l s  
(2 ,4 )  and  p h y t o s t e r o l s  or  t r i t e rpen ic  a l coho l s  

(2-5)  have  been  r e c o r d e d  earlier.  No  t r i t e rpen i c  
diols  (4)  were  ident i f ied ,  b u t  the  poss ib i l i ty  
r e m a i n s  t ha t  t hey  could  be the  c o m p o u n d s  
obse r ved  wi th  the  g rea te r  RRT.  A l t h o u g h  
the  m a s s  spec t r a  o f  a- and  /3-amyrins and  
p s e u d o - t a r a x a s t e r o l  have p r e v i o u s l y  been  docu-  
m e n t e d  ( 4 6 , 5 3 , 5 4 ) ,  this  a ppea r s  to be the  
first  r e c o r d i n g  o f  t he  ac tua l  N M R  o f  the  a m y r i n  
ace ta t e s  and t a r a x a s t e r o l  ace ta te ,  and  o f  the  
m a s s  s p e c t r u m  o f  t a r axas t e ro l  ace ta te .  
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A Convenient Method for the Preparation 
of Asialo-GM11 
N O R I Y U K I  KASAI, LAUREL O. S ILLERUD and ROBERT K. YU* ,  Departments of 
NeurolOgy and Molecular Biophysics and Biochemistry, Yale University 
School of  Medicine, New Haven, CT 06510 

ABSTRACT 

A convenient and efficient procedure has been devised for the large-scale preparation of asialo-GMl 
from bovine brain gangliosides. The procedure relies on the complete desialylation of brain ganglio- 
sides, consisting primarily of GMI , GDIa, GD�91 b and GTIb, by mild formic acid hydrolysis (0.1 N, 100  
C; 2 hr). Following the hydrolysis step, asialo-GMl can be isolated and purified by Folch partitioning 
and latrobeads column chromatography, with an overall yield of  more than 50%. 
Lipids 17:107-110, 1982. 

INTRODUCTION 

Asialo-GMl (gangliotetraosyl ceramide! ga- 
lactosyl, fl 1-3, N-acetylgalactosaminyl, 3 1-4, 
galactosyl, t3 1-4, glucosyl, /3 1-1, ceramide) is a 
minor, but important, neutral glycosphingolipid 
in animal tissues. It has recently been reported 
that this glycolipid can serve as a cell-surface 
marker of mouse natural killer cells (2,3) and 
may be associated with natural cell-mediated 
cytotoxicity (4). It has also been suggested to 
be a differentiation antigen of mouse (5) and 
rat (6,7) thymocytes. Furthermore, this glyco- 
lipid appears to be a cell-surface marker of 
leukemic cells from patients with acute lymph- 
oblastic leukemia (8). The detection of asialo- 
GMt antibody in sera from patients with 
Graves' disease and Hashimoto's thyroiditis 
(9) and systemic lupus erythematosus (10) 
suggests that this glycohpid may serve as an 
autoantigen that is involved in the pathogenesis 
of these diseases. In addition to this, asialo- 
GMI has been shown to be a precursor of 
GMI b (11-13), a naturally occurring ganglio- 
side found in rat ascites hepatoma cells (14) 
and human erythrocytes (15). 

Because the concentrations of asialO-GMl in 
normal tissues are generally extremely low, most 
investigators prepare this glycolipid from GMI 
ganglioside by removing the sialic acid residue 
under mild acid conditions (16,17). The 
amount of pure GMt is usually limited; there- 
fore, it is impractical to use this approach for 
the large-scale preparation of asialo-GMt. The 
procedure devised by Yip and Dain (18), 
employing bovine brain ganglioside mixtures as 

IThe ganglioside nomenclature used is that of  
Svennerhoim (1). 

the starting material, offers a reasonable alter- 
native. However, the procedure is not efficient 
for obtaining large amounts of asialo-GMl 
because considerable breakdown of the neutral 
gangliotetraosylceramide backbone can occur 
under the hydrolytic conditions (0.1 N HCI, 
100 C; 1 hr) and the use of preparative thin 
layer chromatography (TLC) for sample isola- 
tion is time-consuming. In this paper, we 
describe a modified procedure for the large- 
scale preparation of highly purified asialo-GMl 
from bovine brain gangliosides. 

EXPERIMENTAL PROCEDURES 

Purification of Bovine Brain Gangliosides 

A commercial preparation of crude bovine 
brain gangliosides (Supelco, Inc., Bellefonte, 
PA, lot. no. LA 01280) was purified by a 
scaled-up version of the method of Ledeen et 
al. (19). Briefly, the ganglioside sample, about 
1.5 g, was dissolved in 1,000 ml of chloroform] 
methanol/water (30:60:8, v/v/v). The solution 
was applied to a column of DEAE-Sephadex 
A-25 (bed vol 34 • 3 cm, acetate form). After 
slow elution (1 ml/min) of the sample solu- 
tion, the column was eluted with an additional 
1,000 ml of the same solvent. Analysis of the 
above neutral lipid fraction by TLC in the 
solvent system of chloroform/methanol/0.02% 
aq. CaC12 (55:45:10, v/v/v) did not reveal the 
presence of any gangliosides. This fraction was 
heavily contaminated with cholesterol, cerebro- 
sides and phosphatides. The acidic lipids, which 
included gangliosides, were eluted with 1,000 
ml of chloroform/methanol/0.8 M sodium 
acetate (30:60:8, v/v/v). This fraction was 
reduced to a vol of about 200 ml by evapora- 
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tion and treated with 90 ml of  0.1 N NaOH in 
methanol at 37 C for 1 hr in order to destroy 
the contaminating acidic phosphatides. The 
solution was then dialyzed against cold dis- 
tilled water for 3 days and lyophilized. Final 
purification of the gangliosides was achieved 
by silicic acid column chromatography. The 
lyophilized sample, dissolved in 10 ml of 
chloroform/methanol  (85: 15, v/v), was applied 
to a Unisil column (200-325 mesh, Clarkson, 
Williamsport, PA, bed vol 27 x 2.3 cm) packed 
in the same solvent. The contaminating fatty 
acids (from phosphatides) and sulfatides were 
eluted from the column with 500 ml of  chloro- 
form/methanol  (85:15, v/v). Gangliosides were 
recovered by elution with 1,000 ml of chloro- 
form/methanol  (1:2, v/v). After evaporating 
the solvent, we obtained 380 mg of pure 
gangliosides. The phosphorus content of this 
preparation was <0.1% as estimated by the 
method of Bartlett (20). 

Preparation of Asialo-GM1 

A port ion of the purified ganglioside sample, 
178 mg, was dissolved in 18 ml of 0.1 N aq. 
formic acid in a 50-ml, screw-capped tube. The 
solution was heated at 100 C for 2 hr and 
lyophilized. The hydrolyzate was then parti- 
t ioned in a biphasic system of chloroform/ 
methanol/water  (8:4:3,  v/v/v) (21). After 
standing, the upper phase was removed and the 
lower phase washed with a "theoretical  upper 
phase" consisting of chloroform~methanol~ 
water (3:48:47,  v/v/v). The upper phase and 
the washings were discarded and the lower 
phase evaporated to dryness to give a crude 
mixture of  neutral glycolipids. 

In order to isolate asialO-GM1, the glycolipid 
sample, dissolved in 3 ml of chloroform/ 
methanol/water  (83: 16:0.5, v/v/v), was applied 
to an l a t robeads  (6 RS 8060, latron Labora- 
tories, Inc., Tokyo,  Japan) column (52 x 1.2 
cm) packed in the same solvent mixture (22). 
The column was eluted with a linear gradient 
solvent system prepared from a total  of 500 ml 
of chloroform/methanol /water  (83:16:0.5 and 
55:42:3,  v/v/v) followed by 250 ml of the 
lat ter  solvent. Fractions of 10 ml were collected 
and the glycolipid elution profile was moni- 
tored by silica gel TLC using the solvent sys- 
tem of chloroform/methanol/0.02% aq. CaC12 
(55:45:10,  v/v/v). Fractions 35-44 contained 
only asialo-GMl , and were pooled and evapo- 
rated to yield 61 mg of white material, corres- 
ponding to a yield of 51%. 

Analytical Procedures 

The purity of the isolated asialo-GMl was 
examined by high performance TLC (Silica Gel 

60, E. Merck, Darmstadt, West Germany). 
The plates were developed with the following 
solvent systems: chloroform/methanol/0.02% 
aq. CaC12 (60:40:9,  v/v/v), chloroform/meth- 
anol/3.5 M ammonium hydroxide (60:35:8,  
v/v/v) and 1-propanoi/conc. ammonium hy- 
droxide/water  (70:15 : 15, v/v/v). Gangliosides 
were visualized by spraying with resorcinol/ 
HCI (23) followed by heating the covered plate 
at 95 C on an aluminum block heater (24). 
For  visualization of neutral glycolipids, the 
plates were sprayed with anthrone/H2SO4 
reagent followed by heating at 105 C for 10 
min. 

The molar ratios of the carbohydrate  and 
long-chain base constituents were determined 
by gas liquid chromatography as their N,O- 
tr if luoroacetyl  derivatives (25). The asialo- 
GM1 was also analyzed by laC-nuclear magnetic 
resonance (taC NMR) spectrometry.  The lipid 
was run as a 75 mM solution in [12C]DCI3/ 
[ nC] D3OD/D20 (deuterated phosphate buffer, 
pH 7.5) (1:2:2,  v/v/v) on a Bruker Fourier 
transform WH 360 spectrometer  at 90.55 MHz. 
The proton decoupled spectrum was obtained 
at 20 C and the chemical shifts were referenced 
to the co-1 carbon of  the cerarnide set at 23.45 
ppm (referenced to tetramethylsilane) to 
coincide with our previous work with GMI 
(26). 

RESULTS AND DISCUSSION 

Bovine brains contain 4 major ganglioside 
species, GMI , GD1 a, GD1 b and GTIb; together 
they account for nearly 95% of the total  gan- 
gliosides (27). Structurally, these gangliosides 
share the common gangliotetraosylceramide 
backbone. Hence, they serve as excellent 
sources for the preparation of asialo-GM1. 
The commercial preparation of bovine brain 
gangliosides proves to be a convenient starting 
material. However, the commercial preparations 
are generally heavily contaminated by various 
nonganglioside materials (28). These contami- 
nants can be effectively removed by a scaled- 
up version of the method of  Leedeen et al. 
(19), as described in this paper. Our results in- 
dicated that the particular preparation we used 
contained only about 2 5 - 3 ~  of pure ganglio- 
sides. Caution, therefore, must be exercised 
when using commercial preparations of gan- 
gliosides for biochemical and physical studies. 

Desialylation of gangliosides can be effected 
by the mild acid conditions (e.g., 0.1 N HCI, 
100 C, 1 hr) as described by Yip and Dain 
(18). However, considerable partial degradation 
of  the neutral carbohydrate  backbone can 
occur, resulting in a rather low yield (about  

LIPIDS, VOL. 17, NO. 2 (1982) 



METHODS 

20%) of asialo-GM1 (Yu, R.K., and Ledeen, 
R.W., unpublished observations). The use of 
formic acid instead of  HCI offers an alternative 
because it has been reported that  hydrolysis of 
certain gangliosides in 1 M formic acid at 100 C 
for 1 hr removes the sialic acid with very little 
degradation of  the oligosaccharide chain (29). 
Prolonged heating results in the degradation of 
the oligosaccharide chain (29). In the present 
study, we chose the even milder hydrolyt ic  
conditions of 0.1 N formic acid and 100 C. 
Initially, on small-scale trial experiments,  the 
heating time varied from 10 min to 3 hr. The 
products were examined by TLC. The maximal 
yield of asialo-GM1 was achieved after heating 
for 2 hr. Therefore, the final hydrolyt ic  condi- 
tions were chosen as 0.1 N formic acid, 2 hr 
and 100 C. 

Following a Folch partit ioning step to 
remove water-soluble degradation products and 
the small amounts of unhydrolyzed  ganglio- 
sides, the neutral glycolipids could be easily 
fractionated by Iatrobeads column chromatog- 
raphy (22). TLC revealed that  fractions 5-7 con- 
tained glucocerebroside (wt 1.6 mg), fractions 
8-13 contained lactosyl ceramide (wt 5.3 mg), 
fractions 18-26 contained asialo--GM2 (wt 3.2 
mg), fractions 35-44 contained asialO-GMl 
(wt 61 mg), and fractions 45-55 contained a 
mixture of asialO-GMl and a slow-migrating 
neutral glycolipid which probably corresponded 
t o  a pentahexosyl ceramide (wt 20 mg). A typ- 
ical thin layer chromatogram of the various 
fractions is shown in Figure 1. No resorcinol- 
positive material was present in any of  these 
fractions. 

The asialO-GM1 is homogeneous as examined 
by TLC in 3 different solvent systems. Analysis 
of the carbohydrate  and long-chain base con- 
stituents revealed the presence of glucose, 
galactose, N-acetylgalactosamine and long-chain 
base in the molar ratios of 1.0:2.2: 1.2:0.7. No 
siallc acid peak could be detected. The 13C 
NMR spectrum shows the presence of only 4 
peaks with the following chemical shifts in the 
anomeric carbon region: 103.34 ppm (~-D- 
glucosyl), 103.77 ppm (inner ~-D-galactosyl), 
104.44 ppm (fl-D-acetylgalactosaminyl) and 
105.90 ppm (terminal fl-D-galactosyl). No 
resonance peaks corresponding to sialic acid 
could be detected. The complete spectrum, 
which will be published elsewhere (30), is 
consistent with an asialO-GMl structure. The 
lipophilic constituents of asialo-GM1 were not  
determined. However, it is reasonable to assume 
that they consist of stearic acid as the major 
fatty acid and (4E)-sphingenine and (4E)- 
eicosasphingenine as the major long-chain 
bases (31 ). 
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FIG. 1. Thin layer chromatogram of the neutral 
glycolipids fracfionated by Iatrobeads column. The 
plate was developed with chloroform/methanol/ 
aq. 0.02% CaC12 (60:40:9, v/v/v) and visualized by 
anthrone/HaSO 4 reagent. Lane 1, standard glycolipids 
(a: glucocerebroside; b: lactosyl ceramide; c: globo- 
triosyl ceramide; d: gangliotriosyl ceramide; e: globo- 
side I; f: asialo-GMl); lane 2, fraction 5-7; lane 3, 
fraction 8-13; lane 4, fraction 18-26; lane 5, fraction 
35-44; lane 6, fraction 45-55. 

In summary, we have devised a simple and 
convenient procedure for the large-scale prepa- 
ration of highly purified asialo-GM1 from 
commercially available bovine brain ganglio- 
sides.The availability of large quantities of this 
neutral glycolipid should facilitate further 
studies on the physical, biological and biochem- 
ical properties of this molecule. 
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Oral Contraceptive and Platelet Lipid Biosynthesis 
in Female Rats: Dose-Response Relationship 
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22 avenue du Doyen Ldpine, 69500 Bron, France; and bLaboratoire de Biochimie 
Microbienne, Universit~ C/aude Bernard, 69622 Villeurbanne Cedex, France 

ABSTRACT 

Female rats were treated with different doses of an oral contraceptive (ethinyl estradiol + lynes- 
trenol) and lipid biosynthesis was studied in blood platelets by acetate incorporation into different 
fractions separated by thin layer chromatography. A marked increase in lipid biosynthesis was ob- 
served, especially in the sterol fractions (cholesterol and lanosterol-dihydrolanosterol). It was dose- 
dependent, observed after a lag-phase, maximal in 3 days and normalized in 8 days. Thus, the oral con- 
traceptive studied here appears to modify platelet lipid biosynthesis for the entire life of the platelets. 
Lipids 17:111-114, 1982. 

INTRODUCTION 

I t  has been reported that  t reatment  by estro- 
gen influences serum lipids (1,2). Recently,  we 
have found that  the biosynthesis of platelet 
lipids in rats was considerably modified by  the 
administration of  oral contraceptive, mostly of 
the estrogen type (3). Although there was an 
increase in all fractions, the major difference 
appeared to be at the level of  the sterols (cho- 
lesterol and lanosterol) (4). The main interest 
in this finding is that lanosterol markedly 
potentiates platelet aggregation and blood 
coagulation (5). Because oral contraceptives 
have been reported to be associated with in- 
creased risks of thromboembolic  phenomena 
(6,7), these risks might be related to the plate- 
let hyperactivity resulting from the modifica- 
tions induced in platelet biosynthesis of  lano- 
sterol. 

Under normal conditions, it seems that there 
is no synthesis of  cholesterol in human platelets 
(8). By contrast, in female rats treated for 3 
days by an oral contraceptive, we observed a 
5-fold increase in the platelet synthesis of  cho- 
lesterol and lanosterol + dihydrolanosterol  from 
radioactive acetate (4). 

The purpose of  this s tudy was to determine 
the influence of the dose of  oral contraceptives 
on platelet biosynthesis of total lipids and of  
each fraction. The sequence of  the response was 
also observed to further characterize this some- 
what unique effect of  oral contra6eptives. 

MATERIALS AND METHODS 

Twelve female Sprague-Dawley rats (180- 

200 g) were used for each study and each study 
was repeated twice. The control group (3 rats 
for each set) received by intubat ion 0.5 ml olive 
oil/100 g body wt, whereas the experimental  
groups (3 rats/group) received the same amount  
of olive off containing the different doses of  the 
mixture ethinyl estradiol-lynestrenol. One dose 
contained 10 /~g ethinyl estradiol + 250 /~g 
lynestrenol. Ethinyl estradiol (19-nor-I 7a- 
pregna- 1,3,5 [ I 0 ] -trien-20-yn-3,17 diol) was ob- 
tained from ICN Pharmaceuticals Inc. (Cleve- 
land, OH); lynestrenol (19-nor-17~-pregn-4-en- 
20-yn-17-ol) was from Organon Co. (Oss, The 
Netherlands). 

Platelets were isolated from blood as pre- 
viously described (3). From a pool of 3 rats, 
4 x 109 platelets were resuspended in 4 ml of  
incomplete Tyrode solution (8.7 g NaC1, 0.2 
g KC1, 0.8 g NaHCO3, 1 g glucose, 0.07 g 
KH2PO4, 1.2 g MgC12, 2.5 g gelatin and distilled 
water to 1,000 ml, adjusted to pH 6.8). Plate- 
lets were incubated with 100 gl of  0.12 mM 
sodium [14C]acetate solution (20 /aCi) at 37 
C for 90 rain under normal atmosphere. [U- 
14C] Acetic acid, sodium salt (sp act 96.8 Ci/ 
mol) was obtained from the Commissariat 
l 'Energie Atomique (Saclay, France). 

After  incubation, platelets were washed 3 
times with a tyrode solution (pH = 6.8) at 4 C, 
and platelet lipids were extracted by the 
method of  Folch et al. (9). The extract  was 
evaporated under nitrogen and lipids separated 
by thin layer chromatography (TLC) on Silica 
Gel G (Merck) with the solvent of  Kunz (10) 
(22 ml diethyl ether, 0.65 ml methanol,  0.7 ml 
ethanol,  0.3 ml propionic acid, 0.7 ml acetic 
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DAYS acid, 0.9 ml formic acid, 0.05 ml distilled water c~ 
[well mixed],  2.0 ml ethyl acetate, 0.8 ml sooo 
diisopropanol, 20 m l  benzene, 14 ml heptane 3 . . . .  
and 19 ml light petroleum [bp below 40 C] as 20000 
ehient). The radioactive spots were localized " 10000 ~ ~q 
by autoradiography and scraped into scintilla- 
t ion vials for the determination of the radio- A e c D G,OUPS a,oups 

DAYS epm 

Standard error was calculated by the usual so ooo. 
method (11). Student's t-test was used to deter- 3 
mine the significance of the data. 20 ooo 

RESULTS " " : "~ ~~176176 ~ N 
A B C D GROUPS A B C D GROUPS 

Effect of Dose of the Contraceptive on Acetate Mode of administration �9 olive oil O.5mlllOOg �9 one doee contraceptive 

incorporation into Platelct Lipids 
FIG. l. Influence of the dose and sequence of ad- 

Two series of experiments were performed, ministration of the contraceptive on acetate incorpo- 
In series 1, shown in Figure 1, one dose of con- ration into platelet fipids of female rats. In both series, 
traceptive was administered to groups of ani- platelets were collected on the 4th day and results ex- 
mals for 1, 2 or 3 days and the platelets were pressed in counts/million (epm)/109 platelets (mean -+ 
examined on the fourth day of the experiment. SE of 3 studies). Series 1: as indicated in the figure, 

In series 2, each group of animals received 1, group A (control) received daily, for 3 days, 0.5 ml 
2 or 3 doses of contraceptive on the first day of olive oil/100 g body wt; group B, olive oil for 2 days 
the experiment and all the animals were studied and one dose (10 ttg ethinyl estradiol + 250 ~g lyn- 

estrenol) of contraceptive on the 3rd day; group C, 
on the fourth day. olive oil on the 1st day, and one dose of contraceptive 

As shown in Figure 1, the incorporation of on the 2nd and 3rd day; group D, one dose of eontra- 
[Z4C] acetate increased with the dose of the ceptive for the first 3 days. Series 2: olive oil (0.5 ml/ 
contraceptive. The increase in lipid biosynthesis 100 g) alone (group A) or olive oil containing one dose 
was ca. 100% when 3 doses of contraceptive (group B), 2 doses (group C) or 3 doses (group D) of 
were given, either together on the first day or the contraceptive were given on the first day only. In 
spread over a period of 3 days. With one dose both series, group D was significantly (p<0.01) diffe- 

rent from group A. only, a small increase could be observed pro- 
vided the platelets were studied 3 days after the 
administration. In contrast, there was no in- cholesterol, but  mostly lanosterol + dihydro- 
crease when platelets were studied 1 day after lanosterol. In series 3 and 4, it was only in this 
the administration of a single dose (group B, last fraction that a significant increase could be 
series 1). Thus, it appears that the response of noted in the contraceptive-treated animals. 
platelets to an oral contraceptive is dose-depen- The increase in the biosynthesis of choles- 
dent and occurs after a lag-phase, terol, or of the cholesterol precursors, was 

Effect of Time after Administration of Contraceptive closely related to the dose of the contraceptive 
(series 1 and 2). However, the time at which the 

In all experiments, 3 doses of the contracep- synthesis was studied after the drug administra- 
tive (30/ tg  ethinyl estradiol + 750 #g lynestre- tion was also of crucial importance (series 3-5). 
nol) in 0.5 ml olive oil/100 g body wt were After 1 day (series 3), the synthesis of lano- 
given on the first day and platelets were studied sterol was almost doubled. After 3 days (series 
after 1, 3, 5 and 8 days. Results obtained are 2, group D), cholesterol synthesis was 5 times 
reported in Figure 2. The incorporation was higher and lanosterol synthesis 6 times higher. 
maximal at 3 days, declined at 5 days and was After 5 days (series 4), the synthesis of lano- 
normal at 8 days. sterol was still doubled compared to the con- 

Distribution of [t4C] Acetate between trois, whereas that of cholesterol was back to 
the Different Lipid Fractions normal. 

In each series of studies, the different labeled DISCUSSION 
fractions (phospholipids, cholesterol, lanosterol 
+ dihydrolanosterol and other lipids) were sepa- We have shown in previous work (4) that the 
rated by TLC and counted for radioactivity, administration of an oral contraceptive marked- 
The results obtained are shown in Table 1. In ly modifies the biosynthesis of platelet lipids in 
all series, the only difference as compared to female rats. In the platelets of untreated rats, 
the controls was in the sterol fractions, i.e., as in the human (8), cholesterol is not  synthe- 
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sized because the step from acetate to mevalo- 
nate seems to be inoperative (8). 

When female rats are treated with oral con- 
traceptives, mevalonate can apparently be syn- 
thesized. This results in the formation of  sizable 
amounts of cholesterol and lanosterol (4). 
Under these conditions, the incorporat ion of 
[ 14C] acetate into the platelet lipids is markedly 
increased. 

In the contraceptive, the estrogen moiety 
(ethinyl estradiol) appears to be a factor respon- 
sible for the changes in "platelet lipid metabo- 
lism (4). However, we have observed (4) that 
ethinyl estradiol added to incubation medium 
containing [ 14C] acetate and platelets does not  
modify platelet lipid metabolism. This is also 
consistent with the results of  the present s tudy 
which show that several days are needed after 
the contraceptive administration for obtaining 
the maximal increase in the lipid biosynthesis. 
Thus, it seems that  estrogen does not  act direct- 
ly on the p la te le t s -a t  least does not  induce 
immediately the change in lipid metabolism-. 
This is particularly striking with the 3 doses of  
the contraceptive administered on the first day 
with a maximal response observed 3 days later 
(Fig. 2). On the other hand, there was still a 
sizable effect of  the contraceptive 5 days after 
its administration. Consequently, it  seems that  
platelets were irreversibly modified either by 
ethinyl estradiol or by one of  its metabolites,  
because the survival t ime of rat  platelets ap- 

(% increase) 

100- 

50- 

o t  1 
Contraceptive 

.~. Mean+S.E. 
of 3 studies 

N 
3 5 8 Days 

FIG. 2. Time-response of acetate incorporation 
into platelet lipids with the contraceptive (3 doses) 
being administered solely on the first day. Platelets 
were collected 1, 3, 5 and 8 days after the oral contra- 
ceptive administration. Results are expressed as % in- 
crease in incorporation compared to the controls. The 
response at days 3 and 5 was significantly different 
(p<0.001) from this at days 1 and 8. 

pears to be 4-5 days (12). 
Ih this s tudy,  the effect of  the contraceptive 

disappeared completely after 8 days. This cor- 
responds to the total  elimination of  the plate- 
lets which were initially present at the time of  
the contraceptive administration. However, the 
response of lipid biosynthesis did not  run paral- 
lel to the disappearance of platelets: the effect 
of the contraceptive started after 1 day and was 

T A B L E  1 

I n c o r p o r a t i o n  o f  [ ~4C ] Ace ta t e  in to  Platelet  Lipid Frac t ions  
o f  Female  Rats  T re a t e d  with an Oral  Con t r acep t ive  a 

Lanos te ro l  + 
Groups  Phosphol ip ids  Choles tero l  d ihydro lanos t e ro i  O th e r  lipids 

Series 1 A 76.5 + 5.2 0.6 • 0.2 6.9 + 2.4 15.6 + 4.4 
B 75.5 + 4.5 0.8 + 0.1 7.0 + 2.2 15.8 + 3.9 
C 60.2 + 2.6 1.0 + 0.4 20.2 + 4.1 16.8 + 4 
D 43 .6  + 2.1 3.2 • 1.8 37 .8  + 4 .0  14.2 + 3.7 

Series 2 A 73.0  + 2.4 0.5 • 0.2 4.1 + 1.9 21 .9  +- 2.0 
B 66.3 +- 2.0 1.1 • 0.4 10.0 • 0.6 22.3 • 1.8 
C 57.0 • 3.3 2.0 • 0.4 21.1 + 3.3 19.7 • 2 .0 
D 53.1 • 3.9 2.5 • 0.3 24 .8  • 2.4 19.3 • 2.2 

Series 3 A 65.1 • 1.5 2.3 • 1.1 7.5 • 1.3 24 .7  • 0 .8 
D 59.0 • 2.3 2.2 • 0.6 12.8 -+ 1.3 25 .7  • 3.0 

Series 4 A 73.1 + 5.2 1.4 • 0.6 5.5 • 1.7 19.7 + 4.2 
D 66.8  • 2.8 1.7 + 0.6 12.2 • 2.1 18.9 • 4 .2 

Series 5 A 65.1 • 0.9 1.0 + 0.3 6.6 • 1.9 27 .0  • 1.4 
D 70.0  • 2.1 0.8 • 0.2 4.3 • 0.7 24.7 + 2.0 

aThe  results  are expressed  as % o f  to ta l  iipids ( m e a n  • SE o f  3 s tudies) .  Series 1 and  2 are 
similar  to  those  o f  Fig. 1. In series 3, 4 and 5, the oil a lone (group  A)  or  the  con t r acep t ive  
( tr iple dose,  g roup  D) were  given on the first day .  Platelets  we re  co l lec ted  1 (series 3),  5 
(series 4)  and 8 (series 5) days  af ter  the  con t r acep t ive  admin i s t r a t i on .  
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maximal  af ter  3 days. 
These results tnight be explained by one o f  

the fol lowing hypo theses :  (a) the estrogen 
acted on the  platelets  which were present  at the 
t ime of  the adminis t ra t ion,  with a lag-time, still 
unexpla ined,  but  needed for the estrogen to 
modi fy  the response of  the enzymes  involved 
in the cholesterol  biosynthesis;  or  (b) the estro-  
gen is able to act solely on platelets no t  ye t  in 
the b lood ,  i.e., on the  megakaryocytes .  

Whatever the mechanism might  be, the re- 
sulting increase in lanosterol ,  no t  in cholesterol ,  
greatly increases the platelet  activities involved 
in bo th  coagulat ion and aggregation (5). This 
marked inf luence of  an oral cont racept ive  on 
the biosynthesis  o f  sterols in platelets might  be 
related to the predisposi t ion to t h r o m b o e m -  
bolie phenomena  associated with this t reat-  
ment .  Nevertheless,  the dose-related effect  ob-  
served in this s tudy would  suggest less adverse 
manifes ta t ions  with the much  smaller dosage 
o f  estrogen used at the present  t ime in the oral 
contraceptives.  

ACKNOWLEDGMENTS 

The authors are greatly indebted to Organon (Oss, 

The Netherlands) for supplying the Lynestrenol used 
�9 in these studies and to Astra-Calve (France), through 
the courtesy of M.T. Juillet, for f'mancial support. 

REFERENCES 

1. Stokes, T., and Wynn, V. (1975) Lancet 2, 677- 
681. 

2. Kannel, W.B. (1979) Circulation 60, 490-491. 
3. Ciavatti, M., and Renaud, S. (1979) Hormon. 

Metab. Res. 11,441-444.  
4. Ciavatti, M., Michel, G., and Renaud, S. (1980) 

Biochim. Biophys. Acta 620, 297-307. 
5. Ciavatti, M., Dumont, E., Benoit, C., and Renaud, 

S. (1980) Science 210, 642-644. 
6. Inman, W.H., Vessey, M.P., Westerholm, B., and 

Engelund, A. (1970) Br. Med. J. 2, 203-209. 
7. Markush, R.E., and Seigel, D.G. (1969) Am. J. 

Pubi. Health 59, 418-434. 
8. Derksen, A., and Cohen, P. (1973) J. Biol. Chem. 

248, 7396-7403. 
9. Folch, J.M., Lees, M., and Sloane-Stanley, G.H. 

(1957) J. Biol. Chem. 226, 497-509. 
10. Kunz, F. (1973) Bioehim. Biophys. Acta 296, 

331-334. 
11. Burn, J.H., Finney, D.J., and Godwin, L.L. 

(1950) in Biological Standardization, pp. 42-43, 
2nd Edn., Oxford University Press, Oxford, U.K. 

12. Ginsburg, A.D., and Aster, R.H. (1974) Haemo- 
stasis 2, 287-293. 

[ Received October  16, 1981 ] 

LIPIDS, VOL. 17, NO. 2 (1982) 



Tissue Fatty Acid Changes and Tumor Incidence 
in C3H Mice Ingesting Cottonseed Oil 
IAN J. TINSLEY*, GLENN WILSON and ROBERT R. LOWRY, 
Department of Agricultura/ Chemistry, Oregon State Universiw, Corvallis, OR 97331 

115 

ABSTRACT 

The incidence of spontaneous mammary tumors in C3H mice at 35 wk was higher in mice fed 
rations containing cottonseed oil than in mice fed fats of comparable fatty acid composition. The 
time to 50% (Tso) incidence was also shorter in the first group. The fatty acid composition of tissue 
lipids from mice fed the cottonseed oil showed changes indicating the presence of cyclopropene fatty 
acids-higher levels of saturates and lower oleate/steasate and palmitoleate/palmitate ratios. A possible 
associatiott between the development of a spontaneous mammary tumor in the C3H mouse and the 
presence of cyclopropene fatty acids in the cottonseed oil is indicated. 
Lipids 17:115-117, 1982. 

INTRODUCTION 

Sterculic and malvalic acids, cyclopropenoid 
fatty acids present in cottonseed, have been 
shown to have a synergistic effect on the 
induction of liver tumors in rainbow trout by 
aflatoxin B1 (1). Subsequently, it has been 
demonstrated that both are primary hepato- 
carcinogens in this organism (2). Further 
experiments have shown that hepatocellular 
carcinomas can be induced in rainbow trout 
by feeding diets containing either glandless 
cottonseed kernels or a lightly processed 
cottonseed oil (3). 

At this stage, these cyclopropenoid fatty 
acids have not been shown to have either a 
synergistic or direct carcinogenic effect in 
mammals. A recent study in our laboratory 
provides evidence suggesting that these com- 
ponents could be affecting the development of 
a spontaneous mammary tumor in mice. Mice 
fed rations containing cottonseed oil developed 
tumors at a higher rate than animals fed rations 
containing other oils of comparable fatty acid 
composition. In addition, the fatty acid compo- 
sition of tissues from mice fed the cottonseed 
oil suggested the presence of cyclopropenoid 
fatty acids. 

MATERIALS AND METHODS 

The development of spontaneous mammary 
tumors was observed in female C3H mice fed 
nutritionally adequate (4) semisynthetic rations 
containing 10% fat. A total of 20 different fats 
were used including 11 natural fats and oils and 
mixtures of those fats and oils. These fats and 
mixtures were selected such that the levels of 
different fatty acids were not significantly 
correlated and statistical procedures were used 
to define the effect of individual fatty acids on 
the development of the tumor system. The 
composition of the 20 fats and other experi- 
mental details have been described (5). A food- 

grade cottonseed oil was used in one experi- 
mental diet and was combined with butterfat 
(60:40) in another. 

Four animals from each dietary group were 
sacrificed after 4 months on experiment and 
samples of subcutaneous fat from the mam- 
mary region and the liver were excised. The 
fatty acid compositions of the triglyceride 
fraction of the subcutaneous fat and of the liver 
lipid were determined (6,7). These analyses 
were intended to monitor feeding efficiency, 
confirming fatty acid patterns expected from 
the different fats. Similar samples were taken 
from animals (6-7 from each dietary group) 
with tumors upon termination of the experi- 
ment. 

RESULTS AND DISCUSSION 

The major conclusions of the overall study 
was that the substitution of linoleate for the 
other fatty acids enhanced tumorigenesis 
whereas a comparable substitution of stearate 
tended to reduce tumor development (5). For 
the purposes of this analysis, short-term tumor 
incidence data and calculated time to 50% 
tumor incidence (~'s0) are repeated for those 
fats showing the 6 lowest values for the second 
parameter (Table 1). By contrast, mice ingest- 
ing diets containing.10% tallow and 10% lard 
showed the longest ~'s0, i.e., 68.5 and 70.1 wk, 
respectively. Data are also included for animals 
fed olive oil or bu t t e r - t he  butter for compar- 
ison with those fed the cottonseed/butter mix- 
ture. The fatty acid composition of the dietary 
fat is also given (Table 2). 

It is significant that the lowest "~s0 values 
were observed in mice fed cottonseed oil even 
when it comprised only 5% of the diet (Table 

�9 1). The differential associated with feeding 
cottonseed oil is even more pronounced if one 
considers t u m o r  incidence at 35 wk. Tumor 
incidence in animals ingesting the other 13 
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TABLE 1 

Dietary Fat and T u m o r  Inc idence  

Dietary fat 

Mice with 
palpable tumor (%) 

~ (wk) 35 wk 45 wk 

Cot tonseed  56.3  19 30 
Butter (0 .6) ,  co t tonseed  (0 .4 )  56 .3  18 18 
Safflower 56.6 10 21 
Safflower (0. $), olive (0.$) S 9.0 S 1 $ 
Span 59.5 8 18 
Corn 59.9 9 21 
Olive 61.3 0 12 
Butter 6 2 . 0  8 21 
Approx .  standard error • 3-5 + 4 • 6 

T A B L E  2 

Fatty Acid  C o m p o s i t i o n  a (% b y  w t )  

14:0  16:0 18:0  18:1 18:2 18:3 

0 .59  14.9 3 .08  22 .5  56.5 2 . 7 8  
6 .52  27 .3  7 .98  24 .6  30 .3  1.61 

- 6.2 2 .48  10.4 80 .8  
- 9 .0  2.51 24 .3  46 .0  
- 3.9 1.92 60 .6  22 .7  9 .48  
- 10.6 2.11 25 .8  60 .6  1.0 
- 12.9 2 .70  75 .7  8 .12 

12.7 39.7  13 .8  28 .3  2.5 

Cot tonseed  
Butter (0 .6) ,  co t tonseed  (0.4) 
Safflower 
Saf f lower  (0 .5) ,  ol ive (O.S) 
Span ( r a p e s e e d - l o w  erucic)  
Corn 
Olive 
Butter 

aEach value represents  the average of results of analyses of 8 diet samples. Standard 
deviations are less than 10~ and are omit ted  for clarity. 

rations was 8% or less at 35 wk with one 
exception (a ration containing coconut/saf- 
flower, 50:50) where a 15% incidence was 
observed. The data suggest that laurie acid may 
be a factor in this case. The tumorigenic effect 
of the cottonseed oil thus appears to be more 
pronounced than that of corn oil which has a 
comparable fatty acid composition, and equiva- 
lent to safflower oil which contains consider- 
ably higher levels of linoleate. The latter 
contrast may be tenuous, in that there is some 
evidence that the tumorigenic response to 
dietary linoleate is not necessarily linear over 
an extended range (8). 

The feeding of cottonseed oil to C3H mice 
increases the level of both palmitate and 
stearate in the triglycerides of subcutaneous 
fat (Table 3). A significant reduction in the 
oleate/stearate and palmitoleate/palmitic ratios 
is also observed. Comparison of the means of 
the 2 subsets, cottonseed-no cottonseed, 
using the Students' t-test, indicated a highly 
significant (p<.001) effect of the cottonseed 
oil in all cases. In animals fed the cottonseed/ 
butter  mixture, the effect of the cottonseed 
is over and above that produced by feeding 

butter alone. These responses were observed in 
animals fed for 4 months or until  tumor devel- 
opment and sacrifice. Similar changes were 
observed in liver and tumor lipids. Data from 
animals fed the other 13 rations were consis- 
tent with these observations, i.e., lower saturate 
content and higher monoene/saturate ratios. 

These changes are clearly indicative of the 
presence of cyclopropene fatty acids in the 
cottonseed oil and reflect the inhibition of the 
Ag-desaturase system (9). Such changes in fatty 
acid composition may be observed before func- 
tional changes are produced (10). Analysis of 
the cottonseed oil by nuclear magnetic reso- 
na,nce (NMR) spectroscopy did not show the 
characteristic resonance peaks of the cyclo- 
propene protons ( l  l), suggesting that, if the 
cyclopropene acids were present, the level 
was considerably less than 1%. 

Allen et al. (10) have produced comparable 
changes in fatty acid composition in chickens, 
feeding 2.8 mg/kg/day of methyl sterculate 
for 12 months. If a comparison between species 
is valid, a 35-g mouse consuming 4 g of diet a 
day would require ca. 25 ppm of cyclopropene 
acid in the diet or 250 ppm (.025%) in the oil. 
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TABLE 3 

Saturate and Monoene Fatty Acids from Triglycerides of  Mammary Tissue--4-Month Feeding 
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Fatty acid level (% by wt)  Monoene/saturate ratios 

16:0 16:1 18:0 18:1 16:1/16:0 18:1/18:0 

Cottonseed 15.6 + 4.5 a 3.33 • .23 3.60 + .87 34.8 + 2.5 .23 + .07 9.9 + 1.9 
Butter (0.6), cotton- 

seed (0.4) 20.3 • 1.6 6.15• 1.10 3.25 + .77 45.0+ 1.2 . 3 1 + . 0 6  14.5 • 3.8 
Safflower 10.3 + 0.4 3.83 -+ .46 1.33 -+ .17 21.9 + 0.5 .37 • .05 16.7 + 1.8 
Safflower (0.5), 

olive (0.5) 10.2 • 0.7 3.63 • .36 1.32 + .17 49.7 -+ 2.2 .36 + .03 37.8 • 3.5 
Span 8.73-+ 1.0 3.17+ .69 1.18• .15 65.1 • 1.5 . 3 7 •  56.1 + 7.1 
Corn 12.4 • 0.9 4.13 -+ .38 1.40 + .20 36.7 • 1.0 .34 • .03 26.7 + 5.1 
Olive 10.2 + 0.2 4.43 • .38 1.07 + .03 76.9 • 1.3 .43 • .04 76.1 • 21 
Butter 17.5 + 1.4 12.3 +0.3 1.70 •  60.1 + 1.7 .67 +.02: 35.4• 2.6 

aMean and standard deviation. 

This level would not  be detected by NMR 
but  is substantially lower than that reported 
for some cottonseed oils (12,13). 

It is not  valid to conclude from these data 
that cyclopropene fatty acids enhance the 
deyelopment of mammary tumors in the C3H 
mouse. The response of the mice to the cotton- 
seed oil is different from those fed comparable 
oils and tissue fat ty acid data are suggestive of  
the presence of  low levels of cyclopropene acids 
in the cottonseed oil. This possible association 
certainly warrants further investigation, given 
the tumorigenic effects observed in t rout  (3). 
Observations of  Carroll and Khor would also 
tend to reinforce these conclusions (14). In 
rats exposed to 7,12-dimethylbenz(ot)-anthra- 
cene and fed either corn, cottonseed or soybean 
oils (oils with comparable fat ty acid composi- 
tions), invariably the trend, though not  neces- 
sarily s ignif icant ,  is t o  obse rve  the  m o r e  t u m o r i -  
genic  e f fec t  in an ima l s  fed the  c o t t o n s e e d  oil: 

Th i s  ana lys i s  also i l lus t ra tes  t he  c o m p l e x  
p r o b l e m  o f  de f in ing  the  e f fec t s  o f  d i f f e r en t  
fa ts  a n d  oils o n  t um or i genes i s .  N o t  o n l y  is i t  
n e c e s s a r y  to  es tab l i sh  the  c o n t r i b u t i o n  o f  t h e  
m a j o r  f a t t y  acids,  b u t  i t  is i m p o r t a n t  to  con-  
s ider  s o m e  p o t e n t i a l l y  active m i n o r  c o n s t i t u -  
en ts .  These  cou ld  inc lude  the  c y c l o p r o p e n e  
acids o r  f o o d  addi t ives  ( 1 5 )  a n d  s t e ro l s  (16) .  
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ERRATA 

The following erratum was received for the 
article "Effect  of Chronic Ingestion of DDT on 
Physiological and Biochemical Aspects of  Fa t ty  
Acid Deficiency," by D.A. Sampson, R.E. Pitas 
and R.G. Jensen (Lipids 15:815-822, 1980). 

Tinsley and Lowry (3) reported that " . . .  
DDT depressed growth in the deficient but  not  
the EFA-supplemented females . . . .  No such 
interaction was observed with male rats." 
Their data in Table II, however, show that, in 
their study, DDT depressed 12-week body 
weights in EFA-deficient and -supplemented 
male and female rats. Apparently,  data were 
transposed in their Table II, so that t reatment  
means and standard deviations for the +EFA+ 
DDT groups and the -EFA-DDT groups were 
switched for both male and female rats. If  one 
looks at the corrected data, the authors '  text  
is still incorrect,  in that i t  appears that DDT 
depressed 12-week body weights in both male 
and female EFA-deficient,  but not  EFA- 
supplemented, rats (95% confidence intervalsa 
for t reatment mean differences for -EFA-DDT 
rats: males 11-47 g; females 5-23 g). The 

present s tudy did not  confirm a growth-dimin- 
ishing effect of  DDT on EFA-deficient  rats; 
here, DDT did not  significantly affect final 
body weights in either EFA-deficient  or EFA- 
supplemented rats. 

aCalculated as (Xt - X2) + t0s,  6df X 
V~(.5 [ S~ + S] ] )/4, where (.5 [s] + st ] ) is taken 
as the pooled variance. 

In "Incorporat ion into Lipid Classes of 
Products from Microsomal Desaturation of 
Isomeric trans-Octadecenoic Acids," by T. 
Riisom and R.T. Holman (Lipids 16:647-654, 
1981), please note the following corrections to 
Table 1. The caption should read "Desaturat ion 
of t-Octadecenoic Acids to c,c- and c,t-Octa- 
decadienoates by Rat Liver Microsomes a ' '  
instead of "Desaturat ion of t-Octadecenoic 
Acids to c,t- and c,t-Octadecadienoates by  Rat 
Liver Microsomesa. ' '  Under the heading "% 
Conversion," the middle subheading should 
read "c, t -18:2,"  not c,c-18:2." 
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ERRATA 

The following erratum was received for the 
article "Effect  of Chronic Ingestion of DDT on 
Physiological and Biochemical Aspects of  Fa t ty  
Acid Deficiency," by D.A. Sampson, R.E. Pitas 
and R.G. Jensen (Lipids 15:815-822, 1980). 

Tinsley and Lowry (3) reported that " . . .  
DDT depressed growth in the deficient but  not  
the EFA-supplemented females . . . .  No such 
interaction was observed with male rats." 
Their data in Table II, however, show that, in 
their study, DDT depressed 12-week body 
weights in EFA-deficient and -supplemented 
male and female rats. Apparently,  data were 
transposed in their Table II, so that t reatment  
means and standard deviations for the +EFA+ 
DDT groups and the -EFA-DDT groups were 
switched for both male and female rats. If  one 
looks at the corrected data, the authors '  text  
is still incorrect,  in that i t  appears that DDT 
depressed 12-week body weights in both male 
and female EFA-deficient,  but not  EFA- 
supplemented, rats (95% confidence intervalsa 
for t reatment mean differences for -EFA-DDT 
rats: males 11-47 g; females 5-23 g). The 

present s tudy did not  confirm a growth-dimin- 
ishing effect of  DDT on EFA-deficient  rats; 
here, DDT did not  significantly affect final 
body weights in either EFA-deficient  or EFA- 
supplemented rats. 

aCalculated as (Xt - X2) + t0s,  6df X 
V~(.5 [ S~ + S] ] )/4, where (.5 [s] + st ] ) is taken 
as the pooled variance. 

In "Incorporat ion into Lipid Classes of 
Products from Microsomal Desaturation of 
Isomeric trans-Octadecenoic Acids," by T. 
Riisom and R.T. Holman (Lipids 16:647-654, 
1981), please note the following corrections to 
Table 1. The caption should read "Desaturat ion 
of t-Octadecenoic Acids to c,c- and c,t-Octa- 
decadienoates by Rat Liver Microsomes a ' '  
instead of "Desaturat ion of t-Octadecenoic 
Acids to c,t- and c,t-Octadecadienoates by  Rat 
Liver Microsomesa. ' '  Under the heading "% 
Conversion," the middle subheading should 
read "c, t -18:2,"  not c,c-18:2." 
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Different Pools of Esterified Arachidonic Acid 
in Rabbit Kidney Medulla: Relationship to 
Ca2+-Stimulated Prostaglandin Biosynthesis 
A. ERMAN, R. AZURI and A. RAZ*, Department o f  Biochemistry, 
George S. Wise Center o f  Life Sciences, TeI-Aviv University, TeI-Aviv, Israe/ 

ABSTRACT 

We investigated the effect of Ca 2+ ions on renal medulla metabolism of endogenous esterified 
arachidonic acid in contrast to that of radioactive arachidonate incorporated into medullary lipids. 
Some striking differences between the release of unlabeled prostaglandin E2 and of 1"C-labeled prosta- 
glandin E~ and arachidonic acid were seen in incubations in absence or presence of Ca 2+ ions. These 
differences indicated that exogenous [14C] arachidonate incubated with medulla slices is incorporated 
into both Ca2+-sensitive and Ca2+-insensitive lipid pools of esterified arachidonate and furthermore, 
the Ca=+-sensitive pool is itself heterogeneous and consists of at least 2 functionally different'lipid 
pools of esterified arachidonate. The first Ca2+-sensitive pool is characterized by a higher arachidonate 
turnover rate and incorporates more rapidly added radioactive arachidonate. The acylhydrolase 
activity which releases arachidonate from this pool is not efficiently coupled to prostaglandin endo- 
peroxide synthase. In contrast, the second Ca2§ lipid pool has a slower arachidonate turnover 
rate and, consequently, a slower incorporation of added "C-acid. The acylhydrolase activity asso- 
ciated with this pool is more tightly coupled to prostaglandin endoperoxide synthase, so that a higher 
portion of released arachidonate is converted to prostagtandin E 2. Studies on arachidonic acid meta- 
bolic transformations using exogenously radioactive free acid added to tissues should therefore be 
interpreted with caution because the results obtained may not reflect accurately the metabolic fate of 
endogenous, lipid-esterified arachidonate which is released and metabolized under physiological 
conditions in vivo. 
Lipids 17:119-123, 1982. 

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

Metabolic studies on the prot-ile of arachi- 
donic acid oxygenated products generated by 
specific tissues and cells are often done by 
adding the free radioactive acid to the system 
investigated. Yet, studies in several laboratories 
have shown significant differences in the 
amounts and types of prostaglandin products 
formed in response to physiological stimuli vs 
addition of  free arachldonate. Recently, studies 
from our laboratory and others (1,2) have 
shown that: (a) the peptide hormones bradY- 
kinin and angiotensin II elicit in the perfused 
kidney the release of arachldonate from a 
unique lipid pool, (b) this lipolytic process is 
tightly coupled to prostaglandin synthesis so 
that added f ree  arachidonate is not readily 
available as a substrate for this pool, and (c) 
the pattern of prostaglandin products generated 
after peptide hormone administration is quite 
different from that obtained from free arachi- 
donate administration. 

Ca 2§ ions have been shown to activate 
phospholipase A 2 activity and prostaglandin E2 
(PGE 2) generation in renal medullary slices and 
in medulla subcellular fractions (3,4). As Ca 2+ 
ions have been suggested to participate in the 
intracellular mediation and/or modulation of a 
variety of  physiological stimuli, we investigated 

t h e  effect of Ca 2+ ions on renal release of 

endogenous arachidonate and its conversion to 
prostaglandin E 2 in comparison to that of 
exogenous added [ 14C] arachidonate. 

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

Incubation of Medulla Slices 

Rabbits (male, New Zealand-white-derived, 
local strain, 2.5-3.0 kg) were sacrificed by air 
injection into the heart, both kidneys were 
removed and medulla slices prepared as des- 
cribed elsewhere (3). The slices (0.7-1.0-g) 
were rinsed twice with 0.1 M Tris-HCl buffer 
(pH 8.0), and incubated in 2.0 ml of  the same 
buffer in the absence or presence of  different 
concentrations of  Ca 2+ ions or arachidonic 
acid. Incubations were done at 37 C for 120 
rain in open air with shaking. The incubation 
media were changed every 30 rain and analyzed 
for prostaglandin E 2 and arachidonic acid as 
described previously (3). Briefly, the media 
were extracted with 2 x 3 vol  of  ethyl acetate 
(pH 3.5) and separated by thin layer chro- 
matography (TLC) using the chromatography 
system chloroform/methanol/acetic acid/water 
(90:8:1:0.8,  v/v/v/v). The prostaglandin E 2 
zones were extracted with chloroform/meth- 
anol (2:1, v/v), evaporated, dissolved in Tris- 
HC1 buffer and determined by bioassay on rat 
stomach strip (3). 
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Incorporation of Radioactive Arachidonic 
Acid into Renal Medulla Lipids 

Medulla slices (5-6 g) were incubated with 
7.0 luCi of [ 1-14C]arachidonic acid for 30 min 
at 37 C with shaking; 40-45% of the added 
[Z4C] arachidonate was incorporated into cellu- 
lar lipids (phospholipids, 30-35%; neutral 
lipids, 9-11%). Following the incubation the 
medium was discarded and the slices rinsed 
twice with 0.1 M Tris-HCl buffer (pH 8.0) 
containing bovine serum albumin (2 mg/ml). 

MATERIALS 

Prostaglandins E2, D2, F2~ and As were 
kindly supplied by Drs. U. Axen and J.E. Pike 
of Upjohn Co. (Kalamazoo, MI). Fatty acid 
standards were obtained from Supelco (Belle- 
fonte, PA). [1J4C]Arachidonic acid (S.A. 55 
mCi/mmol) were obtained from the Radiochem- 
ical Centre (Amersham, England). (5,6,8,11,- 
12,14,15[n]-aH)prostaglandin E 2 (S.A. 86 Ci/ 
mmol) was purchased from New England 
Nuclear (Boston, MA). Fatty-acid-poor bovine 
serum albumin was obtained from Calbiochem 
(San Diego, CA). Other reagents were analytical 
grade. 

R ESU LTS 

Renal medullary slices incubated in 0.1 M 
tris buffer (pH 8.0) release both arachidonic 
acid and prostaglandin E 2 (PGE2). This basal 
efflux is higher during the initial period of 
incubation, and apparently reflects metabolic 
changes following certain injury to the tissue 
during preparation of the slices and initial 
equilibration with the incubating medium. 
After 60 min of incubation and thereafter, the 
basal rate of PGE2 generation is already fairly 
constant at ca. 1.7 #g/g tissue/30 min; this rate 
is ca. 1/2 of the initial rate (Fig. 1). Calcium 
ions added to the incubation medium stimulate 
PGE2 formation in a dose-dependent manner. 
In contrast to the basal efflux, the rate of Ca 24"- 
stimulated PGE 2 release is independent of the 
time following preparation of the slices (Fig. 1, 
inset). Consequently, at 2 mM concentration, 
net CaZ*-stimulated PGE2 release comprised 
ca. 35% of the total PGE 2 released during the 
initial incubation period and 65% of the total 
released at the 91-120-min incubation period 
(Fig. I). 

Some striking differences were seen when we 
contrasted basal and Ca2§ release of 
unlabeled PGE2 with the release of [ t4c]-  
PGE2 and [ Z4C] arachidonic acid from 
slices prelabeled with [1J4C]arachidonate. 
In comparison to unlabeled PGE2, a sharper 

~ 

o-'30 31-'eo 6~'-9o 9~12~ 
MINUTES 

FIG. 1. Effect of Ca 2§ ions on medullary prosta- 
glandin E 2 release. Medulla slices were incubated in 
0.1 M Tds-HCI (pH 8.0) in the absence or presence of 
different concentrations of CaCI 2. The incubation 
media were replaced with fresh media every 30 min 
and the media PGE 2 content determined. For details, 
see Methods section. Values are means of 6 experi- 
ments in duplicate. SEM were less than 10%. Ca 2§ 
concentrations used were: 0 ( e ~ ) ,  1 mM ( = ~ ) ,  
2 mM (*~--*) and 5 mM (A_~). Insert: Values for 
prostaglandin E= release at zero Ca =§ were subtracted 
for the corresponding values at the different Ca =§ 
concentrations and the obtained differences, which 
represent net Ca2§ prostaglandin E 2 release, 
were plotted. 

decline in the release of []4C]PGE2 is seen 
during the time course of incubation (Fig. 2). 
An initial release of 12,300 cpm/g tissue/30 
min is reduced by 70% to 3,900 cpm/g tissue/ 
30 min at the 91-120-min period. Furthermore, 
compared to unlabeled P(;E2, net Ca2+-stimu - 
lated release of [Z4C] PGE 2 comprises signifi- 
cantly less of the total [t4C]PGE2 release. 
At 2 mM concentration, net CaZ4"-stimulated 
release of [14C]PGE2 comprises only 14% of 
the total released during the initial incubation 
period and 22% of the total released during the 
91-120-min period (Fig. 2). These differences 
between basal generation and Ca24"-stimulated 
generation of unlabeled and labeled PGE 2 
strongly suggest that: (a) release of Z4C-esteri- 
fled arachidonic from prelabeled slices is 
originating from both a Ca24"-sensitive and 

2 4 -  �9 Ca -insensitive pool of esterified acid, and 
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(b) unlabeled and t+C-labeled PGE2 fractions 
originate f rom different  pools of  precursor  
arachidonic  acid. 

As the basal eff lux o f  PGE 2 becomes  fairly 
constant  after 90 min of  incubat ion,  we used 
the  results f rom the 91-120-rain incuba t ion  
per iod to obtain a more  precise comparison of  
the kinet ic  parameters  for the release of  labeled 

a n d  nonlabeled arachidonate  and PGE2. These 
results (Table 1) show that  an increase in Ca 2§ 
concen t ra t ion  f rom 1 mM to 2 mM produces 
ca. 100% increase in the  release of  unlabeled 
arachidonate  and PGE 2 but  only 39 and 32% 
increases in the release of  [14C]arachidonate  
and [ I+C]PGE2,  respectively.  We define the  
te rm "coup l ing  ra t io"  as a ratio of  generated 
PGE 2 to  r e l e a s e d  arachidonate.  This rat io 
provides a quant i ta t ive  measure for the degree 
o f  coupling be tween  the arachidonate-releasing 
lipolysis and the  subsequent  convers ion o f  
arachidonic acid to  PGE 2. Fo r  Ca2§ 
release of  unlabeled arachidonate  and PGE2,  
the coupl ing ratio is ca. 0.62 whereas for 
radioactive species, it is significantly lower  at 
0.26 (Table 1). These results provide addi t ional  
evidence that  Ca 2+ ions elicit the  release of  
radioact ive arachidonate  and prostaglandin E2 
and of  nonradioact ive  arachidonate  and prosta- 
glandin E 2 f rom funct ional ly  different  pools  
o f  arachidonic  acid. 

This conclus ion is suppor ted  by results o f  
addit ional  exper iments  wi th  slices prelabeled 
with [1-14C]arachidonate in which we com- 
pared the effect  of  added unlabeled arachidonic  
acid on the release of  [14C]arachidonate  and 
the generat ion of  radioactive and nonradio-  
active prostaglandin E 2 (Table 2). Added 
exogenous  arachidonate  produced  a ca. 3-fold 
increase in the release of  [ t4C]arach idona te  
and a 4.5-fold increase in the p roduc t ion  of  
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FIG. 2. Effect of Ca =+ ions on radioactive prosta- 
glandin E~ release. Medulla slices (5-6 g) were preincu- 
bated with 7.0 t~Ci of [ 1-1+C] arachidonic acid for 30 
min. Following the preincubation, the slices were 
rinsed twice, incubated as described in Fig. 1 and the 
media analyzed for [14C]PGE2. For details, see 
Methods section. Ca =§ concentrations used were: 
0 (o--o) ,  1 mM (v---v), 2 mM ( ~ - ~ )  and 5 mM 
(~._._~x). For each time point, values obtained at 0 and 
1 mM were significantly different at p > 0.8. All 
other values were significantly different at p > 0.9 
(Student's t-test). 

unlabeled prostaglandin E 2. In sharp contrast ,  
release of  [ t4C]prostaglandin  E2 was no t  
increased and, in fact,  was slightly reduced.  
Concur ren t  addi t ion  o f  arachidonate  and Ca 2§ 
ions yielded addit ive increase in the eff lux of  
[ t4C]arachidonate .  Produc t ion  of  unlabeled 
prostaglandin E2 was also similarly increased 
whereas release of  [14C]prostaglandin E 2 was 
decreased to a level below that  observed with  
Ca 2+ ions added alone. 

TABLE 1 

Ca2+-Stimulated Release of Radioactive and Nonradioactive 
Axachidonic  Acid and Prostaglandin E2 from Medulla Slices a 

CaCI 2 concentrat ion  
in incubat ion  m e d i u m  

(mM) A A  (ug) PGE 2 (#g) 

Net release b 

[t4C]AA (cpm) [ 14C] PGE2 (cpm) 

1 1 .40  -+ 0 . 0 9  0 . 9 5  + 0 . 0 8  2 9 8 0  • 140  9 8 0  + 6 0  
2 2 . 8 0  + 0 .15  1 .82  + 0 . 1 3  4 1 3 0  -+ 180  1 2 8 0  + 8 0  

C o u p l i n g  r a t i o  c 0 . 6 2  0 . 2 6  

aMedulla slices were prelabeled with [ 1-14C] arachidonic acid as described in Methods. The sl ices were  then 
incubated in the absence or presence of CaCI= (1 or 2 raM)for 120 rain, changing the incubation medium every 
30 rain. Release o f  radioactive and nonradioact ive  PGE 2 and arachidonic  acid ( A A )  was  determined during the  
91-120 rain period. Values are mean + SEM of 3 experiments. 

bAtter  subtract ion o f  the corresponding values obtained in incubations in the absence of CaCI=. 
CRatio o f  increase in PGE 2 synthesis  to increase in arachidonic  acid release upon  increase in CaCI 2 concen-  

tration from 1 to 2 raM. 
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TABLE 2 

Release of Radioactive Arachidonate, PGE 2 and Nonradioactive PGE 2 
from Medulla Slices a 

Addition to [ 14C ] Arachidonate [ l*C ] PGE 2 PGE 2 
incubation medium (cpm) (cpm) (~g) 

5600 3470 1.47 
Arachidonic acid 15000 3160 6.56 
CaCI2 11700 4860 4.90 
Arachidonic acid + CaCi 2 2 3 8 0 0  4150 8.32 

aSlices prelabeled with I 1-t4C ] arachidonic acid were incubated in the presence of either 
5 mM CaCI a or arachidonic acid (50 ttg) or with both and the release of PGE 2 and arachi- 
donic acid during the 91-120 rain period determined. For details, see Methods. Results are 
given for a single experiment. Similar results were obtained in a total of 5 such experiments. 

DISCUSSION 

Numerous studies on the metabolic con- 
versions of  arachidonic acid into prostaglandins 
and other oxygenated products have employed 
exogenously added radioactive or nonradioac- 
tive arachidonic acid as a substrate. These 
studies have provided valuable data on the 
various metabolic pathways for arachidonate 
oxygenation. Recent studies have, however, 
indicated certain limitations in these investi- 
gations, showing that added arachidonate may 
undergo metabolic transformations which are 
different from those of endogenous, lipid- 
esterified arachidonate. Thus, Isakson et al. 
showed that the perfused rabbit kidney pre- 
labeled with [t4C]arachidonic acid released, 
after bradykinin or angiotensin II stimulation, 
only radioactive PGE2 (5). This is in sharp 
contrast to the demonstrated conversion of 
added free radioactive arachidonate to PGE2, 
PGF2c~, PGD2 and HHT during incubations 
with renal medullary slices or medulla micro- 
somes (6-8). Hseuh and Needleman (9) have 
shown that the molecular form in which 
unesterified, radioactive arachidonate is admin- 
istered (free or albumin-bound) to the perfused 
kidney or heart has a profound effect on the 
pattern of its incorporation into individual 
lipids in specific regions of the organ. 

More recently, studies from our laboratory 
have indicated that, functionally, the molec- 
ular form of arachidonate serving as substrate 
for hormone-induced PGE2 generation is not 
the free acid, but rather the esterified acid 
present in a unique hormone-sensitive lipid pool 
(2). We have also demonstrated (4) the presence 
of  distinct phospholipase A2-prostaglandin 
synthase systems in mitochondria and plasma 
membrane fractions from rabbit kidney medul- 
la. These subcellular fractions generate, in 
response to Ca 2+ ions addition, mainly PGE2 
from endogenous tissue arachidonate whereas 
added free arachidonate is converted to PGE2, 

PGF2ot, PGD2 and HHT (4). 
These present studies demonstrate that Ca 2§ 

ions stimulate release of arachidonic acid from 
2 functionally different lipid pools of  esterified 
acid. The first pool is characterized by a higher 
turnover rate of  arachidonate; added free radio- 
active acid is incorporated mainly into this pool. 
The second pool has a slower arachidonate 
turnover rate; added radioactive acid is only 
slowly incorporated into this pool. A major 
difference between the 2 lipid pools resides in 
the extent of metabolic coupling between the 
amount of  released arachidonate and the 
amount of PGE2 produced. Arachidonate re- 
lease from the fast-equilibrating pool is less 
cqupled to subsequent conversion to PGE2, 
with a coupling ratio of  0.26/Jg PGE2 formed/ 
/~g arachidonate released. In contrast, release Of 
arachidonic acid from the slow-equilibrating 
pool is more tightly coupled to PGE~ synthesis 
with a coupling ratio of  0.62/~g PGE2 formed/ 
/Jg arachidonate released (Table 1). The 2 lipid 
pools of esterified arachidonate are also differ- 
entially affected by addition of free arachi- 
donate. In medulla slices prelabeled with 
[t4C]arachidonate, added acid increased the 
release of  [14C] acid from the fast-equilibrating 
pool whereas production of [14C]PGE2 was 
significantly reduced because its generation 
is not tightly coupled and added free arachi- 
donate effectively competes with released 
[14C]arachidonate for the same prostaglandin 
synthease enzyme. At the same time, added 
free acid does not significantly effect endoge- 
nous PGE 2 production from the slow-equili- 
brating arachidonate pool, indicating that 
endogenously released acid is preferred over 
added exogenous acid as a substrate for the 
prostaglandin synthase coupled to this pool. 

These results and conclusions demonstrate 
significant differences in the metabolism of 
endogenously esterified arachidonate vs exo- 
genously added free arachidonate in the rate 
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and a m o u n t  of  convers ion to  oxygena t ed  
products .  Therefore ,  assessment  of  arachi- 
dona te  metabo l ic  s tudies  using exogenous ly  
adminis te red  free acid should be in t e rp re t ed  
with care, because the  results  ob ta ined  may 
dif fer  cons iderably  f rom those  ob ta ined  f rom 
endogenous ,  l ipid-esterif ied acid which  is 
released by physiological  stimuli in vivo. 
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Effects of Ethanol Diets on Cholesterol Content 
and Phospholipid Acyl Composition of Rat Hepatocgtes 
THOMAS L. SMITH*, ALISON E. VICKEI~S, KLAUS BRENDEL and MARY J. GERHART, 
Veterans Administration Medical Center, Research Service (151), Tucson, AZ 85723; 
and Department o f  Pharmacology, Arizona Health Sciences Center. 
University o f  Arizona, Tucson, AZ 85724 

ABSTRACT 

Chronic treatment of adult male rats with ethanol liquid diets resulted in alterations in phospho- 
lipid and cholestexol contents as well as the acyl composition of phosphatidylethanolamine (PE), 
phosphatidylinositol (PI)-phosphatidylsedne (PS) mixture, and phosphatidyleholine (PC) of isolated 
hepatocytes. The influence of ethanol on these lipids was largely dependent on the proportion of 
dietary fat. Phosphofipid and total cholesterol contents were elevated 23 and 27%, respectively, by 
ethanol when offered in a low-fat diet (5% corn oil). Only the percentage of arachidonic acid from 
PI-PS was significantly reduced in the low-fat ethanol group. Exposure to a high-fat (34% corn oil) 
diet in the presence of ethanol for 4-5 weeks resulted in a significant decrease in arachidonate/linoleate 
ratios of hepatic PE, PS-PI and PC, while total phospholipid content remained constant. In the high- 
fat, ethanol-treated group, hepatic cholesterol content was increased 2-fold. These results suggest that 
the level of dietary fat plays an important role in determining the effects of chronic ethanol consump- 
tion on hepatic cholesterol content and phospholipid acyl composition. 
Lipids 17: 124-128, 1982. 

INTRODUCTION 

CeUular tolerance to the continued presence 
of ethanol is thought to be due to a change in 
the physical properties of the lipid bilayer 
(1,2), which, in turn, is presumably due to 
alterations in membrane lipid composition 
(3-5). The effects of chronic ethanol intake on 
hepatic lipids have been documented in several 
studies. In general, long-term exposure to 
ethanol results in an increase in fatty acid 
saturation with arachidonic/linoleic acid ratios 
being decreased in both mitochondrial and 
whole liver preparations (6,7). In addition, 
increases in liver cholesterol and total phospho- 
lipids, i.e., phosphatidylcholine (PC), have been 
reported (8-10). Except for a few studies, most 
investigators have administered ethanol in diets 
containing relatively high fat (>18%). Such 
high levels per se can influence the net effect 
of ethanol on various hepatic enzymes (11). 
Thus, in order to discern the influence of 
dietary fat content on hepatic lipid changes 
resulting from chronic ethanol consumption, 
a direct comparison between high- and low-fat 
ethanol diets on hepatic cholesterol and phos- 
pholipid composition seemed warranted. 

MATERIALS AND METHODS 

Animal Diets and Tissue Preparation 

Male Sprague-Dawley rats (Simonsen Labs, 
Giiroy, CA) weighing 150-200 g were housed 
individually and pair-fed nutritionally balanced 
liquid diets (6), which contained either low-fat 
(5%) or high-fat (34%) corn oil. Ethanol was 

substituted isocalorically for sucrose and 
amounted to 36% of the total caloric intake. 
Rats consumed these diets for a total of 4-5 
weeks. The average daily ethanol intake as 
measured by calibrated glass feeding tubes 
(Bio-Serv, Inc., Frenchtown,. N J) was 12 g/kg 
body wt for both high and low fat dietary 
groups. 

Animals were killed by decapitation, the 
livers were perfused with collagenase (Type II, 
Worthington, Freehold, N J) and parenchymal 
cells were isolated as described before (12). 
The freshly isolated hepatocytes were washed 
several times in 100 ml Krebs-Henseleit buffer, 
pH 7.4. After centrifugation at 40 x g for 2 
rain, the cells were resuspended to a final 
concentration of 15 mg wet wt tissue/ml with 
5 mM HEPES (N-2-hydroxyethylpiperazine- 
N'-2~ethane sulfonic acid) (Sigma) which 
contained: NaCI, 144 raM; KC1, 5 mM; MgSO4, 
1.2 mM; CaC12, 2.5 mM and glucose, 5 mM. 
Representative aliquots of these suspensions 
were used for all lipid anMyses. 

Because the ratios of protein content to mg 
wet wt tissue were the same for all experi- 
mental groups, the results for cholesterol and 
phospholipid contents are expressed as/ag/mg 
wet wt tissue rather than on a protein basis. 

Lipid Analyses 

Hepatocyte lipids were extracted in 20 vol 
CIIC13/CHaOH (2:1, v/v) containing 0.02% 
butylated hydroxytolucne (BHT). The lipid 
extracts were first partitioned with 0.2 vol 
0.01 N HC1 followed by 2 additional washes 
of the lower phase with CHCIa/CHaOH/H20 

LIPIDS, VOL. 17, NO. 3 (1982) 



LIPID CHANGES AFTER CHRONIC ETHANOL 125 

(3:48:47, v/v) and neutralization. Phospha- 
tidylethanolamine (PE), phosphatidylinositol- 
phosphatidylserine (PI-PS) and PC were isolated 
by one-dimensional thin layer chromatography 
(TLC) on Silica Gel H plates (Applied Science, 
Gardena, CA)wi th  CHCI3/CH3OH/CHaCOOH / 
H20 (25:15:4:2,  v/v) (13) containing 0.02% 
BHT. Lipid spots were visualized by iodine 
vapors. Aliquots of the lipid extracts represent- 
ing I-4 mg of original tissue wt were taken for 
total phospholipid (14) and cholesterol (15) 
determinations. In some experiments, fatty 
acid analyses were performed on individual 
lipids isolated by TLC. Each lipid spot was 
scraped directly into screw-capped vials and was 
methylesterified with boron trifluoride/14% 
methanol reagent (Supelco, Bellefonte, PA). 
Fatty acid methyl esters were separated using a 
GC-Mini 2 gas chromatograph (Shimadzu-, 
Columbia, MD) equipped with a dual flame 
ionization detector and 6' x 1/8" glass column 
packed with Silar-10C (Applied Science Lab, 
State College, PA). A C-RIA data processor 
(Shimadzu) was used to calculate percentages 
of various fatty acid methyl esters. Retention 
times of each methyl esters were compared to 
those of known standards (Nu-Chek-Prep, 
Elysian, MN). The double bond index was 
calculated from the sum of (percentage of each 
unsaturated fatty acid) x (number of double 
bonds). 

R ESU LTS 

Effects of Diets on Fatty Acid Composition 
of Major Hepatic Phospholipids 

The major fatty acids constituting PE in 
rats fed a low-fat (corn oil) diet were palmitic, 
stearic, oleic and arachidonic. The inclusion of 
ethanol into this diet did not significantly alter 
the fatty acid composition of hepatic PE when 
compared to low-fat control animals (Table 1). 
When the fat content was increased to 34%, 
significant reductions in the proportions of 
palmitic and oleic acids were observed whereas 
linoleic acid increased, presumably reflecting 
the dietary fat source. The addition of ethanol 
to this high-fat diet resulted in a small increase 
in the proportion of linoleic acid (p<0.07) 
and a significant decrease in arachidonate. 
Thus, the arachidonic/linoleic acid ratios were 
2.94 for high-fat controls and 1.90 for ethanol- 
treated rats, respectively. The double bond 
index (DBI) for PE was significantly reduced 
in the ethanol-high-fat-treated animals (Table 
1). 

The main fatty acids of the combined PS-PI 
phospholipids were stearic and arachidonate 
(Table 2). In rats given a 34% corn oil diet, only 

arachidonic acid was increased compared to 
control low-fat diet. Ethanol significantly 
reduced the proportion of arachidonate in both 
high- and low-fat diets. In the high-fat diet, 
ethanol reduced the arachidonic/linoleic ratio 
from 9.0 to 5.8. Consumption of both high- 
and low-fat ethanol diets caused a significant 
reduction in the DBI of PS-PI. 

Table 3 illustrates the effects of l ow-and  
high-fat diets on the fatty acid composition of 
PC. The principal fatty acids of this phospho- 
lipid were palmitic, stearic, oleic, linoleic and 
arachidonic. Ethanol given in a low-fat diet did 
not significantly alter any of the fatty acids 
just listed. In control animals that were offered 
a high-fat diet, the proportions of palmitoleic 
and oleic acids decreased whereas those of 
linoleic and arachidonic acids increased. PC 
arachidonic acid was significantly reduced when 
ethanol was added to the high-fat diet. Palmitic 
acid was also reduced in the high-fat ethanol 
diet group compared to control or ethanol low- 
fat diets. The high-fat ethanol diet decreased 
PC arachidonic/linoleic ratio from 1.9 to 1.5. 
Other PC fatty acids were unaffected by 
ethanol. Ethanol given either in high- or low- 
fat diets did not reduce the DBI for PC. 

Total Phospholipid and Cholesterol Content 

The effects of high- and low-fat ethanol diets 
on total phospholipid levels, as assessed by total 
phosphorus analyses, were measured in the 
isolated hepatocyte preparation. In the low- 
fat dietary group, total phospholipids tended 
to increase (p < 0.08) when ethanol was 
added: control values were, 1.67 + 0.11 /ag P/ 
mg wet wt; ethanol, 2.06 + 0.17 /ag P/mg wet 
wt. Interestingly, the high-fat diet by itself or 
in conjunction with ethanol had no effect on 
total phospholipid content. Consumption of 
both low- and high-fat ethanol diets caused an 
increase in total cholesterol levels which was 
much more dramatic in the second diet (Table 
4). 

DISCUSSION 

This study has examined the influence of 
ethanol given in liquid diets with differing fat 
content on hepatic cholesterol and phospho- 
lipid content as well as phospholipid acyl 
composition. The fatty acid compositions of 
the PC, PI-PS, and PE of isolated hepatocytes 
were essentially unaffected by ethanol given in 
a low-fat (5%) liquid diet. When the dietary fat 
content  was increased to 34%, ethanol signifi- 
cantly decreased the proportion of arachi- 
donate in all of the phospholipids examined 
(Tables 1-3). Thus, a decrease in phospholipid 
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arachidonate/linoleate ratios after ethanol treat- 
ment is m o r e  a p p a r e n t  w h e n  a h i g h - f a t  d i e t  is 
e m p l o y e d .  U s i n g  t h e  s a m e  d i e t s ,  o t h e r s  h a v e  
r e p o r t e d  s i m i l a r  f i n d i n g s  in t o t a l  m i t o c h o n d r i a l  
f a t t y  a c id s  (6) .  In  a d d i t i o n ,  d e c r e a s e s  in  a r ach i -  
d o n a t e / l i n o l e a t e  r a t i o s  h a v e  b e e n  d e m o n s t r a t e d  
in  g u i n e a  p ig  a d r e n a l  ( 4 ) a n d  m o u s e  l iver  (7 )  
m i t o c h o n d r i a .  U n f o r t u n a t e l y ,  t h e  d i e t a r y  fa t  
l eve ls  we re  n o t  g iven  in  t h e s e  ( 4 , 7 )  i nves t i ga -  
t i o n s .  H o w e v e r ,  in  a r e c e n t  s t u d y  o f  r a t  l iver  
m i t o c h o n d r i a l  p h o s p h o l i p i d s ,  a r a c h i d o n a t e /  
l i n o l e a t e  r a t i o s  we re  u n a l t e r e d  a f t e r  c h r o n i c  
t r e a t m e n t  w i t h  e t h a n o l  in a h i g h - f a t  d i e t  (16 ) .  
T h e  r e a s o n s  fo r  t h e  d i s c r e p a n c y  b e t w e e n  o u r  

BRENDEL AND M.J. GERHART 

results and those of the Waring et al. study are 
not apparent, because both diets used corn 
oil as the chief fat source. 

There are numerous conflicting reports 
concerning the effects of chronic ethanol intake 
o n  t o t a l  p h o s p h o l i p i d  levels  in  l iver.  T h u s ,  in 
r a t s  fed  a l o w - f a t  e t h a n o l  d i e t ,  t o t a l  h e p a t i c  
p h o s p h o l i p i d  levels  have  b e e n  r e p o r t e d  to  
i n c r e a s e  (10) ,  d e c r e a s e  (6 )  o r  r e m a i n  t h e  s a m e  
(9 ,17 ) .  I n  a d d i t i o n ,  p h o s p h o l i p i d  c o n t e n t  h a s  
b e e n  r e p o r t e d  to  i n c r e a s e  a f t e r  e x p o s u r e  t o  
h i g h - f a t  ( > 2 0 % )  e t h a n o l  d i e t s  ( 6 , 1 8 , 1 9 ) .  
U n d e r  o u r  e x p e r i m e n t a l  c o n d i t i o n s ,  a sma l l  
i n c r e a s e  in  p h o s p h o l i p i d  levels  w a s  a c h i e v e d  

TABLE 1 

Effect of  Various Liquid Diets on Fatty Acid Composi t ion 
of  PE from Rat Hepatocytes  

Low-fat diet High-fat diet 

Fatty acids Control Ethanol Control Ethanol 

16:0 1 9 . 7 •  1 8 . 6 •  1 4 . 9 •  13.0•  1.1" 
16:1 1 . 4 •  1 . 5 •  0 . 6 •  0 . 5 •  
18:0 2 6 . 8 •  2 8 . 9 •  3 0 . 0 •  33.1 •  
18:1 1 0 . 1 •  1 0 . 5 •  6 . 6 •  7 . 4 •  
18:2 5.1 • 1.4 5 . 1 •  9 .1•  1.3" 12.5•  1.2" 
20:3 1 . 3 •  0 . 7 •  0 . 3 •  0 . 5 •  
20:4 2 7 . 5 •  2 5 . 6 •  2 7 . 0 •  2 3 . 8 •  
22:6 3 . 9 •  3 . 9 •  4 . 4 •  4 . 1 •  

D o u b l e b o n d i n d e x  1 5 9 . 2 •  1 5 3 . 1 •  1 6 2 . 0 •  1 5 4 . 1 •  

Male rats were offered either a low (5%) or high (34%) fat (corn oil) liquid diet with or 
wi thout  ethanol  (36%) for 4-5 weeks (see Methods for details). 

Values are the  mean • SEM percentages of  total fat ty acids separated by GLC. PE was 
isolated by one-dimensional TLC. Results are derived from duplicate samples o f  3 animals 
from each dietary group. 

*p < 0.05 v~hen compared to low-fat control diet values. 
**p < 0.05 when compared to high-fat control diet values. 

TABLE 2 

Effect o f  Various Liquid Diets on Fatty Acid Composi t ion 
o f  PS-PI f rom Rat Hepatocytes  

Low-fat diet High-fat diet 

Fatty acids Control Ethanol  Control Ethanol  

16:0 8 . 6 •  7 . 4 •  7 . 4 •  6 . 4 •  
16:1 0 . 7 •  0 . 4 •  0 . 3 •  0 . 3 •  
18:0 49 .0 •  3.1 5 3 . 0 •  4 8 . 4 •  4 8 . 7 •  
18:1 4 .5 •  1.0 4 . 3 •  4 . 4 •  4 . 4 •  
18:2 3 . 0 •  2 . 3 •  3 . 6 •  5 .0•  1.0 
20:3 1 . 6 •  2 3 . 0 •  0 . 6 •  1 . 8 •  
20:4 2 5 . 3 •  1 . 7 •  3 2 . 5 •  2 9 . 0 •  
22:6 1 . 8 •  1 . 7 •  1 . 6 •  i . 7 •  

D o u b l e b o n d i n d e x  1 2 7 . 9 •  1 1 6 . 5 •  1 4 5 . 9 •  1 3 3 . 8 •  

Results are derived from duplicate samples o f  3 animals from each dietary group. 
*p < 0.05 compared to low-fat control  diet values. 
**p < 0.0S compared to high-fat control  diet values. 
See Table 1 for exper imental  condit ions.  
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TABLE 3 

Effects of  Various Liquid Diets on Fatty Acid Composi t ion 
o f  PC from Rat Hepatocytes  
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Low-fat diet High-fat diet 

Fatty acids Control Ethanol Control Ethanol 

16:0 24.1 • 3.4 24.6-+ 1.9 22.7 • 0.7 17.9 • 0.8* 
16:1 3.6 • 1.4 3.1 • 1.3 0.8-+ 0.2* 0.5 • 0.2* 
18:0 19.1+-3.3 2 0 . 5 •  23.5 +- 1.2 2 5 . 9 •  
18:1 15.1 + 1.3 14.2 • 1.2 5.9 + 0.2* 6.0 • 0.4* 
18:2 10.4 • 1.2 10.9 • 0.7 14.2 -+ 1.2" 16.2 • 0.7* 
20:3 1.9-+ 0.4 2.1 + 0.4 0 .8•  0.1 1.2 + 0.5 
20:4 19.9-+ 2.0 19.7 + 0.5 26.5 + 0.7* 24.9 • 0.4** 
22:6 1.7-+ 0.2 1.6 + 0.2 1.8 • 0.2 1.9 • 1.1 

Double bond index 1 3 4 . 9 •  133.4+ 1.8 154.1 • 11.8 155 .9 •  

Results are derived from duplicate samples of  3 animals from each dietary group. 
*p < 0.05 compared to low-fat control diet values. 
**p < 0.05 compared to high-fat control  diet values. 
See Table I for exper imental  condit ions.  

TABLE 4 

Effect o f  Chronic Ethanol Consumpt ion  on 
Total Cholesterol Content  of  Hepatoeytes  

~g/mg wet wt _+ SEM 

Low-fat diet tligh-fat diet 

Controls  4.0 + 0.2 6.0 + 0.4 
Ethanol  5.1 +-- 0.3* 13.7 • 0.6** 

n = 4 separate animals for each dietary group. 
*p<0 .05 ;  **p < 0.001. 

of ethanol were only modest. Others have also 
o b s e r v e d  s im i l a r  i n c r e a s e s  in  ra t  l iver  c h o l e s t e r o l  
a f t e r  c h r o n i c  e t h a n o l  f e ed ing .  F u r t h e r m o r e ,  
b o t h  a c e t y l - C o A  a n d  c h o l e s t e r o l  s y n t h e s i s  h a v e  
b e e n  s h o w n  to  i n c r e a s e  a f t e r  c h r o n i c  h i g h - f a t  
e t h a n o l  d i e t s  ( 8 , 1 7 ) .  T h e  m e c h a n i s m  fo r  t h e s e  
i n c r e a s e s  is still  u n c l e a r .  H o w e v e r ,  o u r  r e s u l t s  
s u g g e s t  t h a t  i n c r e a s e d  h e p a t i c  c h o l e s t e r o l  
c o n t e n t  a f t e r  c h r o n i c  e t h a n o l  c o n s u m p t i o n  is 
c l ea r ly  a f u n c t i o n  o f  t h e  a m o u n t  o f  c o r n  oil 
i n t a k e .  
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Effects of Zinc Deficiency and Castration 
on Fatty Acid Composition and Desaturation in Rats 
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ABSTRACT 

The effects of zinc deficiency and testosterone on fatty acid composition of plasma lipids and 
microsomes of liver, intestine and testes were studied. The activities of fatty acid desaturase (46 and 
/x5) in rat liver and testes were also measured. A significant decrease in the level of arachidonic acid 
was observed in plasma of normal rats fed the zinc-deficient diet. Castration significantly decreased 
araehidordc acid but increased 20:3 fatty acid, which is negligible in normal rats. Testosterone and 
zinc administration restored arachidonic acid to normal values. Zinc deficiency does not significantly 
change the fatty acid profile in liver, but castral, pn decreased both arachidonic and 22:6 fatty acid. 
Intestinal mucosal microsomes showed that the predominant fatty acid in this tissue, palmitic acid, 
is independent of zinc status, whereas polyunsaturated fatty acids 18:2 and 20:4 were decreased 
by zinc-deficient diet or castration. Zinc deficiency sharply decreased 22:5 fatty acid and to some 
extent, other polyunsaturated fatty acids in testis microsomes. These changes in fatty acids are in 
agreement with increased zx9 desaturation anddecreased A5 desaturase activity. In testes, both 
46 and A5 desaturase activities are decreased in zinc deficiency. It appears that zinc influences the 
conversion of linoleic to arachidonic acid, whereas testosterone influences A6 desaturase activity. 
The data suggest that zinc deficiency may be one of the important factors in the causation of poly- 
unsaturated fatty acid deficiency, which, in turn, may induce serum hypertriglyceridemia. 
Lipids 17:129-135, 1982. 

INTRODUCTION 

Recent evidence suggests that zinc (Zn) 
deficiency causes an increase in the proportion 
of saturated and monounsaturated fatty acids 
and a marked reduction of polyunsaturated 
fatty acids profile of hepatic diglyceride (1). 
Stearoyl CoA desaturase, which was shown to 
be a control enzyme for hepatic lipogenesis 
(2), increased in zinc-deficient and in castrated 
rats (3). 

An interaction between dietary Zn and 
essential fatty acids (EFA) exists in rats (4,5) 
as well as in chicks (6), but in chicks, poly- 
unsaturated fatty acids increase the signs of Zn 
deficiency, whereas in rats, the effect is oppo- 
site. Because Zn deficiency with or without 
testosterone deficiency produces a number of 
abnormalities in lipid metabolism (1,3), we 
studied the fatty acid compositions of plasma 
lipids, liver, intestine and testis microsomes. 
Because of the changes in saturated, and espe- 
cially polyunsaturated, fatty acids in plasma 
and different microsomal membranes, it ks 
important to understand how Zn deficiency 
affects fatty acids. Therefore, the purpose of 
this study was to determine if the changes in 
fatty acid composition in experimental Zn 
deficiency and castration with and without 
testosterone correspond to changes in fatty 
acid desaturation in liver and testis microsomes. 
Testis was chosen for analysis because of the 

known relationship between Zn and testicular 
function (7). 

MATERIALS AND METHODS 

Experimental Design 

Thirty-eight male Sprague-Dawley rats, 
weighing 90 + 20 g, were randomly assigned to 
6 groups. Castration was performed by mid-line 
abdominal incision in 22 rats under anesthesia 
with 3.5% chloral hydrate injected intraperi- 
toneally (ip). 

Group 1 consisted of 8 rats which were fed 
a purified Zn-supplemented diet containing 
100 mg/kg Zn as Zn chloride in addition to 
15% sucrose, 19.9% egg white, 3% soy flour,' 
RP vitamin mix (providing in mg/kg: thiamin 
HC1, 10; riboflavin, 10; pyridoxine HC1, 10;Ca 
pan to thena te ,  30; niacin, 50; inositol, 50; 
biotin, 0.4; folacin, 2; cyanocobalamin, 0.03; 
retinylacetate, 6.9; cholecalciferol, 10.1; and 
DL-0t-tocopherol, 23), 5.0% RP mineral mix 
without Zn (the mixture supplied the following 
concentration in mg/kg of salts: CaHPO4, 25; 
K ci trate 'H20,  74; K2SO4, 26; NaC1, 37; 
MgO, 12; Fe citrate, 3; MnCO3, 1.7; CuCO3, 
0.15; CrK (SO4)2"H20, 0.19; Na2Se203" 
5H20, 0.003), 0.15% DL-methionne, 0.2% 
choline chloride, 5.0% corn oil, 5,0% lard, 
44.6% dextrin and 0.0005% biotin. Group 
2 consisted of 8 rats fed a Zn-deficient diet 
(1.2 ppm Zn) and deionized water ad libitum; 
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Zn content was the only difference between the 
2 diets. Group 3 consisted of 6 castrated rats 
on Zn-supplemented diet and group 4 con- 
tained 6 castrated rats on Zn-deficient diet. 
Groups 5 and 6 consisted of 5 castrated rats 
each, which were also fed Zn-supplemented and 
Zn-deficient diets, respectively, and after 4 
weeks, the animals received an injection of 
testosterone enanthate (20 mg 1M). All the 
animals were maintained on the diets for 2 
more weeks; therefore, the total experimental 
period was 6 weeks. 

Rats on Zn-deficient diets became hypo- 
phaglc after 2-3 days on the diet. To ensure 
equicaloric consumption of food, pair-feeding 
procedures were instituted. Food allowed to 
the control animals (group 1) and groups 3 and 
5 on Zn-supplemented diet was limited to be 
equal to the amount consumed by the Zn- 
deficient groups (groups 2, 4 and 6). Animals 
were housed in stainless steel cages and all 
materials with which the rats came in contact 
were stainless steel, glass or plastic. In this 
period, the rats gained 160 + 32 g, and the Zn- 
deficient groups showed clear signs of Zn 
deficiency (heavily scaled and ridged tail, and 
loss of hair). 

Rats were killed after anesthetization with 
3.5% aq. solution of chloral hydrate 1 cc/ 
100 g body wt injected ip. Blood was collected 
by cardiac puncture for the determination 
of Zn and fatty acids. Liver and a section of 
jejunum from all groups and testes from rats in 
groups 1 and 2 were immediately removed and 
placed in iced 0.25 M sucrose solution. Zn- 
deficient diet produced a significant reduction 
in the Zn content  of hair (43%), liver (35%), 
je junum (44%) and testicles (30%) compared 
to the Zn-sufficient groups. Serum Zn was also 
reduced by 25-32% in the Zn-deficient groups. 

Preparation of Microsomes from 
Liver, Testes and Intestine 

Livers were homogenized in 0.33 M sucrose, 
0.01 M Tris (pH 7.4) in a Potter-Elvenhjen 
homogenizer (1 g liver/10 ml). The microsomal 
105,000 x g supernatant fractions were isolated 
from the liver homogenates as described previ- 
ously (3). 

Microsomal membranes from small intestine 
were harvested by the procedure described by 
Ray (8). The mucosa was desquamated, scraped 
(9), and homogenized gently in a medium 
containing 250 mM sucrose, 0.2 mM EDTA and 
2 mM piperazine-N, Nl-bis[2-ethanesulfonic 
acid) buffer (pH 7.0) using a loose pestle. The 
homogenate was centrifuged at 8,000 x g for 
5 rain. The supernatant was then centrifuged 
at 100,000 x g for 2 hr and the pellet was 

resuspended in the homogenizing medium. 
Testes were excised, decapsulated and 

pooled (3,4). They were homogenized with 
6 vol of 0.15 M KC1, 5 mM MgCI2, 1.5 /aM 
glutathione, 62 mM phosphate buffer (pH 7) 
and 0.25 M sucrose in 0.1 mM EDTA. The 
homogenate was centrifuged at 10,000 x g for 
20 min, and the supernatant was recentrifuged 
at 10,000 x g for 1 hr. The pellet was sus- 
pended in the homogenizing solution as des- 
cribed by us (3). 

Protein contents of the various subcellular 
fractions were estimated by the method of 
Lowry et al. (10). Homogenization and cen- 
trifugation procedures were done at 0 C. 

Determination of Lipid 
Fatty Acid Composition 

Fatty acids in plasma were determined by 
a method which involved saponification, 
extraction into hexane and on-column methy- 
lation with trimethyl-6cx-trifluoro-m-tolyl) am- 
monium hydroxide (11). The fatty acids in 
microsomal preparations were analyzed by gas 
liquid chromatography after conversion to 
methyl esters by refiuxing for 2 hr with 6 ml 
of a solution of 1 ml tI2SO4 conc/61.5 ml 
methanol/123 ml benzene. Identification of 
methyl esters was done with a Hewlett-Packard 
5710A gas chromatograph equipped with dual 
column and dual flame ionization detectors. The 
stainless-steel column (6 ft x 1/8 in. id) was 
packed with 80-100 mesh Chromosorb (acid- 
washed) coated with 20% (w/w) ethylene 
glycol succinate/2% phosphoric acid. Routine 
analyses were performed isothermally at 185 
C with a carrier gas-flow rate 30 ml/min. 
Peak identifications were based on relative 
retention times relative to methyl stearate and 
by comparison with a known mixture of 
standard methyl ester. Relative peak areas were 
measured by a Hewlett-Packard 3380A elec- 
tronic integrator, as described previously (12). 

Fatty Acid Desaturase Assays 

The desaturation reactions were done as 
described previously (3) for steroyl CoA 
desaturase (A9). For A6 and A5 desaturases, 
90 nmol of linoleic acid and 100 nmol of 
eicosa-8,11,14-trienoic acid were used. [ I-t4C ] - 
Linoleic acid (50 mCi/mmol) and l l-t4CI- 
eicosa-8,11-14-trienoic acid (61 mCi/mmol) 
were provided by New England Nuclear, 
Boston, MA. The solution contained 5 mM 
MgC12, 2 mM ATP, 50 mM CoA, 1 mM NADH, 
and 50 mM potassium phosphate buffer (pH 
7.4) in a total vol of 1 ml. This solution was 
incubated at 37 C for 3 rain and the reaction 
was initiated with the addition of 5 mg of 
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m i c r o s o m a l  p ro t e in  in 0.2 ml of  0.25 M suc- 
rose.  The  reac t ions  were t e r m i n a t e d  by t he  
add i t i on  o f  2 ml of  a lcohol ic  KDH (25% 
10 M KOH and  75% e thano l ) .  T he  r eac t i on  
m i x t u r e s  were h y d r o l y z e d  at 70  C for  1 h r  and  
t i t r a t ed  to a pH of  3 us ing b r o m p h e n o l  b lue  as 
indica tor .  T h e  fa t ty  acids were ex t r ac t ed  w i th  
p e t r o l e u m  e t h e r  and  m e t h y l a t e d  as descr ibed  
previously  (12) .  The  fa t ty  acid m e t h y l  esters  
were separa ted  by  a rgen ta t i on  t h in  layer  
c h r o m a t o g r a p h y  (TLC)  using a h e x a n e / b e n z e n e  
( 5 0 : 5 0 )  so lvent  sys tem for  A9 assay and  a 
t o l u e n e / a c e t o n e  ( 9 5 : 5 )  sys tem for  A6 assay. 
14C Radioac t iv i ty  in the  subs t r a t e  and  the  
p r o d u c t  was c o u n t e d  in a Packard  Model  330  
l iquid sc in t i l la t ion  spec t rome te r .  Recovery  of  
rad ioac t iv i ty  by  th is  t e c h n i q u e  was 80%. F o r  
the  assay cond i t i ons  descr ibed,  the  a m o u n t  of  
18:2,  or 18:3 or  20 :4  f a t ty  acid,  respect ively ,  
fo rmed  was p r o p o r t i o n a l  to  r eac t ion  t ime  for  
20 rain and  the  resu l t ing  ra tes  were p ropor -  
tional to  p ro t e in  c o n c e n t r a t i o n .  

RESULTS 

Plasma and Microsomal Fatty Acid Composition 

The  ef fec ts  of  Zn s ta tus  o n  the  c o m p o s i t i o n  
of  fa t ty  acids was e x a m i n e d  by  ana lyz ing  the  
l ipids in c i rcu la t ion  (plasma) ,  in  liver, in cells 
t ha t  rapidly  t u r n  over  ( in t e s t ine  mucosa l  
m ic r o somes )  and  in ceils of  the  r ep roduc t ive  
sys tem ( tes t is)  (Tables  I-4).  In  o rder  to  assess 
i n t e r ac t i on  of  Zn and  t e s to s t e rone ,  the  data  
were tes ted  for  s ignif icance by  the  analysis  
of  variance.  Table  1 shows  t ha t  a s igni f icant  

decrease  in the  relat ive levels of  2 0 : 4  and  f a t t y  
acids h igher  t h a n  20 :4  was observed  in p lasma 
of  ra ts  fed the  Zn-def ic ien t  d ie t  (F  = 36 .71 ,  
p < 0 .001) .  Cas t ra t ion ,  w h e t h e r  associa ted wi th  
Zn  res t r i c t ion  or  n o t  (groups  3 and  4), s h o w e d  
a 5 t imes  r e d u c t i o n  in a rach idon ic  acid. A n o t h e r  
i m p o r t a n t  obse rva t ion  is t h a t  "20:3 acid,  non -  
ex i s t en t  in n o r m a l  rats,  appeared  in increas ing 
p r o p o r t i o n  in cas t ra ted  rats, as well as the  
p r o p o r t i o n  of  18:1. The  18:2 was increased 
s ignif icant ly  in Zn-def ic ien t  rats,  bu t  sharp ly  
decreased in cas t ra ted  rats  w i t h o u t  r e l a t ion  to 
the  Zn-de f i c i en t  diet.  Te s to s t e rone  adminis-  
t r a t i o n  par t ia l ly  r e t u r n e d  20 :4  f a t t y  acid to a 
more  n o r m a l  value,  b u t  on ly  a d m i n i s t r a t i o n  o f  
t e s t o s t e r o n e  and  z inc  t o g e t h e r  had  a c o m p l e t e  
e f fec t  on  cas t ra ted  rats. Tab le  2 shows the  
resul ts  o f  the  f a t ty  acid analysis  of  the  l iver 
m i c r o s o m a l  l ipid extracts .  No d i f ferences  were 
f o u n d  be tween  groups  1 and  2, and  the re fo re ,  
Z n  def ic iency  a lone  does  n o t  change  the  f a t t y  
acid prof i le  in liver, bu t  cas t r a t ion  s igni f icant ly  
decreased b o t h  20 :4  and 22 :6  f a t ty  acids. 
T e s t o s t e r o n e  a d m i n i s t r a t i o n  res to red  the  levels 
of  20 :4  to n o r m a l  values,  and  22 :6  over  t he  
normal .  

The  fa t ty  acid c o m p o s i t i o n s  of  in tes t ina l  
mucosa l  mic rosomes  are s h o w n  in Table  3. The  
p r e d o m i n a n t  f a t t y  acids are the  s a tu r a t ed  
pa lmi t ic ,  16:0, wh ich  remains  c o n s t a n t  inde-  
p e n d e n t  of  the  Zn  s ta tus  whereas  s tear ic  acid 
( 1 8 : 0 )  and  the  m o n o e n o i c  18:1 b o t h  increased 
in Zn-def ic ien t  ra ts  (F  = 382.6 ,  p < 0 .001) .  
A m o n g  the  p o l y u n s a t u r a t e d  fa t ty  acids, 18:2  
and  20 :4  were s igni f icant ly  decreased by  the  

TABLE 1 

Effect  o f  Zinc Status on  the Fatty Acid C o m p o s i t i o n  o f  Rat Plasma Lipids a 

Groups  

1 2 3 4 5 6 
Fatty acid N +  Zn N -  Zn C +  Zn C -  Zn C + T +  Zn C + T - Z n  

(%) (8) b (8) (6) (6) (5) (5) 

16:0 19.5 -+ 1.2 c 20.2 + 1.4 20.6 + 1.2 18.8 +- 1.0 19.8 -+ 1.0 20.3 + 1.5 
16:1 4 .3  + 0.4 4.8 + 0.8 9.6 + 0.4 9.0 + 0.5 4.5 + 0.3 4.5 +- 0.2 
18:0 8.8 • 0 .9  5.0 + 0.5 9.5 • 0.3 6.2 • 0.2 8.0 + 0.5 8.7 +- 0.5 
18:1 16.2• 1.0 18.2 + 1.0 33.5 + 1.1 d 34 .4+2 .0  15.8 + 1.4 20.4• 1.6 
18:2 22.4 • 1.0 26.5 • 0.9 d 9.9 • 1.4 d 10.1 + 0.6 22.0 • 1.3 23.5 • 1.4 
20:3 0.0 0.0 12.5 • 0.4 d 12.3 -+ 0.5 0.0 4.2 + 0.1d,e 
20:4 27.5 +- 2.4 22.8 • 2.1 d 5.4 + 1.0 d 9.2 + 1.1 d 28.2 + 2.1 17.8 • 0.9d, e 

> 20:4 1.3 + 0.1 0.5 -+ 0.1 0.0 d 0.0 1.0 • 0.1 0.6 • 0.0 

aFatty  acid c o m p o s i t i o n  was  determined by gas chromatography  as described in Materials and Methods .  
Fatty  acids 14:0,  22:4 ,  22 :5  and 22:6  were  less than 0.2%. 

bThe  number  o f  rats in each group is given in parentheses.  
CMean -+ SD. 
dStatist ical  compar i son  was  by analysis  o f  variance and c o m p u t a t i o n  o f  F ratio,  p < 0 .001  compared  to  

group 1. 
ep < 0 .001 compared  to group 5. 
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TABLE 2 

Effect of  Zinc Status on the Fatty Acid Composition of  Rat Liver Microsomes 

Groups 

1 2 3 4 5 6 
F a t t y a c i d  a N +  Zn N- Zn C+ Zn C- Zn C + T +  Zn C + T -  Zn 

(%) (8) (8) (6) (6) (5) (5) 

16:0 19.5•  19.8+-2.4 20 .4 •  20 .2 •  19 .3•  19.8+-2.0 
16:1 0.4+-0.0 0.6+-0.1 0.4+-0.0 0 . 5 •  0.5+-0.1 0 . 5 •  
18:0 16 .8 •  18.4+-0.8 17.7+-0.8 17.2+-0.6 16 .4•  19 .9•  
18:1 9.2+-0.3 7 . 9 •  9 . 9 •  9 . 8 •  9.0+-0.1 7.9+-0.1 
18:2 24.0+-1.4 25 .6 •  26 .0 •  27.0+-1.5 23 .5 •  24.2+-1.0 
20:3 0.0 0.0 4.3+-0.2 4.5+-0.1 0.0 0.0 
20:4 20.9+-2.1 18.8+-0.6 16 .8•  b 16 .9•  20 .6•  20.8+-0.8 
22:4 0.5+-0.0 0.5+-0.1 0 . 5 •  0.4+-0.1 0 .6•  0 . 5 •  
22:5 1 .3•  1 .2•  i . l  +-0.4 1 .0 •  1.4+-0.2 1.0+-0.2 
22:6 7.1+-2.0 7.0•  1.4 2 . 9 •  b 2 . 5 •  8.3+-0.9 8 .2 •  

aThe fatty acid 14:0 was less than 0.1%. 
bp < 0.001 compared to group 1. Statistical comparison was by analysis of  variance and computation of 

F ratio. 

TABLE 3 

Effect of  Zinc Status on the Fat ty  Acid Composition of Rat Intestine Mucosal Microsomes 

Groups 

1 2 3 4 5 6 
Fa t ty  acid N + Zn N-  Zn C +  Zn C- Zn C + T +  Zn C + T -  Zn 

(%) (8) (8) (6) (6) (s)  (s) 

14:0 4.6 + 0.1 3.9 -+ 0.3 3.8 • 0.4 3.7 -+ 0.'1 3.9 • 0.2 4.2 -+ 0.1 
16:0 29.8 +- 2.4 24.2 + 1.5 30.3 t 1.8 27.2 + 2.0 29.2 + 1.6 29.0 + 1.8 
16:1 3.2 +- 0.4 6.0 + 0.2 a 5.4 t 0.6 6.2 -+ 0.2 3.6 +- 0.1 4.4 -+ 0.6 
18:0 2 0 . 2 + 2 . 0  28.1 _+ 2.1a 22.8+_0.9 23 .4+0 .8  20.6+ 1.4 21 .8+1 .1  
18:1 24.2 -+ 1.4 29.6-+ 1.3 a 30.4 ~- 1.6 a 32.0 + 1.5 a 25.0 + 1.4 24.8-+ 1.2 
18:2 13.2+- 1.0 6.8• 0.3 a 6.3 t 0.6 a 6 . 9 •  a 13 .0•  12.1 +0.4 b 
20:4 4.0 +- 0.3 1.4 + 0. l a 0.8 • 0.1 a 0.6 + 0.0 a 4.2 +_ 0.1 3.7 + 0.3 b 

> 20:4 0.8 +- 0.1 0.0 0.0 0.0 0.5 • 0.0 0.0 

ap < 0.001 compared to group l, by computation of F ratio. 
bp < 0.005 compared to C + T + Zn group. 

Zn-def i c i en t  diet. The  s ame  changes  are seen in 
cas t ra ted  rats. T e s t o s t e r o n e  a d m i n i s t r a t i o n  
t o g e t h e r  w i th  Zn c o r r e c t e d  the  de f i c i ency  in 
p o l y u n s a t u r a t e d  f a t ty  acids. T h e  capac i ty  o f  
t e s t i cu la r  m i c r o s o m e s  to  p r o d u c e  the  po ly-  
u n s a t u r a t e d  22:5  f a t ty  acid is well  k n o w n  (13) .  
As  seen in Table  4, th is  f a t ty  acid is sha rp l y  
r educed  in Zn-de f i c i en t  ra t s  (p  < 0 .001) .  S o m e  
decrease  in o t h e r  p o l y u n s a t u r a t e d  f a t t y  acids 
( 2 0 : 4  and  2 2 : 4 )  is also ev iden t  in Zn-de f i c i en t  
rats.  Th i s  decrease  is c o m p e n s a t e d  by  an  
increase  in 18:0,  18:1 and  18:2.  

Influence of Zn Deficiency and 
Castration on Fatty Acid Desaturation 

In  liver m i c r o s o m e s ,  A6 desa tu r a se  ac t iv i ty  
is s imilar  in n o n c a s t r a t e d  ra ts  i n d e p e n d e n t  o f  
the  diet ,  w h e r e a s  A5 d e s a t u r a s e  act iv i ty  is l o w  

in Zn-dep le t ed  ra t s  ( 51 . 3% )  c o m p a r e d  to  
con t ro l s .  In c o n t r a s t ,  c a s t r a t i o n  decreased  b o t h  
A6 and  A5 d e s a t u r a s e  act ivi t ies  (Tab le  5). 
T e s t o s t e r o n e  a d m i n i s t r a t i o n  c o r r e c t e d  t h e  
de fec t  in A6 b u t  n o t  A5 d e s a t u r a s e  activit ies.  
In  v i t ro  ox ida t ive  d e s a t u r a t i o n  o f  s tear ic  acid 
and  l inoleic  acid in tes tes  is seen in Table  6. Zn 
de f i c i ency  inc reased  A9 desa tu r a se  act iv i ty  b y  
40% b u t  s l ight ly  dec reased  A6 d e s a t u r a s e  b y  
25%. 

DISCUSSION 

O u r  s tud ies  d e m o n s t r a t e d  t ha t  Zn  s t a t u s  
in the  rat  causes  changes  in t he  f a t t y  acid 
c o m p o s i t i o n  o f  p l a sma  and t issue m i c r o s o m a l  
m e m b r a n e s .  P o l y u n s a t u r a t e d  f a t ty  acids de- 
c reased  and m o n o e n o i c  acid inc reased ,  w h i c h  
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TABLE 4 

Effect of Zinc Status on the Fatty Acid 
Composition of Rat Testes Microsomes 

Groups 

Fatty acid (%) N + Zn N - Zn 

16:0 a 40.6 t 2.2 40.0 -+ 2.4 
16:1 0.8 t 0.1 1.9 • 0.3 
18:0 8.2 -~ 1.0 12.0+-0.6 b 
18:1 10.8 t 1.2 18.0-+ IA b 
18:2 5.0 t 0. I 8.8 +- 0.4 b 
20:4 15.0 t 0.3 12.0 -+ 1.0 c 
22:4 2.9 • 0.4 1.2 • 0.6 c 
22:5 16.5 +- 0.9 5.9 + 0.8 b 

aThe fatty acid 14:0 was less than 0.2%. 
bp < 0.001 compared to N + Zn group; s ta t i s t i ca l  

analysis was by Student's t-test. 
Cp < 0.005 compared to N + Zn group. 

is cons i s t en t  wi th  the  increased  A9 desa tu rase  
act iv i ty  (3),  and  the  decreased  A5 desa tu rase  
act iv i ty  f o u n d  in this  s tudy .  Cas t r a t ion  resu l ted  
in the  same  t rend  bu t  increased p r o p o r t i o n  of  
18:1 and  20:3  and  decreased  p r o p o r t i o n  o f  
18:2 and  20 :4  are cons i s t en t  wi th  the  de fec t  
in b o t h  A6 and  A5 desa tu rase  act iv i ty  and  
increased A9 desa tu rase  act ivi ty .  T e s t o s t e r o n e  
t he r ap y ,  especially t o g e t h e r  with Zn,  res to red  
the  desa turase  activit ies to levels h igher  t h a n  
cont ro ls .  The  changes  in p l a sma  and  micro-  
somal  f a t ty  acid c o m p o s i t i o n s  were hkewise  
reversed.  It is k n o w n  tha t  decreased  A5 desa tu-  
rase act ivi ty resul ts  in increased  20:3  (8 ,11 ,14 )  
b u t  decreased  20 :4  f a t ty  acid p r o p o r t i o n  (15).  
Our  observa t ions ,  the re fo re ,  ind ica te  t ha t  the  
i n f luence  o f  the  m i c r o s o m a l  f a t ty  acid c o m p o -  
s i t ion on  A5 desa tu rase  is a ma jo r  fac tor  in the  
con t ro l  of  f a t ty  acid b iosyn thes i s .  But ,  in addi-  

t i on  to a l t e ra t ions  i nduc e d  by  changes  in A6,  
A9 and A5 desa tu rase  activi t ies,  diets,  f a t t y  
acid e longa t ion ,  m e m b r a n e  lipid degrada t ion  
and  fa t ty  acid o x i d a t i o n  m a y  be i m p o r t a n t .  
This  b e c o m e s  clear f rom the changes  in fa t ty  
acids  which  do no t  co r r e spond  to changes  in 
de sa tu r a t i on .  This  e m p h a s i z e s  t he  c o m p l e x i t y  
o f  the  fac tors  tha t  regulate  m e m b r a n e  f a t t y  
acid c o m p o s i t i o n  by  h o r m o n a l  factors .  

As seen f r o m  our  resul ts ,  t e s t o s t e r o n e  does  
no t  correct  A5 desa turase .  Hence ,  it a p p e a r s  
t ha t  Zn  in f luences  the  e n z y m e  s y s t e m  in the  
convers ion  of  l inoleic to a rach idon ic  acid (A5 
desa turase) ,  whereas  t e s t o s t e r o n e  is active on 
A6 desa tu rase  activi ty.  This  change  in fa t ty  
acid d e s a t u r a t i o n  resul ts  in a l t e ra t ion  in m e m -  
brane  lipid c o m p o s i t i o n  in the  same way  it 
m igh t  be e xpe c t e d  by an e f fec t  on a c o m m o n  
p r o p e r t y  o f  the  m e m b r a n e s  such  as f luidi ty.  
We have a l ready s h o w n  (3) t ha t  feeding a Zn-  
def ic ien t  diet  to cas t ra ted  rats  decreased  
phospho l ip id  c o n t e n t  and c o n s e q u e n t l y  in- 
creased the  cho le s t e ro l - to -phospho l ip id  ratio in 
liver m ic ro some s .  An  increase  in choles terol-  
t o -phospho l i p id  rat io  also occur red  in smal l  
i n t e s t ine  and test is  m i c r o s o m e s  f rom rats  fed 
the  Zn-def ic ien t  diet.  O n  the  basis  of  these  
resul ts ,  it could  be pos tu l a t e d  tha t  Zn defi- 
c iency  al ters  the  lipid c o m p o s i t i o n  and f lu id i ty  
o f  m i c r o s o m a l  m e m b r a n e s  and  m a y  have  a 
p r o f o u n d  e f fec t  on  every m e m b r a n e - a s s o c i a t e d  
process.  F u r t h e r m o r e ,  Zn  is involved in the  
m e t a b o l i s m  of  a rach idon ic  acid wh ich  is a 
p r ecu r so r  for  pros tag landins .  E x p e r i m e n t s  in 
progress  in our  l a bo ra to ry  po in t  to the  direc- 
t ion  of  Zn in f luence  on  p ros tag land in .  

The  i m p o r t a n c e  o f  p o l y u n s a t u r a t e d  acids  in 
the  male  r ep roduc t ive  s y s t e m  has  been  well 
d o c u m e n t e d  (14).  E longa t ion  o f  a rach idon ic  

TABLE 5 

In vitro Oxidative Desaturation of Linoleic Acid to 3,-Linolenic Acid (A6) 
and 5,8, ll-Eicosatrienoic Acid to Arachidonic Acid (A5) by Liver Microsomes 

of Normal and Castrated Rats on Different Zinc D i e t s  a 

A6 Desaturase activity A5 Desaturase activity 
(nmol/mg protein/l 5 min) % of control (nmol/mg protein/15 rain) % of control 

N + Zn (8) 1.48 • 0.38 100 0.302 -~ 0.007 100 
N-  Zn (8) 0.42 -+ 0.07 96.1 • 4.7 0.155 +- 0.023 b 51.3 
C + Zn (6) 0.57 -+ 0.29 b 38.5 + 19.9 0.194 ~- 0.025 b 64.2 
C - Zn (6) 0.27 + 0.18 b 18.2 + 12.4 0.110 t 0.030b, c 36.4 
C + T+ Zn (5) 1.74 + 0.06 117.6• 3.8 0.240 -~ 0.012 79.5 
C + T -  Zn (5) 1.47 • 0.09 d 99.3 + 6.2 0.200 ~- 0.015 66.2 

aMicrosomal fatty acid desaturase activity was done as described in Materials and Methods. 
bStatistical comparison was by analysis of variance and computation of F ratio, p < 0.001 compared to 

N + Zn group. 
Cp < 0.00! compared to C + Zn group. 
dp < 0.005 compared to C + T + Zn group. 
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TABLE 6 

In vitro Oxidative Desaturation of Stearic Acid to Oleic Acid and of  Linoleic to 
"y-Linolenic Acid by Testes Microsomes of Rats on Zinc-Deficient 

and Zinc-Supplemented Diet 

N +  Zn(8)  N - Z n ( 8 )  

A9 Desaturase activity 
(nmol/mg protein/ l  5 rain) 4.24 • O. 10 5.96 +- 0.56 a (140.6%) 

A6 Desaturase activity 
(nmol /mgprote in/15 min) 2.72+- 0.30 2.05-+ 0.30 a (75.4%) 

ap < 0.01 by Student's t-test. 

acid to 22:4 and the A4 desaturation to 22:5 
occur in liver in a very limited extent, but are 
important in testis (13), as also demonstrated 
by our results. The high concentration of Zn 
in the male genital tract (16) the relationship 
between hypogonadism as a prominent feature 
of Zn deficiency (17), and the ability of arachi- 
donic acid to cure testicular atrophy (18) 
show the importance of studying the synthesis 
of polyunsaturated fatty acid by testes. Table 4 
shows that Zn deficiency provoked a decrease 
in the relative proportion of 20:4, and especi- 
ally 22:5, of the testes. On the other hand, 
atrophy of the testes of Zn-deficient rats has 
similarities with the atrophy produced �9 by EFA 
deficiency (18). Hence, a decreased biosyn- 
thesis of 20:4 and 22:5 in testes of Zn-defi- 
cient animals may be the very factor, or at least 
one of the principal factors, evoking the typical 
testicular problems resulting from the Zn- 
deficient state. Marked changes in testis lipids 
characterized by decrease in total phospholipids 
and 22:5 fatty acid were seen also by Bieri and 
Prival (19). They also reported a moderate 
increase in arachidonic (20:4) acid similar, but 
less marked, than those resulting from vitamin 
E deficiency. 

The second objective of this investigation 
was to show the relationship between fatty 
acids and the hypertriglyceridemia observed 
in serum of Zn-deficient rats (1). We found that 
Zn supplementation returned serum trigly- 
cerides to normal levels. 

Liver lipids were characterized in Zn defi- 
ciency by increased diglycerides, triglycerides 
and phosphatidylcholines, but by decreased 
phosphatidylethanolamines (1). Good correla- 
tion was found between serum and liver lipids. 
Huang and Williams (20) showed that the rate 
of hepatic triglyceride secretion was 2-3 times 
greater in EFA-deficient rats than in nondefi- 
cient controls. The increase in triglyceride 
secretion as well as a higher level of liver TG 
as was seen by us in Zn deficiency (1) can be 
then related to the EFA deficiency induced by 

Zn as reported in this paper. This will trigger 
increased lipogenesis and increased mobilization 
of fatty acid from adipose tissue, explaining the 
high triglycefide levels in serum. Bettger's 
experiments (4,6) strongly suggest a physio- 
logical interaction between Zn and EFA. Thus, 
Zn deficiency is responsible for the defect in 
desaturation which drastically decreases poly- 
unsaturated fatty acid, creating EFA defi- 
ciency. EFA deficiency triggers increase of 
hepatic triglyceride secretion and, by this, 
hypertriglyceridemia in serum. 
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Rates of Depletion of Linoleic Acid from Fat Depots 
of Selected Lines of Mice Differing in Growth Rate and Adiposity 
E.J. EISEN*,  A.L. CARTWRIGHT,  K.M. WELLER 1 and K.J. SMITH 2, 
Department o f  Animal  Science, North Carolina State University. Raleigh, NC 27650 

ABSTRACT 

Rates of depletion and half-lives of linoleic acid from epididymal, subcutaneous and retroperi- 
toneal fat pads and the residual body were compared among 5 genetically diverse strains of mice: 
MI6, a polygenic obese line developed by selection for high postweaning gain; ICR, a control line from 
which MI6 was derived; Ha, a nonobese strain selected for large 6-week body weight; L 6 , selected for 
small 6-week body weight; and C2, a control line from which H a and L 6 were initiated. Rates of 
depletion and half-lives of linoleic acid were obtained on a fat-free diet following an enrichment period 
of feeding a diet high in linoleic acid. The M16 mice have an increased capability of synthesizing fat 
from carbohydrates as shown by a continued increase in fat depot weights when fed the fat-free diet. 
The 4 other lines showed no subsequent increase in fat depot weights on the fat-free diet. Rates of 
depletion of linoleic acid were significantly different among lines in each of the 4 depots. Ranking 
of lines for depletion rates was similar among the 3 discrete depots, but a more rapid rate of depletion 
was observed in subcutaneous and retroperitoneal fat depots than in the epididymal fat depot. Rates 
of depletion in line M16 were slower than in the ICR control line. Line H 6 had a slower rate of deple- 
tion than line L 6 . Line Ln deviated more from the C 2 control than did line Ha, indicating an asym- 
metric correlated selection response. The decreased depletion rate of linoleic acid in fat tissue of M16 
and H a mice suggests the possibility that the turnover rates of fatty acids have been reduced in these 
lines as a result of a reduction in lipolytic activity. The increased depletion rate of linoleic acid in L~ 
mice suggests that selection for small body size has substantially increased the rate of fat turnover. The 
experiment demonstrates that genetic differences among lines in fat turnover have accrued as cot- 
related responses to selection for growth rate. 
Lipids 17:136-148, 1982. 

Se lec t ion  for  fast  and  slow g rowth  ra te  in 
l a b o r a t o r y  mice  o f t en  leads to  posi t ively  
cor re la ted  responses  in ad ipos i ty  (1,2).  Fas t  
growing lines typica l ly  b e c o m e  m o d e r a t e l y  
obese  (3,4) ,  b u t  excep t ions  do occur  (5,6).  
Cor re la ted  changes  in fat  depos i t ion  have been  
repea ted  suf f ic ien t ly  to ind ica te  t h a t  they  are 
a c o n s e q u e n c e  of  p l e io t ropy  and  n o t  t r ans i en t  
e f fec ts  of  l inkage d i sequi l ib r ium or f o r t u i t o u s  
ef fec ts  of  genet ic  drif t .  The  p le io t rop ic  ef fec ts  
o f  m a n y  groups  o f  genes are l ikely to be in- 
volved,  each  group  med ia t i ng  d i f f e ren t  aspects  
of  t he  d e v e l o p m e n t  of  obes i ty .  

Obes i ty  in  rapidly  growing l ines is charac-  
ter ized by  increases  in  ad ipocy te  size and  
n u m b e r  (7-9). Se lec t ion  for rapid g rowth  u n d e r  
ad l i b i t um feeding resul ts  in an increased  
appe t i t e ,  t hus  supp ly ing  me tabo l i zab l e  energy  
above  m a i n t e n a n c e  r e q u i r e m e n t s  t ha t  is de- 
pos i t ed  pr imar i ly  as fat  in o lder  an imals  (10).  
A p a r t  f rom the  increase  in appe t i t e ,  t he  h igher  
fat  depos i t i on  is due to increased fat  syn- 
thes is  on  a l imi ted  feed in take .  Mice which  had  
been  selected for  rapid g rowth  ( M I 6 )  were fed 
a m a i n t e n a n c e  die t  dur ing  the  per iod  o f  ex- 
pec ted  rapid juveni le  gain f rom 4 to 6 weeks o f  
age (8).  The  selected mice which  were fed the  

Ipresent address: School of Science, Purdue 
University, West Lafayette, IN 47907. 

2present address: College of Veterinary Medicine, 
Cornell University, Ithaca, NY 14853. 

res t r ic ted  diet  had  a 77% h igher  body  fat  
pe rcen tage  than  ad- l ib i tum-fed  unse lec ted  mice 
o f  s imilar  body  weigh t  (~ 30 g) and  age (6 
weeks).  These  resul ts  suggest t ha t  se lec t ion  for  
rapid  gain has increased the  capac i ty  for l ipo- 
genesis. L imi ted  evidence t h a t  l ipogenesis  has  
been  increased in the  M I 6  l ine is ind ica ted  by  
e levated levels o f  se rum insul in  and  choles te ro l  
and  increased act iv i ty  o f  f a t ty  acid syn the t a se  
in the  liver and  l i pop ro t e in  lipase in the  epi- 
d idyma l  fat  pad  (11).  A n o t h e r  m e c h a n i s m  
which  may  c o n t r i b u t e  to  the  increased fat  
depos i t i on  is a decrease  in ra te  o f  fat  t u rnover .  

This  s tudy  focuses  on  f a t t y  acid t u rnove r  in  
5 genet ical ly  diverse s t ra ins  o f  mice ,  inc lud ing  
2 rap id ly  growing lines and  1 slow growing line. 
Several app roaches  have b e e n  p roposed  to 
measure  ra te  o f  dep l e t i on  or  half- l i fe  of  a f a t ty  
acid (12-19) .  The  p rocedure  chosen  was the  
in vivo rate  of  l inoleic acid dep l e t i on  ob t a ined  
o n  a fat-free diet  fo l lowing  an e n r i c h m e n t  
per iod  of  feeding a diet  h igh in l inoleic  acid 
(12) .  As l inoleic acid is n o t  syn thes ized  by  t he  
mouse ,  dep le t ion  curves o f  l inoleic  acid in fat  
d e p o t s  m a y  provide  a relat ive e s t ima te  o f  
overal l  fat  tu rnover .  Specif ic  objec t ives  were to 
measure  rates  o f  dep l e t i on  of  l inoleic  acid f rom 
t he  ep id idymal ,  s u b c u t a n e o u s  and  re t roper i -  
t o n e a l  fat pads and  the  res idual  b o d y  in 5 l ines 
o f  mice  di f fer ing in g rowth  ra te  and  ad ipos i ty  
as a consequence  of  se lect ion.  The  p roposed  
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hypothesis is that a line selected for rapid 
growth and showing a positively correlated 
response in percentage body fat has a slower 
rate of linoleic acid depletion than an un- 
selected control or a line selected for slow 
growth. 

MATERIALS AND METHODS 

Genetic Stocks 

Male mice were sampled from the following 
5 lines: M16, developed by long-term selection 
for high 3- to 6-week postweaning gain (20); 
ICR, the control line from which mice were 
originally sampled to initiate selection in M 16; 
H6 and L6, developed by long-term selection 
for high and low 6-week body weight (21); 
Ca, a replicate of the foundation population 
from which H6 and L6 were originally started. 
Of the 2 large lines, M 16 is moderately obese 
whereas H 6 is not  obese (22). M16 mice exhibit 
a hypertrophic-hyperplastic form of obesity 
(7,8,23). Line H6 has an increased number of 
adipocytes in the epididymal fat pad compared 
to the C2 control (23), suggesting that H6 
mice may have a propensity toward adiposity. 
Line L6 does not show a consistently corre- 
lated response in percentage body fat (6), and 
its adipose cellularity has not been investigated. 

Experimental Design 

Litters were standardized at one day of age 
to 6 pups in L6 and 8 pups in the other lines to 
minimize postnatal maternal differences in 
competition for nutrients. Mice were weaned 
at 3 weeks of age, caged singly and fed coarsely 
ground Purina Laboratory Chow until they 
were placed on the enrichment diet. Only male 
mice were used in the experiment. Mice were 
housed in a laboratory with artificial light from 
0700 to 1900 hours, with temperature at 22 -+ 
1 C and relative humidity of 50-60%. 

The enrichment  phase consisted of feeding 
3- to 4-week-old mice for 27 days a diet which 
was high in linoleic acid. The linoleic acid diet 
was formulated by adding 15% safflower oil 
(Hollywood Health Foods, Los Angeles; CA) by 
wt to a fat-free diet (Table 1). Linoleic acid 
content of safflower oil varies from 76 to 79% 
(24). At the end of the enrichment phase (day 
27), mice were bathed in baby shampoo to 
remove any particles of the linoleic acid diet 
adhering to their bodies. During the depletion 
phase, mice were fed a fat-free diet (Table 1) 
for 33 days. Feed was offered ad libitum in 
glass jars with a wire mesh screen placed over 
the feed to reduce spillage. Feed jars were 
changed every 2-4 days, at which time feed 
consumption was recorded. Mice were weighed 

TABLE 1 

Fat-Free Diet 

Ingredients g/kg 

Casein a 207 
Fiber b 161 
Starch c 196 
Sucrose 196 
Glucose 180 
Salt mix d 39 
Vitamin-mix e 21 

aVitamin-free casein, U.S. Biochemical Corp., 
Cleveland, OH. 

bCelufil, nonnutritive bulk, U.S. Biochemical  
Corp., Cleveland, OH. 

CCorn starch, washed, dried and ground to prevent 
dust. 

dUSP XIV mixture, U.S. Biochemical Corp., 
Cleveland, OH. 

eVi tamin  supplement, catalog # 2 3 4 3 0 ,  U.S. 
Biochemical  Corp., Cleveland, OH. 

every 6-8 days. 
Approximately 5 mice (range 4-7) within 

each line were killed with ether every 2-6 days 
during both the enrichment and depletion 
phases. Epididymal, retroperitoneal and sub- 
cutaneous fat pads were excised immediately, 

p l aced  in a tared glass scintillation vial, weighed 
and frozen at -18 C until  they were analyzed 
for fatty acids. The gastrointestinal tract was 
excised, flushed with water to remove ingesta, 
blotted and replaced in the body cavity. Empty 
body weight was determined and the carcass 
was frozen until  analysis. 

The carcass was lyophilized for 7 days and 
weight of the dry body determined. The 
carcass was then ground following the pro- 
cedure described by Eisen and Leatherwood 
(25). Gross energy content of the empty body, 
consisting of the sum of carcass energy and 
estimates of energy content of the excised fat 
pads, was determined by bomb calorimetry 
on a Parr Adiabatic Calorimeter Model 1241. 

Analysis of Fatty Acids 

Total lipids were extracted from samples 
of the fat pads to be representative of the 
triglycerides from these tissues. Fat pads (0.5 
g or less) were minced and extracted overnight 
on an orbital shaker with 10 ml of chloroform/ 
methanol (1:1, v/v). Fat pads were extracted 
2 additional times with 5 ml and 7.5 ml of 
the chloroform methanol mixture. All of the 
filtered extracts were pooled in a separatory 
funnel. The extract was washed with 6 ml 0.1 
M KC1, and the triglyceride phase was col- 
lected and dried undera  stream of nitrogen and 
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stored in a vacuum with a desiccant. Triglycer- 
ides were weighed and their density determined 
with calibrated pipettes. 

Analysis of fatty acids in the carcass was 
based on the composition of  neutral fats rather 
than total lipids because of  the higher phospho- 
lipid content in the whole body. Triglycerides 
were extracted from 0.5-g samples of  dried, 
ground carcass using the procedure of  Dole 
(26). One ml of an internal standard of  penta- 
decanoic fatty acid (15:0) in heptane (10 mg/ 
ml) was added at the beginning of  the extrac- 
tion procedure. 

Quantitative measurement of fatty acids 
was based on the ratio of  an added internal 
standard fatty acid to that of  the sample 
fatty acids. Gas liquid chromatography (GLC) 
was used to separate the methyl esters of the 
individual fatty acids. 

Methyl esters of the fatty acids were pre- 
pared in the presence of  the internal standard 
with a transesterification procedure. Accurately 
weighed quantities of triglycerides (_~ 50 mg) 
in 1.0 ml of  methyl chloroform/toluene (2:8, 
v/v) were mixed with 2.0 ml of anhydrous 
methanolic HCI (5%). A water scavenger of  
0.5 ml of 2,2-dimethoxypropane was added and 
the mixture was sealed in screw-capped vials. 
The reaction was complete after overnight 
incubation at room temperature. Five ml of 
water and 5 ml of petroleum ether were added 
to the sample. The petroleum ether layer was 
removed and the extraction was repeated twice. 
The pooled fractions of petroleum ether 
extracts were dried with anhydrous ammonium 
sulfate and anhydrous sodium bicarbonate 
(4: l). The filtered extract was evaporated with 
a stream of nitrogen, and the methyl esters of 
fatty acids were dissolved in 1.0 ml heptane 
and stored in septum-sealed and crimped vials. 

Methyl esters of the fatty acids were sepa- 
rated by GLC on a 15% DEGS column (Supel- 
co) at 180 C and were quantitated by integra- 
tion of  peak areas and comparison to  the 15:0 
fatty acid internal standard. The following fatty 
acids were assayed: myristic (14:0), palmitic 
(16:0), palmitoleic (16:1), stearic (18:0), 
oleic (18:1) and linoleic (18:2). The number to 
the left of the colon indicates the number of 
carbon atoms in the fatty acids and the number 
to the right indicates the number of  double 
bonds. 

Statistical Analysis 

Data from the enrichment and depletion 
feeding periods were analyzed separately. 
Response variables were analyzed in factorial 
analyses of variance that included the effects of  
line, time (days), line by time and an error 
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term (27). Age on the day that the animals 
were weighed or killed was included as a 
covariate in the model when it reached statis- 
tical significance at p<.05. 

Time trends in the response variables were 
analyzed by linear regression procedures (27). 
Fat ty acid weights were transformed to natural 
logarithms (In) to remove nonlinear trends. The 
logarithmic weight of each fatty acid within 
each fat depot was analyzed by multiple linear 
regression using time in days and In weight of  
the fat pad as independent variables. Ln weight 
of the dry, residual body was used as an inde- 
pendent variable for the fatty acids extracted 
from that source. Ln depot weight was included 
in the analysis to adjust for changes in depot 
size with time. 

Linoleic acid percentage in the 3 fat depots 
increased on the high-fat diet. The nonlinear 
increase was described reasonably well by the 
equation C t = A(1 - be-kt), where C t = linoleic 
acid percentage at time t in days, A = asymp- 
totic linoleic acid percentage, k = rate of 
linoleic acid increase and b = an integration 
constant. Nonlinear regression procedures were 
used to find estimates of  the parameters (28). 

Linoleic acid as a percentage of  total tri- 
glycerides in the fat depot generally followed 
an exponential decay curve with time on the 
fat-free diet. The curve has the form Ct = 
Co ekt, where Ct = linoleic acid percentage at 
t ime t in days, C o = linoleic acid percentage at 
initiation of the fat-free diet and k = rate of 
decline in linoleic acid percentage. The half-life 
of  linoleic acid percentage was estimated as t,/2 

? 0  

MI6 

Hi 

ICR 

o'L-  - -  - , ' o  - 
/~YS O f  E X P E R I M E N T  

I J l I I I I I �9 
4 5 6 ? e 9 tO ;I r2 

WEEKS Of  AGE 

FIG. 1. Body weight means of the 5 lines. Vertical 
lines represent standard errors. Arrows indicate 
numbc~ of days and approximate ages of tile mice 
when fed the linoleic acid and fat-free diets. 
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= ( l n . 5 ) / k .  E s t i m a t e s  o f  C O a n d  k fo r  t h e  d e p o t s  
o f  e a c h  l ine  we re  o b t a i n e d  b y  n o n l i n e a r  regres -  
s i o n  p r o c e d u r e s  (28 ) .  

C o r r e l a t i o n s  we re  c a l c u l a t e d  b e t w e e n  l ino-  
leic ac id  p e r c e n t a g e  a n d  t h e  p e r c e n t a g e  o f  e a c h  
o f  t h e  o t h e r  f a t t y  a c i d s  in  t h e  s a m e  d e p o t  
(29 ) .  C o r r e l a t i o n s  p o o l e d  w i t h i n  l ine  a n d  t i m e  
p r o v i d e  e s t i m a t e s  o f  t h e  d e g r e e  o f  s p a t i a l  
a s s o c i a t i o n  b e t w e e n  l ino le i c  ac id  p e r c e n t a g e  
a n d  t h e  p e r c e n t a g e s  o f  t h e  o t h e r  f a t t y  ac ids .  
C o r r e l a t i o n s  c a l c u l a t e d  o v e r  t i m e  p o o l e d  w i t h i n  
l i nes  e s t i m a t e  c o r r e s p o n d i n g  t e m p o r a l  assoc i -  
a t i o n s .  C o r r e l a t i o n s  w i t h i n  l ine  by  t i m e  c las ses  
w e r e  c a l c u l a t e d  b e t w e e n  t h e  s a m e  f a t t y  ac id  
( p e r c e n t a g e  o r  w e i g h t )  l o c a t e d  in d i f f e r e n t  
d e p o t s .  T h e s e  c o r r e l a t i o n s  p r o v i d e  a n  i n d i c a t i o n  
o f  t h e  deg ree  o f  a s s o c i a t i o n  b e t w e e n  t h e  
a m o u n t s  o f  a spec i f i c  f a t t y  ac id  l o c a t e d  in 2 
d i s t i n c t  d e p o t s .  

S i g n i f i c a n c e  o f  d i f f e r e n c e s  b e t w e e n  m e a n s  
a n d  b e t w e e n  r e g r e s s i o n  c o e f f i c i e n t s  we re  
d e t e r m i n e d  b y  t - t e s t s  to  p r o v i d e  i n s i g h t  i n t o  t h e  
c h a n g e s  b r o u g h t  a b o u t  by  s e l e c t i o n  (30 ) :  
M 1 6 - I C R  = c o r r e l a t e d  r e s p o n s e  d u e  t o  s e l e c t i o n  
fo r  r ap id  ga in  as a d e v i a t i o n  f r o m  c o n t r o l ;  
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H 6 - L  6 = d i v e r g e n t  c o r r e l a t e d  r e s p o n s e  d u e  to  
s e l e c t i o n  fo r  h i g h  a n d  l o w  b o d y  w e i g h t ;  H 6 + L  6- 
2C2 = a s y m m e t r i c  r e s p o n s e ,  i .e . ,  t h e  d e v i a t i o n  
f r o m  a r e s p o n s e  o f  e q u a l  a b s o l u t e  v a l u e  in  the 
h i g h  a n d  l ow  d i r e c t i o n  o f  s e l e c t i o n ;  M 16-H6 = 
c o m p a r i s o n  o f  d i f f e r e n c e s  b e t w e e n  s e l e c t e d  
l i ne s ;  a n d  ICR-C2  = c o m p a r i s o n  o f  d i f f e r e n c e s  
b e t w e e n  u n s e l e c t e d  l ines .  

fl 1=$0 LTS 

G r o w t h  c u r v e s  o f  t h e  5 l ines  s h o w  t h a t  
d i f f e r e n c e s  in b o d y  w e i g h t  d u e  to  s e l e c t i o n  fo r  
e i t h e r  6 - w e e k  b o d y  w e i g h t  o r  3- to  6 - w e e k  
w e i g h t  ga in  we re  a l r e a d y  e s t a b l i s h e d  at  w e a n i n g  
(Fig .  1). M e a n  b o d y  w e i g h t s  o f  e a c h  l ine  w e r e  
s i g n i f i c a n t l y  ( p < . 0 1 )  d i f f e r e n t  f r o m  o n e  
a n o t h e r  t h r o u g h o u t  t h e  e x p e r i m e n t a l  p e r i o d .  
L i n e s  M 1 6  a n d  H 6 h a d  p o s i t i v e l y  c o r r e l a t e d  
r e s p o n s e s  ( e x c e e d e d  t h e  r e s p e c t i v e  I C R  a n d  C2 
c o n t r o l s )  in w e i g h t  ga in ,  f e ed  c o n s u m p t i o n  
a n d  g ross  f e ed  e f f i c i e n c y  w h e r e a s  L 6 h a d  a 
n e g a t i v e l y  c o r r e l a t e d  r e s p o n s e  ( less  t h a n  t h e  C2 
c o n t r o l )  in f e ed  c o n s u m p t i o n  ( T a b l e  2). 

E p i d i d y m a l ,  s u b c u t a n e o u s  a n d  r e t r o p e r -  

TABLE 2 

Line Means for Gain, Feed Intake and Feed Efficiency 

Days 

Line 0-12 f 12-27 27-40 40-60 

Gain (g/day) 

ICR .40 a (49)g .31 a (39) 12 a c (20) .08 a ( 5 )  
MI 6 1.20 b (52) .74 b (42) .33 b (20) .23 ~ (4) 
L 6 .31 c (58) .19 c (48) .16 a (26) .10 a (7) 
Ca .34a, c (57) .22 c (47) .07 c (24) .03 a (7) 
H a .65 d (49) .46 u (40)  .08 c (20) .02 a ( 5 )  
SE h .024 .018 .032 .048 

Feed intake (g/day) i 

ICR 6.0 a 5.6 a 6.3 a 6.2 a 
MI6 7.2 b 7.4 h 8.4 b 8.8 h 
L~ 3.5 c 3.6 c 3.8 c 3.6 c 
C a 4.3 d 4.2 d 4.7 d 4.5 d 
FI 6 6. I a 6. I e 6.6 e 7.1 e 
SE h .07 .08 .10 .27 

Feed efficiency (g gain/g ~ e d )  

ICR .068 a .055 a .019 a .014 a 
MI6  .168 b .100 b .038 b .026 a 
L 6 .088 c .055 a .041 b .027 a 
C 2 .079 a,c .052 a .016 a .007 a 
H 6 .107 d .075 c .012 a .003 a 
SE h .005 .003 .004 .009 

a-eColumn means  not  sharing a common  superscript are significantly different at p<.05.  
fLinoleic acid diet fed from 0 to 27 days;fat- f ree  diet fed from 27 to 60 days. 
gNumber  of  mice in parentheses. 
hApproximate  standard error o f  the mean. 
iTo convert to kcal/g, mult iply columns 1 and 2 by 4.567 kcal and co lumns  3 and 4 by 

3.914 kcal. 
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itoneal fat pad weights, residual body fat 
weight and body energy/empty body weight 
increased with days on the linoleic acid diet in 
all lines (Fig. 2, Tables 3 and 4). Only the M 16 
line continued to show a significant increase in 
fat depot weight when the mice were trans- 
ferred to the fat-free diet. 

Depot fat means (X) and rates of increase 
(b) were greater in M I6 than in ICR mice 
during both the linoleic acid and fat-free feed- 
ing periods (Tables 3 and 4). H6 mice had 
higher means and rates of fat deposition than 
L 6 mice on the linoleic acid diet, whereas on 
the fat-free diet the mean differences were 
maintained with no differences in rate. Gener- 
ally, M16 mice exceeded [I 6 mice in rate of fat 
deposited whereas ICR mice did not differ 
significantly from C2 mice. 

Cumulative fatty acid percentages for 14:0, 
16:0, 16:1, 18:0, 18:1 and 18:2 in the 5 lines 
are presented in Figures 3 and 4 for the epi- 
didymal and subcutaneous fat pads. The effect 
of feeding a diet high in safflower oil on linoleic 
acid percentage in each fat depot was dramatic. 
The ~ i t i a l  low linoleic acid percentage was 
increased rapidly in the fat pads of the 5 lines. 
Response of linoleic acid percentage in the 
residual dry body was more erratic; only the L 6 
line exhibited an increase in linoleic acid 
percentage, but then declined toward the end 
of the high-fat period. 

Nonlinear regression equations that describe 
the increase in linoleic acid percentage in each 
depot were homogeneous among the 5 lines, 
and were pooled to provide an empirical 
description of the response of each depot to 
feeding a diet high in linoleic acid (Fig. 5). 
Parameter estimates of the equations and F- 
tests (12 and 159 d.f.) for heterogeneity among 
lines were: 

F a t  d e p o t  A k b F Phe te rog .  

F . p i d i d y l T l a J  50 .3  t . 8% .48  -~ .0S  , 77  * . 03  1 .64  > ,0S  
S u b c u t a n e o u s  S l . 3  • . 7% .70  + . . 12  . 67  -* . 03  1.6~/ > . 0S  
Re t rope r i t onea l  4S .S  • . 9% .06  • . 03  . 80  • . 03  1 .29  3>.05 
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Linoleic acid percentage increased rapidly in 
the subcutaneous and epididymal fat depots, 
reaching a plateau at ca. 5 and 10 days, respec- 
tively. Linoleic acid percentage increased more 
slowly in the retroperitoneal fat pads, and by 
day 27, had attained about 85% of the esti- 
mated asymptote. Changes in linoleic acid 
percentage in the residual dry body could not 
be ascertained in the manner just described 
because of irregular fluctuations across time. 

Transferring mice to the fat-free diet re- 
suited in an immediate reduction in linoleic 
acid percentage in each fat depot as represented 

FIG. 2. Epididymal (E), subcutaneous (S) and 
retroperitoneal (R) fat pad weights plotted against 
days on experiment. Each mean represents 4-7 mice. 

by the epididymal (Fig. 3) and subcutaneous 
(Fig. 4) fat pads, but not for the residual dry 
body of lines M I6 and H6. The depletion 
curves of linoleic acid percentage fitted to the 
data (Fig. 6) were heterogeneous (p<.01) 
among lines. The decay curves agreed reason- 
ably well with the observed means and the 
coefficients of determination varied from .90 
to .98, indicating a good fit statistically. Rates 
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of  deple t ion  (k) or, al ternatively,  half-lives 
(tl A) were significantly different  among  lines 
(Table 5). A more  rapid rate o f  deplet ion was 
observed in subcutaneous  and re t roper i toneal  
fat depots  than in the epididymal  fat depot .  
The tl/2 o f  l inoleic acid varied among  lines from 
7 to 16 days in subcutaneous,  6 to 20 days 
in re t roper i toneal  and 11 to 43 days in epididy- 
mal fat depots .  

The  ranking of  lines for deple t ion  rates of  
linoleic acid were similar among the 3 discrete 
depots.  Rates o f  deple t ion  in line M16 were 
s lower than in line ICR in all 4 fat depots ,  but  
did no t  reach statistical significance in the 
epididymal  fat pad. Line tt  6 had slower (p< 
.01) rates of  deple t ion  than line L6 in all 4 
depots.  There was a tendency  for the correlated 
response in k to be asymmetr ic  because L 6 
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FIG. 3. Cumulative fatty acid percentages in the epididymal fat pads of the 5 lines plotted against days on 
experiment. Approximate standard errors for 14:0, 16:0, 16:1, 18:0, 18:1 and 18:2 are .3, 1.3, .5, .5, 1.3 and 
2.6 for the linoleic acid feeding period and .1, .8, .6, .1, 1.5 and 2.5 for the fat-free feeding period. 
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deviated more from the C 2 control line than 
did H 6. Lines M16 and H 6 were not different, 
whereas ICR had a significantly faster rate of  
depletion than C2. 

The partial regression coefficients of  In fatty 
acid weight (14:0,  16:0, 16:1, 18:0 and 18:1) 
on days after initiating the fat-free diet, ad- 
justed for In fat pad weight were positive with 
the one exception of  In 18:0 (Table 6). This 

fatty acid accounted for only a smalL percen- 
tage of the total fatty acids, however (Figs. 3 
and 4). Significant line differences among the 
partial regressions were sporadic and showed 
no consistent trend. Linoleic acid content was 
analyzed in a similar manner, but the results 
are not presented because they agree with the 
nonlinear regression analysis. 

Correlations over time between linoleic acid 
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percentage and the percentage of each of the 
other fatty acids (r2) were highly negative in 
most cases. Thus, the linoleic acid percentage 
of each depot increased with the number of 
days on the safflower oil diet, the peicentages 
of the other fatty acids decreased, and the 
reverse was true on the fat-free diet (Figs. 
3 and 4). The corresponding spatial correlations 
( r l )  were also negative, but smaller on the 
average than r2. Obviously, these are correla- 
tions between percentages of the total fatty 
acid weight so that the negative sign reflects 
the fact that, as the percentage of linoleic acid 
changes, the other fatty acid percentages must 
change in the opposite direction. The correla- 
tions provide a quantitative measure of the 
reciprocal relationship. 

Correlations between triglyceride weights in 
different fat depots were high, ranging from .64 
to .92, but the correlations between triglycer- 
ides as a percentage of depot weight were much 
lower (.16-.68). In general, the correlations 
between weights of the same fatty acids in 
different depots were moderately high, indicat- 
ing that weights of the same fatty acid tend to 
change similarly in the different depots. An 
exception was the low correlations between 
linoleic acid weight in the residual dry body 
and that in each of the fat pads. Correlations 
involving percentages of the same fatty acids 
were lower than those involving weights. Again, 
the correlations involving 18:2 in the residual 
dry body and each of the discrete depots were 
low and significant in one case only. The lower 
correlations, particularly involving linoleic acid 
percentage, suggest that percentage of a fatty 
acid in one depot accounts for little of the vari- 
ation in percentage of the same fatty acid in a 
second depot. 

DISCUSSION 

Previous studies have demonstrated that the 
rate of fatty acid turnover in mice or rats is 
affected by age (12), diet (13,31,32), sex (12), 
exercise (33) and tissue (31,34). Differences 
among 2 inbred lines and their F 1 crosses have 
been reported for lauric, myristic, palmitoleic, 
stearic, oleic and linoleic acid percentages 
(35). 

In this study, genetic differences among 
lines of mice have been demonstrated in the 
depletion rate of linoleic acid percentage in 
3 fat depots and the residual dry body. Further- 
more, the direction of these differences follows 
the pattern of correlated responses predicted by 
the hypothesis .set forth. M 16 mice which are 
moderately obese as a result of selection for 
high growth rate exhibited a decrease in the 
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FIG. 5. Fitted response curves and observed means 
of linoleic acid percentage in the epididymal. (E), 
subcutaneous (S) and retroperitoneal (R) fat depots 
averaged over lines when mice were fed a linoleic 
acid diet. The nonlinear regression equations were 
pooled over lines. 

depletion rate (increase in half-life) of linoleic 
acid compared with [CR nonobese mice. Line 
H6, selected for large 6-week body weight, had 
a low depletion rate compared to line L6, 
which was selected for small 6-week body 
weight. However, the response was asymmetric 
when compared to the C2 control line. The 
rates of depletion in the 3 fat depots of H 6 
were less than that of the C2 control, whereas 
L6 was greater than that of C2. The asymmetry 
was such that the downward response in L6 
was 2.6-4.8 times as large as the upward res- 
ponse in H6. 

Although H 6 mice do not have an increased 
body fat percentage when fed a diet containing 
5% fat (23), H6 had an increased fat percentage 
when fed the linoleic acid diet in the present 
experiment. Therefore, the decreased depletion 
rate of linoleic acid in H6 mice is consistent 
with the hypothesis that more obese animals 
have a lower depletion rate. In contrast, selec- 
tion for small body weight in L6 mice has led 
to an increase in fat turnover. 

The increased half-life of linoleic acid in fat 
pads of M16 and H 6 mice suggests the possibil- 
ity that the turnover rate of fatty acids has 
been reduced in these lines as a result of a 
reduction in lipolytic activity which reduces 
mobilization of fatty acids from adipose tissue. 
Meats and Mendel (36) reported that a moder- 
ately obese line with a history of selection 
similar to M16 has a decreased capacity for 
fatty acid mobilization from isolated adipo- 
cytes treated with epinephrine. 

The M16 mice have greater capability for 
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synthesizing fat from carbohydrates as shown 
by the increased fat depot weights when the 
mice were fed a fat-free diet. This was not the 
case for the other rapidly growing line, H6, 
or for the controls (ICR, C2) and slow growing 
line (L 6). Line M 16 also has demonstrated a 
higher rate of fat deposition when dietary in- 
take is restricted during either preweaning or 
postweaning growth (7,8). 

Cycles of triglyceride synthesis and mobili- 
zation are proposed as possible biochemical 
mechanisms by which chemical energy might 
be wasted or excess energy released for pur- 
poses of weight control (37,38). These mech- 
anisms are likely to be under hormonal and 
nervous regulation. Hormonal differences bet- 
ween the selected lines i n  this study exist 
(11,39). To the authors' knowledge, this is the 
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Ra t e s  o f  Dep le t i on  • S t a n d a r d  E r ro r  and Hal f -L ives  o f  Linole ic  Acid Pe rcen tage  
When Mice Were Fed a Fa t - f ree  Diet  a 

Epid.  fa t  pad Subcu t .  fa t  pad R e t r o p e r .  fa t  pad  Res idua l  d ry  b o d y  

k • S E  t � 8 9  k • S E  t � 8 9  k • S E  tl/2 k • S E  tv2 

Line 
I C R  -.27 •  
M I 6  -.21 •  
L 6 -.63 •  
C 2 - .24 •  
H 6 - . 1 6  •  

Cont ras t  
MI6-1CR .06 •  
H~-L~ .47 •  
H 6 + L 6 - 2 C  2 - .30 •  
M I 6 - H  6 -.05 t . 0 3  
IC R-C 2 - .02 • .04 

26 -.79 • .05 9 -1.01 •  7 - .46 •  15 
33 -.44 • .04 16 - .34 • .08 20 - .03 • .08 -- 
I I  -.97 • .06 7 -1.25 •  6 - .46 • .09 15 
29 - .58 • .04 12 -.61 • .10 12 - .14 •  50 
43  - .43 • .05 16 -.37 • .09 19 .16 • .10 -- 

.34 •  - .67 • . 1 4 " *  - .43 •  - 

. 5 4  •  - . 8 8 •  - . 6 2  •  - 
- . 2 5  • . l l *  - -.41 • .28 - - .02 •  - 
-.01 •  - .03 •  - - .19 •  - 
-.21 •  -- - .40 •  -- - .33 •  -- 

*p<.O5,  * * p < . 0 1 .  

a c  t = Co ek t  = l 8 :2% on day  t, k = ra te  o f  decl ine  in 18 :2% wi th  t i m e  (values  have been  mu l t i p l i ed  by  10), 
C o = p red ic ted  1 8 : 2 %  at in i t i a t ion  o f  fa t - f ree  diet .  
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TABLE 6 

Regression Coefficients of  In Fatty Acid Weights (rag) on Days after Init iat ing 
the Fat-free Diet and Linear Contrastsa, b 

147 

Fatty acid Fatty acid 

14:0 16:0 16:1 18:0 18:1 14:0 16:0 16:1 18:0 18:1 

Epidydymal  fat pad Subcutaneous fat pad 

Line 
ICR .21"* .12"* .36** -.07" .28** .27** .15"* 
M16 .13"* .07** .30** -.12"* .26** .16"* .10"* 
L o .30** .20** .44** .01 . 3 6 * *  .21"* .11"* 
C~ .16"* .11"* .36** -.12"* .24** .22** .13"* 
H e .25** .06** .28** -.05 .18"* .11"* .09** 
SEd .03 .02 .03 .03 .02 .04 .03 

Contrast  
M 16-ICR -.08 -.05 -.06 .05 -.02 -.11" .05 
He-L e -.05 . .14"* -.16"* -.06 -.18"* -.10 -.02 
He+Le-2C: .23** .04 .00 .08 .06 -.12 -.06 
M I ~ H  e -.12"* .01 .02 -.07 .08** .05 .01 
ICR-C 2 .05 .01 .00 -.02 .04 .05 .06 

Retroperi toneal  fat pad 

.34** .17"* .32** 

.33** -.06 .24** 

.23** .17"* .35** 

.31"* .13"* .25** 

.26"* .15"* .25** 

.04 .04 .03 

.01 - .23"* -.08 

.03 -.02 -.10" 
-.13 .06 .10 
.07 -.21"* -.01 
.03 .04 .07 

Residual dry body c 

Line 
ICR .33** .17"* .36** .08 .32** .25** .14"* .45"* -.01 .38** 
M16 .21"* .11"* .32** " .00 .34** .19"* .09** .39** -.06 .36** 
L e .32** .18"* .34** .27** .42** .12"* .03 .30** -.16"* .33** 
C 2 .36** .25** .40** .17"* .42** .20** .12"* .37** .02 .38** 
H e .12" .09* .25** .10" .27** .10" .07* .34** .02 .27"* 
SE d .06 .04 .05 .05 .05 .04 .03 .05 .04 .04 

Contrast 
M I6-1CR -.12 -.06 -.04 -.08 .02 -.06 -.05 -.06 -.05 -,02 
He-L 6 -.20* -.09 -.09 -.17" -.15" -.02 .04 .04 .18"* -.06 
He+L6-2C 2 -.28 -.23* -.21 .03 -.15 -.18 -.14 -.D0 -.18 -.16 
MI6-H e .09 .02 .07 -.10 .07 .09 .02 .05 -.08 .09 
ICR-C 2 -.03 -.08 .11 .09 -.D0 .05 .07 .08 .03 .00 

*p<.05,  **p<.01.  
aAll slopes are adjusted by covariance analysis for In fat pad weight (mg). 
bAll slopes have been mult ipl ied by 10. 
CExcludes excised fat pads. 
dStandard error of  the regression coefficient. 

first report  specifically indicating a difference 
in triglyceride turnover in animals in which 
selectkm resulted in differences in body size, 
body composit ion and efficiency of energy 
deposition. 
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Hepatic Bile Acid Elution by Albumin and Bile Acid 
Content in Isolated Rat Hepatocytes 
SHIGERU H A S H I M O T O * ,  K I Y O H I S A  U C H I D A  and M A S A H A R U  H I R A T A ,  Shionogi 
Research Laboratories, Shionogi & Co., Ltd., Fukushima-ku, Osaka 553, Japan 

ABSTRACT 

Bile acid contents were determined for isolated rat hepatocytes. During the course of isolating the 
hepatocytes, perfusion of rat liver with buffer containing 2% albumin eluted a significant amount of 
bile acids. The elution was proportional to the volume of the buffer and attributable to albumin in the 
buffer. The isolated hepatocytes prepared by perfusion with 0.1% albumin buffer, which eluted a 
negligible amount of bile acids, contained 95 • 12 ~tg/10 s cells of bile acids. The major bile acids were 
cholic acid (22%), fl-muricholic acid (34%) and hyodeoxycholic acid (10%). Levels of the other bile 
acids were less than 3%. Peak 8, unidentified but presumed to be a trihydroxycholanoic acid, ac- 
counted for 19%. 
Lipids 17: 149-154, 1982. 

ABBR EV IAT IONS 

EGTA, ethyleneglycol, tetraacetate; TLC, 
thin layer chromatography; GLC, gas liquid 
chromatography. 

The elevation of  bile acid synthesis in bile- 
duct-ligated rats (1) and biliary fistular rats (2) 
is attributed to the deficiency of bile acids 
returning to the liver due to interruption of 
the enterohepatic circulation. The bile acids 
are transported from portal blood into bile 
canaliculi through hepatocytes. When a large 
amount of  bile acids returns to the liver, the 
bile acid concentration in hepatocytes in- 
creases, and the bile acid formation is depressed 
by a negative feedback mechanism. 

However, little information is available on 
bile acid contents in rat hepatocytes, though 
those in the whole liver have often been docu- 
mented (3,4). In order to determine the bile 
acid contents in hepatocytes, we attempted to 
isolate rat hepatocytes. During the course of  
the experiment, we found a significant amount 
of bile acids was eluted from the liver by perfu- 
sion with a buffer containing EGTA and bovine 
serum albumin. 

In this report, we describe the effect of  albu- 
min on bile acid elution and bile acid contents 
of  isolated rat hepatocytes determined under 
the conditions that minimize the bile acid 
efflux. 

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

Animals 

Wistar strain male rats (10-wk-old, weighing 
260-320 g) were kept in an air-conditioned 
room (25 + 1 C, 50-60% humidity) lighted 12 
hr/day (8:00-20:00). They were maintained on 
a commercial balanced stock diet (Japan CLEA 
CA-l,  Tokyo,  Japan). 

Materials 

Bovine serum albumin, Fraction V, was pur- 
chased from Sigma Chemical Co., St. Louis, 
MO. EGTA was obtained from Yoneyama 
Chemical Co. Ltd., Osaka, Japan. Collagenase 
was purchased from Boehringer-Manheim, West 
Germany, and glass plates for TLC precoated 
with Silica Gel GF (Uniplate, No. 2011, 0.25- 
mm-thick layer) were bought from Analteck, 
Newark, DE. Amberlite XAD-2, from Rohm & 
Haas, Philadelphia, PA, was washed by the 
method of  Makino et al. (5) prior to use. All 
other chemicals were of reagent grade. 

Perfusion of Rat Liver 

The rat was laparotomized under anesthesia 
with sodium pentobarbital (Somnopentyl  | 
Pitman-Moore, Washington, N J; 65 mg/kg, ip), 
and the bile duct was ligated to prevent con- 
tamination of  bile. Heparin (0.1 ml, 1,000 unit /  
ml) was injected via the caval vein. A stainless- 
steel cannula (2.1 m m i d )  connected to an 
oxygenator cylinder and a buffer reservoir was 
inserted into the portal vein and fixed with liga- 
ture. Perfusion of the liver was immediately 
started in situ with an albumin buffer (a modi- 
fied Hanks buffer, pH 7.4, containing 0.5 mM 
EGTA and 2% bovine serum albumin) at 37 C. 
The liver was quickly removed and placed on a 
rack over a beaker to collect the flowing per- 
fusate. The perfusion was continued at a flow 
rate of about 80 ml/min and 4 perfusates of 
100 ml each were collected. The intact liver was 
perfused with saline to remove blood and was 
used as a control. Bile acids were not  eluted by 
the saline perfusion. 

In another experiment, the liver was per- 
fused with albumin-free buffer and albumin 
buffer alternately to examine the effect of 
albumin, first with albumin-free buffer, second 
with 2% albumin buffer, third with albumin- 
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free buffer and finally with 2% albumin buffer. 
The volume of each perfusion buffer was 100 
ml. 

In both experiments, the perfusate was col- 
lected as soon as the cannula was inserted in 
order to minimize volume loss of the perfusate. 
Therefore, these perfusates contained blood. 

Preparation of Rat Hepatocytes 

T h e  hepatocytes were isolated by the 
method of Molddus et aL (6) using either 2% 
or 0.1% albumin buffer for perfusion and cell 
sedimentation. The liver was perfused by recir- 
culation of 200 ml of the buffer for about 4 
min, but the first part of the perfusate that con- 
tained blood was discarded. The buffer was 
then replaced by 100 ml of the modified Hanks 
buffer (pH 7.4) containing 0.12% coUagenase 
and 4 mM calcium chloride, and was circulated 
for about 6 min. The softened liver was im- 
mersed in Krebs-Henseleit buffer (pH 7.4) con- 
taining 2% or 0.1% albumin. The capsule was 
cut open, and the dispersed cells were filtered 
through cheesecloth to remove the connective 
tissues and small clumps of unisolated cells. The 
cells were sedimented 3 times at 50 x g for 
about 3 rain. The average yield of hepatocytes 
was 7-8 x 108 ceils/liver in 3 types of experi- 
ments; in the t'u-st experiment, 2% albumin 
buffer was used for perfusion and washing, in 
the second, 0.1% albumin buffer for perfusion 
and 2% albumin buffer for washing, and in the 
third, 0.1% albumin buffer for perfusion and 
washing. The viability judged by the LDH la- 
tency test (7), was 98-99% for all preparations. 

Extraction of Bile Acids 

The perfusate was percolated through 
Amberlite XAD-2 column (2 cm in diameter, 
I0 cm high) and the bile acids were eluted with 
methanol after washing with water (5). The 
supernatant of cell sedimentation and washings 
were combined and centrifuged at about 1,900 
• g for 15 rain to remove a minute amount of 
the cells, and subjected to Amberlite XAD-2 
column chromatography as already described. 
The sedimented cells were disrupted by freezing 
and thawing 3 times and diluted to 20 ml with 
water. The suspension was further homogenized 
with an ULTRA-TURRAX TP 18-10 (IKE- 
WERK, Janke & Kunkel KG, West Germany) 
and lyophilized. The dried residue was refiuxed 
for 1 hr with 100 ml of 95% ethanol containing 
0.1% ammonium hydroxide, and the extract 
was filtered after cooling to room temperature. 
The extraction procedure was repeated 3 times. 
The ethanolic extracts were combined and 
evaporated under reduced pressure. The residue 
was dissolved in 10 ml of 70% methanol and 
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extracted twice with 10 rnl of n-hexane to 
remove neutral fats. qqae methanolic layer was 
evaporated to dryness. The whole liver perfused 
with either saline or albumin buffer was homog- 
enized in 20 ml of water, and the bile acids 
were extracted similarly. 

Determination of Bile Acids 

The extracts just described were hydrolyzed 
in 1.25 N sodium hydroxide solution at 120 C 
for 6 hr. After removal of the neutral sub- 
stances by extraction with 40 ml of diethyl 
ether twice, the reaction mixture was acidified 
with 2 N hydrochloric acid solution, and bile 
acids were extracted with 40 ml of diethyl 
ether twice. The bile acid residue was methyl- 
ated with freshly prepared ethereal diazometh- 
ane, acetylated with trifluoroacetic anhydride 
by being Left at room temperature for 1 hr, and 
subjected to GLC analysis. The procedure for 
determination of bile acids by GLC on a QF-I 
column has been described in a previous paper 
(8). 

Because cholic and /3-muricholic acids gave 
similar retention times on the QF-1 column, 
part of the methylated bile acid extract was 
applied to TLC and continuously developed 
for 2 hr with benzene/acetone (7:3, v/v) 
according to the method of Truter (9). The 
corresponding bands for methyl cholate and 
/3-muricholate, made visible by exposure to 
iodine vapor, were scraped off, eluted with 
methanol and evaporated to dryness. The 
residue was trifluoroacetylated and analyzed 
by GLC on the QF-1 column. 

RESULTS 

Elution of Bile Acids from Liver 

When the liver was perfused with the buffer 
containing 2% albumin, a considerable amount 
of bile acids was eluted into the perfusate in 
linear relation to the volume of the buffer, 
and the mean elution rate was about 80/zg/100 
ml perfusion buffer (Fig. 1). However, bile 
acids were not eluted when albumin was ex- 
cluded from the buffer. Figure 2 shows the 
changes in the elution of bile acids caused by 
alternately using the albumin-free buffer and 
the albumin buffer. In the first perfusate, 
though albumin was not  added, about 40 #g 
of bile acids was eluted, but when the buffer 
was replaced with that containing 2% albumin, 
a larger amount of bile acids was eluted. In the 
third perfusate, no bile acids were found, but 
in the fourth perfusate, bile acids were eluted in 
an amount comparable to that in the second 
perfusate. The bile acids in the first perfusate 
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FIG. 1. Elution of bile acids from rat liver by per- 
fusion with a modified Hanks buffer (pH 7.4) contain- 
ing 2% albumin and 0.5 mM EGTA. Each point and 
vertical bar indicate the mean value and SE of 4 rats. 

were cons idered  to  originate f rom the por ta l  
b lood  present  in the liver, because part  o f  the  
b lood  was combined  with the  first perfusa te  in 
this expe r imen t .  

Bile Acid Contents in Perfused and intact Livers 

Table 1 shows  the amoun t s  and p ropo r t i ons  
of  cholic acid and i~-muricholic acid in the  liver 
per fused  with albumin buf fe r  and the  perfusa te  
and in the blood-free  liver (perfused with 
saline). When the liver was perfused  wi th  400 
ml o f  2% albumin buffer ,  the amoun t s  o f  bile 
acids found  in the perfusa te  and the  tissue were 
334 a n d  583 pg, respect ively,  but  the  total  
amoun t  was similar to  tha t  in the b lood-f ree  

150 
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Perfusion Medium 

I~ I  2% albumin buffer 
r--I album/n-free buffer 

FIG. 2. Effect of albumin in perfusion buffer on 
elution of bile acids from rat liver. The first perfusion 
was done with a modified Hanks buffer (pH 7.4) con- 
raining 0.5 mM EGTA, the second, with the buffer 
containing 0.5 mM EGTA and 2% albumin, the third, 
with the buffer for the first perfusion, and the fourth, 
with the buffer for the second perfusion. Each column 
and vertical bar indicate the mean value and SE of 4 
rats. 

liver. 
Of  the e lu ted  bile acids, chol ic  acid and 

mur ichol ic  acid were the  major  c o m p o n e n t s ,  
account ing  for  44 and 18%, respectively.  On the  
o t h e r  hand ,  cholic acid remaining in the  per- 
fused tissue accoun ted  for 24% and ~ m u r i -  
cllolic acid for  37%. When the bile acids in the  
perfusa te  and tissue were combined ,  cholic acid 
was 29% of  the  tota l  bile acids and/~-murichol ic  

TABLE 1 

Bile Acid Contents in Perfusate, Perfused Liver and Blood-Free Liver 

Perfused liver a Blood-free 
Perfusate Tissue Total liver b 

Total bile acids (~glliver) 334 • 26 c 583 + 132 c 917 + 134 c 1184 • 125 c 
Cholic acid (%) 44 + 3 24 + 3 29 • 2 32 • 1 
~-Muricholic acid (%) 18 + 1 37 • 4 28 • 1 31 • 3 

aRat liver was perfused with 400 ml of 2% albumin buffer. 
bRat liver was perfused with saline to remove blood from the tissue. 
cValues presented in this column are mean + SE of 4 rats. 
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acid 28%, which was similar to the proportion 
in the blood-free hver. This evidence suggests 
that cholic acid is transported faster than 
murichohc acid. 

Amounts of Bile Acids in the Perfusate, Washings, 
Remnants and Isolated Hepatocytes 

The hepatocytes were prepared with buffers 
containing different amounts of albumin, and 
the amounts of bile acids in the perfusate, 
collagenase perfusate, washings (the super- 
natant after cell sedimentation), remnants 
(mainly consisting of the remaining connective 
tissues and a small amount  of cells), and iso- 
lated hepatocytes are shown in Table 2. 

The amount of eluted bile acids was 153/ag 
when the liver was perfused with the 2% albu- 
min buffer, whereas it was negligible when per- 
fused with 0.1% albumin buffer. Bile acids 
found in the washings with the 0.1% albumin 
buffer amounted to 26/ag, far less than those in 
the washings with 2% albumin (200/2g). On the 
other hand, the bile acid contents in the hepa- 
tocytes were largest when prepared with only 
0.1% albumin buffer. The bile acid contents 
in the cohagenase perfusate and the remnants 
were not influenced by the albumin concentra- 
tion. 

Bile Acid Concentration in Rat Hepatocytes 

The bile acid concentration in the hepato- 
cytes isolated using 0.1% albumin buffer was 
95 /ag/10 a ceUs. As shown in Table 3, cholic 
acid and ~-murichohc acid were the major con- 
stituents, comprising about 22 and 34% of the 
total bile acids, respectively. Peak 8, which was 
not yet identified but presumed to be a trilay- 
droxycholanoic acid, accounted for 19% and 
hyodeoxychohc acid for about 10%. The other 
bile acids usually found in rat bile such as 
chenodeoxychohc acid, deoxycholic acid, ot- 
murichohc acid, and lithocholic acid accounted 
for no more than 3%. 

DISCUSSION 

A current method used  for isolating rat 
hepatocytes is principally based on perfusion of 
collagenase (10) and requires prior perfusion 
with a buffer containing a chelating agent. A 
number of preperfusion media have been de- 
vised to improve the yield of viable ceils (I 1). 

This study indicated that b i le  acids in the 
hepatocytes were removed when the perfusion 
medium contained 2% albumin. The amount of 
t h e  eluted bile acids was almost proportional 
to the volume of the perfusion medium. Cell 

TABLE 2 

Bile Acid  Contents  0tg/ilVer) in Perfusates, Washings,  Hepatocytes  and Remnants  
Obtained during the Isolation o f  Rat Hepatocytes  

Exper iment  no. 1 2 3 
Albumin cone .  

perfusatea 2.0% 0.1% 0.1% 
washing b 2.0% 2.0% O. 1% 

Recirculated 153 d 3 + I e 3 • I e 
preperfusate (163 ,  143)  

Collagenase 80 85 • 9 116 -+ 31 
perfusate (71,  89) 

Washings 224 203  + 25 26 • 6 
(198 ,  250 )  

H e p a t o c y t e s  294  604  + 89 715 + 87 
(250 ,  337 )  

O~g/lO a ceils)  43  71 .4  • 8.1 94 .9  + 11.7  

Remnants  c 258  323  + 26 199 +- 31 
(258 ,  los t )  

Total  1009  1217 + 80 1059  + 142 

aLiver was perfused with  a modi f i ed  Hanks buffer  (pH 7.4)  containing 0.5 mM E G T A  
and bovine  serum albumin at the concentrat ion  indicated.  

bCeUs were  suspended  and sed imented  3 t imes in Krebs-Henseleit buffer (pH 7 .4)  con-  
taining bovine  serum albumin at the concentrat ion  indicated.  

CThis fraction conta ined  connect ive  tissues, vascular tubes and small  c lumps  o f  cells.  

dValues  presented in this c o l u m n  are mean o f  2 exper iments ;  5 rats were  used in each 
exper iment ,  and the perfusates ,  and the other  fractions,  were combined  and analyzed .  

eValues  presented in this c o l u m n  are mean t SE o f  4 rats. 
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TABLE 3 

Bile Acid Content and Composit ion in Isolated Hepatocytes 
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Total bile acids (~tg/10 a cells) 

Composit ion ~tg/10 s cells 
Cholic acid 20.9 • 2.4 a 
/3-Muricholic acid 31.3 • 2.3 
Peak 8 b 18.3 • 3.8 
Hyodeoxychol ic  acid 9.1 • 1.5 
a-Muricholic acid 2.4 • 0.2 
Deoxyeholic acid 1.1 • 0.3 
Chenodeoxychol ic  acid 1.2 • 0.3 
Ursodeoxycholic acid 0.3 • 0.2 
Lithocholic acid 0.4 • 0.4 
Others c 8.0 • 2.3 

94 .9•  a 

% o f t o t ~  
21 .5•  a 
34 .1•  
18 .8•  

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

10.3•  

aValues presented in this column are mean • SE of 4 rats. 
bThis is an unidentified peak. 
CThis includes w-muricholic  acid and some keto bile acids. 

damage,  however ,  was unl ike ly ,  because  no  
e lu t ion  occur red  when  a l bum i n  was exc luded  
f rom the  pe r fus ion  m ed i um .  The  ma jo r  bile 
acid in the  per fusa te  was cholic  acid, whereas  
t ha t  in the  per fused  tissue was /3-muricholic 
acid. As b o t h  bile acids were ini t ial ly p resen t  
a lmos t  at the  same p r o p o r t i o n  (Table  1), the  
change suggested t ha t  chol ic  acid had  a h igher  
a f f in i ty  for  a l b u m i n  than /3 -mur icho l i c  acid. 

The  bile acid e lu t ion  d e p e n d e d  on  the  
a lbumin  c o n c e n t r a t i o n  in the  m e d i u m  used for  
per fus ion  and  washing.  A h ighe r  c o n c e n t r a t i o n  
p roduced  more  e lu t ion  of  bile acids and  re- 
sui ted in a decrease  of  bile acids in the  i so la ted  
hepa tocy t e s .  The cells s ed i m en t i ng  in 0 .1% 
a lbumin  buf fe r  c o n t a i n e d  more  bile acids t h a n  
those  in 2% a lbum i n  buffer .  However ,  t he  
c o m b i n e d  a m o u n t s  of  bile acids in the  3 exper i -  
m e n t s  wi th  d i f fe ren t  a l bum i n  c o n c e n t r a t i o n s  
were similar  to  each o t h e r  (Table  2) and  very 
close to the  value in the  b lood-f ree  liver, sug- 
gest ing t ha t  bile acids were no t  apprec iab ly  
syn thes ized  dur ing  the  per fus ion .  There fo re ,  
we conc luded  t ha t  the e lu ted  bile acids and  a 
par t  o f  those  f o u n d  in the  washings (Table  2) 
had  p robab ly  exis ted  in the  hepa t ocy t e s .  

Anwer  et  al. (12)  r epor t ed  t h a t  t he i r  i so la ted  
rat  h e p a t o c y t e s  c o n t a i n e d  no  de t ec t ab l e  
a m o u n t  of  bile acids. On the  o t h e r  h a n d ,  
Yousef  et  al. (13 )  f o u n d  190 + 23 n m o l  o f  b i l e  
acids/g wet  l iver cells ( equ iva len t  to  75 +- 9 #g /g  
wet  liver cells) in isola ted hepa tocy te s .  In th is  
s tudy ,  95 + 1 2 / a g / 1 0  s cells, or  122 + 13 /ag/g 
wet  l iver cells, was found .  The  l a t t e r  value was 
ca lcula ted  on  the  basis of  1 g wet  l iver cells con-  
ta in ing  128 x 106 ceils (11)  and  was sl ightly 
h igher  t han  t ha t  of  Youse f  et  al. (13) .  The  
ma jo r  c o m p o n e n t s  of  bile acids in the  hepa t o -  
cytes  were chol ic  acid, ~-mur ichol ic  acid and  an  

un iden t i f i ed  peak  8. A m o n g  t h e m ,  cholic  acid 
has  been  s h o w n  to inh ib i t  bile acid synthes i s  
(14) ,  bu t  the  physiological  charac ter i s t ics  of  
/3-muricholic acid and  peak 8 are still unclear .  

Low-molecu la r -weigh t  cell cons t i t uen t s ,  such  
as m e t h i o n i n e  (15) ,  g lu t a th ione  (7) ,  o r  bile 
acids in th is  s tudy ,  are lost  du r ing  the  l iver per-  
fus ion and p repa ra t i on  of  the  h e p a t o c y t e s .  
Hifgberg and Kr i s to fe rson  (7)  r epo r t ed  t h a t  a 
s imple way to min imize  loss of  cell c o n s t i t u e n t s  
was to  sho r t en  the  t ime  requi red  for  cell isola- 
t ion .  However ,  the  c o m p o s i t i o n  o f  pe r fus ion  
m e d i u m  was a n o t h e r  i m p o r t a n t  f ac to r  as s h o w n  
in this  s tudy .  Seglen (11)  suggested t h a t  the  
benef ic ia l  effect  of  a lbumin  in the  pe r fus ion  
m e d i u m  was re la ted  to u n i f o r m  p e n e t r a t i o n  o f  
col lagenase i n to  the  l iver t issue. The  yield and  
viabi l i ty  of  the  cells were i n d e p e n d e n t  of  the  
a lbumin  c o n c e n t r a t i o n  in the  pe r fus ion  
med ium.  
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ABSTRACT 

The fatty acid patterns of rat liver mitochondrial and microsomal phospholipids were analyzed 
from term fetuses, 1 and 4 days old, and adult rats. The main fatty acids of phosphatidylethanolamine 
and -choline were stearic and palmitic acids, although the patterns differed slightly. The fatty acid 
composition of corresponding phospholipids in mitochondria and microsomes was similar. The fatty 
acid pattern of cardiolipin was dominated by linoleic acid. The most consistent feature of the devel- 
opmental changes in the fatty acid patterns of all phospholipids studied was a decrease in the relative 
amount of monounsaturated fatty acids. The percentages of saturated fatty acids in phosphatidyl- 
ethanolamine and -choline increased during neonatal development. It is suggested that the high levels 
of fetal monounsaturated fatty acids were due to low availability of polyunsaturated fatty acids. 
Lipids 17:155-159, 1982. 

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

The roles of phospholipids in membrane 
structure and function are still quite obscure, 
as are the roles of their various fatty acid 
patterns. 

Mitochondria have a unique pattern of 
phospholipids (1,2) and have the capacity to 
synthesize cardiolipin (3,4). Other mitochon- 
drial phospholipids are probably derived from 
microsomes (5-10). Differences in the fatty 
acid patterns of phospholipids corresponding to 
the separate sites of their synthesis and to 
dietary factors have been described (11-15). 
Furthermore, the enzymes involved in the 
biosynthesis of  phospholipids may select 
certain fatty acid structures. It has been shown 
that the quality of the pathway for phospha- 
tidylcholine (PC) synthesis in the liver deter- 
mines the fatty acid structure of the product 
(16,17). 

During the perinatal period, the quantities 
of the major mitochondrial and microsomal 
phospholipids of  the liver change only a little 
in relation to each other (18,19). We have 
further measured the fatty acids of  the 3 mito- 
chondrial and 2 microsomal phospholipids. 
Consistent developmental change was found 
that may be due to variation in the quality of 
fatty acids available at biosynthetic surfaces. 

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

Animals 

The rats were of  the Sprague-Dawley strain. 

IAddress for correspondence: Mikko Hallman, 
M.D., University of California, San Diego, Department 
of Pediatrics, C-019, La Jolla, CA 92093. 

Adults received an ordinary laboratory diet ad 
libitum (Hankkija Oy, Helsinki, Finland). The 
percentage fatty acid composition of  the diet 
was as follows: 14:0 (0.8%); 16:0 (23.9%); 
16:1 (1.3%); 18:0 (1.9%); 18:1 (32.4%); 18:2 
(39.0%); 18:3 (0.7%). The young rats were kept 
with their mothers. The age of fetal rats was 
calculated on the basis of the gestation period 
(-+ 12 hr). There was random sex distribution 
among 4-day-old and younger rats. The adults 
were 3-6-month-old females. At the gestational 
age of 21-22 days, a hysterectomy was per- 
formed, and the term fetuses (age -- 0 days) 
were quickly shelled out of  their amniotic sacs. 

Isolation of Cell Organelles 

The animals were sacrificed by exsanguina- 
tion, and the liver was quickly removed and 
washed several times in a 270 mM sucrose, 1 
mM EDTA, 5 mM tris-HCl solution, pH 7.4, 
at 0 C. The subsequent steps were done in a 
270 mM sucrose, 1 mM EDTA solution, pH 
7.4 at 4 C. The livers were homogenized 3-5 
times with a motor-driven Teflon pestle homo- 
genizer (Arthur Thomas Co.). The nuclear 
fraction was spun down at 750 • g for 10 rain 
and the mitochondria were sedimented at 
7,000 x g for 10 min, and then washed twice 
by sedimenting the organelles at 6,000 x g for 
10 min from the washing solution. The result- 
ing preparation contained well preserved mito- 
chondria and only a few nonmitochondrial 
membranes as viewed by electron microscopy 
and by measuring the glucose-6-phosphatase 
activity (20). 

Microsomes were obtained as follows: 
postmitochondrial supernatant was spun at 
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11,000 x g for  10 rain and t he  resu l t ing  super-  
n a t a n t  was cen t r i fuged  for  1 h r  at  105 ,000  • g. 
The  m i c r o s o m a l  pel let  ob t a ined  was washed 
once  wi th  the  i so la t ion  m ed i um .  

Isolation and Purification of Phospholipids 

The phospho l ip id s  were ex t r ac t ed  accord ing  
to Fo lch  et  al. (21)  and  pur i f ied  wi th  c o l u m n  
c h r o m a t o g r a p h y  on  a silicic ac id /ce l l te  (2 :1 ,  
w/w)  c o l u m n  e lu t ing  phospho l ip id s  wi th  
m e t h a n o l  (12).  The  phospho l ip id s  were sepa- 
ra ted  f rom each  o t h e r  by  t h i n  layer  ch roma tog -  
r a p h y  (TLC)  o n  a Silica Gel  H R  plate ,  chloro-  
f o r m / m e t h a n o l / g l a c i a l  acet ic  ac id /wa te r  (65 :  
4 3 : 1 : 3 ,  v /v /v /v)  as the  developing  solvent  
(12) .  Af te r  deve lopmen t ,  the  plates  were 
sprayed wi th  0.2% 2 ,7 -d ich lo rof luoresce in  in 
e t h a n o l  (w/v )  and  spots  were ou t l ined  u n d e r  
UV-l ight  and  scraped off. T he  phospho l ip ids  
were e lu ted  f rom the  gel, us ing 1,2-dichloro-  
methane~methanol~water ( 2 : 8 : 1 ,  v/v/v) .  No 
p h o s p h o r u s  could  be de t ec t ed  in silica gel a f te r  
the  ex t rac t ion .  Inorgan ic  p h o s p h o r u s  was 
assayed accord ing  to Ba r t l e t t ' s  m e t h o d  (22)  
a f t e r  the  l ipids were ox id ized  wi th  72% HC104 
(w/v). 

To ob ta in  the  f a t t y  acid m e t h y l  esters,  
p h o s p h o l i p i d s  were m e t h a n o l y z e d  (0.5 M 
a n h y d r o u s  m e t h a n o l i c  HC1, 24 hr, 70  C) and  
the  resu l t ing  m e t h y l  es ters  were ex t r ac t ed  wi th  
hexane .  Samples  of  each  group  were tes ted  o n  

TLC to  de tec t  the  h y d r o x y  fa t ty  acid m e t h y l  
esters  (23).  Organic  so lvents  (E. Merck,  Darm- 
s tadt ,  G e r m a n y ,  excep t  n -hexane ,  J.T. Baker  
Chemica ls  N.V., Deventer ,  Ho l l and)  were dis- 
t i l led pr io r  to  use. To preven t  a u t o x i d a t i o n  in 
p repara t ive  work,  2 ,6-di - ter t -butyl -p-cresol  
(BHT, Sigma Chemica l  Co., St. Louis,  MO) 
was added  to the  so lvent  (24) .  

Gas Liquid Chromatography 
and Mass Spectrometry 

The  fa t ty  acid m e t h y l  esters  were ana lyzed  
on  a 3% EGSS-X c o l u m n  i so the rma l ly  at  200  
C and  on  a 15% d ie thy leneg lyco lad ipa t e  col- 
u m n  i so the rma l ly  at  195 C. The  fa t ty  acid 
m e t h y l  esters  were iden t i f i ed  by  using the  
mod i f i ed  equ iva len t  cha in - l eng th  co r re la t ion  
and  by  ca lcula t ing  sepa ra t ion  factors  for  
p o l y u n s a t u r a t e d  f a t t y  acid m e t h y l  esters  (25).  
The  molecu la r  weight  was con f i rmed  by  gas 
l iquid c h r o m a t o g r a p h y . m a s s  s p e c t r o m e t r y  (GC- 
MS) o n  a 3% EGSS-X co lumn .  The weight  
percen tages  of  var ious f a t t y  acids were de ter -  
mined  by  ca lcula t ing  the  peak  areas by  t r iangu-  
la t ion.  The  f a t t y  acid s t anda rds  were o b t a i n e d  
f rom Supelco  Inc. (Bel le fonte ,  PA). 

The  GC was pe r fo rmed  wi th  a Perk in-Elmer  
Model  900  gas c h r o m a t o g r a p h  (Perk in -Elmer  
Corpo ra t i on ,  Norwalk ,  CT) equ ipped  w i th  
f lame i o n i z a t i o n  de tec tors .  The  co lumns  were 
3% EGSS-X o n  Supe lcor t  80~100 mesh  (Supel-  

TABLE 1 

Percentage  Fat ty  Ac id  C o m p o s i t i o n  of Phosphatidylethanolamine 
in Rat Liver M i t o c h o n d r i a  and in M i c r o s o m e s  a 

Mi tochondr ia  Micros'omes 

Fat ty  acid At birth 1-Day old 4-Day old Adult 1-Day old Adult 

16:0 22.4 b 16.1 29.5 30.8 21.0 23.6 
16:16o7 1.5 0.2 3.6 0.3 3.0 0.3 
18:0 36.6 42.5 41.7 43.9 27.4 34.7 
18:ito9 12.4 c 7.2 6.3 5.6 8.2 d 4.6 
18:2o.)6 4.1 2.4 0.2 3.2 2.6 3.3 
18:3(.o3 0.2 0.2 0.2 0.2 0.4 0.7 
20:3co6 0.2 0.3 0.2 0.2 1.8 0.3 
20:4~o6 10.8 16.5 10.6 7.3 16.7 14.1 
22:4to6 2.2 3.0 3.5 2.6 4.1 0.7 
22:Sco3 0.2 1.0 0.2 0.2 2.2 1.8 
22:6(.03 9.4 b 10.6 b 4.0 5.7 12.6 16.0 

Saturated  59.0 b 58.6 b 71.2 74.7 48.4 d 58.3 
to7 + (,09 13,9 c 7.4 9.9 5.9 11.2 d 4.9 
606 17.3 22.2 d 14.5 13.3 25.2 d 18.4 
~o3 9 .8  b 11 .8  b 4.4 6.1 15.2 18.5 

aFigures  are we ight  percentages  o f  fatty  acid m e t h y l  esters and m e a n s  o f  f r o m  3 to 5 
d e t e r m i n a t i o n s  that  were  run in dupl icate .  Standard dev ia t ion  was  15% or  less o f  the  means .  
In 4 -day-o ld  or y o u n g e r  rats,  the  w h o l e  l i t ter  was  used for the  single analysis .  

b p < 0 . 0 5  as c o m p a r e d  to 4 -day-o ld  an imals  and adults  (t-test) .  
Cp<O.O5 as c o m p a r e d  to l -day -o ld ,  4 -day-o ld ,  and adult  animals .  
d p < o . 0 s  as c o m p a r e d  to adults .  
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co Inc., Bellefonte,  PA) and 15% die thylene-  
glycoladipate  on Gas Chrom Q 80-100 mesh 
(Appl ied  Science Laborator ies  Inc.,  State 
College, PA). Co lumn  sizes were 2 m x 3 m m  
and the  carrier ga sw as  argon. 

GC-MS was pe r fo rmed  with a Varian Aero- 
graph 1700 gas ch roma tograph  combined  with 
a Varian MAT CH-7 mass spec t rome te r  equ ipped  
with a Spec t ro  Sys tem 100 MS data  handl ing 
sys tem.  Co lumn  size of  the  gas ch roma tog raph  
was 2 m x 2 m m  and the cart ier  gas was heli- 
um. Elec t ron  energy was 70 eV. The total  mass 
range was f rom m/e  50 to  m/e  500. 

R ESU LTS 

Phosphatidylethanolamine (PE) 

The fat ty  acid pa t te rn  o f  rat liver m i tochon -  
drial and microsomal  PE is p resen ted  in Table 
1. 

The major  fa t ty  acids at all ages were pal- 
mit ic  (21-31% of  the  total)  and stearic acid 
(27-44% of  the total) .  In the microsomes ,  the  
a m o u n t  of  fa t ty  acids belonging to the linoleic 
acid series was at least twice as high as in 
mi tochondr ia .  No h y d r o x y  fa t ty  acids were 
found .  

The mos t  p r o m i n e n t  feature of  the matu-  
ra t ion process was the  sa tura t ion  o f  the fa t ty  
acids, which was mainly due to the  increase in 
the  a m o u n t  o f  palmit ic  acid. The relative 

a m o u n t  of  mono-  and po lyunsa tura ted  fa t ty  
acids decreased.  

Phosphatidylcholine (PC) 

The fa t ty  acid pa t t e rn  of  rat liver mi tochon-  
drial and microsomal  PC was also domina t ed  
by sa tura ted fa t ty  acids (42-60% of  the tota l  as 
presented  in Table 2). In the  fetal  liver PC, 

�9 the  amo u n t  of  m o n o u n s a t u r a t e d  fa t ty  acids was 
except ional ly  high (about  31% of  the  total).  
The a m o u n t  of  fa t ty  acids belonging to the  
linoleic acid series (606) was abou t  3 t imes 
higher than the  amo u n t  of  fa t ty  acids belonging 
to  the  l inolenic acid series (w3)  (9-6% of  the  
total) .  

The ma tu ra t ion  was character ized by a 
decrease in m o n o u n s a t u r a t e d  fa t ty  acids. 
Monounsa tu ra t ed  fa t ty  acids were replaced by 
stearic acid and po lyunsa tu ra ted  fa t ty  acids. 

Cardiolipin 

The fat ty  acid pa t te rn  of  b o t h  fetal and 
adul t  rat liver mi tochondr ia l  cardiolipin con- 
sisted nearly exclusively of  linoleic, oleic and 
palmitoleic  acids,  amoun t ing  to more  than  
90% o f  the  weight  o f  the tota l  (Table 3). 

The matura t ion  was character ized by  an 
increase in the  a m o u n t  o f  l inoleic acid and by a 
co r respond ing  decrease in the a m o u n t  of  oleic 
and palmitote ic  acids. 

TABLE 2 

Percentage Fatty Acid Composition of Phosphatidylethanolamine 
in Rat Liver Mitochondria and in Microsomes a 

Mitochondria Microsomes 

Fatty acid At birth 1-Day-old 4-Day-old Adult l-Day-old Adult 

16:0 24.6 28.2 30.3 28.6 26.1 29.2 
16:1to7 4.2 2.0 0.2 1.2 2.9 1.2 
18:0 20.4 b 22.1 28.7 30.9 16.2 d 28.5 
18:1to9 26.7 c 15.9 8.5 I 1.2 21.9 d 7.8 
18:2o96 10.2 7.1 7.8 10.6 10.9 10.8 
18:3to3 0.5 0.2 0.2 0.2 0.4 0.2 
20:3o~6 1.2 0.8 0.2 0.2 0.9 1.8 
20:4to6 5.2 c 14.7 15.2 8.8 11.5 11.2 
22:4to6 0.9 0.3 2.5 2.8 2.7 0.2 
22:5to3 0.2 0.4 0.2 0.2 0.6 1.0 
22:6to3 5.9 8.2 6.2 5.3 6.0 8.3 

Saturated 45.0 b 50.3 59.0 59.5 42.3 d 57.7 
oj7 + to9 30.9 c 17.9 8.7 12.4 24.8 d 9.0 
to6 17.5 c 22.9 25.9 22.4 26.0 24.0 
to3 6.6 8.8 6.6 5.7 7.0 9.5 

aFigures are weight  percentages o f  fatty acid methy l  esters and means  of from 3 to 5 
determinations that were run in duplicate. Standard deviation was 15% or less of the means. 
In 4-day-old or younger  rats, the  w h o l e  litter was used for the single analysis .  

bp<o.05 as compared to 4-day-old animals and adults (t-test). 
Cp<O.05 as compared to 1-day-old, 4-day-old, and adult animals. 
dp<o.05 as compared to adults. 
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DISCUSSION 

The fatty acid patterns of various phospho- 
lipids differed from each other. On the other 
hand, the fatty acid patterns of PE and PC in 
mitochondria were similar to those in micro- 
somes. This finding was expected because 
mitochondrial PE and PC seem to be synthe- 
tized in microsomes (5-10). 

The changes in the fatty acid patterns of 
corresponding phospholipids in mitochondria 
and microsomes resembled each other. The 
maturation process of these phospholipids is 
characterized by a relative increase in the 
amount of saturated fatty acids and by a 
replacement of monounsaturated fatty acids 
with polyunsaturated fatty acids. 

Dobi~ov~ et al. (26) have analyzed the 
changes in the fatty acid pattern of total 
phospholipids in the developing rat liver. Their 
material consisted of phospholipids of the 
whole liver and is therefore not directly com- 
parable with ours. Nonetheless, we found that 
the fatty acid pattern of  mitochondrial PE 
and PC, as well as the developmental changes, 
were similar to those analyzed by Dobia~ovd et 
al. It seems that mitochondrial needs for PE 
and PC fatty acids do not differ markedly 
from those of  other cell organelles. 

In rat liver microsomes, there is an increase 
in the activity of the synthesis of long-chain 
fatty acids, probably by chain-elongation, just 
after delivery with a maximum at the age of 
11 days (27). At the same time, ethanolamine 
incorporation into phospholipids, which is low 
in fetal liver, increases rapidly reaching a level 
of 60-80% of the adult level at the age of one 
d a y  (28). The possible correlation between 
these activities and the marked saturation of 
the fatty acids in microsomal and mitochon- 
drial PE and PC remains to be studied. The 
minor differences which exist between micro- 
somal and mitochondrial PE and PC are prob- 
ably reflections of  local needs. The mitochon- 
drial chain-elongation system is known to be 
able to influence the phospholipids in such a 
way as to make their fatty acids more suitable 
for mitochondrial membranes (29). 

It has been suggested that the different 
pathways for PC synthesis preferentially 
produce molecules with a certain fatty acid 
structure. According to the present evidence, 
1-palmitoyl-2-oleoyl-glyceryl-phosphoryl choline 
and hexanoic lecithins (see for review ref. 30). 
According to studies on liver slices, the incor- 
poration of methionine into PC rapidly in- 
creased during the neonatal period, whereas 
the development of choline incorporation was 
more gradual (31). These changes in the bio- 

TABLE 3 

Fatty Acid Composition of Cardiolipin 
in Rat Liver Mitochondria a 

Age 

Fatty acid I-Day-old Adult 

16:0 0.9 0.6 
16:16o7 5.9 b 3.8 
18:0 2.6 1.6 
18:16o9 26.6 b 17.3 
18:26o6 58.6 b 70.1 
18:36o3 0.7 1.5 
20:36o6 1.7 1.6 
20:46o6 0.9 1.2 
22:46o6 0.2 0.2 
22:56o3 0.2 0.2 
22:66o3 1.7 1.9 

Saturated 3.5 2.2 
6o7 + 6o9 32.5 b 21.1 
6o6 61.4 b 73.1 
6o3 2.6 3.6 

aFigures are weight  percentages of  fatty acid 
methy l  esters and means of  3 to 5 determinations.  
Standard deviation was 15% or less o f  the means. 
In l-day-old rats, the whole  litter was used for the 
analysis. 

b p < 0 . 0 5  as compared to adults (t-test). 

synthetic pathways barely explain the develop- 
ment in the fatty acid structure of PC and 
explain even less those of other phospholipids. 

The lipids are mostly synthesized de novo in 
the fetus (32). The high contents of palmitic, 
stearic and oleic acids of PE and PC in mito- 
chondria and microsomes from fetal liver seem 
to support this conclusion. As a result of the 
lack of polyunsaturated fatty acids, the amount 
of  monounsaturated fatty acids increases (33). 
This could be due to slow transport of fatty 
acids through the placenta in the fetus (34). 
On a balanced diet, such as milk, the synthesis 
of  w9-fatty acids is depressed and the poly- 
unsaturated fatty acids from the diet are 
incorporated into phospholipids. In agreement 
with these findings, the relative amout  ts of 
polyunsaturated fatty acids increase and 
monounsaturated fatty acids decrease following 
delivery. 

According to Peluffo et al., in essential fatty 
acid deficiency, the fatty acid pattern of 
microsomal phospholipids in weanling rats is 
similar to that in our normal newborn rats 
(35). Moreover, newborn animals and humans 
rapidly develop signs of essential fatty acid defi- 
ciency in the absence of suitable food (36,37). 

Cardiolipin occurs in mammalian tissues 
exclusively in mitochondria (38) partly tightly 
bound to cytochrome oxidase (14,39). Its 
fatty acid pattern is totally different from that 
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o f  o t h e r  phospho l ip id s ,  charac te r ized  by  a h igh  
a m o u n t  o f  l inoleic acid as f o u n d  in the  p resen t  
and  earlier s tud ies  (12 ,14) .  Of  the  f a t ty  acids  in 
cardiol ipin ,  oleic acid is rep laced  by  l inoleic 
acid dur ing  n e o n a t a l  g rowth .  The re fo re ,  it 
s eems  t h a t  the  decrease  in the  re la t ive  a m o u n t  
o f  m o n o u n s a t u r a t e d  f a t ty  acids  and the  corres-  
p o n d i n g  increase  in the  a m o u n t  o f  p o l y u n s a t u -  
ra ted  f a t t y  acids is a general  phenomenon 
du r ing  the  per inata l  m a t u r a t i o n  o f  the  phos-  
phol ip id  s t ruc tu re  in the  liver. It is n o t  b o u n d  
to  the  site o f  p h ospho l i p id  syn thes i s ,  wh ich  
ind ica tes  a cause  s o m e w h e r e  ou t s ide  this  
s y s t em .  Th e  e x p l a n a t i o n  can be a relative lack 
o f  p o l y u n s a t u r a t e d  f a t t y  acids in the  fe tus ,  and  
an increase  in the i r  availabil i ty dur ing  the  
n e w b o r n  period.  
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Regional Distribution of Glycosylceramide-Sulfates 
in Human Kidney 
BO E. SAMUE LSSON, Department of Medical Biochemistry, University of G~teborg, 
Box 33031, S-400 33 G~teborg, Sweden 

ABSTRACT 

Glycosylceramide-sulfates were prepared separately from human kidney cortex and medulla. Gly- 
cosylceramide-sulfates were characterized with respect to long-chain bases, fatty acids, carbohydrates 
and sulfuric ester group position. Monogalactosylceramide IZ-sulfates were 3 times more concentrated 
in medulla compared to cortex, whereas lactosylceramide ll3-sulfates were 3 times more concentrated 
in cortex compared to medulla. The results were discussed in relation to the possible role of glycosyl- 
ceramide-sulfates in sodium-potassium ion transport. 
Lipids 17:160-165, 1982. 

The f'mding of  high concent ra t ions  o f  mono-  
galactosylceramide I3-sulfates in the ou te r  part 
of  bovine kidney medulla  (3,4), the main site 
for cor t icos te ro id-dependent  sodium ion trans- 
port  (5), was the inc i t ement  to the thought  that  
glycosylceramide-sulfates are in some way 
related to  sod ium ion t ransport .  This gave rise 
to a series of  papers describing the lipid pat tern 
and the activity of  Na+-K+-ATPase in a number  
of  ver tebrate  tissues (e.g., refs. 6-9). The results 
obta ined f rom those studies showed that the 
concent ra t ion  of  monogalac tosylceramide  13- 
sulfate is s to ichiometr icany related to the activ- 
ity of  Na+-K+-ATPase in tissues such as brain 
gray matter ,  bovine kidney,  salt glands of  
carti laginous fish and marine birds, electric 
organ and erythrocytes .  A correlat ion be tween 
monoglycosylceramide-sul fa te  metabol ism and 
Na+-K+-ATPase activity in total  mouse kidneys 
has also been shown (10). A model  for a pos- 
sible funct ion of  this lipid in ion t ransport  was 
recent ly described (7,8,1 1). 

All glycosylceramide-sulfates  so far studied 
(6), including the glycolipid sulfate f rom the 
ex t reme halophile IIalobacteriurn salinarium 
(1 1), show an identical  polar  section,  galactose- 
3-sulfate, indicating a strict structural  demand 
on this part of  the molecule ,  possibly related to 
ion (K § t ransport  (6-9,11). Lactosylceramide 
ll3-sulfates not  found in the organs and tissues 
studied in this respect before,  including bovine 

The IUPAC-IUB recommendations (1) for nomen- 
clature o f  g lycosphingol ip ids  carrying a sulfuric ester 
(sulfate) group, formally called sulfatides,  are used 
here. The IUPAC-IUB r e c o m m e n d a t i o n s  o f  1970 (2) 
for assignment of double bond position are used here 
for methyl branch positions. Thus, n-3 means position 
3 from the methyl end. In the short-hand designations 
for long-chain bases, d means dihydroxy, t means 
trihydroxy and br is a methyl branched chain. The 
number before the colon means chain length and the 
number after the colon is degree of unsaturation. 
Na+-K+-ATPase = sodium-potassium adenosine tri- 
phosphatase (EC 3.6.1.3.). 

kidney cor tex  and medulla  (6-9,11), have 
earlier been identif ied and characterized in 
lipid extracts  f rom whole human kidneys (12, 
13). Fur thermore ,  human kidney has been 
shown to contain a higher  Na+-K+-ATPase activ- 
ity in medulla  than in cor tex  (14,15) a l though,  
as in bovine kidney (4), there is not  as pro- 
nounced  a difference as in most  ver tebrate  kid- 
neys (16). It was considered of  interest  to s tudy 
the distr ibut ion of  both  types of  glycosylcera- 
mide-sulfates in different  regions of  human 
kidney.  Such a s tudy has no t  been done before  
and may add to the possible involvement  o f  
these lipids in ion transport .  Preliminary 
results f rom the present work was repor ted  
earlier (3). 

The lipophflic compos i t ion  of  individual 
sphingolipids in different  regions of  bovine 
kidney has been shown to differ considerably 
(7,17, and unpublished)  and the total  long- 
chain base pat tern of  human  kidney has also 
shown major  regional differences (18). These 
differences have been in terpre ted  as a result 
o f  different  physicochemical  demands on the 
plasma membrane  in the di f ferent  regions (7, 
17). It was thus considered of  fur ther  interest  
to s tudy the l ipophilic compos i t ion  of  both 
types of  glycosylceramide-sulfates  isolated 
f rom different  regions of  human kidney.  

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

Kidneys 

Adult  human kidneys from 3 individuals 
were col lected f rom autopsies at Sahlgren's 
hospital  within 48 hr  af ter  death.  The kidneys 
showed no macroscopic  abnormali t ies  and were 
s tored at -20 C during the col lect ion period 
(I wk). 

Reference Compounds 
3 Monogalactos~lceramide I -sulfates and lac- 

tosylceramide II~ were kindly provided 
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by Dr. E. M~rtensson of this University (see 
refs. 12,13-,19). Roference aldehydes were ob- 
tained by oxidation of long-chain bases of 
bovine kidney sphingomyelins (17). 

Dissection 

At the end of the collection period, the kid- 
neys were thawed and freed from capsules and 
pelvices. Rough dissection into cortex, medulla 
and a small intermediate zone was performed as 
described for bovine kidney (3). The intermedi- 
ate zone was discarded and the remaining 2 
parts of the tissue were worked-up separately. 
The tissue was homogenized in a Turmix blend- 
er, lyophilized and dry wt was determined. 

mg/g dry weight 

Preparation of Glycosy|ceramide-Sulfatas 

Total lipid extract was prepared from human 
kidney cortex or medulla and Worked-up as 
described in detail elsewhere (4). The extract 
was subjected to mild alkaline hydrolysis and 
subsequent partition to eliminate glycerol ester 
lipids. The alkali-stable lipids were separated 
into nonacidic and acidic lipids by means of 
DEAE-cellulose column chromatography (4). 
The acidic fraction was dialyzed and lyophi- 
lized. From this material, monogalactosylcer- 
amide- and lactosylceramide-sulfates were sepa- 
rated by Florisil column chromatography using 
methanol in chloroform as eluant. 

Characterization of Intact Glycosylceramide-Sulfates 

The purity of the intact glycosylceramide- 
sulfate fractions was tested by thin layer chro- 
matography (for conditions, see refs. 20, 21). 
The amount of pure glycosylceramide-sulfates 
was estimated gravimetricaUy and by colori- 
metric determination of hexose (20). For the 
determination of sulfate group position, acetyl- 
ated and trimethylsilylated glycosylceramide- 
sulfates were analyzed by direct inlet mass 
spectrometry (22). 

Characterization of Glycosylceramide- 
Sulfates after Degradation 

Acid hydrolysis and separation of produced 
fatty acids and long-chain bases were performed 
as described elsewhere (17,23). Fatty acids 
were converted to methyl esters (24) and sepa- 
rated into normal and hydroxy fatty acid esters 
as described (6). After trimethylsilylation, the 
fatty acids were analyzed by gas chromatogra- 
phy (24). Total long-chain bases were converted 
to their corresponding dinitrophenyl deriva- 
tives, purified from acid-induced by-products 
and subjected to oxidation with lead tetraace- 
tate (23). The aldehydes produced were ana- 
lyzed by gas chromatography (17). 
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FIG. I. Diagram showing the quantitative distribu- 
tion of monogalactosylceramide IS-sulfates (S1) and 
lactosylceramide ll3-sulfates ($2) between cortex and 
medulla of human kidney. 

Qualitative carbohydrate analysis was per- 
formed principally as described elsewhere (25). 

RESULTS AND COMMENTS 

The quantitative figu.res obtained gravime- 
trically and by photometric determination of 
hexose agreed well and the quantitative distri- 
bution of monogalactosyl- and lactosylceram- 
ide-sulfates between cortex and medulla is 
shown in Figure 1. 

Characterization of Intact Glycosylceramide-Sulfates 

Intact glycosylceramide-sulfates were charac- 
terized on thin layer plates with known refer- 
ences. 

A 3-position for the sulfate group was con- 
firmed by the use of mass spectrometry of 
acetylated and trimethylsilylated derivatives 
(22). The partial spectrum of the monogalacto- 
sylceramide-sulfate was almost identical to that 
of a similar sample obtained from human brain 
(22). The spectrum of the lactosyiceramide- 
sulfate is reproduced in Figure 2 ;m/e 361 origi- 
nates from the substituted terminal hexose and 
indicates a monotrimethylsilylated acetylated 
terminal hexose. The presence of an intense 
peak at m/e 169 and the very low abundance of 
ions at m/e 199 strongly suggest the trimethyl- 
silyloxy group and thus the original sulfate 
group to be in position 3 of the terminal hexose 
(22). 

Characterization of Glycosylceramide- 
Sulfates after Degradation 

Carbohydrate analysis of monoglycosylcer- 
amide-sulfate revealed only galactose, whereas 
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diglycosylceramide-sulfate  gave glucose and 
galactose in the ratio of  1 : 1. 

Results o f  the fat ty  acid analysis are shown 
in Table 1. Both normal  and h y d r o x y  fat ty 
acids were present  (12). Regarding monogalac-  
tosylceramide-sulfates,  there were slightly more  
hyd roxy  fat ty  acids in medulla  than in cor tex,  
and lactosylceramide-sulfates f rom cor tex  con- 
rained relatively more  normal  fa t ty  acids. Con- 
cerning the chain length dis t r ibut ion and un- 
saturat ion,  there were no major  differences 
be tween  cor tex  and medulla.  Results f rom the 
long-chain base analyses were col lected in Table 
2. As can be seen, mono-  and diglycosylcer-  
amide-sulfates have roughly the same long-chain 
base piittern with the presence o f  bo th  di- and 
t r ihydroxy  bases as well as straight chain, 
branched chain, saturated and unsaturated di- 
hyd roxy  bases (19). With monogalac tosylcer -  
amide-sulfates,  there is a 4-fold increase of  tri- 
hyd roxy  bases in medulla  compared  to cor tex.  
There is also a slight increase o f  species with 
longer  chain length both  for di- and t r ihydroxy  
bases ( the appearance o f  t 20 :0  and d20 :0  in the 
medulla) .  

DISCUSSION 

The structures of  glycosylceramide-sulfates  
f rom human kidneys are well documen ted  (12, 
13,19). The conf i rmatory  micro- ident i f ica t ion 

o f  sulfate group posi t ion by mass spec t romet ry  
o f  derivatized intact  molecules  offers an alter- 
native to pe rmethy la t ion  studies. This Wpe of  
analysis has earlier been done on monogalac to-  
sylceramide-sulfates (20,22) and on the glyco- 
l ipid sulfate of  H. salinarium (11). As expected ,  
the spec t rum (Fig. 2) gives s trong evidence for  a 
3-posit ion o f  the sulfate group.  

The high amoun t  of  t r ihydroxy  bases in 
medulla compared  to cor tex  for glycosylcer- 
amide-sulfates is in accordance with earlier 
findings made during studies o f  the total  long- 
chain base pat tern  in human  kidney cor tex  and 
medulla  (18). So, also, was the case for bovine 
kidney (18), which was subjected to a detailed 
analysis to ascertain the regional distr ibut ion 
of  sphingolipids (4), as well as a detailed char- 
acter izat ion of  individual sphingolipids f rom 
different  regions (4,17, and unpublished).  
These interest ing variat ions in ceramide struc- 
ture might  be a result of  an adapta t ion to the 
different  physicochemical  demands on the 
membranes  in different  regions o f  the k idney 
(4,7,17). Model studies on synthet ic  sphingo- 
lipids containing phytosphingosine  and related 
bases in combina t ion  with n o n h y d r o x y  and 
hyd roxy  fat ty acids indicate significant effects  
on molecular  packaging and conformat ion  
(26-28). 

As can be seen f rom Figure 1, the concen- 
t ra t ion of  monogalactosylceramide-sulfa tes  is 

TABLE 1 

~Fatty A c i d  C o m p o s i t i o n s  o f  G l y c o s y l c e r a m i d e - S u l f a t e s  f r o m  H u m a n  Kidney Cortex and Medulla 

N o r m a l  f a t t y  a c i d s  Hydroxy fatty acids 

M o n o g a l a c t o s y l c e r a m i d e  L a c t o s y l e e r a m i d e  M o n o g a l a c t o s y l c e r a m i d e  Laetosylceramide 
13-sulfates ll3-sulfates 13-sulfates ll3-sulfates F a t t y  ac id  

cha in  l e n g t h  a n d  C o r t e x  M e d u l l a  Cortex Cortex Medulla Cortex 
u n s a t u r a t i o n  (%) (%) (%) (%) (%) (%) 

1 6 : 1  tr a tr 1 -- -- - 
1 6 : 0  7 7 8 4 2 4 
1 8 : 1  tr tr 1 -- -- -- 
1 8 : 0  2 1 3 tr tr 2 
2 0 : 0  4 3 6 2 2 5 
21:0 tr -- - tr tr - 
2 2 : 1  tr 2 2 1 2 2 
22:0 21 24 22 17 13 19 
23:1 tr tr tr tr tr  tr 
23:0 8 13 3 16 14 12 
24:1 19 19 23 22 37 19 
24:0 35 25 29 31 24 31 
25:1 tr 1 1 2 3 tr 
25:0 tr tr tr 1 1 tr 
2 6 : 1  tr tr tr 2 1 4 
26:0 tr tr tr tr - - 

% o f  t o t a l  
f a t t y  a c i d s  6 0  4 6  82 40 54 18 

aTrace. 
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FIG. 2. Partial mass spectrum of monotrimethylsilylated acetylated derivative (22) of 
the lactosylceramide II3-sulfate. A simplified formula is shown at top for the interpretation. 
Peaks below m/e 40 and above m/e 400 were not reproduced. The direct inlet system of an 
LKB-9000 instrument was used with the following conditions: acceleration voltage 3.5 kV, 
trap current 60 pA, electron energy 70 eV, source temperature 270 C and probe tempera- 
ture at evaporation 200 C. 

almost 3 times higher in medulla compared to 
cortex. This situation is similar to that found 
in bovine kidney although not as pronounced 
(9-fold difference in concentration for bovine 
kidney, see refs. 3 and 4). Lactosylceramide- 
sulfates have a lower concentration than mono- 
galactosylceramide-sulfates both in cortex and 
in medulla, but show the reverse regional dis- 
tribution with 3 times higher concentration in 
cortex compared to medulla. Added together, 
there is almost twice as much glycosylceramide- 
sulfates in medulla compared to cortex. This 
difference is roughly the same as that found for 
the Na*-K§ activity in human kidney 
cortex and medulla ( 14,15). 

The very suggestive correlation between 
glycosylceramide-sulfate and Na+-K+-ATPase 
activity has earlier been shown only for mono- 
galactosylceramide-sulfates and primarily in 
functionally more clear-cut tissues, such as the 
salt glands or marine animals (6), rectal gland 
of elasmobranchs (6) and the electric organ (9). 
The kidney is functionally more complex and 
the presence of several Na§ has been 
indicated (6,29). A correlation between glyco- 
sylceramide-sulfate concentration and enzyme 
activity may therefore be less informative in 
this respect. This has been discussed in detail 
before (6). The new and unexpected finding 
of an uneven and different distribution of the 
2 different glycosylceramide-sulfates between 

cortex and medulla of human kidney may, 
however, indicate additional functional aspects. 
If the terminal galactose I3-sulfate of these 
molecules is, as postulated (6-9,11 ), an essential 
part in ion (K +) transport, the present findings 
may be interpreted that different parts of the 
same glycosphingolipid molecules have diffe- 
rent functions in the membrane (6,7). The cer- 
amide as a part of the membrane matrix may 
contribute to the physicochemical character- 
istics, the carbohydrate chain may serve as a 
spacer between the membrane surface and the 
terminal saccharide, and the terminal carbo- 
hydrate may have a more specific function 
(e.g., in ion transport). The spacer function 
with different carbohydrate chain length may 
be a result of different membrane anatomy (4). 
Glycosylceramide-sulfates with even longer car- 
bohydrate chains and a terminal galactose-3- 
sulfate have been shown to exist in hog gastric 
mucosa (30). It is also of interest that extreme- 
ly halophilic bacteria, H. salinariurn, living in 
almost saturated sodium chloride solution, have 
a glycolipid-sulfate with a terminal galactose-3- 
sulfate bound to mannosylglucosyldiphytanyl- 
glycerol (11 and references cited therein). Halo- 
pkilic bacteria also contain an Na+-K+-ATPase. 

Earlier work has shown that monogalactosyl 
I3-sulfates were unique among lipids in tissue 
distribution following the extent of Na+-K +- 
ATPase activity and a possible function as a 
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receptor for K + ions has been proposed (7-9, 
1 1). The present work shows that lactosylcer- 
amide II3-sulfates in human kidney does not  
have the same distribution between cortex and 
medulla as monogalactosylceramide I3-sulfates. 
This new finding does not exclude a possible 
role for the terminal galactose-3-sulfate in ion 
transport, but may indicate additional func- 
tional adaptation. 
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Occurrence of 3-Oxo Triterpenes in the 
Unsaponifiable Matter of Some Vegetable Fats 
J.N. KOLHE, ANIL BHASKAR and N.V. BRINGI* ,  Hindustan Lever Research Centre, 
Chakala, Andheri East. Bombay 400 099. India 

ABSTRACT 

Fourteen vegetable oils were examined and 3-oxo triterpenes are present in the unsaponifiable 
matter of shea (Butyrospermum parkii), illipe (Shorea stenoptera), mango kernel (Mangifera indica), 
kokum (Garcinia indica) and phulwara (Madhuca butyracea) fats but not in cocoa butter, dhupa fat 
(Vateria indica), soybean, peanut, mustard, corn, palm, coconut or mowrah (Madhuca lat~folia) fats. 
Lipids 17:166-168, 1982. 

INTRODUCTION 

The occurrence of 3-oxo triterpenes in the 
unsaponifiable matter of sal (Shorea robusta) 
was reported earlier (1). It is both of academic 
and practical interest to determine if the occur- 
rence of oxo triterpenes is a general phenom- 
enon in vegetable oils or if it is restricted to 
certain species. Accordingly, the unsaponifiable 
matter of 14 vegetable fats was analyzed and 
the results demonstrating the presence of 3-oxo 
triterpene in some fats which are generally 
characterized by the presence of substantial 
proportions of symmetrical triglycerides are 
reported in this communication. 

EXPERIMENTAL PROCEDURE 

Isolation of Unsaponifiable Matter 

A typical procedure consists of saponifying 
the fat (100 g) in ethanol/water (3:1 v/v, 400 
ml) and potassium hydroxide (70 g) for 2 hr, 
followed by dilution with water and extraction 
with petroleum ether (bp 40-60 C, 3 x 500 ml). 

Preliminary Screening by Thin Layer 
Chromatography (TLC) 

The unsaponifiable matter was analyzed by 
TLC on silica gel (5 x 20 era, 0.1 mm thick- 
ness, 30% diethyl ether in hexane, visualization 
by iodine vapor) and the presence of a spot at 
Rf 0.62 was indicative of oxo triterpenes. The 
usual triterpene and steroid alcohol fractions 
were encountered at lower Rf values. 

Isolation and Purification of Oxo Triterpenes 

The unsaponifiable matter of fats containing 
oxo triterpenes was chromatographed on silica 
gel (1:15, w/w) using hexane as eluent. When 

necessary, the oxo triterpene fraction was fur- 
ther purified on preparative TLC on silica gel 
(20 x 20 cm, 1 mm thickness, 30% ether in 
hexane, visualization under UV after spraying 
with 0.1% dibromofluoroscein in methanol) 
and the compounds were extracted with 25% 
methanol in chloroform (v/v). 

Instrumental Analysis 

IR spectra (neat) were recorded on Perkin- 
Elmer Model 197 spectrophotometer. Gas 
chromatography-mass spectrometric (GC-MS) 
analyses were performed on an LKB Model 
2091, electron energy was 70 eV, trap current 
50 /aA, ion source temperature 290 C and 
accelerating voltage 3.5 kV. The samples were 
introduced through the GC inlet using a 25-m 
WCOT column coated with SE-30. The column 
temperature was programmed from 220-260 C 
at 2 C/min. 

Preparation of Authentic Samples 

~Amyrin ,  cycloartenol, lupeol and 24-meth- 
ylene cycloartenol were isolated from the tri- 
terpene fraction of sal unsaponifiable matter. 
Further fractionation was done as their acetates 
on argentation preparative TLC (1). ct-Amyrin 
and butyrospermol were isolated as their ace- 
tates from shea fat unsaponifiable matter (2). 
The acetates were hydrolyzed with potassium 
hydroxide in aq. methanol and free alcohols 
were oxidized by stirring with pyridinium 
chlorochromate in methylene chloride (3). 

RESULTS AND DISCUSSION 

Of the 14 different vegetable fats examined, 
the unsaponifiable matter of 5, i.e., shea, illipe, 
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kokum, mango kernel and phulwara, contained 
the oxo tri terpene fraction. This was confirmed 
by the characteristic IR absorption at 1720 
cm -1 of the isolated fraction. The unsaponifi- 
able matter  of the other 9 fats, i.e., cocoa but- 
ter, dhupa, mowrah, palm, peanut, corn, soy- 
bean, mustard (Brassica /uncea) and coconut,  
did not  reveal the presence of oxo triterpenes. 
All 14 fat samples were of  commercial origin 
except cocoa butter,  which was extracted by 
solvent extraction of cocoa beans grown in 
Kerala, India. 

The oxo triterpenes found in the unsaponi- 
fiable matter  of the fats by GC-MS analysis is 
given in Table 1. The GC resolution of different 
3-oxo triterpenes was good and the order of 
elution under the conditions mentioned in the 
experimental  was /3-amyrenone, a-amyrenone,  
butyrospermenone,  cycloartenone, lupenone 
and 24-methylene cycloartanone. The mass 
spectral fragmentation of different keto triter- 
penes is discussed later. 

/~-Amyrenone 

The molecular ion was observed at m/e 424 
(molecular formula C3oH4sO) and the base peak 
was observed at m/e 218 (retro Diel's Alder 
fragmentation) characteristic of A 12 urs or 
olean compounds. Other characteristic frag- 
ments were at m/e (relative intensity) 409 (13), 
381 (2), 368 (4), 313 (9), 257 (5), 245 (8), 205 
(31), 203 (32), 189 (32), 161 (24), 133 (34). 

c~-Amyrenone 

This also showed molecular ion at m/e 424 
(molecular formula C3oH4sO). A base peak was 
observed at m/e 218 (retro Diel's Alder frag- 
mentation). Other fragments were obtained at 
m/e 409 (4), 205 (24), 203 (62), 189 (29), 175 
(17), 161 (10), 133 (I0) .  

Lupenone 

The molecular ion and base peak were ob- 
served at m/e 424 (molecular formula C~0H4sO) 
and m/e 95, respectively. Other fragments were 
at 409 (24), 381 (5), 313 (18), 245 (17), 218 
(30), 205 (72), 189 (40). 

Butyrospermenone 

The molecular ion was encountered at m/e 
424 (molecular formula C3oH4sO) and the base 
peak at m/e 69. Other principal fragments were 
observed at 409 (26), 311 (12), 297 (6), 271 
(9), 256 (15), 207 (30), 203 (20) and 175 (17). 

Cycloartenone 

This also had a molecular ion at m/e 424 
(molecular formula C~0tt4s O) and the base peak 
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at m/e 69. Other.fragments were at m/e 409 
(13), 365 (5), 339 (7), 313 (8), 286 (8), 257 
(9), 205 (18). 

24-Methylene Cycloartenone 

The molecular ion was found at m/e 438 
(molecular formula CalHsoO) whereas the base 
peak was at m/e 95. The other fragments were 
observed at m/e 423 (22), 410 (8), 355 (5), 313 
(5), 300 (3), 257 (7), 245 (6), 229 (10), 207 
(52), 205 (55), 189 (52) and 121 (84). 

The structures assigned for the oxo triter- 
penes on the basis of mass fragmentation char- 
acteristics were confirmed by direct comparison 
with authentic specimens in respect to GLC 
retention time and fragmentation pattern. 

Further confirmation of the assigned struc- 
ture of different oxo triterpenes from kokum 
and mango kernel unsaponifiable matter as 
illustrative examples was obtained by their 
reduction to alcohols and comparing the GC- 
MS pattern of the alcohol acetates with authen- 
tic alcohol acetates (1,4). 

This investigation indicates that the occur- 
rence of oxo triterpenes, unlike triterpene alco- 
hols, 4-methyl sterols and As sterols, is not 
widespread in vegetable oils. Although the num- 
ber of oils examined is not  large, it is perhaps 
more than a coincidence that oxo triterpenes 
occur more widely in those fats which contain 

substantial proportions of symmetrical trigly- 
cerides (5). Cocoa butter is a notable exception. 
Further work is required to establish if any 
correlation exists between the presence of oxo 
triterpenes and the botanical classification of 
the plants. The practical significance of the 
present study is that oxo triterpenes could be 
used to identify some fats and also for the qual- 
itative detection of their presence in cocoa 
butter and similar fats not containing these 
compounds. 
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Absorption and Distribution of Orally 
Administered Jojoba Wax in Mice 
A. YARON, V. SAMOILOFF and A. BENZIONI, Research & Development Authority, 
Ben-Gurion University of the Negev, PO Box 1025, Beer-Sheva 84110, Israel 

ABSTRACT 

The liquid wax obtained from the seeds of the arid-land shrub jojoba (Simmondsia ehinensis) is 
finding increasing use in skin treatment preparations. The fate of this wax upon reaching the digestive 
tract was studied. 14C-Labeled wax was administered intragastricaUy to mice, and the distribution of 
the label in the body was determined as a function of time. Most of the wax was excreted, but a small 
amount was absorbed, as was indicated by the distribution of label in the internal organs and the epi- 
didymal fat. The label was incorporated into the body lipids and was found to diminish with time. 
Lipids 17:169-171, 1982. 

INTRODUCTION 

Jojoba, Simmondsia chinensis (Link) 
Schneider, is a shrub native to the Sonoran 
desert which has been introduced to Israel in 
recent years. The beans of  the shrub contain 
about 50% of a liquid wax, which consists 
mainly of  esters of  long-chain fatty acids and 
long-chain fatty alcohols (1). 

The wax is reputed to have cosmetic va lue -  
both in its natural state and in the form of 
derivatives. It is therefore important that the 
fate of  wax absorbed in the body be known. 
Our previous work (2) has shown that 14C- 
labeled wax that was injected subcutaneously 
(sc) into mice was absorbed only to a small 
extent. The label was distributed in the various 
body organs and was almost completely elimi- 
nated by 90 days after application (2). 

In this study, the fate of  jojoba wax given 
orally to mice- i t s  absorption patterns and dis- 
tribution in the body -was  investigated. 

EXPERIMENTAL PROCEDURES 

Animals 

Five-week-old male albino mice, each weigh- 
ing 25-30 g, were used. The mice: were housed 
individually and fed ad lib. 

14C-Labeled Jojoba Wax 

Randomly labeled jojoba wax was biosyn- 
thesized, extracted and refined as described pre- 
viously (2,3). The labeled wax esters were then 
purified to remove minor components,  i.e., tri- 
glycerides, free fatty acids and alcohols, sterols 
and polar lipids. This was performed as follows. 
Jojoba wax (0.8 g) in hexane was applied to a 
column (18 cm • 1 cm) packed with Florisil 
(60-100 mesh, Sigma). The esters were eluted 
with 50 ml of hexane while the other compo- 
nents were retained in the column. The recov- 
ery was 82%, and the purity as checked by thin 

layer chromatography (TLC) was 100% esters. 
This purified wax fraction was used in this 
study; its sp act was 10.9/aCi/g. 

Wax Administration to Mice 

To each of 20 mice, 0.l ml of  a 25% solu- 
tion of  Z4C-labeled jojoba wax in peanut off 
was administered intragastrically by canula. Ten 
mice were killed one day later and the other 10 
were killed 8 days after wax administration. 
The absorption and distribution of  the wax in 
the body were studied by  methods similar to 
those used in our previous study (2), as des- 
cribed later. The experiment was repeated 
twice. 

Autopsy Procedure 

After the mice had been killed by cervical 
fracture, the internal organs were removed, 
freed of any connective tissue, washed with 
0.25 N sucrose solution, blotted dry, weighed 
and frozen. 

Z4C Determination in the Organs 

The lungs, heart, spleen, testes, kidneys and 
a piece of muscle (leg) were each digested in 
Soluene 350 (Packard) and treated as previous- 
l y  described (2). 14C radioactivity in these 
organs was then counted. 

The liver and epididymal fat were subjected 
to special treatment, as their lipid fractions 
were not  only monitored for radioactivity but 
their TLC profiles were also examined. These 
tissues were ground with water (1 ml/organ) in  
a Turrax homogenizer (Janke & Kunkle, West 
Germany), and the lipid fractions were ex- 
tracted by the Folch et al. procedure (4). The 
radioactivity was counted in a sample of the 
lipids. 

TLC Profiles of Liver and Epididymal Lipids 

The chromatograms were run on silica-gel- 
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c o a t e d  F 2 5 4  p l a t e s  ( M e r c k ) .  T h e  p l a t e s  were  
d e v e l o p e d  w i t h  p e t r o l e u m  e t h e r  ( 6 0 - 8 0  C ) / e t h y l  
e t h e r / a c e t i c  ac id  ( 9 0 : 1 0 : 1 ,  v / v / v ) .  T h e  s p o t s  
we re  l o c a t e d  w i t h  I2 v a p o r ,  a n d  s c r a p e d  i n t o  
via ls  f o r  s c i n t i l l a t i o n  c o u n t i n g .  

A n  a d d i t i o n a l  se t  o f  c h r o m a t o g r a m s  w a s  r u n  
in  o r d e r  t o  e x a m i n e  t h e  e f f i c i e n c y  o f  s e p a r a t i o n  
o f  t h e  w a x  e s t e r s  f r o m  t h e  t i s s u e  l ip ids  e x a m -  
ined .  F o r  t h e s e  c h r o m a t o g r a m s ,  a s a m p l e  o f  
14C-labeled j o j o b a  w a x  o f  a k n o w n  w e i g h t  a n d  
sp  ac t  was  a d d e d  t o  t h e  t i s s u e  l ip ids .  T h e  level  
o f  r a d i o a c t i v i t y  in  t h e  a d d e d  w a x  w a s  o f  t h e  
s a m e  o r d e r  o f  t h a t  e x p e c t e d  in  t h e  t i s s u e  l ip ids .  
T h e  s a m p l e s  were  s e p a r a t e d  u n d e r  t h e  T L C  
c o n d i t i o n s  a l r e a d y  d e s c r i b e d .  B y  t h i s  m e t h o d ,  
i t  was  c o n f i r m e d  t h a t  t h e r e  is  c o m p l e t e  s e p a r a -  
t i o n  o f  t h e  w a x  e s t e r s  f r o m  t i s s u e  t r i g l y c e r i d e s ,  
w i t h o u t  t a i l ing .  

RESULTS AND DISCUSSION. 

A s m a l l  a m o u n t  o f  t h e  i n g e s t e d  j o j o b a  w a x  
was  a b s o r b e d  a n d  d i s t r i b u t e d  in  all t h e  i n t e r n a l  
o r g a n s  t e s t e d  ( T a b l e s  1 a n d  2).  T h e  h i g h e s t  
a c c u m u l a t i o n  o f  l abe l  t h a t  was  f o u n d  1 d a y  
a f t e r  a p p l i c a t i o n  was  t h a t  in  t h e  e p i d i d y m a l  
f a t  ( T a b l e  1). I n  t h i s  t i s sue  a n d  in  all t h e  o t h e r  
t i s sue s ,  t h e  a m o u n t  o f  labe l  d e c r e a s e d  w i t h  t i m e  
f r o m  1 to  8 d a y s .  

F r o m  t h e  T L C  s t u d i e s ,  i t  c a n  be  s e e n  t h a t  
t h e  l abe l  was  i n c o r p o r a t e d  i n t o  t h e  b o d y  l ip ids  
( T a b l e  3) .  T h e  l abe l  in  t h e  l iver  l ip ids  was  dis-  
t r i b u t e d  in t h e  t r i g l y c e r i d e s ,  t h e  p h o s p h o l i p i d s  
a n d  t h e  o t h e r  l ip id  g r o u p s ,  w h e r e a s  t h a t  in  t h e  
e p i d i d y m a l  f a t  t i s s u e  was  f o u n d  m a i n l y  in  t h e  
t r i g l y c e r i d e s  ( T a b l e  3) .  

O t h e r  s t u d i e s  h a v e  s h o w n  t h a t  t h e  g r e a t e r  
pa r t  o f  i n g e s t e d  j o j o b a  w a x  is n o t  m e t a b o l i z e d  

TABLE 1 

Distribution o f  ~4C in the Body, 1 and 8 Days after Oral Adminis t ra t ion 
of  14C-Labeled Jojoba Wax Esters, Expressed on a Tissue Basis a 

14C sp act in the tissue (dpm/g wet tissue • SE) 

1st exper iment  2nd exper iment  

Tissue 1 day 8 days 1 day 8 days 

Liver lipids 805 + 88 136 • 13 1570 + 390 776 • 280 
Heart 2 1 4 0 •  880 9 8 0 •  78 2 0 8 0 •  328 9 0 4 •  248 
Lungs ND ND 2300 • 308 1170 • 296 
Spleen 2020 +- 560 685 • 82 2300 • 404 1180 -+ 330 
Testes 1266 + 360 974 • 196 1180 + 224 772 • 150 
Kidneys 2964 • 674 984 • 32 3720 • 544 1404 • 310 
Muscle 1414 • 290 1346•  578 1210•  194 882 + 136 
Epididymal fat 3770 • 430 1740 • 770 7760 • 2160 4460  + 1335 

a l 0 0  pl of  25% jojoba wax solution (500,000 dpm)  was applied per mouse .  
ND--not  determined.  

TABLE 2 

Distribution o f  t4C in the Body 1 and 8 Days after Oral Adminis t ra t ion 
of  14C-Labeled Jojoba Wax Esters, Expressed on an Organ Basis 

and as a Percentage of  Administered Dose 

Radioactivity (dpm/organ a • SE) 

1st exper iment  2nd exper iment  

Tissue I day 8 days 1 day 8 days 

Liver lipids 1180 + 112 (0.24) 750 + 170 (0.15) 2460 + 466 (0.49) 760 + 310 (0.15) 
Heart 401 + 80 (0.08) 230 -+ 90 (0.05) 230 • 52 (0.05) 148 + 44 (0.03) 
Lungs ND ND 534 • 74 (0.11) 140 • $8 (0.03) 
Spleen 230 • 19 (0.05) 165 • 45 (0.03) 268 + 58 (0.05) 56 + 12 (0.01) 
Testes 255 • 39 (0.05) 175 • 25 (0.04) 183 • 36 (0.04) 136 + 30 (0.03) 
Kidneys 630 • 210 (0.13) 62 • 28 (0.01) 518 • 84 (0.10) 236 • 52 (0.05) 

aNumbers  in parentheses present  the amoun t  of  ~4C incorporated in to  the  organ as a percentage o f  
the administered wax. 

N D - n o t  determined.  
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TABLE 3 

Radioactivity TLC Profile of Liver and Epididymal Fat Lipids 
One Day after Ingestion of ~4C-Labeled Jojoba Wax Esters a 

171 

Incorporation of 14C 
into lipid fraction (%) 

Rf Liver Epididymal fat Lipid standards 

0.03 27.0 + 3.1 0 Phospholipids and glycolipids 
0.08 5.5 • 0.5 5.7 • 3.2 Cholesterol 
0.19 5.5 • 3.2 0 Fatty acids 
0.31-0.35 51.3 • 6.8 92.0 • 3.2 Triglycerides 
0.80 11.6 • 3.7 4.3 + 4.1 Wax esters and cholesterol esters 

aThe results are means + SE. The developing solvent was petroleum ether (60-80 C)/ethyl 
ether/acetic acid (90:10: 1, v/v/v). 

in the  body  but  is excre ted  (5,6) when  given 
e i ther  via canula as a l iquid oil (5) or incorpo-  
rated in a solid diet (6). When low concent ra -  
t ions o f  the  wax (1% of  their  diet)  were fed to  
mice, g rowth  was no t  impaired (6). Higher con- 
cen t ra t ions  caused diarrhea and re ta rda t ion  of  
growth ,  which was assumed to  be the  result  o f  
lubr ica t ion  o f  the  intest ines ,  causing the elimi- 
na t ion  of  essential  nu t r i en t s  (6). 

These studies have shown  that  the small 
amoun t s  of  ingested jo joba  wax that  are ab- 
sorbed  are metabol ized ,  i nco rpo ra t ed  in to  body  
lipids, and finally e l iminated with t ime.  It is n o t  
k n o w n  at this stage whe the r  the  wax is me tabo-  
lized in the  digestive t rac t  and,  hence ,  what  
p ropo r t i on  is absorbed  as esters and wha t  pro-  
por t ion  as metabol i tes .  Our findings are in 
keeping with studies tha t  have shown tha t  o the r  
nonglycer ide  lipids such as fa t ty  alcohols (7) or 
the paraff in n -nonacosane  (8), when given oral- 
ly, were metabo l i zed  and incorpora ted  in to  the  
b o d y  lipids, including tr iglycerides and phos-  
phol ipids  (7,8). 
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Hypercholesterolemia in Rats: Combined Effect 
of High Cholesterol Diet and Female Sex Steroids 

G.M. FISCHER* and M.L. SWAIN, Department of Physiology, 
University of  Pennsylvania. School of  Medicine, Philadelphia, 19104 

ABSTRACT 

The influence of estradiol and a contraceptive steroid combination on plasma cholesterol was 
studied in female rats on both normal and high-cholesterol diets which did not contain thiouracil. 
The high-cholesterol diet resulted in moderate hypercholesterolemia without weight loss, even with 
prolonged feeding. Hypercholesterolemia was markedly accentuated in the presence of either endo- 
genous or exogenous sex hormones. 
Lipids 17:172-175, 1982. 

The rat is an animal which is particularly 
resistant to hypercholesterolemia and athero- 
sclerosis. Various diets used to produce hyper- 
cholesterolemia in these animals usually include 
an antithyroid drug (1-4) such as thiouracil; 
however, the use of these drugs has 2 distinct 
disadvantages: (a) the production of hypothy- 
roidism can invalidate many aspects of experi- 
mental studies. For example, the study of 
hormone effects on cholesterol metabolism can 
be greatly influenced by the thyroid state of 
the animal. (b) Thiouracil is bitter and makes 
the diet unpalatable. Consequently, the rats 
lose weight and long-term mortality is high. 
This aspect of the diet can invalidate studies 
such as protein synthesis. 

In a study of the effects of sex hormones 
on connective tissue metabolism and plasma 
lipid levels in rats, we found that the use of 
thiouracil would invalidate the studies for both 
of these reasons: the hypothyroid state and the 
poor nutri t ion of the animals. We therefore 
attempted to produce a diet, without the use of 
thiouracil, which would result in hypercho- 
lesterolemia. 

Many studies over the past 3 decades have 
documented the effect of estrogens and contra- 
ceptive steroids on plasma cholesterol and 
results have often been conflicting (5-12). 
However, one aspect of the human studies not 
usually addressed is the amount of cholesterol 
and/or fat in the diet of patients receiving 
estrogen. 

The following is a description of the effects 
of female sex hormones on plasma cholesterol 
levels in rats fed a normal or high-cholesterol 
diet for 20 weeks. The results document 
the hypercholesterolemie effect of the special 
diet, without weight loss, and indicate a marked 
accentuation of dietary effects on plasma 
cholesterol by the presence of female sex 
steroids. 

EXPERIMENTAL PROCEDURES 

Female rats (CD strain), aged 3 months, half 
of them ovariectomized, were obtained from 
Charles River Breeding Laboratories, Wilming- 
ton, MA, and divided into groups as described 
next. The experimental design essentially 
consisted of 2 separate studies, the first involv- 
ing the ovariectomized rats and the second the 
intact rats. 

In study 1, the ovariectomized rats were 
divided into 2 groups, one of which received 
cottonseed oil (0.1 ml.) weekly and the other 
estradiol (10 /Jg), in long acting form, weekly 
(Depoestradiol cypionate, Upjohn). 

In study 2, the intact rats were divided into 
2 groups, one of which received cottonseed 
oil (0.1 ml) weekly and the other mestranol 
(5 pg)/norethynodrel  (250 /~g) weekly in 
divided doses. (Mestranol and norethynodrel 
were kindly supplied by T. Martinez, Searle 
Laboratories.) 

The groups were chosen to represent clin- 
ically relevant situations: (a) ovarieetomized 
women with and without estrogen replacement 
therapy, and (b) women with intact ovaries 
with and without contraceptive steroid admin- 
istration. 

All injections were administered in 0.1-ml 
vol, with cottonseed oil as the vehicle. The 
groups were further divided into 2 subgroups 
each, one subgroup in each case being main- 
tained on Purina Laboratory rat chow and the 
other subgroup in each case on Purina Labor- 
atory rat chow to which cholesterol (4%), 
coconut oil (4%) and cholic acid (1%) were 
added. In an earlier study, we included thiour- 
acil in the diet but observed that the animals 
lost weight on this regimen. In the study 
described here, we omitted the thiouracil and 
found that the rats would eat this diet freely 
if whole rat chow pellets were coated with the 
oil-cholesterol-cholic acid mixture. We added 
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molasses (Grandma's unsulfered) to the coating 
mixture to bind it more firmly to pellets and 
make it more palatable. The special chow thus 
retained the same physical form as ,the regular 
chow. The rats were maintained on this regimen 
for 20 weeks and were weighed weekly. 

Plasma Cholesterol 

Rats were fasted overnight and killed by 
cervical dislocation. Blood was drawn imme- 
diately from the heart into tubes containing 
EDTA; it was centrifuged, and the plitsma was 
frozen for later determination of plasma 
cholesterol by the method of Pearson et al. 
(13). 

The Student 's  t-test was used to compare 
means between groups in each of the 2 studies. 
Additionally, the intact, off-treated rats could 
be compared to the ovariectomized, oil-treated 
rats. 

RESULTS 

Table 1 presents the data on final body 
weight and plasma cholesterol levels after 20 
weeks of diet and treatment along with p values 
when differences were significant. 

Body Weight 

In ovariectomized rats, the administration 
of estradiol depressed weight gain in both the 
normal and high-lipid diet groups. The feeding 
of the high-lipid diet did not increase the 
weight gain of the off-treated rats but did 
increase the weight gain of the estradiol-treated 
rats. 

In the intact rats, the administration of 
mestranol/norethynodrel (M/N) depressed 
weight gain in rats on either the normal diet or 
high-lipid diet. In both the oil-treated and M/N- 
treated rats, the feeding of the high-lipid diet 
increased weight gain. 

In all groups, the weight increased progres- 
sively over the course of the 20 weeks, so the 
palatability of the diet was not  a problem. 

Plasma Cholesterol 

In ovariectomized rats, treatment with 
estradiol resulted in an increase in plasma 
cholesterol in both normal diet and high-lipid 
diet groups, with the increase being more 
marked in the high-lipid group. Estradiol thus 
accentuated the hypercholesterolemia induced 
by the high-lipid diet. A synergistic effect can 
be seen by the fact that the rats fed a high- 
cholesterol diet and administered estradiol had 
a larger increase in plasma cholesterol than 
would have been expected from a merely 
additive effect of diet and estradiol. 
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In intact rats on a normal diet, the adminis- 
tration of M/N was associated with a marked 
trend toward reduced plasma cholesterol, but 
the difference was not quite significant. In the 
group on a high-lipid diet, there was no reduc- 
tion in plasma cholesterol by the contraceptive 
steroid. 

A comparison of intact, oil-treated rats with 
ovariectomized, oil-treated rats reveals higher 
plasma cholesterol in the intact rats when they 
were fed the high-lipid diet. 

It can be seen that, in all treatment groups, 
the feeding of a high-lipid diet resulted in 
significant increases in plasma cholesterol; the 
percentage increase was accentuated when 
either endogenous or exogenous hormone was 
present. There were no gross vascular lesions 
after 20 weeks of the regimen. 

DISCUSSION 

The results demonstrate an accentuation of 
dietary hypercholesterolemia by the presence 
of  female sex hormones, because plasma 
cholesterol levels were disproportionately in- 
creased in rats on the high-cholesterol diet 
when either endogenous or exogenous hor- 
mones were present, compared to ovariec- 
tomized rats with no hormone present. 

The effects of estrogen and contraceptive 
steroids on plasma lipid levels have received 
much attention in recent years. Early studies 
in humans indicated a hypocholesterolemic 
effect of estrogen (5,6), but more recent 
studies indicate that estrogen and contracep- 
tive combinations are hypercholesterolemic 
(7-9). In rats, estrogen has been shown to have 
a bimodal effect (10,11), high doses depressing 
plasma cholesterol and lower doses gi_ven over 
a prolonged period of time elevating plasma 
cholesterol. Our study reported here used the 
lower level doses over a 20-week period and 
results are consistent with those of others. 
It has been shown by others that in the rat 
mestranol (l  1) or mestranol/norethynodrel 
combination (12) can actually lower plasma 
cholesterol, although the dosage schedule in 
the second study was different. 

We have previously shown that estradiol 
elevates plasma cholesterol in both normal and 
castrated young male rats (14), as well as in 
ovariectomized young female rats (15) fed 
a normal chow diet. In the second study, 
M/N had no effect. These previous studies were 
limited to 3-week periods of hormone adminis- 
tration. The current studies showing that 
female sex steroids enhance diet-induced 
hypercholesterolemia suggest that studies in 
humans on the effect of sex hormones on 

plasma cholesterol should have the diet defined, 
in that diet may have a bearing on the degree 
of  alteration produced by the hormone. 

It has long been thought that estrogen is 
protective against atherosclerotic vascular dis- 
ease, because women before menopause have 
a lower incidence of myocardial infarction than 
do men of the same age. However, the more 
recent reports that women on birth control 
pills have an increased incidence of myocardial 
infarction, albeit possibly associated with other 
risk factors (16), raise doubts as to the "protec- 
t ive" role of estrogen. However, it is possible 
that female sex steroids protect by some 
other mechanism, such as effect on arterial 
wall components (17). 

In summary, these studies indicate a syner- 
gistic effect of high-cholesterol diet and female 
sex steroids on plasma cholesterol in rats and 
suggest that both diet and hormonal status be 
considered in evaluation of plasma cholesterol 
levels. The results further indicate that the diet 
described here, although it does not produce 
lesions at 20 weeks, can be used for long-term 
pathophysiological lipid studies without com- 
promising the nutritional state of the rat. 
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Role of Steroids and "l'riterpenoids in the Growth 
and Reproduction of Phytophthora cactorum 1 

W. D A V I D  NES*, GARY A. SAUNDERS and ERICH HEFTMANN,  Plant Physiology and 
Chemistry Research Unit, Western Regional Reseamh Center, Agricultural Research 
Service, U.~ Department of  Agriculture, Berkeley, CA 94710 

ABSTRACT 

The life cycle of Phytophthora cactorura, a fungal pathogen unable to epoxidize squalene, is 
controlled by certain combinations and concentrations of polycydic isopentenoids normally found in 
the host plant. Data that lend suppor t to this view are given. The fungus is capable of discriminating 
between various types and amounts of steroids and triterpenoids in terms of their uptake, metabolism, 
and effects on growth and reproduction. While certain sterols as well as triterpenoids stimulate growth, 
only sterols induce significant oospore production. Steroidal alkaloids and estradiol are fungistatie and 
inhibit sterol-induced oospore production. The primary difference in the metabolism of sterols and 
triterpenoids is that the sterols are converted to both esters and glycosides, whereas the triterpenoids 
are only esterified. The results demonstrate the importance of sterols and their products, compared to 
other polycyclic isopentenoids, as promoters of growth and reproduction and suggest that the prefer- 
ence for sterols may have its origin in the adaptation to host-parasite interactions. 
Lipids 17: 178-183, 1982. 

INTRODUCTION 

Investigations in several laboratories (1-4) 
have demonstrated that one role for steroids 
and triterpenoids as they naturally occur in 
tracheophytes (5,6) is the control of growth 
and reproduction of fungal pathogens. There 
are 2 groups of fungi which parasitize higher 
plants, viz., those capable of sterol synthesis 
and those which are not. The only fungi which 
lack a completed sterol pathway are the Pythi- 
aceae (genera: Phytophthora and Pythium). 
While pythiaceous fungi can synthesize squa- 
lene, they are unable to epoxidize this hydro- 
carbon (7,8). In the wild, these fungi assimilate 
sterols and other nutrients from the host. 
Depending on environmental conditions and 
availability of sterols and other polycyclic 
isopentenoids in the host tracheophyte, vege- 
tative growth may be stimulated and the 
reproductive cycle turned on, resulting in the 
induction of asexual zoospores and sexual 
oospores. From past work on the effects of 
over 50 polycyclic isopentenoids on growth and 
reproduction of Phytophthora cactorum (Table 
1), we may conclude that the fungus prefers 
the sterols commonly found in tracheophytes 
to other polycyclic isopentenoids synthesized 
by fungi, algae and higher plants (9). 

No previous studies have correlated the 
effects of sterol or triterpenoid structure on 
growth and reproduction of Pythiaceae with 
their differential metabolism and uptake into 
the mycelium. In an attempt to shed new light 
on the physiology and metabolism of p o l y -  

Ipresented at the 72rid Annual Meeting o f  the 
American Oil Chemists' Society in New Orleans, LA, 
May 1981. 

cyclic isopentenoids in P. cactorum, we have 
examined the uptake and metabolism of 
cholesterol in fungal cultures in the presence 
and absence of other polycyclic isopentenoids 
and correlated this with the effects of various 
combinations and concentrations of steroid and 
triterpenoid supplements on growth and 
reproduction. 

MATERIALS AND METHODS 

The experimental methods for culturing 
P. cactorum on solid and liquid substrates, 
determining growth rates, counting oospores, 
and for isolating, identifying, and quantitating 
radioactive and nonradioactive polycyclic 
isopentenoids assimilated by the fungus have 
been described in detail elsewhere (1,9,10). 
The purity of most radioactive and nonradio- 
active sterols and triterpenoids supplied to 
P. cactorum was >95%, as determined by gas 
liquid chromatography (GLC), mass spectrom- 
etry (MS) and tH nuclear magnetic resonance 
(NMR) (1,9-11). The radiochemical purity of 

14 the C-labeled compounds was ascertained to 
be >99% by a combination of thin layer 
chromatography (TLC), adsorption high per- 
formance liquid chromatography (HPLC), and 
reversed-phase HPLC (11 ). 

RESULTS AND DISCUSSION 

Mycelia of P. cactorum can grow vegetative- 
ly on a synthetic medium devoid of polycyclic 
isopentenoids. Elliott et al. (12) were first to 
recognize that P. cactorum, grown in batch 
culture, failed to produce desmethyl sterols. 
When the fungus was grown to log phase in 
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TABLE 1 

Summary of  the Effects of Polycyclic Isopentenoids on Growth and 
Reproduction in P. cactorum 

Polycyclic isopentenoids 
added to culture medium 

Effects 

Stimulate Inhibit 

Sterols 
Polyhydroxylated sterols 
Tetracyclic triterpenoids 
Polyhydroxylated tetracyclic triterpenoids 
Pentacyclic triterpenoids 
Steroidal alkaloids (genins or glycoalkaloids) 
Steroidal sapogenins 
Steryl esters 
Steryl glycosides 
Steroid hormones (pregnane derivatives) 

1,2,3 a 
1 

S 5 
1 

1 1 
1,4 

1 
1,2,3 
1,2,3 

1,4 

al-Change in myceliai growth, relative to control,  both in terms of dry weight and 
hyphal extension; 2--oospore production and formation of antheridia and oogononia; 
3 - z o o s p o r e  development; 4--inhibit steroMnduced sexual reproduction; S-no significant 
effect on ~owth relative to control.  

still liquid cultures, no free sterol was detected 
at a level of 20/ag/20 g dry wt of mycelium (10). 
However, a compound tentatively identified 
as a polycyclic isopentenoid by GLC and MS 
is present at that level. Squalene, originally 
believed not to be synthesized by P. cactorum 
(13), has more recently been detected in the 
mycelium at a level of 4/tg/1 g dry weight (8). 
While there is good reason to believe that 
squalene is neither expoxidized nor cyclized to 
a 4,4-dimethyl sterol (7,8), its anaerobic cycli- 
zation to a pentacyclic triterpenoid, e.g., 
tetrahymanol, is mechanistically possible. In 
the absence of an exogenous source of sterol, 
such a polycyclic isopentenoid could satisfy 
the architectual requirements of mycelial 
membranes without playing a hormonal role. 
A specific nutritional requirement for sterols 
would then implicate them or some sterol 
metabolite as inducers of sexual reproduction 
(2). 

The inability of Phytophthora to convert 
labeled acetate, mevalonate, or squalene to 
4,4-dimethyl sterols, such as lanosterol (7,8), 
indicates that it lacks one or more of the 
enzyme systems in the isopentenoid pathway. 
Other studies with labeled isopentenoids have 
yielded additional detail of the fungal metab- 
olism. For instance, Phytophthora incubated in 
vivo or in vitro with [14C]squalene failed to 
metabolize it to lanosterol (7,14) and to 
convert [ aH] lanosterol or [ 3HI cycloartenol to 
AS-desmethyl sterols (1). Failure to convert the 
4,4,14-trimethylsterol, lanosterol, to a AS- 
sterol (15) may account for the inability of 
nuclear methylated steroids to stimulate growth 
and reproduction (1,9). On the other hand, 
there is good evidence that A 7- and A s'7- 

sterols are metabolized to AS-sterols ( 15 ) a nd  
stimulate both growth and reproduction (1,9). 
Demethylation of lanosterol by Phytophthora 
has been suggested (16,17) to account  for a 
new peak in GLC, but cycloartenol is unequiv- 
ocally not demethylated by the fungus, nor  is 
there any evidence for a 9,19-eyclosteroid 
isomerase or a A~-C l-transferase (1). 

Certain enzymes of the sterol pathway 
which are normally present in other fungi, e.g., 
nuclear demethylases, A~-C~-transferase and 
2,3-epoxidase, are absent from Phytophthora. 
On the other hand, other enzyme systems, e.g., 
giycosyltransferase, which are not operational 
in fungi such as Achlya (18), have been shown 
to metabolize cholesterol and sitosterol to 
steryl glycosides in pythiaceous fungi (11,19, 
20). Thus, the ability of Phytophthora to assim- 
ilate, metabolize, and respond in terms of 
growth and reproduction to a wide range of 
polycyclic isopentenoids is unprecedented 
among fungi. 

Phytophthora is also unique among fungi 
in other respects. For instance, Saccharomyces 
(21) and Achlya (22) contain 0.1-0.5% free 
sterol, whereas no free sterol was found, i.e., 
<0.0001% (I0),  in P. cactorum cultured on a 
synthetic medium. Phytophthora, like certain 
bacteria (23), assimilates sterols added to the 
culture medium, but  while sterols stimulate 
growth and reproduction of Phytophthora, 
they only function to support the growth of 
bacteria, e.g., mycoplasmas (23). When sterols 
are assimilated by Phytophthora, there is no 
difference in the uptake during the first 4 hr 
between cholesterol and sitosterol (16) nor is 
there any difference in the final accumulation 
of the 2 compounds, as the free alcohol, into 
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log phase cultures (ca. 0.01% free sterol based 
on dry wt of myceliurn) (10). Similarly, there is 
no difference between the 2 sterols in their 
ability to stimulate growth. Growth stimula- 
tion, as measured by changes in myeelial dry 
wt over an 18-day period in cholesterol- and 
sitosterol-supplemented still liquid cultures, was 
found to be due to a shortened lag phase rather 
than to a change in absolute growth rate (10). 
While P. cactorurn does not discriminate 
between cholesterol and sitosterol in liquid 
cultures grown at room temperature, there are 
apparent differences in the colony diameters 
between the 2 sterols when the fungus is grown 
on agar at 24 C (24) but not at 20 C. 

It is generally assumed that sterol-induced 
changes in the growth of organisms auxotrophic 
or heterotrophic for sterols are related to 
effects on membrane function which results 
from the stereochemical fit of the sterol mole- 
cule with some other architectural components 
(23). In the case of Phytophthora ,  a relation- 
ship between growth response, sterol uptake 
into the mycelium, and membrane function 
has been demonstrated. Thus, various sterol 
supplements are assimilated by subcellular 
organeUes, e.g., mitochondria (16) and plasma- 
lemma (17,25) without undergoing chemical 
modification (23). The uptake of sterols 
into membrane structure affects mitochondrial 
enzyme activities (16,26), alters plasma mem- 
brane permeability (25,27,28), and enhances 
sensitivity to polyene antibiotics (27) and 
saponins (28). The saponins are known to form 
complexes with sterols, presumably in the 
membrane (23). 

Sterols are not the only polycyclic isopen- 
tenoids that stimulate the growth of P. cac- 
torum. Recently, tetrahymanol and t~- and 
~amyr in  were found to stimulate growth, as 
measured by both changes in dry wt and 
hyphal extension (1). Moreover, /3-amyrin, as 
the free alcohol, was reisolated from mycelial 
culture on solid and liquid media in unchanged 
form (1,11). This implies that ~amyr in  was 
acting in a nonmetabolic role, in analogy to the 
structural membrane function of sterols. 

When polycyclic isopentenoids are assayed 
for their effect on oospore production, greater 
specificity is observed than in their effect on 
growth stimulation. Numerous naturally occur- 
ring and synthetic sterols (Table 2) and other 
isopentenoids (Table 3) were tested, but only 
certain sterols were found capable of promoting 
significant oospore formation in P. cactorum. 
The absence or lowered activity was not due to 
a failure of the various compounds to enter 
the mycelium, because, in all cases examined, 
the isopentenoids were assimilated and, in 

TABLE 2 

Effects of Sterois on Oospore Production 
in P. cactorum 

I. Sitosterol 
Stigmasterol 
Spinasterol 

II. Chondrillasterol 
Fu costerol 
Sitostanol 
Campesterol 

III. AS-Ergostenol 
A 7-Ergostenol 
A 7,22-Ergostadienoi 
A s'22-Ergostadienol 
AS,7,2~_Ergostatrienol 
Campestanol 
Cholesterol 
Lathosterol 
E- 17(20)-dehydrocholesterol 
26-Homocholesterol 
22-cis-Dehydrocholesterol 
Desmosterol  

IV. 20-/so-Cholesterol 
Z- 17(20)-Dehydrocholesterol 
Ergostanoi 
Cholestanol 
5~-Cholestane 
S/~-Cholestanol 
Lophenol 

Activity decreases from group I (maximal oospore 
production) to group IV (no significant production). 
Data from ref. 9 and Nes, W.D., Saunders, G.A., and 
Heftmann, E., unpublished data. 

some cases, converted to esters and glycosides 
by the fungus (1,9-11,24). 

The quantitative difference in the number of 
oospores produced by incubation with various 
sterol supplements suggests that the fungus 
possesses specific recognition factors (9), 
perhaps proteins (23), which are capable of 
discriminating between structural features of 
the sterol molecule. In principle, structural 
requirements for oospore induction are: a 
3~-hydroxyl group, a branched aliphatic side 
chain of 8 to 10 carbon atoms, and a planar 
(A[B-trans ring junction) tetracyclic nucleus. 
Methyl groups at C-4 and C-14 must be absent, 
the side chain must be R- oriented (to the right 
in the normal view of the molecule), and C-20, 
when chiral, must posses the R-configuration 
(Table 2). Group I, with the highest activity 
(500-600 oospores at 21 C), is composed of 
24~-alkyl sterols natural to the host plants 
rather than sterols commonly found in fungi 
(9). Structural specificity, e.g., the ability of 
certain sterols to induce vegetative growth but 
not reproduction, may be the result of a 
complex evolutionary adaptation to host- 
parasite interactions (9). Certain triterpenoids 
also fit this description, as they also stimulate 
growth and occur naturally in tracheophytes 
(5). That only certain sterols, but none of the 
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TABLE 3 

Polycyclic Isopentenoids Which Failed to Induce Oospore 
Production in P. c a c t o r u m  

181 

Antheridiol Steroids 
29-Hydrox yporiferasterol 
20-~-Hydroxycholesterol 
Saringosterol 
Estradiol 
6- Ketocholestanol 

Tetrahymanol Cyclic triterpenoids 
/3-Amyrin a 
Lupeol 
Betulin 
Oieanolic acid 
Cy cloarten ol a 
Lanosterol 
Cucurbitacin C 

Squalene Acyclic triterpenoid 

15-aza-24-Methylene.D-homocholestadienol Steroidal alkaloids 
Jervine 
Muldamine 
Tomatidine 
Solanine 
Solasonine 
Solasodine 

Tigogenin Steroidal sapogenin 

aMay i nduce  a f e w  oospores at the periphery of  the plate at 20 C and 22 C but not at 
25 C or higher temperatures. 

pen tacyc l ic  t r i t e rpeno ids ,  can s igni f icant ly  
i nduce  b o t h  g rowth  and  r e p r o d u c t i o n  m a y  be 
re la ted to the  abi l i ty  of  t r i t e rpeno ids  to replace 
s terols  as m e m b r a n e  c o m p o n e n t s  in P h y t o p h -  

t h o r a  (5 ,23)  bu t  no t  as precursors  o f  the  
p r e s u m e d  sexua l  h o r m o n e s .  

Previous  s tud ies  have s h o w n  tha t  s terols  
s uch  as cho les te ro l  and s i tos terol ,  added  sepa- 
ra te ly  to cu l tures ,  s t imu la t e  g rowth  and  i nduce  
oospore  p ro d u c t i o n .  Because  elevated t empera -  

tu res  (> 24 C) (9 ,24)  and  pH changes  in the  
l iquid cu l tu re  m e d i u m  resu l t ing  f r o m  myce l ia l  
g r o w t h  (29)  m a y  a f fec t  t he  r ep roduc ib i l i ty  o f  
the  resul ts ,  we n o w  rou t i ne ly  cu l tu re  P. cac -  

t o r u m  o n  solid (agar) med ia  at 20 C (Table  4). 
At this  t e m p e r a t u r e ,  the  radial d i ame te r s  in the  
con t ro l  p la tes  c o n t i n u e  to vary f rom one  
e x p e r i m e n t  to the  ne x t ,  bu t  the  choles terol -  
s u p p l e m e n t e d  cu l tu res  m a i n t a i n  a c o n s t a n t  
g r o w t h ' r a t e  and show  a r ep roduc ib le  n u m b e r  o f  

TABLE 4 

Effect of Cholesterol on Hyphal Extension and Oospore Production by 
P. c a c t o r u m  at 20 C in the Dark 

Culture Date of measurement Radial diameter (mm) a Growth No. of oospores 
no. for radial diameter Control Cholesterol stimulation (%) produced b 

1 9/10/80 32.8 41.1 25.9 376 
2 9/18/80 35.5 43.1 21.4 384 
3 10/02/80 36.5 42.9 17.5 ND c 
4 10/30/80 34.5 41.3 19.7 393 
5 3/27/81 36.5 41.5 13.6 321 
6 5/01/81 30.3 42.5 40.2 ND 
7 6/03181 37.4 41.8 12.0 331 

34.8 d 41.9 d 20.0 d 

aMean radial diameter of 5 Petri plates. Deviation from the mean rarely exceeded 2%. Mycelia cultured for 
6 days on agar plates.  

bMean oospore count for 4 radial transects in each of 5 Petri plates. Deviation from the average rarely ex- 
ceeded 10%: Mycelia cultured for 21 days. 

CND, not determined. 
dMean value for 7 experiments. 
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oospores.-While the minimal concentration of 
cholesterol required to stimulate hyphal exten- 
sion is ca. 1 mg/s the same concentration of 
cholesterol induces ca. 10% the number  of 
oospores formed when the concentration is 10 
and 20 mg/s cholesterol (Table 5). As 10 mg/s 
of cholesterol is not a limiting concentration 
for the induction of maximal growth and 
reproduction, competition experiments were 
done  with a total concentration of cholesterol 
and some other polycyclic isopentenoid of 
~20 mg/~. 

When [14C] cholesterol, [ t4Cl~-amyrin, and 
[t4C]cycloartenol were incubated with P. 
cactorura, analysis of the mycelium after 21 
days showed that cholesterol is taken up more 
readily than the triterpenoids (Table 6). More- 
over, cholesterol was converted to esters and 
glycosides, whereas ~amyr in  and cycloartenol 
were converted only to esters. Labeled camp- 
esterol and sitosterol were also converted at 
similar rates to their respective esters and gly- 
cosides (Nes, W.D., Saunders, G.A., and Heft- 
mann, E., unpublished data). Thus, unlike the 
transesterase which esterifies a wide range of 
polycyclic isopentenoids, the glycosyltrans- 
ferase is specific for sterols (11). 

When labeled cholesterol was incubated at 
different concentrations in combination with 
various other steroids and triterpenoids, cho- 
lesterol uptake was significantly reduced only 
in the presence of equal concentrations of 
estradiol (Table 6). The amount  of cholesteryl 
esters formed in the presence of other isopen- 
tenoids was different from the amount  formed 

from cholesterol alone. This may reflect the 
ability of the transesterase and perhaps the 
glycosyltransferase to regulate the amount of 
intraceUular free sterol, which may be incor- 
porated into mycelial membranes. Of the 
various compounds incubated in this study 
with cholesterol, only estradiol inhibited both 
cholesterol-induced growth and reproduction 
(Table 6). None of the compounds tested in 
combination with cholesterol promoted an 
increased uptake of cholesterol, number of 
oospores or radial growth. Moreover, the small 
change in cholesterol metabolism to esters and 
glycosides was of little significance to the 
growth response and oospore production. In 
other competition studies, the addition of an 
equal amount of sitosterol to cholesterol did 
not affect growth and reproduction of Phy- 
tophthora relative to cholesterol controls 
(Table 6). Moreover, sitosterol had no signifi- 
cant effect on cholesterol uptake by the myce- 
lium nor on its metabolism to esters and 
glycosides (Table 6). 

In summary, of the wide range of poly- 
cyclic isopentenoids incubated with Phytoph- 
thora, those sterols and triterpenoids which 
stimulate growth and reproduction are usually 
found in tracheophytes as membrane constitu- 
ents (23). After infestation of the host plant 
by P. cactorum, these compounds are un- 
doubtedly assimilated by the mycelia. The loss 
of sterols and triterpenoids by the host to 
Phytophthora may stimulate the growth and 
reproduction of the fungus but have deleterious 
consequences for the infected plant. Of the 

TABLE 5 

Effects  o f  Sterol  and Triterpenoid Structure on Oospore  Product ion 
and Hyphal Extension in P. cactorum 

A m o u n t  o f  Radial b 
c o m p o u n d  added diameter  

Treatment  (rag/t )  Percent a (ram) 

Choles tero l  1 10 40 .3  
Choles tero l  10 100 43.1 
Cholesterol  20 1 O0 41.8 
Choles tero l  + s i tosterol  10 each 100 4 3 . 0  
Cholesterol  + J3-amyrin 10 each 100 39 .0  
Cholesterol  + ~-amyrin 1 + 10 10 44.8 
Cholesterol + estradiol  10 each 10 30.0  
13-Amyrin + estradiol 10 each 0 25.0 
E-Am yrin 10 < 1 42.4 
Cycloartenol 10 < 1 42.3 
Estradioi  10 0 20 .0  
Control 0 0 36.5 

aMean number  o f  o o s p o r e s  per petri plate divided by the count  obta ined with  cho- 
lesterol  controls .  Cholesterol  normal ly  induced ca. 380  oospores  per transect .  The  values 
are averages o f  at least 2 exper iments .  Deviat ion from the average rarely exceeded  10%. 

bMycel ia  were  cultured for 6 days  on agar plates at 20 • 1 C in the dark. The  mean 
radial d iameter  value for each o f  the  treatments  rarely varied by  more  than 1.78 ram, based 
on  a least significant dif ference p < 0 .05.  
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TABLE 6 

Uptake and Metabolism of Radioactive Cholesterol, Cycloartenol and fl-Amyrin by P. cactorum 
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Radioactivity 
Amt. added recovered from Distribution of recovered 

(mg/s myeelium a (%) radioactivity b Ref. 

[ ~:C ]Cholesterol 10 
C I~-Amyrin 10 

[ t4C ]Cholesterol + ~-amyrin 10 each 
[14CJCholesterol + #-amyrin I + 10 

14 [ C ]Cholesterol + estradiol 10 each 
[ t4C ] Cholesterol + sitosterol 10 each 
[ t4C ] Cycloartenol 10 

FP c EP GP 

70 72 26 2 I1 
48 92 8b 0 I1 
70 50 44 b 6 11 
70 80 19 1 d 
55 88 10 2 d 
65 83 16 b 1 d 
59 98 2 0 d 

aApprox, fraction of administered radioctivity recovered from by combining acetone and ethyl acetate 
extracts, and pyrogallol hydrolyzate of  the mycelium. 

bAmount  of  esters varied by 2-10% when the experiments were repeated. 
CFp, EP, and GP refer to zones on "the TLC plate of the acetone extract representing the free polycyclic 

isopentenoids, esterified polycyclic isopentenoids, and glycosides of polycyclic isopentenoids, respectively. 
dThis study. 

compounds naturally present in higher plants, 
steroidal alkaloids appear to possess the greatest 
capacity for inhibiting the sterol-induced 
growth and reproduction of Phytophthora 
(24). For  instance, jervine at a level of 3/ag/ml 
plus sitosterol at a level of 10 /gg/ml induce 
ca. 5% of the number of oospores in sitosterol 
controls. When the jervine level in this experi- 
ment is raised to 9 jug/ml, sitosterol-induced 
oospore production is completely abolished. 
This effect, observed in vitro, corresponds to 
the defensive role of the steroidal alkaloids in 
the field (4). Whether other polycyclic, e.g., 
polyhydroxyla ted  isopentenoids, may also play 
a role in plant resistance is unclear and requires 
field testing. Thus, the ability of sitosterol and 
related sterols to promote growth and to 
induce reproduction is controlled by the kind 
and amount  of other polycyclic isopentenoid~ 
in the host plant. 
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The Metabolism of Phytosterols in the Insect 
Tenebrio molitor: Utilization of 24-Methylenecholesterol 
and 24 ,28-Epoxymethy lenecho les tero l  1 
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ABSTRACT 

[23,23,25-3H3 ] 24-Methylenecholesterol and the corresponding 24,28-epoxide are converted into 
labeled cholesterol by larvae of Tenebrio moHtor. 
Lipids 17:184-186, 1982. 

INTRODUCTION 

It is well known ( l )  that many phyto- 
phagous insects need cholesterol for their 
growth and development; however, they are 
unable to effect the de novo synthesis of this 
compound and obtain it from plant sterols 
through a dealkylation process which essen- 
tially involves the elimination of the alkyl 
group in position 24 (Scheme I). 

The sequence of metabolic events to which 
a typical C-29 sterol, such as sitosterol under- 
goes (Scheme I: R=CH3), involves the trans- 
formation of the 24-ethyl group into a 24- 
ethylidene group, generally that of the E- 
isomer fucosterol; this is then epoxidized to 
yield a 24,28-epoxide, which then is opened 
and cleaved to desmosterol; reduction of the 
24,25-double bond eventually leads to cho- 
lesterol. 

In previous studies (2-4), we have shown 
that the insect Tenebrio molitor behaves in 
a less stereospecific way compared with other 
insects, in that both fucosterol and its Z-isomer, 
isofucosterol, are formed from sitosterol in 
this insect. Recent results indicate that both 
fucosterol and isofucosterol were identified in 
the silkworm Bombix mori (5). Analogously, 
in the metabolism of the epoxide intermediate, 
3 of the 4 24,28-epoxides, i.e., 24R,28R- 
and 24S,28S-fucosterol epoxides and 24R,28S- 
isofucosterol epoxide, are transformed into 
cholesterol to about the same extent, whereas 
only the fourth isomer, 24S,28R-isofucosterol 
epoxide, is used ca. 10 times more readily. 
As for the metabolism of C-28 phytosterols, 
little has been done to establish whether the 
pathway of Scheme I (R=H) is operating, and 
even less has been done from the stereochem- 
ical point of view. Therefore, we decided to 
study the metabolism of C-28 phytosterois in 

Ipresented at the 72rid Annual Meeting o f  the 
American Off Chemists' Society, New Orleans, LA, 
May 1981. 

T. molitor and test whether the intermediates 
represented in Scheme I (R=H) are metabolized 
by the insect. 

MATERIALS AND METHODS 

Gas liquid chromatography (GLC) was 
performed on a Carlo Erba Fractovap 2400 V 
instrument with flame ionization detector with 
2-m analytical or preparative columns packed 
with 2.5% SE-30 at 220 C. :H nuclear magnetic 
resonance (NMR) spectra were recorded on a 
Varian XL-100 spectrometer in deuterochloro- 
form solutions with tetramethylsilane as 
internal reference. 

Preparative and analytical thin layer chro- 
matography (TLC) determinations were done 
on Silica Gel 60 F2s4 plates; the products 
were detected by spraying with 50% aq. I:12SO4 
and heating at 110 C for 5 min. Radioactive 
samples were counted with a Packard Tri- 
Carb 3320 liquid-scintillation counter; the 
samples were dissolved into 10 ml of a solution 
consisting of 0.65% (w/v) PPO and 0.013% 
(w/v) POPOP in toluene/dioxane (1:1, v/v). 

24-Ketocholesterol was synthesized follow- 
ing the procedure of Lin and Smith (6). This 
compound was submitted to 3H20/OH- ex- 
change according to Nicotra et al. (7) to yield 
[23,23,25-3H3 ] 24-ketocholesterol (sp act 2.64 
x 107 dpm/mg). [23,23,25-3H3 ] 24-Methylene- 
cholesterol (sp act 2.72 x 107 dpm/mg) was 
prepared from [23,23,25-3H3 ] 24-ketocholes- 
terol with methyltriphenylphosphonium iodide 
/BuLi by a Wittig reaction (8). The radioactive 
compounds were analyzed by TLC and GLC 
and were found to be more than 98% pure. 

[23,23,25-3H3 ] 24-Methylenecholesteryl ace- 
tate (120 mg), obtained from the 3~-ol by the 
usual acetylation, was dissolved in 50 ml of 
CHC13 and treated with rn-chloroperbenzoic 
acid (55 mg) at 0 C for 30 min. After the usual 
work-up, the product was chromatographed on 
SiO2 H-60. Elution with hexane/ethyl acetate 
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St s t  St st 

R = CH 3 : C-29 phytosterols 

R = B : C-28 phytosterols 

S t = JtC 

SCHEME L The metabolism of phytosterols by phytophagous insects. 

(99:1) afforded 80 mg of starting material. 
Elution with hexane/ethyl acetate (95:5) 
afforded 12 mg of the 24,28-epoxide-3-acetate 
(sp act 2.59 x 107 dpm/mg): NMR (CDCI3): 
2.60 (s, at C-28), 4.64 (m, 1H at C-3), 5.42 
(m, 1H at C-5). 

Further elution with hexane/ethyl acetate 
(95:5) afforded 8 mg of the 5,6-epoxide-3- 
acetate. [23,23,25-3H3 ] 24,28-Epoxymethylene- 
cholesterol was obtained from the correspond- 
ing 3-acetate by treatment with 0.25% meth- 
anolic KOH at 80 C for 1.5 hr. 

Experiment  1. A mixture of [23,23,25- 
3H 3 ] 24-methylenecholesterol (3.75 x 107 dpm 
of all) and [4-14C]sitosterol (3.91 x 106 dpm 
of lac;  the Radiochemical Centre, Amersham; 
sp act 54 mCi/mmol) was deposited onto 350 
mg of finely ground oatmeal and fed to 250 
young T. molitor larvae (3.5 g), which had 
been starved for 2 days. After 2.5 days, the 
larvae were sacrificed and processed as previ- 
ously described (4). The isolated pure (4) 
cholesteryl acetate was diluted with unlabeled 
material, crystallized and counted (Table 1). 

Experiment  2. A mixture of [23,23,25-aH3 ]- 

24,28-epoxymeth~,lenecholesterol (4.55 • 107 
dpm 3H) and [4J4C]sitosterol (3.74 x 106 
dpm 14C) was administered to young T. molitor 
larvae as described in exp. 1. Cholesteryl ace- 
tate was isolated pure (4), from the unsaponi- 
fiable fraction, diluted with unlabeled material, 
crystallized and counted (Table 1). 

RESULTS A N D  DISCUSSION 

Each tritiated compound was administered 
in separate experiments to T. molitor larvae, 
together with [4-14C]sitosterol, for which 
utilization had already been ascertained (2), 
as internal control. The radioactivities and the 
3H/14C ratios of the administered compounds 
are reported in Table 1. 

After 2 days, the larvae were sacrificed and 
the unsaponifiable fraction was extracted, 
acetylated and purified by TLC. The residual 
tritiated precursor was carefully removed by 
argentation TLC (hexane/benzene, l : l ,  as 
eluant) from the sterol fraction obtained in the 
first experiment, whereas the residual tritiated 
precursor was removed by TLC on Silica Gel 

TABLE 1 

Total Radioactivities and 3H]14C Ratios o f  the Administered Precursors 
and o f  the Isolated Cholesteryl Acetate 

Experiment Administered precursors Recovered cholesteryl acetate 

Compounds  14C (dpm) 3H/14C ratio 14C (dpm) 3H/14C ratio 

1 [23,23,25-SHs]24 - 3.91 X 106 9.59 5.28 X 104 19.2 
Methylenecholesterol 
+ [ 4J4C [Sitosterol 

2 [23,23,25-~ 3.74 X 106 11.66 3.90 X 104 15.9 
Epoxymethylenecho-  
lesterol + [4-14C ]- 
sitosterol 
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60 F2s 4 (hexane/ethyl acetate, 8:2, as eluant) 
in the second experiment. 

In both cases, the less polar band, corres- 
ponding to cholesteryl acetate was shown by 
GLC to contain a significant amount of sito- 
sterylacetate due to the unmetabolized sito- 
sterol from the diet and the residual [4-14C]- 
sitosterol. Cholesteryl acetate was obtained 
pure from the mixture by preparative GLC 
(2.5% SE-30, T = 220 C); it was then diluted 
with unlabeled material and crystallized to 
constant sp act and 3H/14C ratio (see Table I). 

As can be seen from Table I, both 24- 
methylenecholesterol and its 24,28-epoxide 
are converted into cholesterol. Moreover, they 
are metabolized more readily than sitosterol, 
as indicated by the increase of the 3H/14C 
ratio, which doubled in the first precursor and 
became 1.4 times higher in the second pre- 
cursor. 

This smaller increase of  3H/14C ratio in the 
second experiment compared to the increase 
found in the first indicates that the 24,28- 
epoxide is a poorer precursor than 24-methyl- 
enecholesterol. This is in contrast, however, to 
the fact the first compound is a more advanced 
precursor than the second one. Explanations 
to justify this discrepancy can be differences 
in permeability and the fact that the 24,28- 

epoxide is actually a mixture of 2 stereo- 
isomers (24R- and 24S-) which could be differ- 
ently used by the insect. In conclusion, the 
results of  these experiments clearly indicate 
that both 24-methylenecholesterol and its 
24,28-epoxide are transformed into cholesterol 
by the insect T. molitor. These findings are in 
agreement with the metabolic sequence shown 
in Scheme I (R=H). 

REFERENCES 

1. Svoboda, J.A., Thompson, M.J., Robbins, W.E., 
and Kaplanis, I.N. (1978) Lipids 13, 742-753. 

2. Nicotra, F.,Ronchetti, F., and Russo, G. (1978) 
Experientia 34, 699. 

3. Nicotra, F., Ronchetti,  F., Russo, G., and Toma, 
L. (1980) J. Chem. Soc. Chem. Commun. 479- 
480. 

4. Nicotra, F., Pizzi, P., Ronchetti,  F., Russo, G., 
and Toma, L. (1981) J. Chem. Soc. Perkin 1, 
480-483. 

S. Morisaki, M., Ying, B., and Ikekawa, N. (1981) 
Experientia 36, 336-337. 

6. Lin, Y.Y., and Smith, L.L. (1974) J. Lab. Comp. 
10, 541-548. 

7. Nicotra, F., Ronchetti, F., Russo, G., and Toma, 
L. (1979) Biochem. J. 183, 495-499. 

8. Ohtaka, H., Morisaki, M., and Ikekawa, N. 
(1973) J. Org. Chem. 38, 1688-!691. 

[ Received August 17, 1981 ] 

LIPIDS, VOL. 17, NO. 3 (1982) 



187 

Aspects of Sterol Metabolism in the Yeast 
Saccharomyces cerevisiae and in Phytophthora 
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ABSTRACT 

Using 5 wild-type strains of yeast, nonequivalence in the isolation of sterol mutants was observed. 
Experiments are described on the effects of sterol modifications on growth, physical and enzymic 
properties of Saccharomyces cerevisiae and Phytophthora cactorum. Although discontinuities in 
Arrhenius kinetics were observed by fluorescence anisotropy and enzymic measurements of mutants 
(but not wild-types) of yeast, evidence based on membrane permeability and differential scanning 
calorimetry failed to support bulk lipid phase transitions as the cause for the discontinuities. 
Lipids 17:187-196, 1982. 

INTRODUCTION 

Sterols.are widely distributed among eucar- 
yotic organisms in nature. Because the synthesis 
of sterols by an organism represents an expen- 
sive investment in carbon intermediates and 
energy, a strongly selective pressure must exist 
for their maintenance during evolution and for 
their distinctive cellular functions. It is the 
purpose of our studies to investigate experi- 
mentally the role of sterols in the general 
economy of the cell. 

Saccharomyces cereviaiae has been selected 
as the model organism for this study because of 
the availability of a variety of mutants which 
do not biosynthesize ergosterol, the predom- 
inant sterol found in yeast. Several mutant  
classes have been isolated and characterized. 
In this paper, we shall describe some problems 
of mutant  isolation, the feeding of sterols to 
mutants, and the use of the mutants in enzymic 
and physical measurements. Furthermore, we 
have extended our study to include Phytoph- 
thora caetorum, a member of the Pythiaceous 
fungi. This group represents a rare instance of 
eucaryotic organisms which may be cultivated 
artificially devoid of sterols. 

Elucidation of the functional significance of 
the modification of sterol structures on the 
organisms is necessary. When an organism 
accumulates a sterol other than ergosterol, as 
in the case of many nystatin-resistant mutants, 
is there a redistribution of membrane compo- 
nents which compensates for the presence of 
the unusual sterol? If such compensation 
occurs, are all membrane properties retained, 
or is there a selective loss or modification of 
specific membrane functions? In attempting 
to answer these questions, we have monitored 
the presence and quantity of lipid moieties in 
mutant  and wild-type strains. In addition, the 
effect of changes in sterol structure on the 
mobility of fatty acyl phospholipid chains in 

membranes from S. cerevisiae was determined 
from the rate of depolarization of a fluores- 
cent probe molecule, and compared to the 
effect of the sterol on a model membrane 
system in which the lipid components are 
defined. These same membranes were exam- 
ined for bulk lipid transitions by differential 
scanning calorimetry. The sensitivity of mem- 
brane-bound enzymes to alterations o f  the 
lipids was examined by comparing Arrhenius 
kinetics of the activities from different organ- 
isms. Finally, changes in proton permeability of 
membranes were determined. 

In this paper, We shall discuss various experi- 
mental approaches to our studies on the physi- 
ology of fungal sterols. Much of the work is 
incomplete, and its extension is often specu- 
lative. But, it is presented here in keeping with 
the theme of this symposium to present on- 
going research. A comprehensive review of 
sterols in yeast may be consulted if greater 
background information is needed (1). 

MATERIALS AND METHODS 

Organisms 

The strains ofS. cerevisiae used in this study 
are shown in Table 1. No ergosterol is syn- 
thesized by the nystatin-resistant mutants. 
Strain 3701B-n3 accumulates ergosta-7,22- 
diene-3~-ol and 8R1 accumulates cholesta- 
8,24-diene-3~-ol and cholesta-5,7,22,24-tetra- 
ene-3~-ol. P. cactorum was obtained from E. 
Hansen, Oregon State University. 

Culture Conditions 

Yeast were routinely cultured on rich 
medium (1% tryptone, 0.5% yeast extract, 2% 
carbon source) or Wickerham's synthetic 
complete media (2,3). For solid media, 1.5% 
agar (Difco) was added. 

Cultures of P. cactorum were grown in a 
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TABLE 1 

Strains of S. cerevisiae Used in This Study 

Strain Source Comment 

$288c s. Fogel Haploid 
3701B H. Roman Haploid, ura- 
107 l-3b D. Hawthorne Haploid, trp- 
NCYC 366 A. Rose Haploid 
Z008 L. Miller Haploid 
3701 B-n 3 This laboratory Nystatin-resistant, derived from 3701B 
8RI L. Miller Nystatin-resistant, derived from ZO08 
MCC This laboratory Diploid, wild-type 
FY3 This laboratory Sterol auxotroph 

New Brunswick Scientific Co. Model MF-114 
Microfermentor containing 8 s of  basal medium 
(4). 

Mutagenesis 

Plates used for mutagenesis were prepared 
by adding 50 /al of 5, 3, 1 and 0.5% (v/v) 
ethylmethane sulfonate (EMS) to 4 wells 5 mm 
in diameter placed 90 ~ apart and 2 cm from the 
edge of 10-cm petri plates containing 1% 
tryptone, 0.5% yeast extract and 2% glucose 
(YTD) agar. Nystatin plates were prepared by 
adding an ethanolic solution of nystatin at a 
concentration of  300 units/ml o f  the synthetic 
medium. These plates were equilibrated for 
16 hr prior to inoculation, permitting the 
mutagen to diffuse into the agar. The strain to 
be mutagenized was grown to the early station- 
ary phase in YTD medium, diluted to 106 
cells/ml, and 0.5 ml of this dilution spread 

�9 uniformly on mutagenesis plates. Half of the 
plates were replicated to nystatin after 8 hr 
and the remaining half after 24 hr. All plates 
were incubated at 28 C. Suspected resistant 
clones were streaked for single cells, and the 
nystatin resistance was confirmed. A minimum 
of 12 colonies from each parental strain was 
selected for further study. 

Sterol Classification 

Cell pellets were subjected to methanolic 
pyrogallol saponification for 90 min and 
extracted with hexane (5). The extracted 
lipids were scanned for UV-absorbing material 
in a Cary Model 11 recording spectrophotom- 
eter from 310 to 210 nm using redistilled 
hexane as the solvent. Gas liquid chromatog- 
raphy (GLC) of the extract was on a 3% OV-17 
column in a Varian Model 2740 chromatograph 
equipped with a CDS 111 recording integrator. 
Coup!ed gas chromatography-mass spectrom- 
etry (GC-MS) was performed as previously 
described (6). 

ANALYSES 

Techniques for fluorescence anisotropy (7), 
enzymic assay (8,9), and proton motive force 
determinations (10) have been described. 
Procedures for the isolation of mitochondria 
and the preparation of liposomes have been 
reported (7). Protein was quantitated by the 
method of Lowry et al. (11) using bovine 
serum albumin as the standard. Phospholipids 
were quantitated by the method of Ames (12). 
Mitochondrial cytochromes were extracted by 
the method of Tzagoloff et al. (13). The 
difference spectra of reduced and oxidized 
cytochromes were scanned between 500 nm 
and 650 nm at 25 C using a Beckman Model 
25 double beam spectrophotometer  with 
scanning attachments. The instrument em- 
ployed for high-sensitivity differential scanning 
calorimetry was an MC-1 (Microcal, Amherst, 
MA). The liposomes and mitochondria were 
scanned from 2.5 to 75 C at a rate of 20 C/hr 
in distilled water. Proteolysis of the mitochon- 
dria was performed by adding 1 mg pronase/ 
ml of mitochondrial suspension and incubating 
the suspension at 25 C for 1 hr prior to scan- 
ning. 

Glucose uptake and CO2 evolution rates 
in Phy toph thora  w e r e  determined by the 
method of  Schlosser and Gottlieb (14). 

RESULTS A N D  DISCUSSION 

Isolation of Yeast Sterol Mutants 

The antimycotic nystatin has been used in 
fungi to select against prototrophic colonies in 
mutagenic studies (15) and to select for muta- 
tions eliciting altered sterol composition of 
yeast (16-19). We have attempted to isolate 
sterol mutants from a variety of  different wild- 
type yeast strains using nystatin to determine 
whether any previously uncharacte(ized mu- 
tants could be isolated and to increase the 
number of  isogenic mutants available for sterol 
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studies. Many laboratories, including our own 
(20-23), have demonstrated that such mutants 
are useful to identify the sequence of enzyme 
reactions in the sterol biosynthetic pathway, 
to isolate labeled precursors for enzymic 
assays and to examine the physiological role of 
sterols. 

The mutagenesis yielded sterol mutants from 
each of the 5 parental strains tested (Table 2). 
The number of mutants obtained per plate 
and the elapsed time from replication to 
appearanc e of identifiable colonies were highly 
variable. Ceils which had been mutagenized for 
24 hr showed an average of 5 resistant colonies 
per 5 x l0 s cells plated after 3 days incuba- 
tion. Following mutagenesis for 8 hr, the 
earliest colonies appeared at 5 days. Only those 
colonies which showed relatively unaffected 
growth on nystatin plates were analyzed 
completely. Therefore, the mutants charac- 
teriz.ed in Table 2 reflect analyzed mutants and 
do not represent the total number of resistant 
colonies confirmed by plate test. 

Our analysis of the sterols accumulated by 
the nystatin-resistant isolates indicate that 
mutagenesis of the parental strain generally 
produces a single mutant  class which is charac- 
teristic of the parental. The following profiles 
have been identified in the mutants currently 
studied. Sterols derived from nystatin-resistant 
clones of Z008 have conjugated double bonds 
in positions 5 and 7 (A s'7) of the B ring (UV 
absorption maximum at 282 nm with peaks at 
272 ,262 ,294  nm) and at 22 and 24 (A 22,24) of 
the side chain (UV absorption maximum at 
238 with a peak at 232 and a shoulder at 247). 
The 3701B mutants show no conjugated 
double bonds (UV absorption maximum at 
210 nm) with only 3 exceptional isolates 
showing traces of absorption in the region 
characteristic of the A s ' 7  conjugation. NCYC 
366 is an ergostatetrene accumulator, and the 
profiles o f  the resistant mutants show no 
qualitative sterol alterations. The parental 
strain is not resistant to 15 unit/ml nystatin as 
are the derived mutants. When compared to 
other strains, it neither produces more mutants 
per plated cell nor accumulates mutants which 
grow more rapidly. The 1071-3b mutants all 
show UV spectra with a maximum at 282 nm as 
does the parental strain. The GLC composition 
of 3 of the isolates did not show any alteration 
in sterol composition. 

By far the most interesting parental strain, 
on the basis of the variety of mutants pro- 
duced, was $288c. UV spectra divided the 
mutants into 3 classes, one with peaks at 238 
and 282 nm, one with only the 282 nm peak, 
and one with only a peak at 210 rim. The first 

class could be partitioned further by differences 
in the ratios of sterols by GLC. The second 
class could not be distinguished from the 
parental on the basis of chromatographic 
profile except that one peak was missing. The 
third class partitioned into 3 subclasses. 

A more complete analysis of one of the 
$288c mutants showed that it possessed a series 
of sterols similar to those reported by Sprinson 
for his SG1 mutant  (23). The major GC peak in 
our mutant  was a C29 sterol with GC-MS 
fragmentation patterns similar to that of 14- 
methylfecosterol. Another C29 sterol was 
present but the extract was not sufficiently 
pure to show its identity by GC-MS. Two other 
compounds which demonstrate retention char- 
acteristics predicted for the remaining com- 
pounds reported by Sprinson's group were seen. 
As no quantitative data on the SG 1 sterol ratios 
have been published, only circumstantial 
evidence appears to link it with this newly 
isolated mutant. 

Surprisingly, the mutagenesis of different 
parental types gave unique mutant  isolates. 
Close identity of the strains is generally ac- 
cepted, in that genetic compatability is seen. 
We are intrigued by the results of these muta- 
genesis results, and are investigating possible 
differences in the lipid composition of the 
starting strains. It is our assumption that 
mutagenesis is equivalent in all of the wild- 
types, but that the biochemical make-up of the 
different parental strains will tolerate only 
certain sterol types. We have observed high 
mortality among many of the mutants:  from 
some strains, in which the mutants may be 
sub-cloned for only a very few transfers. 

As the endogenously synthesized sterols are 
modified by mutation, is the cell required to 
compensate for the changes by modification of 
other lipid components? If this is true, then 
$288c must be very versatile in its ability to 
make these adjustments for different sterols. 
We are currently pursuing this question from 
several directions. One of these procedures is 
to determine the effect of feeding different 
sterols to sterol auxotrophs. This will allow us 
to define "acceptable" sterols and to follow 
cellular adjustments on changing the sterols 
that are available to the organism. 

Sterol Feeding Experiments 

Sterol auxotrophs have not been readily 
isolated in yeast. Karst and Lacroute (24) 
reported that they were only able to obtain 
sterol auxotrophs by selecting thermolabile 
mutants. These organisms can grow only if 
sterol synthesis is still slightly leaky. Tight 

LIPIDS, VOL. 17, NO. 3 (1982) 



l ~ 0  L . W .  P A R K S  E T  A L .  

m 

IIi 

r/] 

E 

m 

iii 

o ~ 
_+~ ~ _  ~, "~ "+ ~,,,~,~ 

~ - -  ,~ ,+ _ _  o o  -+ ,  
++E- "~'++ ~ ~..~ ,~.~9 9 ~ ~: ~" ~+,~.~ 9 .~..~'~ "" ~' 

+.1 i..i i.+ 

"" ,m , m, + + m m m m  ~ -  + ~ m m m m  . . . .  m .2 4 

'~ ",.~ t"l t 's'l l,.* ~ tnl f+,l 

I-,i I" Im eo .,.~ 

~ o o  ~-+..+ o , : , o  o0oooo oo ~ o. ~  oooooo o o  ~ + . 0  oo+~..+..+ 

0 0 

0 0 

. j :  0 ~ 0 0 ~ .1: 

, - , ~ , o. , ~ ~ = 

,-,4 ~ ,., ~. + 4 

N 

,-?, 

e 

.+ 

O 

+= 

L I P I D S ,  V O L .  1 7 ,  N O .  3 ( 1 9 8 2 )  



STEROL METABOLISM 191 

sterol mutants have only been found in heme- 
deficient backgrounds, and we have reported 
that one such strain is inhibited by 5-amino- 
levulinic acid supplementation (25). Therefore, 
it appears that heine synthesis is only compar- 
able with at least some amount  of endogenous 
sterol synthesis. We are attempting to explore 
the nature of this relationship. In addition, 
this discovery has allowed us to begin to select 
a series of sterol mutants in a heme-deficient 
background which we hope will develop into an 
experimental system for investigating the 
molecular b iology of the sterol biosynthetic 
pathway. 

Sterol auxotrophy in yeast, induced by 
anaerobic growth or by mutational defects, has 
been utilized by several investigators to study 
the sterol structural features important for cell 
growth (26-29). We have previously reported 
that substituting cholesterol for ergosterol in 
the sterol auxotroph FY3 narrows the pH range 
over which growth occurs, particularly at higher 
pH values (25). This has been shown to apply 
to a series of sterol supplements; as the sterol 
approaches ergosterol in structure, the pH 
range of growth broadens (cholesterol<A s- 
ergosterol < stigmasterol < brassicasterol < ergo- 
sterol). This may be a clue to the aspect of cell 
physiology most sensitive to changes in sterol 
structure. In surveying which sterols support 
the growth of yeast, our results agree with 
other investigators that a planar ring system (no 
growth on lanosterol or coprostanol) and a 
3t-hydroxyl group (no growth on epichol- 
estanol and cholesta-3,5-diene) are essential 
for growth. It is unknown whether lack of 
growth may result from the failure to take up 
some of these sterols. Growth on sterols lacking 
the AS-bond (cholestanol, ergostanol, lath- 
osterol and 4-cholestenol) was unexpectedly 
poor, although poor response to cholestanol has 
also been reported in Phytophthora (29). Some 
mention has been made in  this conference on 
the different response of organisms to cis and 
trans isomers of AZ2-sterols. We find that FY3 
grows on both isomers of cholesta-5,22-diene- 
3/3-ol. 

Another sterol which does not support the 
growth of FY3 is ignosterol (8,14-ergosta- 
dienol). This is of interest, as ignosterol is the 
sterol accumulated by yeast in the presence of 
a very potent antimycotic agent, 15-azasterol 
(30). Evidence that the accumulation of ignos- 
terol is the cause of growth inhibition has been 
obtained by demonstrating that a strain of 
yeast unable to demethylate lanosterol  at 
C-14 (which accumulates 14-methylfecosterol), 
and therefore cannot produce ignosterol, is 
not  inhibited by azasterol. 
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FIG. 1. Enzyme activity and bilayer fluidity 
comparison of wild-type and mutant. The f'~,ure on 
the left shows the Arrhenius curve Of the anisotropy 
of DPH embedded in mitochondria isolated from 
3701B (=) and 3701B-n3 (e). Enzyme activity for 
L-kynurenine hydroxylase is shown on the fight. 
The abscissa is given in reciprocal absolute tempera- 
ture X 10 -3. 

Physical and Enzymatic Properties 
of Yeast Membranes 

Work by our laboratory (8) and by Lees and 
co-workers (31) has shown that sterol affects 
the growth characteristics of S. cerevisiae. Wild- 
type and isogenic nystatin mutants which 
accumulate ergosta-7,22-diene~3~-ol show iden- 
tical growth characteristics when grown on 
glucose over a wide temperature range. How- 
ever, optimal and permissive growth tempera- 
tures are altered when a respiratory substrate is 
supplied. Growth of the wild-type on ethanol 
was optimal at 29-30 C and was observed to 
stop above 35 C. The growth of the mutants 
was optimal at 26-27 C and ceased above 30 C 
(32). This suggested that the altered sterol 
composition produced mitochondria defective 
in energy production at temperatures above 
30 C, and has led us to an investigation of 
mitochondrial membrane properties. 

The effect of sterol composition on the 
physical and enzymic properties of the mito- 
chondrial membranes of mutant  and wild-type 
S. cerevisiae has been studied. Using a fluores- 
cence polarization technique with 1,6-diphenyl- 
1,3,5-hexatriene (DPH), a suspected phase 
transition was observed in mitochondrial 
membranes isolated from the mutants but not 
in the membranes of wild-type ceils. Arrhenius 
kinetics of L-kynurenine-3-hydroxylase exhib- 
ited changes in activation energy at temper- 
atures similar to those seen in the fluorescence 
polarization experiments. These data are shown 
in Figure 1. A more detailed study of this 
type has been reported (7). We have also shown 
that alteration of the sterol accumulated b y  
mutants changes the transition temperatures of 
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the mitochondrial enzymes, cytochrome c 
oxidase and sterol methyltransferase (33 ). 
Based on these observations, we assumed that 
a bulk phase transition was occurring in the 
membranes and was effecting changes in the 
mitochondrial properties of the mutants. 

Such a transition would be expected to alter 
the permeability of the membrane, and as a 
result destroy the transmembrane potential 
necessary for the generation of ATP by oxida- 
tive phosphorylation. We have calculated the 
proton motive force ( A ~ )  of respirationaUy 
competent mitochondria isolated from wild- 
types and mutants by measuring the accumu- 
lation of the lipophylic cation methyltriphenyl- 
phosphonium (TPMP+). These ions traverse a 
lipid bilayer upon generation of  a transmem- 
brane potential where there is a net negative 
charge inside the vesicle. Using the Nerns 
equation, A ~  can be calculated from the 
measured cation accumulated. 

A number of respiratory substrates stimu- 
lated the accumulation of TPMP +. The uptake 
of  cation was reduced by the addition of 
respiratory inhibitors and uncouplers and was 
shown to be a noncarrier mediated process 
(10), enabling calculation of  A~.  Figure 2 
shows the transmembrane potential and res- 
piratory control at 17, 27 and 35 C of mito- 
chondria isolated from the mutant  which could 
not grow on a respiratory substrate above 
30 C and from the isogenic wild-type. Even at 
the nonpermissive growth temperature, the 
mutant  established and maintained a trans- 
membrane potential and coupled phosphory- 
lation to oxidation of the respiratory substrate. 
The calculated potentials for the wild-type and 
mutant are very similar. We conclude, there- 
fore, that the inability of the mutant to grow 
on ethanol above 30 C is not caused by a defect 
in this mitochondrial function. 

Our failure to detect predicted alterations of  
mitochondrial membrane function of the 
mutant  at elevated temperatures led us to 
measure more directly the effect of  sterol 
changes on the bulk lipids of the mutant and 
its isogenic wild-type by differential scanning 
calorimetry. 

No reversible lipid transitions were observed 
in the mitochondria isolated from either wild- 
type or mutant yeast within the temperature 
range examined. Three irreversible transitions 
at 56, 68 and 63 C (Figs. 3 and 4) appeared in 
all the mitochondria. The enthalpies of these 
transitions were reduced by a second scan of 
the same sample or by treatment with pronase. 
Therefore, these transitions appeared to be the 
result of  protein denaturation rather than lipid 
phase transitions. Liposomes formed from the 
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FIG. 2. Transmembrane potential and respiratory 

competence of yeast. The transmembrane potential 
(a~l,) was calculated from the uptake of the lipo- 
philic cation (TMPM+). The percentage respiratory 
control is calculated as the product of the respiratory 
control ratio at 17 or 35 C and the reciprocal of the 
respiratory control ratio at 27 C. 

extracted [ipids of  either wild-type or mutant 
mitochondria also failed to demonstrate a phase 
transition (Fig. 5). 

The inability to detect a transition was not 
due to a lack of  lipid material or to insensitivity 
of  the instrument. The sensitivity of  the differ- 
ential scanning calorimeter was examined using 
dipalmitoylphosphatidylcholine (DPPC) lipo- 
somes of various concentrations. The phase 
transition at 40.5 C and the pretransition at 
35.3 C were clearly demonstrated even at low 
lipid concentrations (0.5%) (Fig. 5). To insure 
that any lipid phase transition would be de- 
tected, the concentration of phospholipid in 
all mitochondrial membrane and liposome 
preparations used in our experiments was at 
least 1%. To rule out the possibility of DPH 
influencing or inducing transitions in the 
fluorescence polarization studies, the probe was 
added to the mitochondrial preparations and 
to the liposomes prior to differential calori- 
metric scans. The presence or absence of  the 
probe had no observable effect. 

Because lipid phase transitions are not 
detected by high-sensitivity differential scan- 
ning calorimetry of these mitochondria and 
because the mitochondria show no loss of 
membrane function (i.e., no loss of transmem- 
bmne potential or coupled phosphorylation to 
respiration [10]),  the total membrane cannot 
be undergoing a bulk phase transition. We 
propose that the transitions detected previ- 
ously by fluorescence anistropy (7) represent 
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the lateral phase separations of small, isolated 
domains as described by Lee (34,35). There is 
no detectable enthalpy increase in the DSC 
profdes of  these membranes, as there is insuf- 
ficient lipid in the phase-separated domains to 
detect such a transition by this method. Others 
(36-38) have reported similar phenomena where 
phase separations have been observed but no 
bulk lipid transitions were demonstrated. 

The irreversible transitions detected were 

not influenced by the differences in sterol 
composition of  the various mitochondria 
examined (Figs. 3 and 4). The transition 
temperatures did not vary between the mutants 
and wild-types and the enthalpies of these 
transitions appeared to be solely dependent on 
protein concentration. 

The lack of a bulk lipid transition in the 
mitochondria of wild-type yeast had been previ- 
ously noted and is due to the presence of 
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T E M P E R A T U R E  ( * C )  

FIG. 3. High sensitivity differential scanning calorimetry heating curves o f  membranes, 
(A) 3701B mitochondria (10 mg protein/ml)-first scan. (B) Second scan. (C) 3701B mito- 
chondria (10 mg protein/ml) with pronase(1 mg/ml). Methods as described in text. Scans 
were conducted in distilled water and 2 buffers: (1) 0.9 M sorbitol, l0 mM TRIS, 0.5 mM 
EDTA buffer (pH 7.5), and (2) 10 mM TRIS, 50 mM KC1 buffer (pH 7.5). No difference 
between scans of the samples suspended in distilled water or either buffer was observed. 

B 

5 15 2,5 35 45  55 65 75 

TEMPERATURE ("C) 

FIG. 4. High sensitivity differential scanning calorimetry heating curves of membranes. 
(A) 3701B-n3 mitochondria (10 mg protein/ml)-first scan. (B) Second scan. (C) 3701B- 
n3 mitochondria (10 mg protein/ml) with pronase (1 mg/ml). Methods as described in text. 
Buffers as described in Fig. 3. 
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FIG. 5. High sensitivity differential scanning calorimetry heating curves of liposomes. 
(A) Dipalmitoylphosphatidylcholine (0.5 mg/ml). (B) Lipids extracted from 3701B (1.0 
mg/ml). (C) Lipids extracted from 3701B-n3 (1.0 mg/ml). (D) Baseline (no lipid presen0. 
Methods as described in text. Buffers as described in Fig. 3. 

ergosterol i n . t h e  mitochondria (39). The 
presence of  sterol intermediates in the mito- 
chondria of yeast sterol mutants possibly 
precludes a bulk lipid transition in their rnito- 
chondrial membranes, as well. Indeed, our 
experiments are biased, in that the sterol 
mutants used are viable. It is anticipated that 
the mutants whose sterols cannot prevent 
general bulk lipid phase transitions would be 
inviable and thus, unobserved. The presence of 
lateral phase-separated domains in the mito- 
chondria of the yeast sterol mutants indicates 
though, that sterol structure must influence 
membrane fluidity. We are continuing to 
examine this influence by differential scanning 
calorimetry of model membrane systems in an 
effort to define the role of sterol structure. 

Studies with Phytophthora 

We began studies with Phytophthora as it 
represented a unique experimental system. This 
organisms can grow vegetatively without sterol 
but requires sterol for sporulation. A compar- 
ison can be made of membranes lacking sterol 
with membranes of known sterol supplementa- 
tion, allowing definitive studies of the effect 
of the presence of sterols on specific physio- 
logical functions. As a preliminary to in vitro 
experiments, we investigated the effect of 
sterol on the growth of P. cactorum. Our 
e x p e r i m e n t s  were frustrated originally by 

extremely variable results. Ilowever, we ob- 
served that the usual culture media used in the 
growth of Phytophthora are inadequately 
buffered. To circumvent this problem, phthalic 
acid (pK = 2.95 and 5.41) was added to the 
growth media to a final concentration of 10 
mM. 

In basal media unbuffered with phthalate, 
supplementation of sterol to the growth media 
decreased the lag phase, but the final cell yield 
was virtually identical. Excess accumulation of 
acid had caused a staling effect in the media, 
adversely affecting growth. The results of 
growth experiments with the phthalate- 
buffered and nonbuffered media are shown in 
Figure 6. In the effectively buffered medium, 
a 10-fold increase in cell mass was observed 
for the sterol-supplemented culture, and a 
3-fold increase in the cell yield was seen for the 
culture without sterol. 

Glucose consumpt ion  and COs production 
were monitored in log phase cultures; sterol 
supplementation caused a decreased rate of  
substrate uptake and a 3-fold higher rate of 
carbon dioxide production. When glycolytic 
enzymes were measured, the presence of  sterol 
resulted in little or no change in overall activity. 
This suggested to us that the presence of sterol 
in the cell affects the amount of oxidative 
phosphorylation in the culture. 

An extensive literature exists (1) which 
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FIG. 6. Growth of Phytophthora cactorum. (A) Growth in unbuffered medium. (B) Growth in phthalato- 
buffered medium. The composition of the medium is as described by Gonzales and Parks (4). o---% dry weight 
in the presence of 10 mg/1 sterol (mixture of sitosterol, campesterol, and stigmasterol); e---e, dry weight in the 
absence of sterol; A__a, pH in the presence of sterol; A--A, pH in the absence of sterol: 

suggests an intimate association of sterols with 
respiratory competency. This possibility was 
examined further by examining the cytochrome 
composition of crude mitochondrial prepara- 
tions of Phytophthora from sterol-grown and 
nonsterol-grown cultures. The difference 
spectra of these samples were monitored and 
are presented in Figure 7. Although cyto- 
chromes are present in both cultures of Phy- 
tophthora, they are present in substantially 
reduced amounts in those cells incubated with- 
out sterols. 

We have observed the presence of sterols in 
the mitochondria of the sterol-supplemented 
cultures of Phytophthora. However, the mech- 
anism of uptake and distribution of sterols by 
these cells is unclear. The effect of sterol on the 
synthesis and deposition of respiratory compo- 
nents is yet t o  be investigated. 

Nystatin-resistant mutants and their isogenic 
parents have been used extensively to provide 
information on the physiological function of 
sterols in fungi. We have shown that the re- 
placement of ergosterol with a closely related 
sterol alters the Arrhenius kinetics of several 
mitochondrial membrane-bound enzymes, and 
allows a lateral phase-separation of the lipids 
of the membrane. However, this does not cause 
a loss of mitochondrial oxidative phosphory- 

lation. These observations and the results of 
our mutagenesis and feeding experiments lead 
us to propose that sterols exist not simply to 
provide a bulk lipid component that antag- 
onizes major temperature-induced fluidity 
changes. Rather, we view ergosterol as an 
evolutionally selected, finely " tuned"  sterol 
that fulfills precise physiological roles. Our 
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FIG. 7. Cytochrome spectra C3/tochromes were 
extracted as described by Tzagoloff et al. (13). (A) 
Difference spectrum of cytoehromes from P. cactorum 
grown in the absence of sterol, and (B) grown in the 
presence of 10 mg/~ sterol. 
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mutant,  feeding, in vitro and growth experi- 
ments all support  this speculation. 

In this communication,  we have presented 
several on-going experiments in our laboratory.  
It is clear that an exciting field for study 
remains for understanding the physiology of  
these organisms. Symposia such as these allow 
investigators from a variety of backgrounds and 
experiences to share fruitfully in this very 
diverse effort. 
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Interception of Discrete Oxygen Species in Aqueous Media 
by Cholesterol: Formation of Cholesterol Epoxides 
and Secosterols 
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ABSTRACT 

The oxidation products of cholesterol oxidized by different dioxygen species, hydroxyl radical, 
or triatomic species ozone variously implicated in biological oxidations are compared. Some products 
are unique to the oxygen species involved, whereas others, such as the isomeric cholesterol 5,6-epox- 
ides, are formed broadly by many oxygen species. The resolution of the isomeric cholesterol 5,6- 
epoxides by capillary column gas chromatography on SE-30 or SE-54 has been achieved. 
Lipids 17:197-203, 1982. 

INTRODUCTION 

Several discrete oxygen species are impli- 
cated in specific enzyme oxidations, generalized 
enzymic lipid peroxidations, endogenous meta- 
bolic processes such as phagocytosis, and in 
nonenzymic peroxidations and autoxidations as 
well as in the expression of environmental 
oxygen toxicity. However, demonstration of 
the unique participation of individual oxygen 
species is confounded by experimental limita- 
tions and by systems dynamics where more 
than one oxygen species is present. 

It has been our interest to devise means of 
interception of active oxygen species in chem- 
ical and biological systems so that from the 
oxidation products formed one can infer the 
nature of the oxygen species involved in the 
oxidations. Of critical importance to appli- 
cations of these approaches to living systems is 
full knowledge of the chemistry occurring in 
aqueous media as well as in conventional 
organic solvents. Such interceptions of oxidiz- 
ing species have been probed using the ubi- 
quitous cellular membrane component chol- 
lesterol in studies of the monooxygen species 
hydroxyl radical HO- (1) and the following 
dioxygen species: ground-state dioxygen 302 
involved in specific enzymic hydroxylations 
and in free radical peroxidat ions (2-5) and 
autoxidations (6-9), electronically excited (sing- 
let) dioxygen ZO 2 implicated in photosensi- 
tized oxygenations (10-17) and other cases 
(17-19), the 1-electron reduced species super- 
oxide radical 02 "~ generated in some enzymic 
oxidations (20), the 2-electron reduced species 
peroxide 02 = (18,19) and organic hydro- 
peroxides (21), and the dioxygen cation 02 + 
which is not a likely biological species (22). 

IOn leave from the Department of Chemistry, 
University of Warsaw, Warsaw, Poland. 

We have now extended this approach to the 
triatomic species ozone 03. Ozonization of 
cholesterol and its 3~-acetate in nonaqueous 
media yields poorly .characterized ozonides 
(23-26); in aqueous media, little chemical work 
has been conducted (27-29). The present report 
outlines our recent work on cholesterol ozoni- 
zation and provides a comparison of all results 
testing the use of cholesterol for the inter- 
ception of defined oxygen species. 

EXPERIMENTAL 

Chromatography 

Thin layer chromatography (TLC) was 
conducted on Kieselgel 60, F-254 chromate- 
plates (E. Merck GmbH, Darmstadt) and on 
10-cm-long Alugram Sil G/UV2s4 aluminum- 
backed chromatostrips (Machery Nagel, Diiren) 
irrigated with benzene/ethyl acetate mixtures. 
Sterols were detected by ultraviolet light 
absorption (254 nm), by N,N-dimethyl-p- 
phenylenediamine spray for peroxides (30), 
and by 50% sulfuric acid spray followed b y  
heating to full color display and/or to charring. 
High performance liquid chromatography 
(HPLC) was conducted on 2 3.9 mm x 30 cm 
/aPorasil microparticulate (10 ~um diam) adsorp- 
tion columns in tandem (Waters Associates, 
Milford, MA) irrigated with hexane/isopropyl 
alcohol (24:1, v/v) flowing at 2.0 ml/min. 
Effluent was monitored at 212 nm with a 
Perkin-Elmer Corp. Model LC-55 variable 
wavelength spectrophotometric detector and by 
differential refractive index using a Waters 
Associates' Model R4-1 detector (31). 

Gas chromatography was conducted with a 
Hewlett-Packard Model 5880A chromatograph 
equipped with hydrogen flame ionization 
detector (nitrogen carrier gas) or with a Finni- 
gan Corp. Model 3300 gas chromatograph-mass 

LIPIDS, VOL. 17, NO. 3 (1982) 



198 J. GUMULKA, J. ST. PYREK AND L.L. SMITH 

spectrometer  (GC-MS) (helium carrier gas), 
using fused silica capillary columns, 0.2-ram id, 
5-35-m-long wall coated with SE-30 (Applied 
Science, State Coliege, PA) or SE-54 (Hewlett- 
Packard, Palo Alto, CA). Splitless injections of  
10-500 ng sterols in 1 /d toluene via a Grob 
injector were made into the capillary columns. 
Injector and detector  temperature was 285 C; 
oven temperature was programmed from 100 C 
held for 1 rain to 270 C at 20 C/min. When 
using the quadrupole mass spectrometer  for 
detection, the capillary column was introduced 
directly into the ionization source, mass spectra 
being scanned at 40 scans/min over the range 
100-500 ainu, using 22 eV ionization. 

Quantitat ion of cholesterol 5,6-epoxides was 
achieved using cholesterol as an internal stan- 
dard and integration of  peak areas on ion 
chromatograms constructed with ion m/z 386 
for cholesterol and m/z 402 for the cho- 
lesterol 5,6-epoxides. A plot of (m/z 402)] 
(m/z 386) ion abundances vs (cholesterol 
5,6-epoxide/cholesterol) weight ratio was linear 
over the range 10-500 ng for both  cholesterol 
5a,60t-epoxide (3) and cholesterol 5~,6~- 
epoxide (4). Useful mass spectra of both 5,6- 
epoxides were also obtained over the 50-100 
ng range. 

Ozonization 

Dispersions of  pure cholesterol in water were 
made by dissolving 100 mg cholesterol in 50 m l  
acetone, adding the solution under vacuum to 
120 ml distilled water, and evaporating the 
dispersion under vacuum to remove solvent and 
provide a 1 mg/ml concentration. The dis- 
persion was filtered through sintered glass and 
used as such. Ozone generated using a Tesla coil 
leak detector  acting on a stream of oxygen 
flowing at 1 ~[min was passed through the 
cholesterol dispersions at room temperature for 
2 lir or until  cholesterol was totally destroyed, 
as evinced by TLC. Sterols were recovered by 
extract ion with equal volumes of  benzene and 
the dried extracts were evaporated under 
vacuum to yield crude ozonization products. 
Individual products were isolated by HPLC. 

R ESU LTS 

In distinction to cholesterol ozonization in 
organic solvents where only poorly character- 
ized products are described (23-26), ozoniza- 
t ion of  cholesterol in water yielded 4 isolable 
products:  a major peroxidic product  presumed 
to be an ozonide hydrate  5~,6~-epidioxy- 
5,6-secocholestane-313,5~,6~-triol (1) and non- 
peroxidic products 3~hydroxy-5-oxo-5,6-seco- 
cholestan-6-al (2) and the isomeric cholesterol 
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FIG. 1. Capillary column gas chromatography on 
SE-54 (35 m) of cholesterol and the isomeric cho- 
lesterol 5,6-epoxides 3 and 4 in various 3/4 ratios. 

5,6-epoxides 5,6r (3) 
and 5,6/~-epoxy-5/3-cholestan-3~ol (4) (Fig. 1). 
Details of identification of these sterols will be 
reported elsewhere. 

The ozonide hydrate  1 appears to be a 
product  of  addition of the elements of  water 
to a putative ozonide initially formed and the 
secoaldehyde 2 appears to be a transforma- 
tion product of  1 or of an initially formed 
ozonide. The mechanism by which the cho- 
lesterol 5,6-epoxides are formed is uncertain. 
I t  is possible that cholesterol is epoxidized 
by 03 or other unrecognized oxidant  formed 
early in the reaction. We have been unable to 
demonstrate the epoxidat ion of  cholesterol 
by the ozonide hydrate 1 in the manner cho- 
lesterol is epoxidized by sterol hydroperoxides 
(21). 

The 4 products 1-4 can be resolved by TLC 
and HPLC. We report  here for the first time the 
resolution of the underivatized cholesterol 
5,6-epoxides 3 and 4 by GC with capillary 
columns (cf. Table 1). The ozonide hydrate 1 
is characterized by a positive N,N-dimethyl- 
p-phenylenediamine color test, and both 5,6- 
secosterois 1 and 2 give a characteristic brown 
color with 50% sulfuric acid on thin layer 
chromatograms which is diagnostic of destruc- 
tion of the sterol A 5-double bond. Secosterols 
1 and 2 are thus readily distinguished from 
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major products of cholesterol autoxidation by 
302 , where intense blue colors with 50% 
sulfuric acid characterize the initially formed 
sterol hydroperoxides and their reduction 
products, the epimeric cholest-5-ene-31~,7-diols 
(32). 

Even though the ozonization of cholesterol 
involved molecular oxygen (containing O3), 
at no time were autoxidation products de- 
tected. Clearly, O3 reacted with cholesterol 
more rapidly than aO 2. Moreover, in these 
simple water dispersions, no HO" oxidations 
of cholesterol were apparent. 

Analysis of ozonization products by HPLC 
known to resolve the 5,6-epoxides 3 and 4 and 
by capillary column GC established a 3/4 ratio 
of 1:8. Capillary column gas chromatography 
of 3 and 4 derived by oxidation of cholesterol 
in chloroform with m-chloroperbenzoic acid 
and of 3 3~-acetate and 4 3~-acetate from 
cholesterol 3/S-acetate similarly oxidized gave 
other ratios (data incorporated into Table 3). 

In the case of the peracid epoxidations, the 
analysis of products was conducted using a 
5-m-long capillary column of SE-54 under the 
same conditions used with the longer 35-m 
columns. Using the 5-m column, the retention 
times were obtained: 3, 12.28 min; 4, 12.11 
min; 3 3~acetate, 13.15 min; 4 3/~-acetate, 
12.69 min. 

Resolution of the 3/~-acetates and 3~-tri- 
methylsilyl ethers of the isomeric 5,6-epoxides 
3 and 4 is also readily achieved using capillary 
columns. Retention data are included in Table 
1. Chromatographic resolution of 5,6-epoxides 
3~-acetates (33), 3/S-benzoates (31,34), and 
3/~-trimethylsilyl ethers (33) has been previ- 
ously achieved, and resolution of free sterols 
3 and 4 without derivatization by HPLC has 
been described (31,35). Although small differ- 
ences in gas chromatographic retention times 
for 3 and 4 have been noted using packed 

columns (21,33,36), resolution by that means 
has not been forthcoming. 

Epoxidation of cholesterol b y  03 has not 
been recognized as occurring, but the 51],6~- 
epoxide 4 3i~acetate was formed in the ozoni- 
zation of cholesterol 3/~-acetate (26). The 
5ct,6c~-epoxide 3 which is interesting as a 
toxic agent (37,38) has not been recognized 
as a product of ozonization under any condi- 
tions. 

D I S C U S S I O N  

The successful application of cholesterol or 
other substrates for interception of active 
oxygen species depends on the capacity of the 
interceptor to react with the oxygen species 
uniquely and at a rate sufficient to compete 
with other reactions the oxygen species may 
undergo. The uniqueness of reaction products 
from cholesterol may now be fairly tested; 
data in Table 2 summarize the present know- 
ledge. 

It is seen that unique products form in 
several instances. Thus, cholesterol 7-hydro- 
peroxides are uniquely the result of free radical 
autoxidation or lipid peroxidations. Likewise, 
3/~-hydroxy-5 ct-cholest-6-ene-5-hydroperoxide is 
found only in systems in which IO 2 is impli- 
cated. Furthermore, 5,6-secosterols are unique 
to 03 oxidations. The other oxidation products 
in Table 2 permit no unique inference to be 
drawn as to the oxidizing species involved. 

Table 2 does not include specific enzymic 
oxidations of cholesterol, but enzymic metab- 
olites may be encountered in systems contain- 
ing active enzymes. Thus, cholest-5-ene-3~,7et- 
diol is a hepatic metabolite of cholesterol as 
well as product of 302, 02 + and HO o non- 
enzymic oxidations, and the 5et,6ct-epoxide 
3 also has enzymic (39,40) and multiple non- 
enzymic origins. 

With exceptions of data in Table 2 for 
02 + where products listed are for gas-phase 
oxidations (22) and for 302 attack in the 
sterol side chain and at the 3fl-liydroxyl group 
where products are those of solid-state reac- 
tions (7,8), the products listed are those formed 
in aqueous media, There is no reaction of the 
defined oxygen species O2": with cholesterol, 
whether it be generated in chemical, photo- 
chemical, electrochemical, or enzyme systems, 
in aqueous or anhydrous organic solvent media 
(20). 

For the highly reactive HO" and O3 species, 
the speed of reaction with cholesterol in water 
insures product formation, and although 302 
reactions are sluggish at ambient temperature, 
products do ultimately form, as aO2 is a stable 
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TABLE 2 

Cholesterol Oxidat ion Products Formed by Defined Oxygen Species in Water 
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Oxygen species 

Site o f  at tack Oxidat ion products  aO2 102 O2": 02 = 02 + HO" O9 

C-7 7-Hydroperoxides + 
C-7 7-Aicohois a + 

7-Ketones a + 
Side chain c Hydroperoxides  + 

Alcohols, ketones,  etc. + 
C~9-C26 sterols a + 

AS 5,6-Epoxides + 
5,6-Secosterols 

7ot-H/A s A s -5~-Hydroperoxide 
3~-Alcohol c 3-Ketones + 

+b + 
+b + 

+ § + 

aSecondary products  formed from initial hydroperoxides.  
bGas-phase reaction products.  
CSolid-state reaction products.  

species not  altered by water. For  02 = and tO2 
interceptions in aqueous media, the stabili ty of 
the species must be considered. Whether O2 = 
is intercepted depends on whether dispropor- 
t i o n a t i o n  d i s s i p a t e s  t h e  s p e c i e s  b e f o r e  t h e  
s l o w e r  e p o x i d a t i o n s  o c c u r .  I n  m o d e l  s y s t e m s ,  
b o t h  d i s p r o p o r t i o n a t i o n s  a n d  e p o x i d a t i o n s  a re  
o b s e r v e d  ( 1 8 , 1 9 ) .  R a p i d  q u e n c h i n g  b y  w a t e r  
m a y  p r e c l u d e  I o  2 i n t e r c e p t i o n  b y  c h o l e s t e r o l ,  
as  t h e  r e a c t i o n  is  s low.  N o n e t h e l e s s ,  w h e r e  a n  
a d e q u a t e  IO  2 f l u x  is m a i n t a i n e d ,  t h e  u n i q u e  

tO 2 oxidation product  3~-hydroxy-50~-cholest- 
6 - e n e - 5 - h y d r o p e r o x i d e  is f o r m e d  in  a q u e o u s  
m e d i a  ( 1 0 - 1 5 ) .  

A s  t h e  5 , 6 - e p o x i d e s  3 a n d  4 a re  f o r m e d  f r o m  
c h o l e s t e r o l  b y  a t t a c k  o f  s eve ra l  o x y g e n  s p e c i e s  
(cf .  T a b l e  2),  t he i r  m e r e  p r e s e n c e  in  a t e s t  
s a m p l e  d o e s  n o t  i m p l y  t h e  o x i d i z i n g  s p e c i e s  
i n v o l v e d .  T h e  p o s s i b i l i t y  r e m a i n s  t h a t  t h e  
p r o p o r t i o n s  o f  3 a n d  4 c a n  p r o v i d e  c lue  t o  t h e  
p r o c e s s e s  i m p l i c a t e d ,  a n d  d a t a  o f  T a b l e  3 
a p p e a r  to  s u p p o r t  s u c h  a c o n t e n t i o n .  T h u s ,  

TABLE 3 

5,6-Epoxides Ratios Obtained in Cholesterol Epoxidat ions 

Epoxidizing condit ions c~]/~ Ref. 

Air (aq dispersions) 1 : 11 21 
Sterol hydroperoxides  (aq) 1 : 10 21 
Ozone (aq) 1:8 _a  
H202 (aq) 1:8 18,19 
Dried egg ca. 1:5 44 
Incubations,  liver enzymes  1:3.3 to 1:4.7 5,33,45-47 
HaOa, Fe ( I I l )aeetylacetonate  

(aq acetonitrile) 1:4 48 
Incubat ions,  soybean l ipoxygenase 1:3.7 to 1:4 5,33 
Air, solid [4-14C]cholesterol 1:3.6 33 
Rabbit  plasma, liver 1:2.1 to  1:3.4 49 
HO% X-radiolysis (methanol)  ca. 1:2 50 
Air-aged USP cholesterol ca. 1 : 1 8 
MoO s (dichloroethane) 1.5:1 51 
HO- (aq) 3.5:1 1 
Organic peracids 6.8:1 _a ,b  
Methylpyridazine oxide photolysis  8 : 1 52 
NO~-treated rat lung, in vivo 8:1 53 
Human  serum 1:0 54 
Incubations,  bovine adrenal 

cortex mi tochondr ia  1:0 39,40 

apresent  results. 
bConditions::  m-chloroperbenzoic acid in chloroform; 

capillary column:  Cholesterol 3fl-acetate gave a 7:3 ratio, 
with perbenzoic acid (55). 

product  analysis on 5-m SE-54 
the same as previously obtained 

LIPIDS, VOL. 17, NO. 3 (1982) 



202 J. GUMULKA, J. ST. PYREK AND L.L. SMITH 

/3-face attack and a predominance of 5/3,6fl- 
epoxide 4 occur in systems involving di- or 
tri-oxygen species in autoxidations, lipid 
peroxidations and ozonizations, whereas a-face 
attack and predominance of 5a,6ct-epoxide 
3 be the case where one oxygen atom oxidants 
such as N-oxide photolysis, epoxidases, and 
peracids are involved. However, the 3/4 ratios 
may be misleading if preferential loss of the less 
stable 5/3,6~-epoxide 4 occurs. The 1:1 ratio 
observed in naturally air-aged cholesterol 
appears to be such a case. The predominance 
of the 5/3,6~-epoxide 4 would have been ex- 
pected a priori. 

In biological systems where only the 5ot,6ot- 
epoxide 3 is formed, the intervention of spe- 
cific cholesterol 50t,60t-epoxidases is indicated. 
In other instances not listed, where formation 
of the 5c~,6ct-epoxide 3 is suggested (41-43), 
available data are inconclusive, as any combina- 
tion of the 2 isomers might be present. 
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The Quantitative Analysis of Plant Sterols 
B.A. KNIGHTS, Department of Botany, The University, Glasgow GI2 8QQ, Scotland, U.K. 

ABSTRACT 

Two methods for the quantitative analysis of plant sterols have been described. In the first, choles- 
terol is used for control of recovery and gas liquid chromatography (GLC) analysis. When cholesterol 
is present in the sterol mixture, a radioactive standard (usually cholesterol or sitosterol) is used to con- 
trol recovery, and coprosterol is used to monitor GLC. The methods are exemplified for nitrogen- 
fixing root nodules and for chloroplasts, respectively. 
Lipids 17:204-208, 1982. 

There has been considerable discussion as to 
the role of sterols in plants (1,2). Three main 
roles have been postulated: (a) as intermediates, 
where they are converted into the many other 
steroidal compounds which are found to occur 
in plants; (b) as hormones and (c) as membrane 
components. 

The role of sterols as intermediates in the 
biosynthesis of other compounds can be ac- 
cepted, there being ample proof for this for a 
number of different steroids present in plants 
(3,4). It is hard to divorce any role for sterols 
as hormones from the likelihood, or the actual- 
ity, of their first role (as intermediates). The 
role of sterols as components of  membranes 
appears to be well established (2). 

In plants, the story is rendered complicated 
by virture of the diversity of structures which is 
often observed in the sterol mixtures isolated. 
Selective metabolism is possible and apparently 
takes place in many cases (5). Thus, different 
sterols are likely to be relatively different in 
their performance in the 3 roles which have 
been postulated. 

There have been a number of reports of  the 
quantitative analysis of sterols in plants and 
fungi and the following examples serve to illus- 
trate the potential for examining the physiolog- 
ical role of such compounds. The analysis of 
ergosterol in yeast ceils indicated a concentra- 
tion of 6.1 x 10 -is g of  sterol/ceil, which is 
equivalent to %107 molecules/ceil (6). It was 
found that sterols were restricted to the outer 
of the 2 membranes of mitochondria isolated 
from Neurospora crassa (7) and that the follow- 
ing molar ratios applied: neurosporaxanthin/ 
ergosterol/phospholipid = 1:112:317 (i.e., a 
molar ratio of % 1: 3 for ergosterol/phospho- 
lipid). When potato tuber tissue was infected 
with various races of  the late blight organism 
Phytophthora in:estans, the relative amounts of  
sterol, of steroidal glycoalkaloid and of the 
sesquiterpene rishitin were altered dramatically 
and in a way which correlated with the type 
of  compatibility reaction between the host and 

the pathogen (8). In none of these cases was 
there any report of  the use of an internal stan- 
dard to correct for losses during isolation or 
during estimation, and no replicate analyses 
were reported so that there is no indication of 
the degree of either accuracy or precision. 
Thus, there exists a need for a method for the 
reliable, accurate quantitative analysis of sterols 
in plants, which should then allow a better 
assessment of the role of a particular sterol 
fraction to be made based on, e.g., molar ratios, 
and the deviations from a normal or mean 
position which may be revealed. 

There are a number of reports of the quanti- 
tative analysis of steroids, including sterols, 
which involve the addition of  a suitable internal 
standard to the crude extract. These include 
radioisotopically labeled substances based on 
one of  the known components of  the mixture 
to be isolated (9,10), a substance of  similar 
structure but known to be absent (or nearly so) 
from the mixture (11,12) or a substance labeled 
at 100% isotopic dilution with, e.g., several 
deuterium atoms. Aspects of  these various 
methods have been reviewed (13,14) and the 
theory of internal standards for GLC has been 
discussed (15). 

In this paper, I report the use of  2 methods 
for the analysis of plant sterol mixtures using 
gas liquid chromatography (GLC). One method 
is applicable when cholesterol is absent from 
the extract and the other, which involves a 
radioactively labeled standard, is of more gen- 
eral application. 

MATERIALS AND METHODS 

If used unfractionated, plant material was 
freeze-dried and then ground to a powder 
before extraction in a Soxhlet apparatus. 
Chloroplasts were isolated by fractionation of 
frozen, monofoliate leaves of Phaseolua vulgaris 
(dwarf French bean) using a method described 
previously (16). Extraction solvents used were 
chloroform/methanol  (2:1, v/v) for most plant 
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material ,  or  pe t ro leum (bp 40-60 C) fo l lowed 
by acetone for chloroplasts.  Thin layer chroma-  
tography (TLC) was done on Silica Gel G at 0.5 
mm thickness, with ch loroform as developing 
solvent,  s t igmasterol  as zone marker  and dichlo-  
rof luorescein as locat ing reagent.  Material was 
recovered by scraping zones in to  chromatogra-  
phy columns and eluting sterols wi th  die thyl  
ether.  Radioact ivi ty  was de termined  using 
l iquid scinti l lat ion count ing with  AES ratios for 
quench  correct ion,  in a Packard Liquid Scintil- 
la t ion Spect rometer .  GLC was under taken  using 
OV-17 as s ta t ionary phase. Two columns were 
used, a 50-m SCOT glass capillary (Scientif ic 
Glass Engineers Pry., Australia) and a 3 m x 3 
mm glass co lumn packed with Gas Chrom Q 
which was coated 2% w/w with s tat ionary 
phase. Both columns were opera ted  at 285 C 
but hel ium,  rather  than ni t rogen,  was used as 
carrier for the SCOT column.  The SCOT 

c o l u m n  was f i t ted  with a packed,  hea ted  pre- 
co lumn (2% OV-17) and was used in a splitless 
mode.  Quant i ta t ion  was by bo th  tr iangulat ion 
and the use of  an Autolab Integrator  (Spectra  
Physics) with copros terol  (5~cholestan-3~-ol)  
as internal  standard.  Tr imethyls i ly l  ethers were 
prepared using bis-t r imethyls i ly lacetamide,  
which also served as the in ject ion solvent for 
GLC. Chloroplasts  were suspended in standard 
volumes  of  1% NaC1 and numbers  assessed 
using a h e m o c y t o m e t e r .  Af te r  sedimenta t ion ,  
they were then freeze-dried and weighed before  
ext rac t ion.  Ext rac t ion  of  chloroplasts  was per- 
formed in a Soxhlet  ex t rac to r  but  was other-  
wise as described previously (16). Procedures  
for quant i ta t ive  analysis were as indicated in 
Schemes I and II. Because o f  the large amoun t  
of  chlorophyl l  in the ace tone  extracts ,  these 
fract ions were subjected to saponif icat ion and 
sterols isolated from the nonsaponif iable  
material.  

RESULTS 

Table 1 contains  the results for the sterols o f  
root  material  obta ined  using Scheme I. Table 2 
gives details o f  the data for chloroplasts  isolated 
f rom each of  the 2 exper iments  representing 
separate harvests o f  dwarf  French bean and are 
the means of  at least 2 de terminat ions  depen- 
dent  on separate isolations by thin layer  chro- 
matography (TLC) of  sterols and using Scheme 
II. In each case, the replicate sterol isolations 
were subjected to successive analysis when the 
SCOT co lumn was used. Table 3 gives an indica- 
t ion of  the variat ion in results obta ined,  where- 
as Table 4 summarizes  t h e  correc ted  data for 
the individual sterols present  in the second 
exper iment ,  i.e., af ter  making al lowance for the  
term F in the calctflation. 

SCHEME I. Analysis of sterols in mixtures not con- 
taining measurable amounts of cholesterol. 1 : Freeze- 
dry and powder plant material; 2: extract aliquots 
(usually with 2:1, v/v, CHCI3/MeOH); 3: add choles- 
terol (use 1.0 mg/g dry wt of tissue extracted); 4: 
concentrate extract and isolate sterol fraction from 
aliquots of each extract; 5: derivatize and GLC, per- 
form replicate analyses; 6: compare areas with ~tan- 
dard curves where sterols are available for comparison. 
Ratio of area of sterol to that for cholesterol X any 
correction factor F (see Scheme 11) = wt of sterol 
(mg/g dry wt). 

SCHEME II. Procedure used when cholesterol is 
present in measurable amounts. 1,2: As for Scheme I; 
3: add 4-[14C]sitosterol (or cholesterol)in known 
amount, e.g., 0.1 taCi (3,333 Bq.); 4: as for Scheme I; 
5: add GLC standard (e.g., coprosterol) in the range 
0.1-1.0 mg/g dry wt of plant material extracted and 
bring to an exact volume; 6: remove aliquots for radio- 
activity determinations (2 X 10%); 7: as for 5 Scheme 
I; 8: as for 6 Scheme I. Calculation for Scheme 11. 
amount of sterol/unit wt of tissue is given by A2 x F 
X CI/A~ X WX C 2 m g w h e n A l  corresponds t o l . 0  
mg of GLC standard. A 1 = Peak area for coprosterol 
(or other standard); A2 = peak areas for sterols (total 
or individual); CI = cpm (or dpm) for sitosterol added 
to the total extract; C2 = cpm (or dpm) in sterol sam- 
ple isolated; F = the correction factor if, for unit 
amounts of each A~ # A 2 = A~/unit vet of copro- 
sterol/A2/unit wt of sterol (step 8). w = The weight 
of plant material extracted. 

DISCUSSION 

The range of  quant i ta t ive  data for sterols in 
plants and fungi which is cited in the l i terature 
(1) suggests a reasonable level of  reliabil i ty for 
such data. However ,  in cases where the  diffe- 
rences are relatively small but  still seem to be 
both  consis tent  and significant, e.g., the  sterols 
of  roots  and of  ni trogen-fixing root  nodules  
of  Alnus glutinosa (12), a procedure  which is 
convenient ,  accurate and precise is necessary 
before  just if iable deduct ions  based on observed 
differences can be made. I n  the case of  A. 
glutinosa, the method  of  Scheme I was used. 

When the sterol con ten t  of  the plant ma te -  
rial is known  and a suitable standard can be 
found (e.g., when cholesterol  is absent),  
Scheme I represents a simple and convenient  
m e t h o d  for quant i ta t ive  analysis of  sterols. 
Sterol standard is added at a p rede te rmined  
rate,  possibly Corresponding to 1.0 mg/g dry 
wt of  tissue and this serves as bo th  control  
for  the isolat ion steps and for  the GLC analysis. 
Providing there is no resolut ion o f  individual 
compounds  during isolation and comple te  
separat ion during quant i ta t ions ,  the criteria 
for an internal standard are fulfilled. These 
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T K'B~_~E 'i 

~ t v e ~ t ~ d  R a ~ t s  m~d ~ h r i n g  qP~ot ~,mll~les ( m g / g  ~ w Q  

I~,ur, seU l u p i a  

~ ~  ~L~I 3 0 . 3 6  0 . 3 6  ~ . ~ 1 $  .9. 
S ~ g m a s t e m l  ~ 4  0 . 1 4  O:1"4 ~1.'11 '? 
~ago s/.mml ~_~9 1.5 7 ,1.,'65 ~ . ~  ~.tO0 

*a a i d  �9 ~ep re sen t  d a t a  f r o m , e x t r a c t i o n s  o f  r ep l i ca t e  s a m p l i n g s  Of;l[ClmCt 3~tt~t~ial.. 

T A B L E  2 

St~rnlg  Q f . C h l o r o p l a s t s  I so l a t ed  f r o m  Phaseolus vuiga~ 

1st E x p e r i m e n t  2r id  ;E~pe t ' iment  

�9 Io. o f  c h l o r o p l a s t s  e x t r a c t e d  5 0 4  X 10 9 193 .2  X l 0  s 
amass ( d r y ) , ~ f . ~ r o p l a s t s  2 .82  g 1 .32 g 
A'veretge m a s s / c h l o r o p l a s t  5 . 59  X 10 - l a g  ,6 .83  X 10 -~v2 g 
Dec, m e t h y l  ~ tvro ts  e x t r a c t e d  w i th  p e t r o l e u m  6 .92  m g  :3.-4'1 m g  

~e~an~th , f l  ~te~fls  e x t r a c t e d  wi th  a c e t o n e  1 5 2 . 5  /~g ,(~6.9 7~g 
(P) 13 .7  X 10-1Syg 17 .6  X ' l ' 0 ~ t S g  

DesmeOly i .~ t e ro l s / ch  I o r o p l a s t  (A)  0 .3  X 10 -Is  g 0 .5  X ;lC0~S,g 

~,~[o. o ' f s t e r o l m o l e c u l e s / c h l o r o p l a s t  I (P) % 2 0 . 0  X tO e %.27.0 "X -;1:0 e 
( A )  % 0 .45  X 106 %-0 . :5  ;X ,106 

�9 .~r l /~pe t r~ l~um e x t r a c t / a c e t o n e  e x t r a c t  % 4 4  % 5 4  

R e s u l t s : m ~ c o r r e c t e d  fo r  G L C  e r ro r s .  

T A B L E  3 

Resu l t s  f r o m  Rep l i ca t e  A n a l y s e s  o f  C h l o r o p l a s t  E x t r a c t s  

T L C  R e c o v e r y  ,~GLC'* ~ te~ol  y i e ld  
r ep l i ca t e  (%) ,zepl icate  (mg)  

1st E x p e r i m e n t  
2 . 8 2  g = 5 0 4  X t 0  ~ 
c h l o r o p l a s t s  

2 n d  E x p e r i m e n t  
1 . 3 2 g =  1 9 3 . 2  X 109 
c h l o r o p l a s t s  

A 

A 

1 3 9  '1 6 : 0 2  
3 ~ . 3  
4 6 . 2 7  

2 17 2 6 .91  
)3 6 .21  
~. 6 .81  

3 5 .7  3 4 . 8 7  
4 5 .45  

1 8 .65  ~1 0 . 1 2  
2 24 .1  2 0 . 1 9  

1 22 .6  5 4 . 2  
6 3 .27  

2 29 .5  6 3 .6  

1 64.3 5 0.050 
6 0.054 

2 8.82 5 0.082 
6 0.079 

-P = : ,Pe t ro leum e x t r a c t ;  A = a c e t o n e  e x t r a c t .  
* I d e n t i c a l  n u m b e r s  i n d i c a t e  ana lyses  d o n e  o n  the  s a m e  d a y .  

L I P I D S , ' V O L .  1 7 , N O .  3 ( 1 9 8 2 )  
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No. of molecules (X 10-6) of each sterol/cltl~roplast, 
GLC data corrected 

St~r~l* Petroleum extract Acetone extract Raffo P/A 

Cholesterol. 0.48 0.226 2.1 
24-Methylcholesteror 2.3,3: 0.009 2'5./.7 
Stigmasterol* 13,64 0.063 216.5 
SitosteroP* 16.73 0.276 7~;.0 
A S.Avenasterol 4 .82  0.054 89.2 

Total %38.0 %0.58 % 65.5 

*N.IL The stereochemistry at C-24 has not  been investigated in this work. anff.has h e e n  
presumed to be- '~. ' 

criteria are the separation characteristics men- 
tioned, plus the closest possible approximation 
chemically and physically to the substances 
being analyzed, so that losses and GLC per- 
formance are all close, ly matched.. 

The use of internatstandards for the analysis 
by GLC of any group of compounds has been 
well documented (13,I4) and several including 
octacosane, dotriacontane (1 1), 5a-cholestane, 
coprosterol and cholesterol have been used 
for the analysis of sterols. Of these, only 
cholesterol will meet all of the criteria listed, 
although it was probably not  completely suit- 
able for the analyses:of sterols in .N.  crassa (11). 
Being more stable than ergosterol, its use may 
be expected to give rise to an underestimate of 
the ergosterol content. However, many plant 
sterol fractions contain substantial amounts of 
cholesterol and are otherwise: too complex to 
allow for any alternative t o  be used. In these 
eases, the more complex Scheme II has to be 
used. The use of radioactively labeled steroid 
as internal standard during quantitative analyses 
is a well established procedure (13,14) and has 
been applied successfully in sterol analyses 
(10,17). 

The principal sources of error in Scheme I 
are incomplete extractions, inaccurate pipetting 
of the standard or its lack of purity, plus possi- 
ble errors due to the GLC. Incomplete extrac- 
tion usually can only be oontrolled by reextrac- 
tion of the plant residue and by replication of 
the complete procedure, although Sobus and 
Holmland have made a study of the effective- 
ness of several methods of extraction (18). 
Errors arising from the standard should be 
minimal if routine precautions are adopted, 
but errors arising in the GLC cannot be con- 
trolled by any internal  standard after the stage 
of sample injection. These errors have been 
reviewed (13,14) but. arise mainly as a result 
of adsorption on the column, Ill cases when this 

is observed, there is a decrease in the apparent 
detector response per uni t  ~vt of substance as 
retention time increases. This phenomenon has 
been studied generally by Simmonds and Love- 
lock (19) and was observed for sterols by 
Bloomfield (20) who found: an.. atyaroydmately 
linear correlation with retention time and used 
this correlation to calculate correetiorr factors 
for sterols not available for direct calibration. 
The same method was used for the SCOT col- 
umn in the present work. The values for F, the 
correction factor, were found to vary from day 
to day and therefore were determined at least 
once for each batch of analyses performed. 
While the F values for the packed column were 
much smaller than those noted for the SCOT 
column, the resolution and the sensitivity' for 
minor components was less satisfactory with 
the packed column and the results obtained 
were consequently also less satisfactory. 

The method of Scheme II is clearly more 
complex, more expensive and slower than that 
of Scheme I. Also, it is likely to be  less easy to 
make accurate and precise. The first limitation 
is the radiochemical purity of the chosen stan- 
dard which will decline with time. In addition, 
extra steps are added when recovery is being 
measured, because a GLC standard has to be 
added (preferably before any sampling for 
radioactivity counting), the mixture:.then has to  
be brought to a standard volume in order to 
permit precise aliquots (2 x 10%) to be re- 
moved and, because color quenching is often 
observed, unequal quenching effects have to 
be considered. In spite of these limitations~ the 
results obtained suggest a reasonable level of 
consistency and reliability. The use of radio- 
active standards in this way for the qJaantiCative 
analysis of sterols is well established and, in 
fact, Scheme II is essentially that of Miettinen 
and Tarpila (10,17). 

With respect to the sterols of cMoa'oplasts, 
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it was known from earlier work that  sterols 
were present  in 2 di f ferent  forms: one easily 
ext rac ted  by pe t ro leum and the o ther  more 
t ightly bound  and requiring acetone ext rac t ion .  
It was also known that  the quant i ta t ive  levels 
were substantial ly different  (16). For  these 2 
fractions,  the problem of  get t ing the level of  
standard to  correspond to the level of  sterol 
in the ext rac t  had to be solved by exper ience.  
In the event  o f  one peak going of f  scale (usually 
this happens  for the standard),  analyses can 
only be considered sat isfactory if  an in tegrator  
is used. In this work,  similar results were ob- 
tained using tr iangulat ion or  an integrator ,  
a l though the integrator  usually gave a higher 
figure for the sterol values. This can probably  
be a t t r ibuted  to the logic employed  in the 
in tegra tor  for determining the baseline for 
peaks which usually show some tailing. 

The numbers  of  sterol molecules  per chloro-  
plast in the fract ion P compare  closely with 
those for  yeast  cells which were calculated f rom 
the data o f  Nes et al. (6). However ,  there  is a 
degree o f  uncer ta in ty  concerning the data  for 
chloroplasts  as they are subcellular organelles 
isolated f rom disrupted cells and must  therefore  
have some level of  con tamina t ion  with o ther  
such organelles (e.g., microsomes and mito-  
chondria) .  However ,  the acetone extract  A 
probably corresponds to a specialized fract ion 

f rom within the  chloroplasts  and with a special- 
ized requ i rement  for cholesterol .  The selective 
metabol ism of  sterols in this f ract ion is demon-  
strated by the data in Table 4, especially by 
the  ratios be tween  the 2 fractions for the in- 
dividual sterols. Thus, the  P/A ratios for sito- 
sterol and AS-avenasterol are similar to  those 
for the total  sterol,  whereas posit ive discrimina- 
t ion toward cholesterol  is evident  in the ace- 
tone  extract  and toward 24-methylcholes tero l  
and st igmasterol  in the pe t ro leum extract .  It is 
reasonable to suggest that  e i ther  a b iosynthe t ic  
origin exists for cholesterol  that  is d i f ferent  
f rom other  sterols or  that  a highly selective 
mechanism operates whereby a specialized 
s t ructure  incorpora tes  cholesterol ,  but  excludes  
the  o ther  compounds  during its development .  

In the  case of  the data  for roots  and their  
associated ni trogen-fixing nodules,  the higher 

level o f  sterol observed in the second case is 
consistent  with all the data  accumula ted  pre- 
viously in corresponding circumstances (12). 
Al though no o ther  consistent  pat tern has ye t  
emerged,  these higher levels are thought  to  be 
a ref lect ion of  the extensive fo rmat ion  of  
specialized membranes  within such nodules  
which have to permit  the bidirect ional  f low of  
m e t a b o l i t e s - a  feature likely to be observed in 
many  symbiot ic  associations. 
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Response of Drosophila to cis- and trans-22-Dehydrocholesterol: 
I. A Survey  1 

HENRY W. KIRCHER*, REBECCA L, PHARISS, I=UMIKO U. ROSENSTEIN, 
DAVID BALDWIN and JAMES C. FOGLEMAN, Department of Nutrit ion 
and Food Science, University of  Arizona, Tucson, AZ 85721 

ABSTRACT 

Ct's- and trans-22-dehydrocholesterol were added to media for 10 species of Drosophila. The cis 
isomer prevented normal maturation of 4 species and the trans isomer was toxic to 9. These findings 
were corroborated by tests with 4 representative species on a sterol-deficient medium under axenic 
conditions. Addition of cholesterol to the latter overcame the toxicity of the trans isomer. Trans-22- 
dehydrocholesterol may be acting as a competitive inhibitor in the metabolism of phytosterols to 
cholesterol or ecdysone by the insects. 
Lipids 17:209-214, 1982. 

This  s t udy  was s t imula ted  by obse rva t ions  
t ha t  cis- (cis-DHC) bu t  no t  trans-22-dehydro- 
cho les te ro l  (trans-DHC) i nh ib i t ed  g rowth  of  
mouse  f ibroblas t  cells in tissue cu l tu re ;  we 
p re sumed  tha t  this  occur red  by a change  in 
m e m b r a n e  p roper t i e s  (1). In add i t ion ,  sporu-  
l a t ion  of  Phytophtora cactorum was p reven ted  
w h e n  cis-DHC was the  on ly  s terol  in its m e d i u m  
(2). These  f indings  sugges ted  t ha t  s tudies  o f  the  
ef fec t  of  cis- and  trans-DIIC on mul t i ce l lu la r  
organisms would be in teres t ing.  We chose 
Drosophila because n u m e r o u s  species, in this  
genus were available to us, m e t h o d o l o g y  for  
axenic  s tudies  had  been  developed (3,4) ,  and  
compar i sons  could  be made  a m o n g  species 
occupy ing  widely d i f fe ren t  habi ta t s .  Drosophila 
melanogaster and D. hydei have a c o s m o p o l i t a n  
d i s t r ibu t ion ,  D. acanthoptera is f ound  in 
s o u t h e r n  Mexico,  D. pseudoobseura in t he  
wes te rn  U.S., D. arizonensis and D. hamatofila 
in the  s o u t h w e s t e r n  U.S. and the  r emainder ,  
D. mettleri, D. mojavensis, D. nigrospiraeula 
and  D. pachea, are cactophilic species, endem i c  
to the  Sono ran  Deser t  (5). 

Trans-DHC has been  m e n t i o n e d  several t imes  
in the  insect  l i terature .  It was first r epo r t ed  as 

1Arizona Agricultural Experiment Station Journal 
article no. 3469. 

a m e t a b o l i t e  of  ergosterol  in G e r m a n  cock- 
roaches  (6) and  t h e n  as 4% of  the  s terols  in 
cr ickets  (7). I t  cou ld  no t  be used as the  sole 
d ie ta ry  s terol  by the  h ide  beet le  (8,9) ,  bu t  
suff iced as well as cho les t ano l  as a sparing 
s terol  in the  diet  of  this  insect  (10) .  On a 
m e d i u m  con ta in ing  0.1% trans-DHC, 95% of  
the  larvae of  the  kap ra  bee t le  were able to  grow 
to  m a t u r i t y  (11 ). Dur ing  the dea lky l a t i on  o f  stig- 
mas te ro l  to cho les te ro l  by  the  t o b a c c o  horn -  
worm,  no  trans-DHC was de t ec t ed  n o r  
was there  any  convers ion  of  this  s terol  to 
cho les te ro l  by the  insect  (12)  (Scheme  I). 

In this paper,  we repor t  the  results  o b t a i n e d  
when  various species of  Drosophila were reared 
on  s t anda rd  and  s te ro l -def ic ien t  media  con ta in -  
ing cis- and trans-DHC. 

MATERIALS AND METHODS 

Species of  Drosophila were o b t a i n e d  f rom 
the  l a b o r a t o r y  of  W.B. Heed,  Ecology  Depar t -  
m e n t ,  Univers i ty  of  Arizona.  Choles te ro l ,  m p  
149-149.5 C ,  was pur i f ied  via the  d i b r o m i d e  
(13) ;  s t igmas tero l  ( U p j o h n  Co.)  was crystal-  
l ized f rom E tOt t ,  m p  169-170.5  C; l a thos te ro l ,  
m p  127-128 C; and  5 ,6 -d ihydroergos te ro l ,  
m p  180-181 C, were p repa red  by  r e d u c t i o n  of  

SI  I G~A5 rERO~ CHQt ESTEROL 

R 
DESt~OSTFROL 

, - "FT~C~CL,CA ~ ~-0. ~TF,OL ,OCL~ 

SCHEME 1. R = As-3#-OH tetracyclic sterol nucleus. 
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the co_rresponding 5,7-dienes over a sohible Rh 
catalyst (14) and brassicasterol (15) and spinas- 
terol (16) were available from earlier work. All 
mp values were taken in vacuo and are cor- 
rected. 

A mixture of cis- and trans-DHC acetates 
was prepared by a Wittig synthesis and sepa- 
rated on AgNO3-silica gel columns (17). Impure 
cis-DHC acetate was purified by crystallization 
from acetone, mp 120-121 C, lit. (17) 116- 
117 C, and trans-DHC acetate by crystalliza- 
tion from 100% EtOH, mp 129.7-130.3 C, lit. 
(17) 128-129 C. The 2 chromatographically 
(GLC, AgNO3-TLC) pure acetates were hydro- 
lyzed to cis-DHC, mp 140-140.5 C (EtOH), 
[ a ] ~ - 6 6  ~ (C3,CHC13), lit. (18) 137-139 C, 
-65_ and trans-DHC, mp 138.3-139 C (EtOH) 
{0t] ~-57.1 ~ (C3,CHCla), lit (18) 133-135 C, 

O u 

- 6 0 .  Structural comparisons of the sterols 
used in this study are shown in Figure 1. 

Early tests were done with a standard 
medium containing 60 g brewers' yeast, 12 g 
agar, 60 ml corn syrup, 15 ml malt extract, 
1 medium-size banana, 15 ml propionic acid 
and 1,650 ml water. The dry weight of the 
ingredients represent 167 g (11%) of the 
medium. The ingredients (less H20 and propi- 
onic acid) corresponding to 0.8 ~ of this me- 
dium were hydrolyzed in duplicate with alka- 
line pyrogallol (19) and the sterols (ergosterol, 
zymosterol and sitosterol) were determined in 
the nonsaponifiable fraction by triangulation of 
their respective peaks by GLC (5% OV-101, 
250 C). Tests under axenic conditions were 
done with a sterol-deficient medium (3) from 
which carboxymethylcellulose was omitted and 
agar reduced to 8 g/~. Its dry ingredients were 
also hydrolyzed to determine the sterol con- 
tent. 

Test sterols added to these media were 

dissolved in ether, made into a slurry with the 
requisite amounts of yeast and the ether 
evaporated prior to addition of the yeast to the 
other ingredients in the media. 

Tests with Drosophila 

In 4 preliminary experiments (Tables 1-3), 
adults of various species were allowed to 
oviposit overnight on 30 ml standard medium 
in small beakers placed in 4-~ population 
jars. The top 2-3 mm of the medium containing 
the eggs was sliced from the remainder and 
placed on 200 ml of the test media in 1-s jars. 
Approximately the same number of eggs were 
used in each test of a species. In all cases, 
concurrent controls with no added sterols were 
run. D. pachea required 3-6 days of oviposition 
to supply enough eggs for tests. Numbers of 
adult F 1 emerging from each~ medium were 
compared. In all cases, sterol concentrations 
are given as a percentage of the dry ingredients 
in the standard (11% solids) and sterol-deficient 
(9% solids) media. 

Standard medium (30 ml) containing 0.25% 
of either c/s- or trans-DHC was poured into 
200-ml bottles. Adults of 8 species of Droso- 
phila (Table 1) were allowed to oviposit on 
standard medium as before. The surface of the 
medium was rinsed with 70% EtOH to inhibit 
contamination and exactly 50 eggs from each 
species were transferred to 6 bottles of each 
medium. Numbers of adults emerging from 
each bottle were counted and the results 
expressed as a percentage of the 300 eggs used 
per test. Bottles that became contaminated 
with mold were discarded and that test re- 
peated. 

Sterol-deficient medium supplemented with 
various sterols was autoclaved 20 min at 121 C. 
Eggs collected from D. pseudoobscura, D. 

R 1 = A  5 

R 2 = A  7 

R I ,  CHOLESTEROL 

R2, LATHOSTE ROL 

R 1 . TRANS-DHC 

R I ,  CI S-DHC 

R1, STIGNASTEROL R1, BRASSICASTEROL 

R2, SPINASTEROL R2, 5,6-DIHYDROERGOSTEROL 

FIG. 1. Structural comparisons of sterols. 

LIPIDS, VOL. 17, NO. 3 (1982) 



DROSOPHILA AND 22-DEHYDROCHOLESTEROL 

TABLE 1 

Response o f  Species of  Drosophila to 0.25% cis- or trans-DHC added to Standard Medium 

211 

Number  o f  F t adults from: 
Percentage o f  300 eggs which 

matured  to F t adults on:  

Species Control e/s-DHC trans-DHC Control e/s-DHC trans-DHC 

D. acanthoptera 916 766 0 -- - -- 
D. arlzonensis 755 541 2 55 67 0 
D. hamatoflla 356 30 4 - - - 
D. hydei 465 269 2 37 60 0 
D. melanogaater 1608 1439 54 99 93 0.7 
D. mettleri 660 0 0 31 0 0 
19. mojavensis 1248 199 0 58 24 a 0 
D. nigrospiraeula 470 0 0 11 0 0 
D. pseudoobscura 295 270 264 59 71 a 23 a 
19. pachea 830 32 2 0 0 0 

aSignificantly different f rom control,  p < 0.01. 

TABLE 2 

Response of  2 Species of  Drosophila to Various A aa-Sterols Added to Standard Medium 

Sterol % added to medium 

Number  of  F t adults of:  

D. nigrosplracula a D. mo]aver~is b 

None - 82 1951 
eis- or trans.DHC 0.05 122 501 

0.10 67 65 
0.15 58 11 
0.25 0 0 

None -- 387 1190 
Brassicasterol 0.25 487  1353 
Stigmasterol 0.25 456 1469 

aD. nigrospiracula tested with e/s-DHC. 
bD. mojavensis tested with trans-DHC. 

mo/avensis a n d  D. met t ler i  were  s t e r i l i z ed  w i t h  
2% NaOC1 fo r  20  m i n ,  r i n sed  t w i ce  w i t h  s te r i l e  
0 . 7% sa l ine  a n d  p l a c e d  o n  s t e r i l e  agar  p l a t e s  t o  
h a t c h .  A x e n i c  f i rs t  i n s t a r  l a rvae  ( 1 0 0 )  o f  e a c h  
spec i e s  w e r e  a s e p t i c a l l y  t r a n s f e r r e d  t o  30  m l  o f  
e a c h  s te r i le  m e d i u m  in  2 0 0 - m l  b o t t l e s  in  5 
r e p l i c a t e s  ( T a b l e  4).  R e s u l t s  w e r e  e x p r e s s e d  as  
p e r c e n t a g e s  o f  o r ig ina l  l a rvae  t h a t  we re  ab le  
t o  m a t u r e  t o  a d u l t s  o n  e a c h  m e d i u m .  

S t e r i l i z ed  eggs  f r o m  t h e  a b o v e  3 s p e c i e s  a n d  
D. melanogaster were  p l a c e d  d i r e c t l y  o n  t h e  
m e d i a  in  6 r e p l i c a t e s  ( T a b l e  5). F I  a d u l t s  
m e r g i n g  f r o m  e a c h  b o t t l e  were  a x e n i c a U y  
t r a n s f e r r e d  t o  f r e s h  b o t t l e s  o f  t h e  s a m e  m e d i u m  
f r o m  w h i c h  t h e y  h a d  e m e r g e d .  W h e n  F 2 l a rvae  
w e r e  vis ib le ,  t h e  F t  p o p u l a t i o n  was  r e m o v e d .  
R e s u l t s  w e r e  e x p r e s s e d  b y  s c o r i n g  t h e  egg  t o  F1 
a n d  F 2 a d u l t  v i ab i l i t y  f o r  e a c h  s t e r o l  s u p p l e -  
m e n t .  

RESULTS AND DISCUSSION 

R e s u l t s  o f  t h e  p r e l i m i n a r y  e x p e r i m e n t s  a re  

s h o w n  in  T a b l e s  1-3. O f  t h e  10 s p e c i e s  t e s t e d ,  
o n l y  D. pseudoobscura was  ab le  to  w i t h s t a n d  
t h e  p r e s e n c e  o f  0 . 2 5 %  trans-DHC in i t s  d ie t .  
T h e  s t a n d a r d  m e d i u m  c o n t a i n e d  % 0 . 4 %  e rgos -  
t e ro l  a n d  z y m o s t e r o l  a n d  % 0 . 0 4 %  s i t o s t e r o l  
b a s e d  o n  t h e  d r y  w e i g h t  o f  i t s  i n g r e d i e n t s .  I t  
a l so  b e n e f i t e d  f r o m  a d d i t i o n  o f  0 . 2 5 %  cis-DHC 
t o  i t s  d i e t  ( T a b l e  1). T h e  s a m e  c o n c e n t r a t i o n  o f  
c / s - D H C  d e l e t e r i o u s l y  a f f e c t e d  5 spec i e s :  

TABLE 3 

Response of/9.  paehea to  0.25% of  Various 
A 22-Sterols Added to Standard Medium 
Supplemented with 0.25% Lathosterol  

s terol  added to med ium No. o f  F t adults 

None (lathosterol only) 1655 
cis-DHC 2858 
tran~DI IC 844 
5,6- Dihydroergosterol 2171 
Spinasterol 2063 
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T A B L E  4 

E f f e c t  o f  V a r i o u s  S te ro l s  on  M a t u r a t i o n  o f  La rvae  o f  3 Spec ies  o f  Drosophi laa ,  b 

Cholesterol Cholesterol 
Species No added sterol Cholesterol c / s -DHC + c / s -DHC c t r a n s - D H C  + trans-DHC c 

D. p s e u d o o b s c u r a  4 7  6 8  56 57 0 52 
D. rnojaven.ris 13 4 6  4 9  54 0 4 2  
D. m e t t l e r i  18 10 7 28  0 4 2  

a l 0 0  l a r v a e / b o t t l e ,  5 b o t t l e s / t e s t ,  all va lues  are  + 2-5 S.E. 

bSterol-deficient medium, 0.25% added s te ro l s .  

tEach sterol added at  a c o n c e n t r a t i o n  o f  0 .25%.  

D. hamatofila, D. mettleri, D. mojavensis, 
D. nigrospiracula and D. pachea. Except for 
D. pachea, which requires a A 7 sterol (3), 
D. mettleri and D. nigrospiracula were the most 
sensitive to c/s- and trans-DHC and also showed 
the least percentage egg-to-adult viability on 
control. D. arizonensis, D. hydei, D. melano- 
gaster and D. pseudoobscura showed the least 
sensitivity. It is interesting that, of the 10 
species, these 4 are the most polyphagous. 
Transcending the differences between the 
species, however, is the important observation 
that the trans isomer is the more deleterious to 
Drosophila whereas it was the cis that inhibited 
growth of mammalian cells in culture (1). 
Alteration of membrane properties are appar- 
ently not the controlling factors in all the cis,- 
trans-DHC interactions in Drosophila. 

The concentration of the two 22-dehydro- 
cholesterols required for a significant biological 
response with 2 species that are sensitive to 
them is show in the upper part of Table 2. 
Although the data cannot be treated statis- 
tically because the numbers of eggs transferred 
to each medium are known to be only roughly 
equal, 0.25% c/s-DHC and 0.10% trans-DHC 
were required to affect D. nigrospiracula and 
D. mojavensis, respectively. 

The effects caused by the presence of 2 
other trans-A r2 sterols in the medium are 
shown in the lower part of Table 2. They 
illustrate how a 24~-methyl (brassicasterol) 
and a 24-~-ethyl (stigmasterol) group complete- 
ly nullify the deleterious effect of the trans-A ~ 
double bond. For this unsaturation to be 
effective as an inhibitor of Drosophila growth 
and maturation, it must be in the cholestane, 
rather than ergostane or stigmastane, side 
chain. This is reasonable as the latter 2 sterol 
types are ubiquitous in the diets of terrestrial 
phytophagous insects whereas trans-A z2 unsatu- 
ration in the cholestane series is found princi- 
pally in marine organisms (1, refs. 1-4). 

D. pachea grew well on all sterols except 

trans-DHC (Table 3). The 0.25% lathosterol 
added to the medium helped overcome the 
trans isomer toxicity to some extent when 
compared to the results obtained in its absence 
(Table 1). The 24-alkyl groups in 5,6-dihydro- 
ergosterol and spinasterol again rendered the 
trans-A 22 double bond in these 2 sterols innocu- 
ous toward development ofD. pachea. 

At this point, we decided to pursue our 
studies with a sterol-deficient medium under 
axenic conditions with 4 representative species: 
D. pseudoobscura, able to tolerate both cis- 
and trans-DttC; D. melanogaster, able to grow 
as well on 0.25% cis-DHC as on control; D. 
mojavensis, able to grow on 0.25% cis-DHC but 
not as well as on the control; and D. mettleri, 
which did not mature on either 22-dehydro- 
cholesterol isomer (Table 1). 

The results with axenic larvae of 3 species 
(Table 4) and with sterilized eggs of all 4 
species (Table 5) will be discussed together. In 
the latter case, sufficient sterol is stiU present in 
the sterol-deficient medium (%0.01% of dry 
wt) to allow some F2 survival in the absence of 
added sterols. In both experiments, addition of 
cholesterol to the medium overcame the 
toxicity of trans-DHC. Cis-DHC was unable to 
do this for the 2 sturdier species (D. melano- 
gaster and D. pseudoobscura), and, by itself, 
was inadequate for growth of 2 generations of 
the other 2. An unanticipated observation was 
the decreased viability of D. mettleri on cho- 
lesterol supplemented media compared to 
control. This species normally feeds and breeds 
in soil soaked by decaying saguaro cactus, a 
substrate for which the principal sterol is 
sitosterol (Fogleman and Kircher, unpublished 
data). The 2 experiments show that larvae of 
the 4 species are unable to mature under axenic 
conditions in a medium containing trans-DHC 
and traces of ergosterol. Most of the larvae died 
before or during the second instar stage. Sur- 
vival of D. pseudoobscura on standard medium 
plus trans-DHC (Table 1) may be due to its 
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higher sterol content. 
Two functions of sterols in insects are their 

roles as membrane and nerve tissue constituents 
(20-23) and as precursors to ecdysteroids 
(24,25). The toxic effect of trans-DHC is most 
likely related to these functions. Its acute 
toxicity, rather than that of the cis isomer as 
observed earlier (1,2), can be rationalized in a 
number of ways: (a) the cis isomer may be 
reduced to cholesterol by some of the species 
of Drosophila; (b) Drosophila may have a 
greater capacity to alter membrane components 
(fatty acids, proteins) than cultures of  mouse 
fibroblast cells and are thus able to tolerate 
unsuitable sterols (cis-DtlC) better;  (c) the 
trans isomer may be a good membrane steroi 
but inhibit some metabolic step (e.g.,  22- 
dehydrodesmosterol to desmosterol, Scheme I) 
in the conversion of phytosterols to cholesterol; 
(d) the trans isomer may inhibit the conversion 
of cholesterol to ecdysone when concentrations 
of cholesterol in the insect are very low; (e) 
when sufficient cholesterol is also present, it 
may be preferentially absorbed in the gut with 
relative exclusion of trans-DHC or its presence 
in the diet furnishes enough of  a suitable sterol 
so that the trans isomer is not needed to fulfill 
roles for which it is unsuited, i.e., membrane 
consti tutent or ecdysone precursor. 

The last 3 hypotheses are supported by the 
results (in Tables 4 and 5) where addition of 
cholesterol to media containing trans-DHC 
overcame the deleterious effect of the latter. 
Similar results were observed (Table 3) with 
added lathosterol and D. pachea. Furthermore, 
hypothesis d is supported by the observation 
that larvae that hatch on trans-DHC (Table 5) 
die as first instars. These hypotheses are cur- 
rently being tested with sterols other than 
cholesterol and will be reported in part II. This 
study of the effect cis-and trans-DHC on 
Drosophila should provide further insight into 
the mechanisms involved in sterol assimilation 
in phytophagous insects. 
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N O M E N C L A T U  RE 

Cho le s t ano l  5r an-3~-oi 
Cho les te ro l  Choles t -  5-en-3~-ol 
Lathosterol  5~-Ch olest  - 7-en- 3~-ol 
c/s-DHC Choles t  a- 5,22 Z-dien-3fl-ol 
trans-D HC Choles ta -5 ,22E-dien-3~-ol  
Desmos te ro l  Choles ta-5 ,24-dien-3~-ol  
22-Dehydrodesmosterol  Choles t  a-5,22E,24-trien-313-oi 
Z y m o s t e r o l  5~-Ch olest  a-8,24-dien-3/~-ol 
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NOMENCLATURE, continued 

Brassicast eroi Ergosta- 5,22E-dien-3~-ol 
5,6-Dihydroergosterol 5c~-Ergost a- 7,22 E-dien-3~-ol 
Ergosterol Ergosta-5,7,22E-trien-3g-ol 
Sitosterol Stigmast-5-en-3~-ol 
Stigmasterol Stigmasta-5,22E-dien-3~-ol 
Spinasterol 5c~-Stigmasta-7,22 E dien-30-oi 
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Taxonomic Implication of Sterol Composition 
in the Genus Chlorel la  1 

MARCIA J. HOLDEN and GLENN W. PATTIERSON, Department of Botany, 
University of Maryland, College Park, MD 20742 

ABSTRACT 

Thirty-five isolates of the genus Chlorella were grown under standardized conditions and analyzed 
for sterol composition. Six different sterol synthetic patterns were found. Two patterns were charac- 
terized by nuclear unsaturation at C-5 and one type by nuclear unsaturation at C-7. The remaining 
isolates all synthesize sterols with a diunsaturated nucleus (C-5 + C-7) with various modifications. Sub- 
type 1 synthesizes only C2s sterols, subtype 2 produces C28 and C29 sterols, and subtype 3 (1 isolate) 
produces C28 sterols with nuclear unsaturation at C-5 + C-8 in addition to the A s,7 C28 sterols seen in 
the first 2 subtypes. Comparison of the sterol composition of strains shared in common with taxo- 
nomic researchers showed good correlation with the taxonomic scheme of Fott and Novakova which 
has been confirmed by Kessler and coworkers using other biochemical markers. 
Lipids 17:215-219, 1982. 

INTRODUCTION 

Species of the genus Chlorella are nonmotile,  
unicellular algae belonging to the Chlorophyta 
or green algae. The genus is characterized by 
only a few distinguishing structural features 
including cell morphology (spherical or ellip- 
soidal), chloroplast size and shape, and presence 
or absence of pyrenoid. Sexual reproduction is 
unknown and vegetative reproduction is by 
autospore production; 2-32 autospores are 
derived from successive divisions of the nucleus 
and single chloroplast. With the completion of 
wall formation, these minatures of adult cells 

a r e  simultaneously released through rupture 
of the parent cell wall. 

Chlorella is ubiquitous in nature and has 
been isolated in diverse aquatic and aerial habi- 
tats and as symbionts in certain animals. Many 
members of this genus are highly adaptable to 
life under marginal conditions. Explosive 
growth rates under good conditions have earned 
it a reputation as an algal weed. Chlorella was 
first isolated and the genus described by a 
microbiologist, Beyerinck. Bold and Wynne 
suggest that Chlorella was probably the first 
alga to be grown extensively in axenic culture 
(1). Partly due to the ease of growth and 
manipulation, Chlorella has found extensive use 
in research in plant physiology. However, due 
to the minuteness of size where significant 
subcellular structures are at the limit of resolu- 
tion of light microscopy and the few available 
distinguishing features, the identification of an 
individual isolate is difficult. The result is multi- 
ple species designations for the same isolate in 
different culture collections. The problem of 

1Scientific article no. A-3030, contribution no. 
6093 of the Maryland Agricultural Experiment Sta- 
tion. 

proper identification is particularly acute due 
to the diversity of biochemical properties and 
physiological reactions found in different iso- 
lates. The latter has been used extensively as a 
basis for taxonomic schemes. 

The algae, a s  a group, axe known for a 
greater diversity in sterol production than any 
other group of organisms. It has been suggested 
that characterization of sterol composition can 
be used as a tool in biochemical taxonomy and 
in the establishment of phylogenetic relation- 
ships (2). Genera in some algal divisions are 
united by sterol synthetic patterns, but others, 
particularly the green algae, are characterized 
by varied sterol synthesis (3). Chlorella is 
unique in the variety of biosynthetic patterns 
encountered in members of one genus. Previous 
work with Chlorella species had shown that 
individual isolates synthesize a A s, A 7, or A s'7. 
series of sterols (4-6). It was of interest to 
investigate both the sterol composition of a 
large number of isolates and the value of these 
data in the taxonomy of the genus. 

METHODS 

Chlorella isolates were grown axenically and 
heterotrophically in 15-s carboys with glucose 
as a carbon source. Carboys were bubbled with 
filtered, compressed air and checked daffy for 
contamination. Cells were harvested at the end 
of log phase growth with a Sharpies Super 
Centrifuge and freeze-dried. Algal material was 
stored at -20 C until  analysis. Ten g of freeze- 
dried cells were extracted with chloroform/ 
methanol (2:1, v/v) using a Soxhlet. The crude 
lipid extract was saponified with alcoholic KOH 
(20% in 60% EtOH) and the unsaponifiable 
matter extracted into ether using a liquid-liquid 
extraction apparatus. Sterols were purified 
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using alumina column chromatography. Separa- 
tion of sterol components was effected by the 
use of AgNO3/silicic acid columns (12% w/w) 
with a graded series of ether in hexane (4, 5, 6, 
7, 8, 9, 16, 20 and 90%). Steryl acetates, pre- 
pared using acetic anhydride/pyridine overnight 
in the dark, were chromatographed on the 
AgNO3/silicic acid column and separated 
according to the number and position of the 
double bonds. 

Sterols were identified and quantitated by 
gas liquid chromatography (GLC) using a 
Varian Model 3700 gas chromatograph 
equipped with a Varian CDS 111 data system. 
The 6-ft glass column was packed with SE-30 
(3%) on 100/120 mesh Gas Chrom Q. Sterols 
were chromatographed using helium as a 
carrier gas at 245 C and 20 ml/min. Retention 
times relative to cholesterol were calculated for 
unknowns and compared to appropriate au- 
thentic standards run in conjunction with the 
unknown. Mass spectral analyses were con- 
ducted on representative samples using an LKB 
9000 GC/MS equipped with a Varian SS-100 
mass spectra data system. The 0.75% SE-30 
column was operated at 230 C. The ionizing 
energy was 70 eV. 

RESULTS AND DISCUSSION 

Analysis of the isolates belonging to the 
genus Chlorella showed 6 different patterns of 
sterol synthesis. Isolates belonging to each of 
these 6 groups produced component sterols in 
similar proportions. 

Chlorella Group IA 

Five of the analyzed isolates (see Table l) 
synthesize sterols characterized by a single 
nuclear unsaturation at C-5. A small but consis- 
tent amount  of cholesterol was found in these 
isolates, but the other component sterols were 
alkylated at C-24, producing both C2a and C29 
sterols. The major sterol produced in this group 
was the diunsaturated C29 sterol, poriferasterol, 
followed by the C2a sterol, 5-ergostenol and the 
C29 sterol clionasterol. These sterois are the 24fl 
epimers of the commonly found series of higher 
plant sterols, campesterol, stigmasterol and sito- 
sterol. 

Group IB 

The 2 isolates classified as Chlorella IB show 
a related composition, but one that differs in 2 
aspects. The major product of sterol synthesis 
was 5-ergostenol (69-73% of total sterol) and 
significant amounts of the C29 homolog of 
ergosterol, 7-dehydroporiferasterol, was also 
found. 

Chlorella Group I I  

The remaining 28 isolates lack, to some 
extent, the biosynthetic capacities, of the pre- 
viously discussed isolates. Seven isolates synthe- 
size a series of sterols that are the A 7 isomers of 
the AS-sterols of group IA. There is no A 7 
equivalent of cholesterol found, however. These 
isolates alkylate at C-24 exclusively rather than 
reducing the 24(25) bond of precursor sterols. 
The A 7 sterois produced by these isolates are 
found in similar proportions to the A s isomers 
of group IA, with the major sterol a A 22, C29 
sterol, chondriUasterol. The major biosynthetic 
difference between the group II isolates and 
those of group I is the inability of group II to 
introduce the A s bond, presumably due to the 
absence of a AS-dehydrogenase. 

Chlorella Group I l i A  

The largest group, 15 isolates, produced the 
group I l i a  series of sterols. Inspection of their 
structures shows 2 major biosynthetic diffe- 
rences between these algae and groups I and II. 
These organisms lack the A 7 reductase for the 
removal of the double bond at C-7 after the 
introduction of the bond at C-5, the accepted 
series of biosynthetic events (7). In addition, 
these isolates lack the ability to introduce a 
second aikyl group at C-24 resulting in the pro- 
duction, exclusively, of the C2s sterols, ergo- 
sterol and its mono- and diunsaturated com- 
panion sterols, in which ergosterol is the major 
sterol produced. Biosynthetic studies using the 
hypocholesteremic drugs Triparanol and AY- 
9944 result in a build-up of precursors in these 
isolates. Analysis of AY-9944 inhibition prod- 
ucts of treated C. sorokiniana (UTEX #1230) 
showed no 24-methylene intermediates that are 
believed to be precursors of the 24-ethyl sterols 
in algae (8). Evidence for the intermediacy of 
these 24-methylene sterols has been provided 
by Tomita et al. (9,10) and Tsai and Patterson 
with the use of labeled compounds in Chlorella 
(11) and by Goad et al. (12) with Scenedesmus 
and Trebouxia. However, 24-methylene inter- 
mediates have been demonstrated in treated 
cultures of the C-29-producing Chlorella group 
I and II isolates, C. emersonii and C. ellipsoidea 
(13-15). Moreover, the treated C. sorokiniana 
cultures produced 4ot,14a-dimenthyl-5a-ergosta- 
8,25-dienol, indicating the role of 25-methylene 
sterols in the production of C-28 sterols (8). 

Group I I IB  

Group IIIB isolates lack the same A 7 reduc- 
tase as group IliA, resulting again in the produc- 
tion of ergosterol and 5,7-ergostadienol. How- 
ever, they do have the ability to introduce the 
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TABLE 1 

Component Sterols and Ranges of Sterol Composition in the 6 Chlorella Groups 
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Systematic name (all 31~-ol) 

% Composition 

Trivial name Group IA Group IB 

Cholest-5-en ol Cholesterol 1-2 0-1 
24fl-Meth ylcholest a- 5,22-dienol Brassicasterol 1-5 1 
24/3-Methylcholest- 5-enol 5-Ergostenol 28-34 69-73 
24~-Ethyleholesta-5,22-dienol Poriferasterol 55-66 10-12 
24~- Ethyleh olest- 5-enol Clionasterol 1-8 a 
24/$-Eth ylch olesta- 5,7,22-trienol 7-Dehy droporiferasterol -- 9 a 

Group II 

24/~-Meth ylcholest a-7,22-dienol 
24/3- Methylcholest- 7-en ol 
24fl- Eth ylcholest a- 7,22-dienol 
24#-Eth ylch olest- 7-enol 

7,22-Ergostadienol 1-4 
7-Ergostenol 20-28 
Ch ondrillasterol 45-68 
7-Chondrillastenol 5-27 

Group IliA Group IIIB Group IIIC 

24/3-Me thylcholesta- 5,7,22-trien ol Ergosterol 32-80 23-41 53 
2413-Methy lch olest a- 5,7-dien ol 5,7-Ergostadienol I >32"63b >13"35b >13b 
24/3-Methy lcholest-7-enol 7-Ergostenol 
24~-Ethylch olesta-7,22-dien oi Chondrillasterol f 
24/3-Et h ylcholesta- 5,7,22-trienol 7- Dehydroporiferasterol - >29"37c - 
24/~-Eth ylcholest-7-enol 7-Chondrinastenol - 3-14 - 
24/$-Methylcholesta- 5,8-dienol 5,8-Ergostadienol - - 1 
24/~-Methylch olest a- 5,8,22,-trien ol 5,8,22-Ergost atrienoi - - 30 

aCombined peak--clion&sterol seen as a shoulder on the back side of the 7-dehydroporiferasterol. 
bCombined peak-difficult to separate due to similar retention times; 7-ergostenol is the major component in 

most cases. 
CCombined peak, with 7-dehydroporiferasterol the major component. 

s econd  alkyl  g roup  at  C-24, p r o d u c i n g  the  C-29 
h o m o l o g  of  ergosterol ,  7 -dehydropor i f e ra s t e ro l ,  
plus chondr i l l a s te ro l  and  7-chondf iUas tenol .  
The presence  of  C29 s terols  in ergos terol  syn- 
thes iz ing organisms is a rare occur rence .  While 
7 -dehydropor i f e r a s t e ro l  has  been  f o u n d  in con-  
j u n c t i o n  wi th  ergosterol  in  Euglena gracilis 
(16) ,  Ochrornonas danica (17) ,  and  one  s t ra in  
o f  Chlamydomonas reinhardii (18) ,  mos t  ergo- 
s terol  syn thes iz ing  species p r oduce  on ly  C28 
s terols  as d o  Chlorella group  I l i A  (7).  This  is 
suf f ic ient ly  widespread t h a t  the  possibi l i ty  has  
been  suggested by  Nes and  Nes (19)  of  gene t ic  
coupl ing  b e t w e e n  p r o d u c t i o n  of  e rgos tero l  and  
the  inabi l i ty  to  i n t r o d u c e  the  second  alkyl  
group.  

Group l l lC 

The last  t ype  o f  s terol  b i o s y n t h e t i c  p a t t e r n  
is e n c o u n t e r e d  in only  one  s t ra in  of  Chlorella. 
This  previously  pub l i shed  work  (20)  was re- 
pea ted  here  and  the  same u n i q u e  A s 's  and  
A s'8'22 s terols  were f o u n d  a long wi th  ergo- 
sterol ,  5 ,7-ergostadienol ,  and 7-ergostenol .  No 
second  a lky la t ion  s tep occurs  in this  s t ra in  as 
on ly  C28 s terols  are p roduced .  But  the  presence  
of  the  A s,s b o n d s  are d i f f icul t  to  expla in  be- 

cause t he  presence  of  the  doub le  b o n d  at C-7 is 
cons idered  necessary for  the  i n t r o d u c t i o n  o f  the  
doub le  b o n d  at C-5 (7) .  It is e i t he r  unnecessa ry  
in th is  s t ra in  or,  perhaps ,  one  is seeing a h igh  
degree of  revers ibi l i ty  in the  A s ~ A 7 isomerase.  

Sterols and Taxonomy 

The analysis  of  a large n u m b e r  of  isolates o f  
Chlorella uncovered  more  pa t t e rns  of  s terol  
synthes is  t h a n  previously  suspec ted .  This  sug- 
gested more  s t rongly  t h a n  before  the  poss ibi l i ty  
of  the  use of  s terols  as a t a x o n o m i c  marker .  
Three  groups  have  w o r k e d  ex tens ive ly  on  the  
t a x o n o m i c  class i f icat ion of  this  genus.  All 3 
recognized t ha t  m e m b e r s  of  the  genus  e x h i b i t e d  
morpho log ica l  and  physiological  diversi ty 
be tween  isolates and  var iabi l i ty  in the  behav io r  
of  an  indiv idual  isolate  u n d e r  di f fer ing env i ron-  
m e n t a l  cond i t ions .  The  3 groups  of  researchers  
accordingly  adop ted  the i r  own  s t andard ized  
cond i t ions ,  bu t  app roaches  d i f fered  f rom this  
po in t .  Shihira  and  Krauss c o m b i n e d  m o r p h o l o g -  
ical and  physiological cri ter ia  wi th  the  emphas i s  
on physiological  (21).  Responses  to  c a r b o n  and  
n i t rogen  sources  were graded and,  at t imes,  
small  d i f fe rences  were cons idered  ju s t i f i ca t ion  
for  c r ea t ion  of  separa te  taxa.  Obse rva t ion  of  41 
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isolates led to  the  creat ion of  22 species and 8 
varieties (21).  F o t t  and  Novakova took  a more  
classical morphologica l  app roach  (22) .  F i f t een  
taxa,  9 species and 6 varieties, were def 'med on 
the basis o f  observat ions  of  cellular s t ruc ture .  
Aspects  of  the life cycle and reproduc t ive  

TABLE 2 

Chloreila Isolates Arranged According 
to Sterol Composit ion 

Group IA Isolate # 
C. saccharophila (Kruger) Nadson a 27 b 
C. ellip$oldea Gerneck 247 b 
C. variegata Beij. 257 b 
C. saccharophila (Kruger) Nadson 211 / 1 a c 
C. saccharophila (Kruger) Nadson 211 / 1 d c 

Group IB 
C. anitrata S. & K. 1798 b 
C. anitrata var. minor S. & K. 1799 b 

Group II 
C. emersonli S. & K. 2 d 
C. pyrenoidosa Chick 251 b 
C. pyrenoidosa Chick e 343 b 
C. glucotropha S. & K. 1802 b 
C. pyrenotdosa vat. chick S. & K. 1806 b 
C. regularls war. minima S. & K. 1807 b 
C. emersonii var. rubescens Fott et al. 232/1 c 

Group IlIA 
C. pyrenoidosa Chick 26 b 
C.. vu/gar/s war. viridis Chodat 30 b 
C. vulgaris Beij. 259 b 
C. vulgarl$ Beij. 261 b 
C. vulgaris Beij. 265b 
C. vulgarls war. viridis Chodat 396 b 
C. pyrenoidosa Chic k 1230 b 
C. infuMonum war. acetophila S. & K. 1803 b 
C. parva S. & K. 1805 b 
C. vulgaris f. tertia F. & N. 211/31 f 
C. salina Butcher 180919 
C. sorokiniana var. paclflciensiS S. & K. 1810 b 
C. vaniellii S. & IC 1811 b 
C. vulgaris f. tertia F. & N. 211/40a f 
C. vulgarisf, tert/a F. & N. 1/9/30g 

Group IIIB 
C. vulgaris Beij. 262 b 
C. vulgaris Bcij. 397 b 
C. vuigaris Beij. 398 b 
C. vulgaris Beij. 263 b 
C. sp. 580 b 

Group IIIC 
C. ellipsoidea Gerneck 246 b 

aCulture names  are those assigned by the culture 
col lections.  

bUTEX # University of Texas at Austin, Culture 
Collection of Algae. 

CCCAP # Cambridge Collection of Algae and 
Protozoa. 

dMCC # Maryland Culture Collection. 
eFott et al. removed this strain from the genus 

Chloreila and suggested it be considered a species of 
the genus Scenedesmus (27).  

fGottingen Collection. 
gHigh Temperature Strain of Sorokin (26). 

behavior  were s tudied.  They agreed wi th  Shi- 
hira and Krauss on  the  necess i ty  fo r  b iochem-  
ical markers  bu t  disagreed wi th  the choice  o f  
markers.  Kessler and coworkers  initially ignored 
cellular s t ruc ture  and  def ined  groups  o f  re la ted  
isolates on the  basis o f  b iochemica l  and phys io-  
logical characters ,  e.g., hydrogenase  activity,  
f o rma t ion  o f  secondary  earo tenoids ,  pH toler-  
ance and the rmoph i ly  (23).  Agreement  was 
found  be tween  Kessler 's  groups  and F o t t  and 
Novakova 's  species, leading to  a more  co mp l e t e  
def in i t ion of  the  various taxa.  

In Table 2, the analyzed isolates are g rouped  
according to  their  s terol  compos i t ion .  Table 3 
summarizes  the character is t ic  sterol pa t te rn  
encoun te r ed  in those  Chlorella species def ined  
by F o t t  and Novakova. Representa t ives  o f  6 o f  
the 9 F o t t  and Novakova species were exam- 
ined in this s tudy.  The Chloreila IB and IIIC 
strains were n o t  s tudied  by For t  and Novakova.  
The sterol  data  for  these strains, along with 
o the r  physiological  and biochemical  work on  
these isolates, suggest that  these strains may 
comprise  ye t  addi t ional  taxa  (24 and E. Kessler, 
personal  communica t ion ) .  A subsequen t  paper  
will deal in more  detail  with t a x o n o m i c  aspects  
o f  Chlorella. T h e  DNA hybr id iza t ion  studies 
o f  Kerfin and Kessler have suggested tha t  
Chlorella is a genus compr ised  of  biochemicaUy 
and genetically diverse species un i ted  by a 
c o m m o n  simple morpho logy  (25). The variation 
in sterol  syn the t i c  capaci ty e n c o u n t e r e d  in this 
genus underscores  this diversity. Sterol  co mp o -  
si t ion can serve as a stable marker  in the taxo-  
nomic  def in i t ion  of  an isolate or can serve to  
set  it apart  f rom o t h e r  def ined  strains. 

TABLE 3 

Sterol Composition and Chlorella Taxonomy 

Sterol biosynthetic Fot t& Novakova 
pattern species 

Group IA C. saccharophila 
C. luteovirtdis 

Group II C. emersonil war. vacuolata 
(C. fusca war. vacuolata) a 

C. emersonii var. rubescens 
(C. fusca war. rubescens) a 

Group IIIA C. vuigaris 
C. sorokiniana 

(C. vuigaris f. tertia) b 
Group IIIB C. KesMeri 

aSpecies designation of Shihira and Krauss and 
adopted by Fott and Novakova in their monograph 
(22). Species designation determined invalid in 1975 
(27). 

bSpecies designation assigned by Fott and Nova- 
kova later changed. 
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ABSTRACT 

The honey bee, Apis mellifera, does not convert C2s and C29 phytosterols to cholesterol as found 
in most previous studies of phytophagous or omnivorous insects, but instead the workers and queens 
selectively transfer 24-methylenecholesterol, sitosterol and isofucosterol from their endogenous sterol 
pools to the brood larvae regardless of the sterol in the worker diet. Administering radiolabeled sterols 
by feeding and injection has made it possible to trace this selective transfer through a second genera- 
tion of the honey bee. In further comparative sterol metabolism studies, the yellow fevei mosquito, 
Aedes aegypti, was shown to be capable of dealkylating and converting a radiolabeled C29 dieta'ry 
sterol ([14C] sitosterol) to cholesterol. Metabolic studies with several radiolabeled dietary sterols and 
an inhibitor of steroid metabolism in the yellow fever mosquito further verified this capability. 
Lipids 17:220-225, 1982. 

INTRODUCTION 

Research with a number of  insect species 
that undergo various types of development and 
occupy a diversity of ecological niches has 
revealed interesting differences in sterol utili- 
zation between certain phytophagous and 
omnivorous species (I).  The utilization and 
metabolism of ster0idsin insects differ in many 
respects from those of  higher animals and of 
plants and the uniqueness of this area of  insect 
biochemistry provides an important target 
system for selective disruption of insect growth 
and development. Insects are unable to bio- 
synthesize sterols and require a dietary or 
exogenous source of sterol for normal growth 
and reproduction (1) and in all but 2 known 
cases, cholesterol will satisfy this requirement 
(2,3). Most phytophagous insects are able to 
meet their cholesterol requirement by convert- 
ing C28 and C29 phytosterols to cholesterol 
which is then available as a precursor for the 
ecdysteroids or molting hormones as well as 
for structural purposes (1). The ability of most 
plant-feeding insects to dealkylate sterols at 
C-24 is an important biochemical difference 
between these insects and higher animals. 

Desmosterol (24-dehydrocholesterol) was 
the first intermediate found to be involved in 
the dealkylation and conversion of  sitosterol 
to cholesterol in insects, and it is the final 
intermediate in the conversion of all C ~  and 
C29 phytosterols to cholesterol in those insects 
capable of  this conversion (4). These ffmdings 
were significant from a comparative biochem- 
ical standpoint, as desmosterol is also a ter- 
minal intermediate in the de novo biosynthesis 

of cholesterol in vertebrates (5), and there 
are A~-intermediates  in the pathway of plant 
sterol biosynthesis (6). 

Previous studies with the honey bee, Apis 
mellifera, have revealed that this phytophagous 
social insect possesses some unique ways of 
utilizing dietary sterols (7,8). This might be 
expected, considering the complexity of its 
feeding habits (9). Honey, pollen and royal 
jelly are all involved in feeding a healthy bee 
colony in the field, and the honey stomach, 
mandibular glands and hypopharyngeal glands 
are involved in the nutritional well-being of the 
hive. Larvae are fed a glandular secretion 
consisting partly of a largely protein compo- 
nent from the hypopharyngeal glands and 
partly of a mostly lipid component  from the 
mandibular glands, together with regurgitations 
from the honey stomach (9). The relative 
amounts of these components fed vary with 
the age of the larvae and whether they are 
destined to be workers, queens or drones. 

When diets containing various sterols were 
fed to honey bee workers, diets fortified with 
cholesterol and 24-methylenecholesterol sup- 
ported the highest level of  brood production 
and worker survival was best on a 24-methyl- 
enecholesterol diet (10). Regardless of  the 
dietary sterol, 24-methylenecholesterol was 
always the predominant sterol found in pre- 
pupae, and relatively constant amounts of  both 
sitosterol and isofucosterol were present. Also, 
there was some increase in the relative concen- 
tration of dietary sterol in each sample. Little, 
if any, conversion of  the C ~  or C29 phyto- 
sterols to cholesterol occurred in the larvae. A 
major portion of the sterol made available to 
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the larvae appeared to be derived from the 
endogenous sterol pools of the workers (i.e., 
sterols present in the workers as the tests were 
begun) rather than from their artificial diet. 
This ability of  the honey bee to selectively 
utilize 24-methylenecholesterol and transfer it 
to  the next generation was further examined in 
studies involving injection and feeding of 
radiolabeled 24-methylenecholesterol,  and the 
results of those studies are discussed in this 
paper. 

Whether the house fly, Musca domestT"ca, 
has the ability to dealkylate the C-24 position 
of  the sterol side chain has been critically 
examined in metabolic studies with labeled 
dietary sitosterol and this dipteran species was 
found to be unable to carry out this conversion 
(11,12). For  many years, we had used the 
yellow fever mosquito, Aedes aegypti, as a 
test  insect in various types of physiological 
studies, but  we had never examined sterol 
util ization and metabolism in this species. We 
thus undertook to determine whether mosquito 
larvae, like a number of previously studied 
phytophagous and omnivorous insects, could 
dealkylate C2a or C29 phytosterols,  or whether 
this mosquito was like the house fly in this 
regard. 

MATERIALS AND METHODS 

Honey Bee Tests 

The chemically defined diets for the honey 
bee tests were prepared as previously described 
(10). In the In'st experiment of this study, over 
2,600 newly emerged "I ta l ian" (a geographical 
race, A. mellifera ligustica, that is widely 
accepted in beekeeping, 13) workers were 
each injected with 1 /ag [2,4-3H]24-methyl - 
enecholesterol (14) (sp act 4,000 cpm//ag, 
>98% radiochemical purity).  The injected bees 
were set up in a hive in a screened flight cage 
(2 • 2 x 2 m) with a mated laying queen, and 
fed a diet containing 0.1% dry weight of 
unlabeled cholesterol. A sample of 8 injected 
workers was weighed and frozen at 4 weeks 
after the test was begun and a total  of 25 
prepupae reared by these workers was collected 
and frozen for later sterol analysis; the queen 
was also preserved for analysis. 

In a second experiment,  5 colonies of newly 
emerged "I ta l ian" honey bees (ca. 4,000 bees/ 
colony) were set up in flight cages with a mated 
laying "midnight"  queen (a darker colored 
commercial hybrid, 13) which provided a 
genetic marker for production of readily 
identifiable "midnight"  or dark-colored pro- 
geny. The workers in the original colonies were 
fed a diet coated with 0.1% dry weight [2,4- 

3HI 24-methylenecholestero1 (sp act 300 cpm/ 
~g). A sample of  8 of  the original workers was 
weighed and frozen 4 weeks after the colony 
was established and one sample (8 insects) of  
newly emerged "midnight"  worker progeny was 
weighed and frozen. All other newly emerged 
"midnight"  workers were transferred to 
another cage and used to establish another 
colony with a mated laying queen. This colony 
was fed a cholesterol-fortified diet, and subse- 
quently 3 samples of 25 of these second gener- 
ation pupae, reared by the "midnight"  workers, 
were weighed and frozen, as were 5 "midnight"  
queens from the original colonies 5 weeks after 
the tests were begun. 

Yellow Fever Mosquito Tests 

A modification of Akov's larval mosquito 
diet was used to rear yellow fever mosquito 
larvae (15). Our diet differed from Akov's 
primarily in the dry vitamin mixture, because 
we used a standard mixture developed for the 
house fly in our laboratory which contains 
inositol (16). The diet ingredients and concen- 
trations included: dry vitamin mixture, 0.2 
mg/ml; salt mixture W, 1.4 mg/ml; yeast 
RNA, 1.0 mg/ml; casein (extracted 6X with 
CHC13/MeOH), 9.9 mg/ml. The labeled dietary 
sterol, in each case, was dissolved in CH2C12 
and coated on the other  dietary ingredients at 
a concentration of  0.1% dry weight. Groups of 
1,000 newly hatched larvae each were placed in 
gallon jars containing 3 s of water (not under 
aseptic conditions) and were fed as needed. 
Insects were frozen as pupae when possible to 
ensure elimination of dietary sterol from the 
lumen of the gut. Otherwise, larvae were 
transferred to sterol-free medium for 24 hr 
prior to being frozen to eliminate dietary sterol 
from the gut. When possible, at least 1 g of 
mosquitoes fed each diet was pooled for each 
sterol analysis. [4-14C] Sitosterol was purchased 
from Amersham Corp., Arlington Heights, IL; 
[26J4C] desmosterol was purchased from New 
England Nuclear, Boston, MA; [2,4-3H]campe - 
sterol was prepared by the method used for 
[ 3H] 24-methylenecholesterol in the honey bee 
tests (14). The radiolabeled sterols were puff- 
fled by column chromatography and examined 
for radiochemical purity by counting areas of  
adsorbent scraped from thin layer chromatog- 
raphy (TLC) plates in a Packard liquid scintil- 
lation spectrometer  and by counting fractions 
collected from gas liquid chromatograph (GLC) 
effluent. The radiochemical puri ty of  all sterols 
was >98% and the sp act were 4,300, 1,000 and 
2,500 cpm//ag for [14C]sitosterol, [14C]- 
desmosterol and [ 3H] campesterol, respectively. 
The 25-azacholesterol'HC1 used in inhibitor 
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TABLE I 

Transfer of Radiolabeied 3 H - 2 4 - M e t h y l e n e ~  by 
Hooey Bees aftes I ~  and Feeding 

Radiolgbeling (cpm)/insect 

Injection (4,000 r 
Injected workers at 4 weeks 
Pgepupae rea~d by injected worke~ 
Quee~ a~r 6 weeks 

Feeding (300 cpm#~, O.l%dry wt of diet) 
Original v~oxkers at 4 w~eks 
"Midnight" queens after 5 weeks 
Newly merged "midnight" w o ~ k m  
Pupae of next generation 

! ,740 
2,4so 
7,400 

5,200 
9.900 
5,000 
3,2SO 

studies was provided by the G.D. Searle Co., 
Chicago, IL. [ l - t4ClSodium acetate (sp act 
0.25 mCi/0.35 mg) was purchased from N e w  
England Nuclear, Boston, MA. 

Sum~ Anatys~ 

Samples from both honey bee and yellow 
fever mosquito tests were homogenized in 
CHCI3/MvOH (2:1). Crude lipid extracts were 
saponlfied and the sterols were isolated by 
column chromatography on alumina (17). 
Column fractions were monitored by TLC and 
the sterols were  identified and quantitated by 
GLC on an 0.75% SE-30 and a 1% OV-17 
system. When necessary, the insect sterols were 
further fractionated, as their acetates, by thin 
layer and column argentafion chromatography 
(18 ) .  Gas chromatography-mass spectral (GC- 
MS) analyses were done to confirm identities 
of sterols from certain of the yellow fever 
mosquito metabolism studies since these 
conversions were not  previously reported in this 
insect. 

RESULTS AND DISCUSSION 

The transfer of unchanged [all] 24-methyl- 
enecholesterol to honey bee brood was cleariy 
demonstrated by both the feeding and the 
injection studies. Table l shows comparisons 
of radioactivity recovered per individual in 
samples of workers, queens and pupae from 
both experiments. All radioactivity in these 
samples is associated with 24-methylenecho- 
lesterol as determined by GLC trapping and 
argentation chromatography of the sterol 
acetates. Even after 4 weeks, injected workers 
retained a large part of the labeled sterok It 
is obvious that the labeled 24-methylene- 
cholesterol that had been injected into newly 
emerged workers at the beginning of the test 
period was incorporated into the brood food 
for larval rearing, as shown by the radiolabel 

recovered from the pupae. In the feeding study, 
the original workers accumulated considerable 
radiolabeled 24-methylenecholesterol in 4 
weeks, and some of this labeled sterol was made 
available to larvae which developed into the 
"midnight" worker progeny. They, in turn, 
transferred it to larvae of the next generation, 
as indicated by the fact that the label was 
found in the pupae of the next generation, 
even though the workers were fed a diet forti- 
fied only with unlabeled cholesterol. In addi- 
tion to this selective utilization or transfer of 
24-methylenecholesterol, GLC analyses re- 
vealed that these "midnight" workers also 
transferred a fairly constant amount of both 
sitosterol and isofucosterol to the larvae. There 
was a significant amount  of labeled 24-methyl- 
enecholesterol recovered from queens in both 
of these experiments: 7,400 cpm/queen from 
the injection study and 9,900 cpm/queen in the 
feeding study. All the radioactivity in these 
queens was associated with 24-methylene. 
cholesterol, and this provides further evidence 
that this sterol is not  metabolized and is trans- 
ferred unchanged by the honey bee workers. 

There are interesting phylogenetic impli- 
cations related to this utilization of sterols by 
honey bees. There is good reason to suppose 
that the first bees developed from some 
wasplike ancestor, forsaking a carnivorous diet 
for a vegetarian one (19). It was apparently 
never necessary for them to develop the ability 
to convert plant sterols to cholesterol. We have 
previously noted the small, but persistant, 
levels of cholesterol found in all stages of honey 
bees which must originate ultimately from 
foraging in the field (8). This could 
perhaps be sufficient for their ecdysteroid 
production. On the other hand, there may be 
other as yet unidentified ecdysteroids in the 
honey bee such as makisterone A, a C ~ -  
ecdysteroid found in the milkweed bug (20) 
and for which campesterol or 24-methylene- 
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TABLE 2 

Relative Percentages o f  and Distribution o f  Radioact iv i ty  in S~erots of A. aegyptl Pupae 
That Had Been Fed [ 14C ]S i tos tero l  A lone  or in Combinat ion  with  

25-Azacholes teroI -HCl  (3 ppm)  in the Larval Diet  a 

Relat/ve % Relative % radioactivity  
Sterol  o f  s terols  in major sterols  b 

[ 14C ] Sitosterol  diet 

Cholesterol  66.1 46.8 
Campesterol 1.2 -- 
Si tosterol  32.7  49.4 

[14C]Sitosterol + 25-azacholesterol.HCl diet 

Cholesterol  27.7 8.0 
Desmostero l  18.4 20 .6  
Campestero l  0 .6  - 
S i tosterol  53 .3  62.9  

a[ 14 C ] Sitosterol (4,300 cpm//~g) at o. 1% dry weight  o f  diet in both  cases. 
bRemainder of recovered radioact ivi ty  was distributed in pre-peak,  intermediate  (cam- 

pesterol), and post-peak elution fract ions.  

cholesterol could serve as precursors. It will be 
of  interest to see what ecdysteroids are finally 
isolated and identified from the honey bee. 

Table 2 summarizes the fate of the C29 
sterol [14C]sitosterol fed to yellow fever 
mosquito larvae. Over 66% of the mass of 
sterols recovered from these insects was cho- 
lesterol, and over 46% of the recovered radio- 
activity resided with cholesterol. Although 
there is some obvious dilution of the sp act of 
cholesterol recovered from these pupae, it is 
apparent that the major portion of  the cho- 
lesterol derived from the dietary [t4C]sitos- 
terol. The identity of the cholesterol isolated 
from the pupae was verified by GC-MS analysis. 

Feeding certain azasteroids in combination 
with sitosterol to insects that are able to 
dealkylate and convert phytosterols to cho- 
lesterol results in a reduced production of  
cholesterol (1). An accumulation of desmos- 
terol, the terminal intermediate in this conver- 
sion, also occurs, because AZ4-sterol reductase 
is inhibited by these azasterols (1). The results 
from adding 3 ppm 25-azacholesterol'HC1 to 
the medium with [14C]sitosterol in the diet 
show that, at this concentration, the azasteroid 
did not significantly inhibit larval development, 
but sterol metabolism was affected (Table 2). 
Cholesterol content was reduced to ca. 27% 
compared to 66% without the inhibitor, and 
desmosterol (verified by GC-MS)const i tu ted  
over 18% of the sterols. Considering data from 
both GLC trapping and chromatographic 
frac, tionation, that portion of the radioactivity 
associated with cholesterol was only about 8% 
of the total recovered with the sterols. Over 20% 
of the total radioactivity was associated with 

desmosterol. These results indicate that the 
mosquito larvae did produce cholesterol from 
sitosterol via the expected pathway, but there is 
a source of unlabeled cholesterol contributing 
to the total. 

When [14C] desmosterol was fed to mosquito 
larvae, very little residual desmosterol could be 
found in the insects (Table 3). The larvae grew 
Well and efficiently produced labeled cho- 
lesterol, as determined by thorough analysis, 
including GC-MS. These results further sub- 
stantiated the presence of AZ4-sterol reductase 
and the metabolic pathway for converting 
phytosterols to cholesterol. Nearly 80% of the 
recovered radioactivity associated with the 
insect sterols was in the cholesterol fraction. 

Results from feeding labeled campesterol, 
a C28 sterol, to yellow fever mosquito larvae 
were quite unexpected (Table 3). Of those 
insect species with which we have worked that 
can convert sitosterol to cholesterol, most were 
able to convert campesterol to cholesterol 
about equally as well. In the yellow fever 
mosquito, however, much less cholesterol was 
produced from campesterol than from sitos- 
terol. Cholesterol constituted only about 36% 
of the total sterols in this case and accounted 
for only 10% of the total radioactivity. So an 
even larger portion of  the cholesterol had come 
from a source other than the dietary phytos- 
terol in this test with campesterol than in the 
test with sitosterol. Certainly, campesterol was 
not as well metabolized by this insect as was 
sitosterol. 

Although we found that this mosquito 
could convert sitosterol an d, to a lesser extent, 
campesterol, to cholesterol, we have not 
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TABLE 3 

Relative Percentages and Distribution of Radioactivity in Sterols 
Recovered from A. aegypti Fed a Diet Fortified with 

I t4C I Desmostero l  or SH ] Campesterol 

Relative % Relative % radioactivity 
Sterol of sterols in cholesterol 

[ t4C ] Desmosterol diet a 

Cholesterol 97.8 
Desmostero l  2.0 

[ SH ] Campesterol  diet b 

Cholesterol  36.6 
Campesterol  63.4 
Sitosterol  tr 

79.0 

10.4 

a[ ~4 C ] Desmosterol (I ,000 cpm/~ug) at 0.1% dry weight of diet.  
b[ 3 H ] Campesterol (2,500 cpm//~g) at O. 1% dry weight of diet.  

determined the source of unlabeled cholesterol 
in these tests. The dietary components were 
analyzed and the cholesterol in the diet could 
not account for the unlabeled cholesterol found 
in the insects even through very efficient 
selective uptake. There was no detectable 
conversion of [t4C]sitosterol to cholesterol 
when the diet was incubated without mosquito 
larvae. We are looking at possible sources of 
de novo biosynthesis of cholesterol such as by 
microorganisms in the medium. Mosquito larvae 
do not appear to have symbionts (21), so it 
is doubtful that any cholesterol biosynthesis 
occurred within the larvae. We are carrying out 
studies with [ 14C] sodium acetate and inhibitors 
of early steps of  de novo biosynthesis to shed 
some light on the problem. In a single experi- 
ment with 0.1 mCi [14C]sodium acetate added 
to the medium, only 0.013% of the original 
radioactivity was recovered in the sterols of the 
pupae. We are also working toward develop- 
ment of a satisfactory aseptic rearing system 
which should provide more definitive informa- 
tion on the source of unlabeled cholesterol. 

Some of the more primitive Diptera, such as 
the yellow fever mosquito, appear to be able 
to convert plant sterols to cholesterol, whereas 
more advanced members of this order, such as 
house flies, are unable to do so. It is of interest 
to consider that the yellow fever mosquito 
larvae are aquatic and omnivorous, feeding on 
both plant and animal material. Both male and 
female adults obtain much of  their nourishment 
from nectar and plant juices. The adult female, 
however, requires a blood meal for successful 
egg maturation and obtains some cholesterol in 
this manner. We are therefore interested in 
determining if both male and female are able 
to convert plant sterols to cholesterol. 

In summary, it is of interest to relate these 

results from recent honey bee and yellow fever 
mosquito studies to some of our previous 
studies with other insects (Fig. 1). With a 
number of phytophagous Lepidoptera such as 
the tobacco hornworm (Manduca sexta) and 
omnivorous insects such as several species of 
cockroaches, we found what was thought to 
be the " typical"  metabolic pathways for 
utilization and conversion of phytosterols to 
cholesterol in insects (1). Apparently, however, 
no one pathway is typical. The confused flour 
beetle (Tribolium confusum), a l though phyto- 
phagous and able to dealkylate, was found to 
produce about equivalent amounts of 7-dehy- 
drocholesterol and cholesterol from plant 
sterols (22). Another stored product insect, the 
khapra beetle (Trogoderma granarium), whose 
metabolism of phytosterols might be expected 
to be somewhat similar to that of  the confused 
flour beetle, proved unable to dealkylate C28 
and C29 phytosterols and utilizes them un- 
changed, but it is capable of  some selective 
uptake of  cholesterol and campesterol (23). 
The Mexican bean beetle (Epilachna varivestis), 
which feeds on soybean leaves and other crop 
plants, produces mostly stanols and significant 
amounts of lathosterol (24). This coccinelid 
species may have evolved from a predacious 
ancestor, and, in fact, the related predacious 
ladybug beetle, Coccinella septempunctata, 
utilizes the unchanged sterols of its prey (17). 
The milkweed bug (Oncopeltus fasciatus) 
is another phytophagous insect that we found 
cannot produce cholesterol from phytosterols 
(25). This is primarily a seed-feeding insect that 
utilizes its dietary sterols unchanged, except 
for some selective uptake of  cholesterol, and 
produces the C28 ecdysteroid, makisterone A, 
most likely from campesterol. The honey bee, 
although phytophagous, probably evolved from 
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Tobacco hornworm and other 
Lepidoptera, omnivorous species 

Confused flour beetle 

Khapra beetle 

Mexican bean beetle 

Predacious lady bug beetle 

Milk weed bugs 

Honey bee sterols 

Yellow fever mosquito 

C28 and C2~ Phytosterols~Cholesterol (major) 

C2s and C29 Phytosterols-,7-Dehydrocholesterol 
~---%-'holesterol 

C2, and C29 Phytosterols-/,Cholesterol (selective 
uptake of sterols) 

C2s and C~9 P h y t o s t e r o l ~ o l e s t a n o l  + 
Lathosterol 

Utilizes sterois of prey 

C2s and C29 Phytosterols-~Cholesterol 

C28 and C2~ Phytosterols~Cholesterol (selective 
transfer of sterols) 

C~9 Phytosterols--,Cholesterol 

FIG. 1. Comparative summary of utilization of C2s and C29 phytosterols in various insects. 

a predacious,  wasp-like insect  and canno t  
dealkylate ,  but  is capable of  selectively trans- 
ferring certain sterols to  the  nex t  generat ion.  
Finally,  we discovered tha t  a lower  d ip te ran  
species, the  yel low fever mosqui to ,  can conver t  
p lant  sterols to cholesterol .  

We have ob ta ined  suff ic ient  data to allow us 
to  begin discussing phylogenet ic  re la t ionships  
o f  insects  in te rms of  their  ut i l izat ion and 
metabol i sm o f  dietary sterols.  However ,  it  is 
also becoming  more  apparen t  tha t  s terol  
me tabo l i sm in insects  must  o f t en  be cons idered  
on  an individual species basis. Fu r the rmore ,  
s tudies  on neutral  sterol  me tabo l i sm may 
provide i m p o r t a n t  clues to the  ecdys te ro id  
c o n t e n t  o f  cer tain insect  species. 
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A New Route to Steroid Ring C Aromatization 
from Readily Available Precursors 
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ABSTRACT 

3#-Acetoxy-8~,9a-epoxy-5,*-cholest-14-ene (1); 3#-acetoxy-14a,15~-epoxy-5~-cholest-8-ene (2); 
3fl-acetoxy-5~-cholest-8(14)-ene-9~, 15a-diol (3); and 3/~-acetoxy-5a-cholesta-8(14),9(11 )-dien-I 5a-ol 
(4) have been aromatized to a 9:1 mixture of 3/~-hydroxy-12-methyl-18-nor-5c(,17#(H)-cholesta-8,11, 
13-triene (5a) and 3#-hydroxy-12-methyl-18-nor-5~,l 7a(H)-cholesta-8,11,13-triene (5b) in ethanol 
solution by using hydrochloric acid. The aromatization by action ofp-toluenesulfonic acid gave main- 
ly the epimer with the natural C-17 configuration as the acetate 5c at the appropriate p-toluenesul- 
fonic acid concentration. 3#-Acetoxy-5a-cholesta-7,9(ll),14-triene (7a)and 3t~-hydroxy-5a-cholesta- 
8,11,14-triene (Sa), 2 intermediary compounds in the aromatization, were isolated and characterized. 
Lipids 17:226-229, 1982. 

INTRODUCTION 

The synthesis of aromatic ring C steroids is 
of recent interest (1) because some of them are 
analogous to naturally occurring estrogens and 
have potential as a new class of agents useful in 
the antifertility field (2). We now report a novel 
molecular rearrangement leading to ring C aro- 
matic steroids from readily available steroids. 

MATE RIALS AND METHODS 

Reagents 

3 ~Acetoxy-8ot, 9~- epoxy- 5rv-cholest- 14-ene 
(1); 3~-acetoxy- 14~, 15ot-epoxy-5rv-cholest-8-ene 
(2); 3~acetoxy-5c~-cholest-8(l 4)-ene-9~, 15a- 
diol (3); and 3~-acetoxy-5~-cholesta-8(14),9- 
(11 )-dien-I 5~-ol (4) were prepared as described 
previously (3). 

Reactions with Hydrochloric Acid at Reflux 

A solution of the steroid (300 mg) in eth- 
anol (33 ml) and hydrochloric acid (2 rnl, 37%) 
was refluxed under nitrogen for 8 hr. The solu- 
tion was concentrated under reduced pressure, 
diluted with water and extracted with diethyl 
ether. The combined extracts were washed suc- 
cessively with aq. NaHCO3 solution and water, 
dried over anhydrous sodium sulfate and evapo- 
rated to dryness under reduced pressure to 
yield a residue which was then chromato- 
graphed (4) on silica (40-63/.tm) with hexane/ 
ethyl acetate (80: 20, v/v) to separate aromatic 
sterols (Sa) and (5b) from 3~hydroxy-5a-cho- 
lest-8(l 4)-en- 15-one (6a). The aromatic fraction 
was then rechromatographed on Silica Gel G/ 
Celite/AgNO3 (1 : 1 :.3, w/w) with hexane/ethyl 
acetate (100:5, v/v) to separate the 2 epimeric 
aromatic compounds. 

Reactions with Hydrochloric Acid 
at Room Temperature 

A solution of the steroid (300 mg) in eth- 
anol (33 ml) and hydrochloric acid (2 ml, 37%) 
was kept at room temperature for 30 min. At 
this time, the solvent was reduced to half of its 
volume under reduced pressure and cooled. 
Under these conditions, 3~-acetoxy-5ot-cholesta- 
7,9(11),14-triene (7a) crystallized. The mother 
liquors, after filtration, were evaporated and 
chromatographed on Silica Gel G/Celite (1:1, 
v/v, eluting with hexane]ethyl acetate, 90:10, 
v/v) to afford 3/3-acetoxy-5ot-cholest-8(14)-en- 
15-one (6b). 

Reactions with Excess p-Toluenesulfonic Acid 

A solution of p-toluenesulfonic acid (0.5 g) 
in toluene (70 ml) was refluxed and part of the 
solvent (20 ml) was distilled off. The steroid 
(800 mg) was added and the solution refluxed 
for 30 rain under nitrogen. The solution was 
washed successively with aq. NaHCO3 and 
water, and evaporated to afford a residue which 
was purified by chromatography as just de- 
scribed for the reactions with hydrochloric acid 
at reflux. 

Reactions with Catalytic Quantity 
of p-Toluenesulfonic Acid 

The reaction was done as already described 
except that a catalytic quanti ty of p-toluene- 
sulfonic acid (30 rag) was used for the same 
amount of sterol (.800 mg). 

Analysis of the Steroids 

Ultraviolet (UV) spectrometry was per- 
formed using a Varian Model 635 UV-visible 
spectrophotometer. Infrared (IR) spectra were 
recorded for solutions in chloroform or for 
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nujol mulls using a Perkin-Elmer Model 157 IR 
spectrophotometer .  Gas liquid chromatographic 
(GLC) examination of  the sterols was on I% 
SE-30 on Gas-Chrom Q (80-120 mesh) at 200 
C on a Carlo Erba Model Fractovap 2101 gas 
chromatograph. Mass spectral analysis was per- 
formed on a Varian Mat 112 S spectrometer  by 
direct inlet. Proton magnetic resonance (1H 
NMR) spectra were obtained at 60 MHz at am- 
bient temperature on a Perkin Elmer instru- 
ment,  Model R-24, in CDC1 a with Si(CHa)4 as 
internal standard. Routine optical rotations 
were recorded with a Perkin-Elmer Model 141 
spectropolarimeter for 1% solutions in chloro- 
form. The progress of all reactions was moni- 
tored by thin layer chromatography (TLC) on 
Silica Gel G (HF2s4) microplates. 

RESULTS 

Treatment of 3~-aeetoxy-5c~-cholcsta-8(14), 
9(11)-dien-15t~-ol (4) with hydrochloric  acid at 
reflux after double chromatography gave (Fig. 
1): (a) 3~-hydroxy-12-methyl-18-nor-5a,17/~- 
(H)-cholesta-8,11,13-triene (5a) in which the 
original 3~-acetoxy group has been hydrolyzed,  
the 15t~-hydroxy group has been eliminated, 
the angular methyl  group (C-18) has migrated 
from C-13 to C-12; and the 17/~-configuration 
of the side-chain has been inverted. Compound 
(5a) (178 mg from 300 mg of  4) resisted all 
efforts to crystallize and showed: IR 3500, 
3330 e r a - l ;  UV ;kma x (cyclohexane) 225 nm 
(log e 4.07); IH NMR 8 0.55 (d, 3H, J = 6 Hz, 
21-CH3), 1.10 (s, 3H, 19-CHa), 2.26 (s, 3H, 
18-CHa), 3.3 (m, 1H, w l / 2  ca. 12 Hz, 17~-H), 
3.67 (m, 1H, w l / 2  ca. 20 Hz, 3~_H), 6.94 (s, 
IH, l l -H) :  MS m/e 382 (M+). Anal. calcd, for 
C27H420: C, 84.8; H, 11.1. Found:  C, 84.6;H,  
11.0. 

(b) 3~Hydroxy-12-methyl-18-nor-5a,  17t~(H)- 
cholesta-8,11,13-triene (5b) (20 rag) epimer at 
C-17 of 5a. The compound crystallized from 
methanol and showed mp 97-99 C (lit. [5] 
gum) and showed: IR 3500, 3330 e m - l ;  UV 
Xmax (cyclohexane) 225 nm (log e 4.07); IH 
NMR 5 1.10 (s, 3H, 19-CHa) , 2.26 (s, 3H, 
18-CHa), 3.15 (m, IH, w l / 2  ca. 12 Hz, 17tx-H), 
3.67 (m, 1H, w l / 2  ca. 20 Hz, 30t-H), 6.94 (s, 
IH, 1 I-H); MS m/e 382 (M+). Anal. calcd, for 
C27H420: C, 84.8; H, 11.1. Found:  C, 84.5; H, 
11.0. These chemicophysical properties, apart 
from the mp, agree well with those reported 
(5). 

(c) 3/~-Hydroxy-5ot-eholest-8(14)-en- 15-one 
(6a) (25 mg) which, upon crystallization from 
methanol,  melted at 145-146 C and showed 
identical chemicophysical properties with an 
authentic sample (6). 
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FIG. 1. Formation of compound 5a-r and 6a,b 
from 1-4.5a, R = H, R 1 = H, R 2 = CsH17.5b, R = H, 
R 1 = CsH17 , R 2 = H. 5e, R = Ac, R 1 = C8H17, R 2 = H. 
5(t, R = Ac, R t = H, R 2 = CsHIT. 5e, R = Ae, R t = 
C9HI~Br2, R 2 = H. 6a, R = H. 6b, R -- Ac. 

When compounds 1, 2 and 3 were subjected 
to the action of hydrochloric  acid at reflux, 
essentially the same results were obtained.  The 
yields of 5a were 70-80%, those of  5b 6-8%, 
and those of 6a 7-10%. 

In order to isolate possible intermediates of  
the aromatization, 4 was treated with hydro-  
chloric acid at room temperature.  In these con- 
ditions, 3~-acetoxy-5a-cholesta-7,9(11), 14-tri- 
ene (7a) was obtained in 70% yield accompa- 
nied by a minor amount  (10%) of  3~-acetoxy- 
5a-cholesta-8(14)-en-15-one (6b) (Fig. 2). 7a 
showed: mp 90-92 C (from methanol);  [a] ~ - 
89; UV ~max (cyclohexane) 228 (log e 3.99), 
236 (4.01), and 268 nm (3.96); 1H NMR5 2.1 
(s, 3H, OCOCH3), 4.7 (m, IH, w l / 2  ca. 20 Hz, 
3a-H), 5.5, 5.8, (m, 3H, 7-, 11-, and 15-H);MS 
m/e 424 (M+). Anal. calcd, for C29I-I4402: C, 
82.0; H, 10.4. Found:  C, 81.8; H, 10.2. 

When the triene (7a) was refluxed for 30 
min in hydrochloric acid, 3/g-hydroxy-5tx-cho- 
lesta-8,11,14-triene (8a) was obtained in 65% 
yield, accompanied by a trace amount  of 5a 
and 5b (Fig. 2). Triene (8a), and oil, showed: 
UV Xmax 314 nm (log e 3.8); IH NMR 5 3.6 
(m, IH, w l / 2  ca. 20 Hz, 3a-H_), 6.0 (m, 1H, 
15-H), 6.1 (dd, 2H, J = 11 Hz, 11-and  12-H); 
MS m/e 382 (M+). 
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When 1, 2, 3, 4 and 7a were treated with 
excess p-toluenesulfonic acid at reflux, after 
the described work-up, 3fl-acetoxy-12-methyl- 
18-nor-5a,17a(H)-cholesta-8,11,13-triene (5e) 
was obtained in 70% ~r The compound,  oil, 
showed IR 1730 c m - ' ;  UV hma x (cyclohexane) 
225 nm (log e 4.07); IH NMR ~ 1.1 (s, 3H, 
19-CH3) , 2.02 (s, 3H, OCOCH_3), 2.26 (s, 3H, 
18-CH3) , 3.15 (m, 1H, wl/2 ca. 12 Hz, 17r 
4.75 (m, 1H, w l [2  ca. 20 Hz, 30t-H_), 6.92 (s, 
IH, 1 l-H); MS m/e 424 (M+). Anal. calcd, for 
C29H4402: C, 82.0; H, 10.4. Found:  C, 82.2; H, 
10.5. 

When catalytic amounts of p-toluenesulfonic 
acid were used in the aromatization reaction, a 
mixture of  5e and 3~-acetoxy-12-methyl-18- 
nor-5ot,17/~(H)-cholesta-8,1 I , I  3-triene (Sd) was 
obtained in 1:1 ratio in 75% total  yield. Com- 
pound 5(!, oil, showed: UV Xmax (cyclohexane) 
225 nm (log e 4.07);  IH NMR5 0.56 (d, 3H, J_ 
= 6 Hz 21-CH3), 1.08 (s, 3t l ,  19-CH3), 2.00 (s, 
3H, OCOCH_a), 2.20 (s, 3H, 18-CH_3) , 3.3 (m, 
IH, w l / 2  ca. 12 Hz, 17fl-_H), 4.8 (m, 1H, w l /2  
ca. 20 Hz, 3~-H), 6.94 (s, IH, 11-H_); MS m/e 
424 (M+). Anal. calcd, for C29H4402: C, 82.0; 
H, 10.4. Found:  C, 81.8; H, 10.3. 

DISCUSSION 

Considerable work has boen reported on the 
aromatization of ring A of steroids by molecu- 
Jar rearrangement or by elimination of the C-19 
methyl  group. On the contrary,  relatively few 
methods have been reported on the aromatiza- 
t ion of ring C of  steroids having a 17j3 side 
chain. The original method of Margulis et al. 
(7) starting from a 7~,1 la-dibromo-8-unsatu- 
rated sterol, was improved by Edmunds et al. 
(5), who demonstrated that,  with an acidic 
catalyst,  the dibromo unsaturated sterol is 
aromatized in high yield. Until now, this 
method represents the best route to ring C 
aromatic sterols. 

We recently obtained (3) 2 monoepoxida-  
l ion compounds,  3/$-acetoxy-8~,9a-epoxy-Sa- 
cholest-14-ene (1) and 3[]-acetoxy-140~,150t- 
epoxy-5--eholest-8-ene (2) by action of  per- 
acids on 313-acetoxy-5a-cholesta-8,14-diene. 
Compound 2 was then transformed by silica in 
a mixture of  3/3-acetoxy-Sa-cholest-8(l 4)-ene- 
9oqlS~-diol (3) and 3j3-acetoxy-5~-cholesta-8- 
(14),9(1 l)-dien-I  5a-ol (4). 

As i t  was considered probable that  dehydra- 
tion of  the allylic hydroxy group present in 
compound 4 would yield molecular rearrange- 
m~nt able to produce aromatization of  the ring 
C, we treated compound 4 with hydrochloric 
acid in ethanol at reflux; under these condi- 
tions, we obtained as a major product  3~  

R 

7 B 

/ 1' 

1 I 

FIG. 2. Intermediates in the formation of ring C 
aromatic steroids: 7a, R = Ac, R~ = CsHtT. 7b, R = 
Ac, R l = CgHITBr 2. 8a, R = H, R 1 = (;5H17. 8b, R --- 
Ac, R I = CsH17. 

hydroxy-12-methyl-18-nor-5a,  1713 (H)-cholesta- 
8,11,13-triene (5a, 72%) accompanied by a 
minor amount  of  3fl-hydroxy-12-methyl-18- 
nor-5cx, 17r 1,13-triene (5b) 
(8%) and 3fl-hydroxy-5cx-cholesta-8(14)-en-15- 
one (6a, 10%). The success of  this reaction in 
giving the aromatization of ring C prompted us 
to subject the other products obtained in the 
epoxidation of 3fl-acetoxy-50l-cholesta-8,14- 
diene and structurally related to compound 4 
to the same acidic treatment.  In all cases, the 
same pat tern of reaction products  was observed. 

In order to clarify the mechanism of this 
new rearrangement leading to ring C benzenoid 
steroids, we treated the same sterols with hy- 
drochloric acid at room temperature.  Under 
these conditions, 30-acetoxy-5~-cholesta-7,9- 
( l l ) ,14- t r iene  (7a) was obtained in crystalline 
form. The formation of  7a was also observed in 
the reaction b y  GLC-mass spectrometry.  A 
similar triene (7b) was also obtained by Ed- 
rounds et al. (5) in the ring C aromatization of 
7c~,110t-dibromo unsaturated steroids. So, it is 
clear that  despite the different starting com- 
pound, the aromatization involves a similar 
intermediate.  

Treatment of  the triene (7a) with hydro- 
chloric acid at reflux afforded, after 30 min, a 
new conjugated triene (8a) which was isolated 
and characterized by its chemicophysical prop- 
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erties. Pursuing  the  ref lux wi th  h y d r o c h l o r i c  
acid,  the  t r i ene  (8a)  was comple t e ly  t rans-  
fo rmed  i n t o  the  a roma t i c  s terols  5a and  5b in 
a 9:1 rat io.  

In view of  the  fac t  t h a t  E d m u n d s  et  al. (5)  
o b t a i n e d  the co r r e spond ing  r ing C a roma t i c  
c o m p o u n d  (5e)  wi th  the  " n a t u r a l "  side chain  
by  t r e a t m e n t  o f  7b wi th  excess of  p - to luene-  
sul fonic  acid,  we cons idered  the  poss ibi l i ty  o f  
ob t a in ing  c o m p o u n d  (5e)  by  t r e a t m e n t  of  4 
wi th  excess p - to luenesu l fon i c  acid. U n d e r  these  
cond i t ions ,  c o m p o u n d  5e was o b t a i n e d  as a 
ma jo r  p roduc t ,  a ccom pan i ed  by a m i n o r  
a m o u n t  o f  5d and  6b. When  a ca ta ly t ic  a m o u n t  
of  p - t o luenesu l fon i c  acid was used,  c o m p o u n d s  
5e and  5d were o b t a i n e d  in a b o u t  the  same 
rat io.  The same results  were o b t a i n e d  when  
c o m p o u n d s  1, 2 and  3 were sub jec ted  to  these  
react ions .  Moni to r ing  the  reac t ions  by  GLC-MS, 
the  i n t e rmed ia ry  f o r m a t i o n  of  t r ienes  7a and  8b 
was observed.  F r o m  these  results ,  i t  is clear t h a t  
the  a r o m a t i z a t i o n  wi th  h y d r o c h l o r i c  acid and  
p - to luenesu l fon i c  acid p roceeds  t h r o u g h  the  
f o r m a t i o n  o f  t r ienes  as 7 and  8. However ,  hy -  
d roch lor ic  acid a romat i zes  8 wi th  ep imer i za t i on  
of  t he  side chain  whereas  p - to luenesu l fon i c  acid 
causes a r o m a t i z a t i o n  wi th  p reva len t  r e t e n t i o n  
of  the  side chain  conf igu ra t ion ,  the  e x t e n t  of  
the  ep imer i za t ion  be ing  d e p e n d e n t  o n  the  con-  
c e n t r a t i o n  of  p - to luenesu l fon i c  acid (5) .  A 
reasonable  m e c h a n i s m  for  the  a r o m a t i z a t i o n  o f  
a t r iene  as 7 was f o r m u l a t e d  by  E d m u n d s  et  al. 
(5)  (Fig. 2). The  i so la t ion  of  t r i ene  8a s t rongly  
suppor t s  this  m e c h a n i s m ,  which  appears  the  
mos t  reasonable  for  the  f o r m a t i o n  of  the  aro- 
ma t i c  c o m p o u n d  wi th  a na tu ra l  s ide-chain  
s t e r eochemis t ry .  However ,  f o r m a t i o n  o f  the  17- 

ep imer ic  c o m p o u n d  could  be  more  complex .  In 
fact ,  some  years  ago, we (8)  and  A b e r h a r t  e t  al. 
(9)  d e m o n s t r a t e d  t h a t  h y d r o g e n  chlor ide  t rea t -  
m e n t  of  3 ~ a c e t o x y - 5 a - c h o l e s t - 1 4 - e n e  causes 
f ide-chain  invers ion  t h r o u g h  t he  f o r m a t i o n  of  a 
s p i r o c o m p o u n d .  Accord ing ly ,  such a mecha-  
n i sm could  be supposed  to expla in  the  side- 
chain  invers ion  in the  p resen t  a roma t i za t i on .  
Work is in  progress  to  evaluate  this  possibi l i ty .  
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The Role of Squalene Synthetase in the Inhibition 
of Tetrahymanol. Biosynthesis by Cholesterol 
in Totrahymena pyriformis 
COLIN F. WARBURG, MARWA WAKEEL and DAVID C. WILTON*, Department 
of  Biochemistry, University of  Southampton, Bassert Crescent East, 
Southampton, S09 3TU U.K. 

ABSTRACT 

The biosynthesis of the triterpenoid alcohol tetrahymanol by Tetrahymena pyriformis is rapidly 
inhibited by the addition of cholesterol to the growth medium. The primary site of this inhibition by 
cholesterol has been established to be at the level of the enzyme squalene synthetase. The protein 
synthesis inhibitor cycloheximide produces an identical decline in squalene synthetase activity to that 
of cholesterol and the half-life of the enzyme is about 50 minutes. No direct inhibition of the enzyme 
is observed and suggests that cholesterol inhibits the actual synthesis of the enzyme squalene synthe- 
tase. Farnesol is accumulated during in vitro incubations derived from cells grown in the presence of 
cholesterol or cycloheximide. 
Lipids 17: 230-234, 1982. 

The eukaryotic protozoan Tetrahymena 
pyriformis is well established as an excellent 
biological system for studying various aspects 
of membrane biochemistry, including mem- 
brane biogenesis, membrane structure, mem- 
brane adaptation and the properties of mem- 
brane-bound enzymes (1). Of particular interest 
to us  is the fact that the membranes of T. pyri- 
formis contain a unique triterpenoid alcohol, 
tetrahymanol (2), which the organism is able to 
biosynthesize via the mevalonic acid pathway. 
Tetrahymanol is located primarily in the limit- 
ing membranes of this organism (3,4) and the 
function of tetrahymanol appears to be similar 
to that of sterols, in particular cholesterol, in 
the membranes of higher organisms. The simi- 
larity in the function of tetrahymanol to that 
of cholesterol is confirmed by the observation 
that this otherwise essential membrane compo- 
nent can be replaced by a variety of sterols 
including cholesterol and ergosterol. In the 
presence of these sterols, tetrahymanol biosyn- 
thesis is completely inhibited (5-8) and, in the 
case of ergosterol, is replaced quantitatively in 
the external membranes of the cell by the 
added sterol (3,9). This regulation of tetra- 
hymanol biosynthesis by added sterols is 
particularly unusual because, if tetrahymanol 
is added to the culture medium, it is taken up 
by the ceils and does not inhibit its own bio- 
synthesis (6,10). 

Preliminary studies on the precise mecha- 
nism of regulation of tetrahymanol biosynthesis 
by added sterols, in particular cholesterol, has 
revealed that the inhibition occurs at a step 
after mevalonic acid in the pathway and possi- 
bly at the level of the enzyme squalene synthe- 

*Address for correspondence. 

tase (6). The enzyme /~-hydroxy~-methylglu- 
taryl CoA reductase is not affected by growth 
of this organism in the presence of cholesterol 
(6). 

The results described in this present paper 
identify the enzyme squalene synthetase as a 
primary site of this regulation and strongly 
suggest that the regulation is the result of the 
inhibition of synthesis of this enzyme. 

MATERIALS AND METHODS 

[3H]Squalene or [14C]squalene was pre- 
pared by the incubation of sodium [3H] acetate 
or sodium [14C]acetate with a 10,000 x g 
supernatant fraction from rat liver under 
anaerobic conditions and was purified by thin 
layer chromatography (TLC). [3H]Farnesyl 
pyrophosphate was prepared by the incubation 
of [2-3It] mevalonic acid with a 30-60% satura- 
tion (NTI4)2SO4 fraction from rat liver cytosol 
(11) and was purified by TLC using propanol/ 
ammonia/water (6:3:1, v/v). [14C] Tetrahyma- 
nol was prepared by the incubation of [14C]' 
acetate (100/~Ci) with T. pyriformis in 100 ml 
culture for 16 hr followed by extraction and 
purification (6). 

T. pyriformis strain W was grown in a medi- 
um containing bacteriological peptone (2%), 
glucose (0.5%), yeast extract (0.1%) and ethyl- 
enediaminetetraacetic acid ferric monosodium 
salt (0.003%). Cultures were grown in 100 ml 
of medium in 500-ml Erlenmeyer flasks, main- 
tained at 28 C and shaken at 200 rpm. Station- 
ary phase of growth was reached after 26 hr. 
Cell numbers were determined with a Coulter 
counter. Purified cholesterol (15 /ag ml -t ) was 
added to cultures dissolved in a minimal 
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amount  of  ethanol. Control cultures received 
ethanol only. Cycloheximide (5 /ag m1-1) was 
added in a similar manner. 

Cultures were harvested by centrifugation 
and the pellet suspended in 3 ml of 0.1 M 
phosphate buffer (pH 7.4) containing nicotin- 
amide (30 mM), MgC12 (4 mM) and 2-mercapto- 
ethanol (5 mM). Cells were disrupted by ho- 
mogenization in a tight-fitting Teflon-glass 
homogenizer or by sonication using an ultra- 
sonic cleaning bath. The homogenate was cen- 
trifuged at 40 ,000  • g for 7.5 min and the 
supernatant used for assays. For some experi- 
ments, microsomal and postmicrosomal super- 
natant fractions were prepared by centrifuga- 
tion at 105,000 x g for 1 hr. 

When incorporation of mevalonate into 
tetrahymanol was measured, incubations con- 
tained NADP § (0.2 btmol), glucose 6-phosphate 
(4 /amol), glucose 6-phosphate dehydrogenase 
(1 unit), ATP (4/amol),  potassium [2-3H] meva- 
lonate (2.5/.tCi) and homogenate (0.8 ml) in a 
final vol of 1 ml. Incubations for the incorpora- 
tion of isopentenylpyrophosphate contained 
[ 1-14C] isopentenylpyrophosphate (0.2/~Ci). In 
both cases, incubation was at 28 C for 30 min 
( tetrahymanol  formation was linear for at least 
60 min) and incubations were terminated by 
the addition of I ml of 10% methanolic KOH 
(v/v). Radioactive tetrahymanol was isolated 
as described previously (6). 

In order to assay squalene synthetase activ- 
ity, a 10,000 x g supernatant from te t rahymena 
was prepared as already described. The assay 
mixture contained [3H] farnesyl pyrophosphate 
[2 Ci/mmol, 100 ,000  dpm] ,  NADP § (0.2 
/amol), glucose 6-phosphate (4 /amol), glucose 
6-phosphate dehydrogenase (1 unit), [ 10 #g of  
carder squalene] and enzyme 2-20/al in a total  
vol of  1 ml. Incubations were at 28 C for 15 
min (linear up to 30 min) and terminated by 
the addition of 1 ml ethanol and 5,000 dpm of 
[14C]squalene. This was extracted with 3 ml 
light petroleum (40-60 C)/Et20 ( I :1 ,  v/v). The 
extract was dried and applied to a Silica Gel G 
thin layer plate and developed with light petro- 
leum (60-80 C)/acetone (4:1, v/v) and the 
region of the plate corresponding to authentic 
squalene was scraped directly into a scintilla- 
tion vial and assayed for radioactivity. 

Because in T. pyriformis squalene synthetase 
activity is located in the cytosolic (105,000 x g 
supernatant) fraction of  the cell (Warburg, C.F., 
and Wilton, D.C., unpublished data), this frac- 
tion was used for some enzyme assays. 

RESULTS AND DISCUSSION 

The addition of  cholesterol to growing cul- 

tures of  T. pyriform is results in about a 90% 
inhibition of te t rahymanol  biosynthesis in vivo 
from radioactive acetate within 3 hr of addit ion 
of the sterol to the growth medium (6). We 
have therefore investigated in detail the mecha- 
nism of inhibition over this 3-hr period using 
cell-free preparations that are able to readily 
convert rrtevalonic acid and other postmeva- 
Ionic acid precursors into te t rahymanol  in order 
to identify the primary site of the inhibition by 
cholesterol. Initially, the 10,000 x g super- 
natants from homogenate derived from control  
cultures or cells grown in the presence of  cho- 
lesterol for 3 hr were incubated with [2-3H2] - 
mevalonic acid and [1-14C]isopentenylpyro - 
phosphate f o r  30 min. The extracted lipids 
were separated by argentation TLC and typical 
radioseans are shown in Figure 1. These radio- 
scans illustrate in a semiquantitative fashion 
the effect of growth in the presence of choles- 
terol on tetrahymanol  biosynthesis in vitro. 
Thus, there is a large decrease in the incorpora- 
t ion of radioactivity into squalene and tetra- 
hymanol  and a corresponding increase into a 
more polar compound.  This compound has an 
identical Rf to that of  farnesol after TLC sepa- 
ration in 3 different systems including argenta- 
tion chromatography.  The other minor peaks 
have not  been identified. The tri t ium-to-carbon 
(T/C) ratio of radioactivity in the farnesol was 
identical to that in the squalene and tetrahyma- 
nol of the  control  incubations indicating that 
the site of  the inhibitory effect of cholesterol 
on tetrahymanol  biosynthesis was after isopen- 
tenylpyrophosphate  in the pathway. 

The accumulation of  radioactive farnesol in 
the incubations from cholesterol-grown ceils is 
consistent with an inhibition of the enzyme 
squalene synthetase and a resulting accumula- 
t ion of  farnesyl pyrophosphate.  This farnesyl 
pyrophosphate is readily hydrolyzed by the 
high level of phosphate activity that is present 
in homogenates of  T. pyriformis (Wakeel, M., 
and Wilton, D.C., unpublished data). 

It has been observed previously (6) that the 
time course in vivo of  the rate of  decline of  
te trahymanol  biosynthesis produced by choles- 
terol is very similar to the decline of biosynthe- 
sis resulting from the addition of  cycloheximide 
to the culture medium and suggested that  cho- 
lesterol was having its effect by inhibiting 
protein synthesis. The similarity of  the effects 
of  cholesterol and cycloheximide is very clearly 
shown in Figure 1. Thus, t reatment  of  ceils 
with cycloheximide for 3 hr also resulted in 
over 90% inhibition of te t rahymanol  biosynthe- 
sis in vitro and a corresponding accumulation of  
radioactivity in farnesol from mevalonic acid or 
isopentenylpyrophosphate .  This apparent  in- 
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CONTROL 

+ CYCLO~IEXIHIDE 

SQ T E T ~ L  FARNESOL ORIGIN 
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FIG. 1. Thin layer radioscan of intermediates of tetrahymanoi biosynthesis obtained 
from radioactive mevalonic acid and isopentenylpyrophosphate. A 10,000 • g supernatant 
from homogenates of tetrahymena prepared from cells that had been grown for 3 hr in the 
absence or presence of either cholesterol (15 /~g ml -~) or cycloheximide (5 #g ml-l) was 
incubated for 30 min with [2-alibi mevalonic acid and [ 1-~4C]isopentenylpyrophosphate. 
The extracted nonsaponifiable iipids were separated by TLC using AgNO3-impregnated silica 
gel plates and scanned for radioactivity. 

hibition of  squalene synthetase by over 90% by 
cycloheximide treatment suggests that this 
enzyme may have a particularly rapid turnover 
in T. pyriforrnis. 

In order to confirm that the enzyme squa- 
lene synthetase is the pr imary site for the in- 
hibition of  tetrahymanol biosynthesis by both 
cholesterol and cycloheximide, the activity of 
the enzyme was assayed in parallel to that of  
the overall pathway from mevalonic acid to 
tetrahymanol. These in vitro measurements 
were performed at various time intervals after 
the addition of  either cholesterol or cyclo- 
heximide to growing cultures of  T. pyriformis. 
The results were plotted in a semilogarithmic 
form (Fig. 2) as a percentage of the control 
activity and clearly show that there is no sig- 
nificant difference between the rate of decline 

of activity produced by either cholesterol or 
cycloheximide. Moreover, when the rate of 
decline produced by the 2 inhibitors was cal- 
culated (Table 1), it was found that both the 
squalene synthetase activity and the overall 
biosynthetic activity of the pathway from 
mevalonic acid declined at the same rate with 
half-lives of  about 50 min. 

These results strongly support the hypothe- 
sis that the addition of cholesterol to cultures 
of T. pyriformis cause a rapid cessation of tetra- 
hymanol biosynthesis due, at least in part, to an 
inhibition of the synthesis of  the enzyme squa- 
lene synthetase. 

If the decline in squalene synthetase activity 
caused by cholesterol is the result of an inhibi- 
tion of  enzyme synthesis, then cholesterol will 
produce no further decline in squalene synthe- 
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tase activity other than that resulting from 
cycloheximide treatment because cycloheximide 
concentrations that produce a maximal inhibi- 
tion of  protein synthesis are used. This lack of 
additive effect of the 2 treatments is demon- 
strated in Table 2 where squalene synthetase 
activity was assayed after treatment in vitro for 
1 hr with cholesterol and cycloheximide. 

In order to exclude the possibility that a 
metabolite is produced in cells grown in the 
presence of  cholesterol that is directly inhibit- 
ing the activity of  the enzyme squalene synthe- 
tase, the cytosol of control and cholesterol- 
grown cells was mixed and the activity of  the 
mixture was compared with each individual 
activity as shown in Table 3. It can be seen that 
the cytosol from cholesterol-grown cells has no 
significant effect on the squalene synthetase 
activity in the cytosol of control cells and, 
hence, the loss of  squalene synthetase activity 
in the cholesterol-grown cells cannot be due to 
the presence of  a reversible inhibitor. 

The results just described clearly establish 
that the mechanism by which cholesterol is able 
to specifically regulate tetrahymanol produc- 
tion is primarily at the level of the enzyme 
squalene synthetase. Moreover, results using the 
protein synthesis inhibitor cycloheximide 
strongly suggest that the activity of this enzyme 
is regulated by controlling its rate of synthesis. 
This enzyme represents a logical step for con- 
trol because it immediately follows a branch 
point in the pathway leading to the formation 
of other mevalonic-acid-derived compounds 
such as ubiquinones and dolichol phosphates. 
An inhibition of squalene synthetase would still 
allow the biosynthesis of  these other essential 
cellular components. Recent work with mam- 
malian systems (12) suggests that this enzyme 
may be an important secondary control point 
in cholesterol biosynthesis after an initial in- 
hibition of the normally rate-limiting enzyme, 
/3-hydroxy /~-methylglutaryl CoA (HMG CoA) 
reductase. 

As in the case of  HMG CoA reductase in 
mammalian systems, the precise molecular 
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FIG. 2. Time course of the effect of cholesterol or 
cycloheximide on tetrahymanol biosynthesis and squa- 
lene synthetase activity. 10,000 X g supernatants of 
tetrahymena homogenates were prepared at various 
times after addition of either cholesterol (15 pg ml -t) 
or cycloheximide (5 pg ml -s) to cultures (100 ml) in 
vivo. The activity of the cultures in terms of (A) con- 
version of [2-3H2]mevalonic acid to tetrahymanol 
and (B) squalene synthetase activity was measured. All 
values are expressed as a percentage of the activity of 
the time 0 control. There was normally no significant 
change in the control values over the time course of 
the experiment. = - - = ,  + cholesterol; e - - - e ,  + 
cycloheximide. 

TABLE 1 

Calculated Half-Lives for the Decline of the Conversion of Mevalonic Acid 
into Tetrahymanol and Squalene Synthetase Activities Resulting from Treatment 

with Either Cholesterol or Cyeloheximide 

Cholesterol treatment  Cycloheximide t r e a t m e n t  
Activity (tlA in rain) a (t�89 in min) 

Mevalonic acid ~ tetrahymanol 45 -+ 4 48 ~ 7 
Squalene synthetase 57 + 8 59 -+ 7 

aThe half-lives were calculated from the data shown in Fig. 2. 
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TABLE 2 

Effects of Cholesterol and Cycloheximide 
on" Squaledae Synthetase Activity. in. T. pyri formis  a 

% Inhibition 
Addition of squalene synthetase 

Cholesterol 62 + 8 
Cycloheximide 71 • 8 
Cholesterol + cycloheximide 67 • 5 

acultures were grown for 1 hr in the absence or 
presence of either cholesterol (15 ~g ml -I) or cycio- 
heximide (5 /~g mi -I) or both. Squalene synthetase 
activity was measured with 10,000 X g supernatant of 
homoge.nate of the cultures and the percentage inhibi- 
tfon as compared to the control cultures was deter- 
mined. 

ef fect  o f  choles te ro l  feeding on HMG CoA 
reductase  activity in rat liver, it  would  n o w  
appear  that  the  i n i t i~  rapid s tep is  en zy me  
phosphory l a t i on  fo l lowed by anothez  as y e t  
unident i f ied  regulatory event  (13).  More de- 
tailed studies of  the  enzymology  of  squalene 
syn the tase  in I". py r i f o r rn i s  are therefore  re- 
quired to  evaluate the  possible involvement  of  
o the r  types  o f  regulatory mechanisms .  

The s tudies  descr ibed here have ident i f ied  a 
pr imary role for the  e n z y m e  squalene syn the -  
tase in the regulat ion of  t e t r ahymano l  b iosyn-  
thesis by cholesterol .  We are, at present ,  investi-  
gating the  possible role of  this enzyme  in the  
regulat ion of  t e t r a h y m a n o l  b iosynthes is  in 
T. p y r i f o r m i s  unde r  o the r  physiological  condi-  
t ions  t ha t  af fect  cell g rowth .  

TABLE 3 

Effect of Mixing Cytosols from Control 
and Cholesterol-Grown Cellsa 

on Squalene Synthetase Activity 

Squalene synthetase activity 
Incubation (% of [al ) 

Control eytosol (a) l O0 
Cholesterol cytosol (b) 6 + 3 
( a ) + ( b )  95 + 6 

aCultures were grown • cholesterol for 3 hr. Squa- 
lene synthetase activity was assayed in the I05,000 X 
g supernatant (cytosol). 

mechan i sms  of  inh ib i t ion  o f  squalene syn the -  
tase by choles terol  remains to be establ ished.  
The shor t  half-life o f  abou t  50 rain is much  
less than many  regulatory enzymes  for  which 
activiW is apparent ly  cont ro l led  by e n z y m e  
synthes is  and degradat ion,  and suggests the  
possibi l i ty tha t  this loss of  activity might  be 
due to  a rapid irreversible modi f i ca t ion  of  the  
enzym e  prior  to  normal  p ro te in  degradat ion 
by intracellular  proteolysis .  Such a modif ica-  
t ion could be p roduced  by a covalent  change 
such as phospho ry l a t i on  o f  the  enzyme  or  by 
specific b ind ing  o f  an e f fec to r  to  or  !oss o f  an 
e f fec to r  f rom the enzyme .  In the  case o f  the 
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A 1H NM I Anomaly for Steroidal Alcob ? 
React:urns of a ,Steroidal %Ketoacid 
~DAValDflI~L ~lA'llT~1K% ~-BCK A. ASHLINE, GEORGE ANGELOS and REBECCA!P. 
~ML=I~8~, ~s~mftrnerrt o~ Chemistry, Northern Illinois University, DeKalb, 
,lL '.601.T.5, ~and ~=,L|'~IU CASIPI, Worcester Foundation for Experimental 
Biology, .Shrewsbury, M~ 01545 

ABSTRACT 

,~:he ,fihnmical ,and spectroscopic properties of several reaction products Of ~l,.7~2aydroxy-l,3-seco- 
~nor-5ov~stran-l-oie acid and 17#-hydroxy-l,3-seco-2-nor-4-oxo-5a-estran-l-oie acid were examined 
and found to be atypical. For instance, the methyl ester of the f'trst acid was resistant to basic ]l),- 
drolysis conditions but partly hydrolyzed with 100% H2SO 4 . Reduction of the eSmr~by ISickqM 4 ,gave 
1,~-,souo-~2-nov5c~-estrane-l,17fl-cliol from which diacetate, ditosylate and 17-monotosylale.derivatives 
were prepared. The C-1 methylene protons of each appeared as a singlet in 60, 100 atza/.or.~.0MHz 
NMR spectra. The methyl ester and the diacetate of the diol were synthesized by altemate methods to 
wrify the assigned structures, A 470-MHz spectrum eventually resolved the C-1 methylene protons,~f 
'the-monotosylate into the AB portion of an ABX pattern, further confLrrning therassigned stmctuava. 
Also, 2,3-seco-l-oxo-5a-estran-17fl-ol 17-nitrate was synthesized. 
Lipids 17:235-240, 1982. 

During an investigation (1) of the action of 
Pb(OAc)4-BFa-Et20-ROH on the steroidal 
levulinic acid la  (2), we had occasion to pre- 
pare 4-deoxo acid lb  by Huang-Minlon reduc- 
t ion of the ketone function of la. Reduction of 
levulinic acid had been studied by Wolff (3) 
in his original experiments, so no unusual 
results were expected. As anticipated, deoxo 
acid lb  formed in fair yield accompanied by 
pyridazone 2 (4,5), a heterocyclic by-product 
frequently formed from levulinic acids and 
hydrazines (6). However, while performing 
additional chemistry with lb,  it was noted 
that the chemical and spectroscopic character- 
istics of some of the various reaction products 
were rather atypical a n d  further studies were 
made to examine these observations. 

RESULTS AND DISCUSSION 

Initially, treatment of deoxo acid lb  with 
ethereal CH2N 2 afforded methyl ester le which 
was acetylated to ester acetate ld. Numerous 
attempts to base hydrolyze ld  back to lb,  even 
under vigorous conditions (KOH; dioxane; 
reflux 18 hr), resulted only in removal of the 
17-acetate moiety and formation of methyl 
ester le. On the other hand, the 100% H2SOa 
procedure (7), normally employed for the 
hydrolysis of tertiary or highly hindered esters, 
did give partial hydrolysis to lb. A mass spec- 
trum of lc revealed the appropriate molecular 
weight and fragmentations consistent with 
the proposed structure, and a 270-MHz nuclear 
magnetic resonance (NMR) spectrum had an 
appropriate multiplet at 8 2.1 for the C-10 
proton. Nevertheless, because the hydrolysis 
results were typical of a tertiary, rather than 

a secondary ester, further confirmation of 
structure le was sought. 

Ester lc  was first reduced by LiAIH4 to 
diol 3a, which should have had an NMR com- 
plex multiplet for the C-I methylene protons 
if the ester structure was as depicted. Diol 3a 
was then converted to diacetate 3h, ditosylate 
3e, and monotosylate 3d to facilitate solubility 
of the diol for NMR analysis .and to provide 
a range of data for its C-1 methy.lene protons. 
Unexpectedly, NMR spectra (60, .1:00 and/or 
270 MHz) of the 3 derivatives had apparent 
singlets (W~/2h ,x, 2 Hz) for the C-1 :methylene 
protons and even remained as such in a 60- 
MHz spectrum of diacetate 3b with pyridine 
as the solvent. The acetate methyl protons in 
this latter spectrum did, however, separate into 
2 distinct singlets although only an unresolved 
singlet for the C-1 methylene protons appeared 
in CDCI3 solution. 

Because these observations, coupled with the 
hydrolysis information on ester ld,  did not 
coincide with what was expected, alternate 
preparations were undertaken to firmly estab- 
lish the structures of the various compounds 
involved. First, the ketoester le (2) was con- 
densed with ethanedithiol to yield thioketal 
If. An infrared (IR) spectrum of the product 
was devoid of a band at 1700 cm -t and an 
NMR spectrum had singlets at ~ 1.80 for the 
methyl group on C-4 and at 5 3.28 for the 4 
protons on the thioketal ring. Reductive 
removal of the thioketal, ring with sponge 
nickel catalyst then gave ester acetate ld,  
identical in all respects to ld  prepared via the 
Huang-Minlon reaction. In addition, it could be 
hydrolyzed only to ester lc and converted to 
diol diacetate 3b, both of which were identical 
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in all respects to those just described. Alter- 
natively, diacetate 3b was obtained by sponge 
nickel desulfurization of thioketal derivative 
4a, synthesized by LiA1H 4 reduction .of thio- 
ketal ester If, then by acetylation. Interest- 
ingly, the thioketal ring protons of 4a were 
split into 2 doublets which was not the case 

for these protons in ester thioketal If. Inspec- 
tion of  molecular models reveals that the 
acetate carbonyl group in 4a can come into 
close proximity to the thioketal ring, thus 
influencing the 2 protons of the thioketal ring 
on the side of the carbonyl group differently 
than the 2 on the opposite side of the ring. In 

RIOOC ~ 2  

R 3 . A .  ) . [ .  v ~, 

OH OR 2 

I-E, RIOC " 

Me ~ 

a. RI=R2=H;R3=0 

b. RI=R2=H;R3=H2 
c. RI=Me ;R2=II;R3=|I2 

d. RI=Me ;R2=Ac ;R3=H2 
e. RI=Me ;R2=Ac ;R3=O 
s RI=Me ;R2=Ac;R3 = ~ . ~  
g. RI=II;R2=Ac ;R3=112 

OAc 

A c O C I t 2 ~  

R,,[.,,M j 4 

a. R 1 =R2 =I1 
b. RI=R2=Ac 
c.  RI=R2=Ts 
d. RI=H;R2=Ts 

a. R= ~SS > 

b. R=AcO,H 

Olq e 6 

a . RI=CH20H ;R2=H 
b. RI=II;R2=CII20H 

OR 

a. R1 =Me ;R2=H;R3=CH201t 
b. RI=H;R2=Me;R3=CH2011 
c. RI=Me ;R2=H ;R3=CH20Ac 
d. RI=II;R2=Me;R3={'II2OAc 
e. RI=Me;R2=H;R3=CH0 

FIG. 1 

a. R=H 

b. R=NO 2 
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If, however, the ester carbonyl moiety is 
distant enough from the thioketal protons that 
it has no effect. With all 3 routes yielding 
diacetate 3b, it seems unlikely any skeletal 
rearrangement occurred and ester le  has the 
secondary ester structure as depicted. 

The apparent singlet was finally resolved in 
a 470-MHz spectrum of monotosylate 3d. The 
C-1 methylene protons appeared as an AB 
portion of an ABX system centered at 8 
3.703 with JAX = JBX = 2.1 Hz and JAB = 
11.5 Hz. This rather low coupling constant 
readily explains the inability of lower field 
instrumentation to thoroughly resolve the 
apparent singlet. It is not what was anticipated 
for this structure as the C-I methylene protons 
for thioketal diacetate 4a and for triacetate 
4b had J = 7 Hz, values more consistent with 
alcohol systems. 

The small coupling constants for the C-1 
protons on 3b-d can be best explained with 
a conformation about the l(10) bond in which 
the oxygen moiety on C-I is situated anti to the 
axial hydrogen on C-10 or, perhaps, one in 
which both eclipse one another. These con- 
formers provide a minimal amount of interac- 
tion of the C-I substituents with the C-5 ethyl 
group and the 1 la-hydrogen, and the resultant 
dihedral angles approach those predicted from 
the coupling constant by the vicinal Karplus 
correlation. When a thioketal or acetoxyl group 
is present on C-4 as in 4a-b, however, the C-1 
acetoxyl moiety is probably forced toward 
C-1 1 either by the bulkiness and/or by polar 
repulsive effects of the substituents on both 

C-1 and C-4. In this conformation, though, the 
expected ABX pattern for the C-1 protons, 
where Jgauche = 3 Hz and Janti = 11 Hz would 
arise, seems to have been averaged to J = 7 
Hz because the chemical shifts of both protons 
have been equalized. 

A similar situation has been noted for 
(20R)-21-hydroxycholesterol (5a) which has a 
reported singlet at ~ 3.70 for the C-21 protons, 
whereas the 20S isomer 5b has a multiplet at 

3.62 for the same protons (8). Again, these 
observations are quite different for the same 
set of protons in a differently substituted set 
of C-20 epimeric alcohols 6a and 6b and their 
corresponding acetates 6c and 6d. These had 
typical ABX coupling with JAX = 3.5, JBX = 
7.0, and JAB = 11 Hz for the C-22 methylene 
protons in all 4 compounds. Each set of epi- 
mers had the characteristic chemical shift 
difference exhibited by C-21 methyl protons 
of C-20 epimers (9) and a similar chemical 
shift difference for the C-22 methylene pro- 
tons. 

Analogous dissimilarities in the coupling 

of primary alcohol protons with the proton of 
an adjacent asymmetric center have also been 
reported with 29-hydroxylupane derivatives 
(10; J.S. Pyrek, private communication). In 
these instances, one epimer (20S) had the C-29 
methylene protons split into a doublet with 
J = 6.9 Hz and the other (20R) had an ABX 
pattern with JAX = 4.4 and JBX -- 7.0 Hz. 

Exactly what chemical, structural and 
stereochemical effects contribute to the small 
differences in coupling constants resulting in 
an apparent singlet remain to be determined. 
We hope to better evaluate the effect through 
additional examples with certain systematic 
changes in the groups adjacent to the alcohol 
protons and through NMR temperature studies. 

The acetyl analog (7a) was also prepared 
from acid acetate l g via its acid chloride and 
Me2CuLi. Its structure was verified by an IR 
band at 1700 cm -1 and an NMR singlet at 
52.10 equal to 3 protons. The corresponding 
17-nitrate ester 7b prepared with HNO3/Ac20 
was exposed to peracids under various condi- 
tions of Baeyer-Villiger oxidation in order to 
secure an acetate moiety at C-10, but only 
starting material was recovered. Apparently, 
as with base hydrolysis of ester lc,  nucleophilic 
attack of the C-1 carbonyl moiety is sterically 
hindered. 

EXPERIMENTAL 

Melting points were determined on a Fisher- 
Johns mp apparatus and are not corrected. IR 
spectra were performed with a Perkin-Elmer 
237B spectrometer on solids incorporated in 
KBr discs. A JEOL-106 EC 100 PFT NMR 
spectrometer was used to record 1H NMR 
spectra, except as noted. Otherwise, spectra 
were taken with a Bruker HX-270, a Varian 
A60-A, or a Nicolet NTC470 instrument. All 
NMR were performed on CDC13 solutions with 
TMS as an internal reference. Elemental anal- 
yses were done with a Perkin-Elmer 240 ele- 
mental analyzer by P. Rider of Northern 
Illinois University. 

Huang-Minlon Reduction of Acetyl Acid la 

A mixture of acetyl acid la (2) (1.1 g), 
KOH (0.55 g), and diethylene glycol (15 ml) 
was warmed until the solids dissolved. Hydra- 
zine hydrate (100%; 40 ml) was added, and the 
mixture was refluxed for 3 hr. The temperature 
of  the reaction was then elevated to 200-210 
C by distilling off  the lower boiling compo- 
nents, and the reaction was refluxed for 12 hr. 
After cooling, it was diluted with water and 
extracted with ether. A neutral fraction (0.58 
g) was obtained and identified as pyridazinone 
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2 (4,5). 
A e i d ~ n  of the basic solution and 

recovery o f  the acid with EtOAc yielded 0.42 
g o f  acid l b .  Repeated rccrystallization from 
acc-tone/peata~e gave a lmre sample o f  ]b, mp 
145-153 C ~sint); IR 3300, 2610, 1680 cm -1. 
Anal. calod, for CITH~sOa: C, 72.82;H,  10.06. 
Found-. C, 72.43;H,  9_84. 

~rter 1 c 

(a) Hydroxy .acid lb  (100 rag) was methy-  
latczl b y  eCheral CH2N2 to give 100 mg of  ester 
lc.  R~ery~all izat ion from EtOAc-pentane gave 
a :pare sample, rap 1/)7-109 C; IR 3540, 1720 
cm-a; NMR (270 MHz)/~ 0.81 (s, 3H, 18CH3), 
1}."9 (~t, 3r CI-IaCH2) , 2.1 (m, 1H, C HCOO), 
3..66 (s, 3H, CH30); m/e 294 [M+], 276 
[M-tl.20], 262 IM-CH~OH1, 251 IM-C2H30], 
234 J'~ase; M-(C~IaOCO + H)].  Anal. calcd. 
for CtaHaoOa: 12, 73.43;  H, 10.27. Found:  
C, 73 .30; I / ,  10.21.. 

]nteregtingly, ester lc  crystallized into 2 
polymorphic .focrns-needles and prisms. The 
neeOle form converted into prisms while stored 
in contaz~ ,wr~th the mother  liquor or when 
heate/l.  

:(~)) A solution of methyl ester/acetate ld  
(3.90 rag) in 2 N NaOH (4 ml) and methanol  
(10 mr) was heated at reflux for 2 hr. The 
solut ion was .acidified with 2 N HCI and diluted 
'with water. :Extraction of the mixture with 
.ether ,~x~e ~ster le  (310 mg). RecrystalliT.ation 
f r ~  EtOAc/pentane gave a pure sample, 
nap 107-t09 C;  IR and NMR spectra were 
identical to those just reported. Acidification 
of the a ~ e o u s  portion and extraction with 
ether gave 'a negligible amount  of acid lb .  

Methyl miter acetate ld 

.(.eL) Jdethyl ester le  (100 mg) was acetyl- 
:ated by Ac20/pyr idine to yield 100 mg of  ld ,  
mp 73-75 C (from acetone);  IR 1730 c m - t ;  
NM;R (60 M H z ) 5  0.81 (s, 3H, 18-CHa), 2.03 
(s, 3H, :C_H3CO), 3.67 (s, 3H, C_H.sO). Anal. 
calcd, for  C2oH3204 : C, 71.39; H, 9.59. Found:  
C, 71.41.;fl, 9.54. 

(b) Thioketal  I f  (0.50 g) was desulfurized in 
methanol (75 ml) with sponge nickel catalyst 
(50% solids, :No. 28; W.R. Grace and Co.; 
9.0 ,g) by  xefluxing for 3.5 hr. The solids were 
coUeeted :on Celite, and the residue from the 
filtrate was dissolved in CHCls and dried 
(Na~S04). Removal of  the solvent and crystal- 
l izatian o f  the residue from acetone gave 0.31 
g of l d ,  m p  73-75 C; IR and NMR spectra were 
.identical ,to that of the above material. 

.Methyl Ester-rhioketal I f  

To :a warm solution of ester le  (2) (800 mg) 

and (CH2SH) 2 (1.4 ml) in glacial acetic acid 
(10 ml) was added BF3"Et2 O (1.4 ml). The 
reaction was stored for 1 hr, then diluted with 
water. The steroids were recovered with ether 
and washed with diL NaHCO3 and water. 
Removal of  the solvent gave 800 mg of  crystal- 
line thioketal  If ,  which was recrystallized from 
methanol to mp 116-118 C; IR 1725 cm-1; 
NMR (60 MHz)~5 0.79 (s, 3H, 18-CH3), 1.80 
(s, 3H, CH3-CS2), 2.03 (s, 3H, CH3CO), 3.28 
(s, 4H, SCH2C_H2S), 3.68 (s, 3H, C_H30). Anal. 
calcd, for C22H3404S2: C, 61.94; H, 8.04. 
Found:  C, 61.59;H,  7.80. 

Diol 3a 

A mixture of  ester le  (500 mg) and LiA1H4 
(300 rag) in ether (15 ml) was stirred and 
heated for 12 hr. It was then decomposed by 
the addition of small amounts of acetone, 
followed by 10% aq. HC1. The steroids were 
extracted into ether/chloroform and washed 
with water. Removal of the solvent yielded 
crude material (500 mg) which was recrystal- 
lized from chloroform/hexane to diol 3a 
(0.32 g), mp I I 7 - 1 1 9 C ; I R  3 4 5 0 c m  -1. Anal. 
calcd, for C17H3002: C, 76.64; H, 11.19. 
Found:  C, 76.27;H,  11.19. 

Diol Diacetate 31) 

(a) A sample of  diol 3a was acetylated in 
the usual manner to give diacetate 3b. Recrys- 
tallization from EtOAc gave a pure sample, 
mp 66-69 C; IR 1735 c m - l ;  NMR ~ 0.80 (s, 
3H, 18-CHa), 2.02 (s, 6H, CHACO), 4.19 (s, 
2H, OC_H2). Anal. calcd, for C21H~O4:  C, 
71.96; H, 9.78. Found:  C, 72.30; H, 9.19. 

(b) Thioketal-diacetate 4a (27 mg) and 
sponge nickel catalyst (50% solids; 1.8 g) in 
methanol (50 ml) were refluxed for 3.5 hr. The 
solids were removed with Celite, and the 
filtrate residue was dissolved in CHCI3, then 
dried (Na2SO4). Removal of the CHC13 and 
crystallization from EtOAc/pentane gave 3b, 
mp 68-71 C; IR and NMR spectra identical to 
those already described. 

Tosylation of Diol 3a 

A solution of diol 3a (400 mg) and p- 
TsCI (400 mg) in pyridine (10 ml) was heated 
at 60 C for 3 hr, then stored at ambient  temp. 
overnight. The reaction mixture was decom- 
posed with water, and the steroids were taken 
up in ether and washed with dil. HC1 and water. 
Preparative TLC of  the reaction product  on 
silica gel with benzene yielded 2 compounds.  
The material from the more mobile zone (260 
mg) was recrystallized from benzene/hexane 
to yield 3d, mp 97-100 C, IR 3400, 1600, 
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1500 cm- I ;  NMR (270 Mltz), 8 0.80 (s, 3H, 
18-CH3), 2.47 (s, 3H, C~HsC_H3) , 3.73 (s, 
2H, OCH2). Anal. calcd, for C~4Ha604S: C, 
68.55; H, 8.63. Found:  C, 68.11; H, 8.42. 

The less mobile product 3c (310 mg) af- 
forded material melting at 136-138 C (benzene/ 
hexane); IR 1600, 1500 cm -1 ; NMR (60 MHz) 
~i 0.77 (s, 3H), 2.47 (s, 6H), 4.08 (s, 2H). Anal. 
calcd, for C31H4206S2 : C, 64.77; H, 7.36. 
Found:  C, 65.24; H, 7.38. 

Diol Diacetate Thioketal 4a 

Thioketal I f  (215 mg) was reduced with 
LiA1H4 (1.00 g) in anhyd, ether (30 ml). The 
reaction mixture was refluxed for 12 hr, then 
decomposed with acetone and 10% HC1. The 
steroids were recovered (ether), washed, and 
acetylated with Ac20/pyr idine to yield diol 
diacetate-thioketal 4a (135 mg). Purification 
by column chromatography (1% ethyl acetate/ 
benzene) and recrystallization from ethyl 
acetate/pentane gave homogeneous 4a; mp 
198-201 C; IR 1725, 1250 cm-Z; NMR 0.80 
(s, 18-CH3) 1.66 (s, C_HaCS2) , 2.04 and 2.07 
(s, C_H3CO), 3.21 and 3.35 (d, J = 4, -SCH2C_H2S) , 
4.35 (d, J = 7, OC_H2). Anal. calcd, for 
C23Ha604S2: C, 62.71; H, 8.24. Found:  C, 
62.87; H, 7.96. 

Triacetate 4b 

A sample of la  (316 mg) in dry THF (15 ml) 
was added to a 3-fold excess of LiA1H4 in THF 
(50 ml) and the mixture was refluxed for 12 
hr. After decomposit ion of the excess LiA 1H4, 
the steroids were taken up hz EtOAc, then 
washed with water and saline. The reaction 
product  was acetylated as usual to give tri- 
acetate 4b (257 mg) which had mp 105-108 
C (from EtOAc/pentane;  IR 1740, 1255 cm - l  ; 
NMR 8 0.80 (s, 3H, 18-CH3), 1.99, 2.03, 
2.07 (s, 9H, CHACO); 4.19 (d, 2H, J = 7 Hz, 
CHaCH-O). Anal. calcd, for C~H3706:  C, 
67.62; H, 8.88. Found:  C, 67.58; H, 9.32. 

i-Steroid Alcohols 6a and 6b 

Freshly made aldehyde 6e (1A3 g) was 
dissolved in 1% methanolic KOH (15 ml) and 
refluxed for 30 min. The solution was adjusted 
to pH 8 with 10% aq. HC1, and NaBH4 (0.5 g) 
in water (8 ml) was added to the cooled solu- 
tion. After  stirring for 6 hr at ambient temper- 
ature, the reaction solution was poured into ice 
and the steroids were recovered with CHC13. 
Preparative TLC (40% EtOAc/hexane) of 750 
mg of  crude product  yielded about equal 
amounts of  6a and 6b. 

The 20S-alcohol 6a crystallized from hex- 
ane: mp 39.5-41 C; NMR 6 1.04 (d, J = 6.0 
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HZ, CH3CH) , 3..50 (AB of ABX, JAX = 3.5, 
JBX = 7.5, and JAB = 11 Hz, C_H2-OH) (re- 
ported mp 84.5-86 C [1 t , 1 2 ] ;  reported NMR 

1.03 [d, J = 6.(~], 3.50 [m, 2'1:I1 [ l t , I 2 ]  
and ~ 1.01 [d, J = 7 Hz],  3.50 [m] [13]) .  

The 20R was obtained as a glad:  NI~R 
0.96 (d, J = 6.3), 3.60 (AB ~f ABX, JAX = 
3.5, JBX = 7.0, JAB = 11 Hz) (reportext NMR 
6 0.93 [d, J = 6.0] ,  3..60 [m, 2H] [11,12]) .  

i-Steroid Acetates 6c and 6d; 

A mixture of alcohols 6a and 6b (?50 mg) 
obtained above was acetylated as usual to yield 
a mixture of acetates 6e and. 6d. Preparative 
TLC chromatography (10% EtOA~/hexaa~e) 
gave equal amounts of each. The. 20-K acetate 
6d was further purified vi~ another  F r e l a ~ a ~ e  
TLC (5% EtOAc/hexane).  

The 20S acetate 6c crysta'ltized from EtO$~c/ 
hexane to mp 127-128 C ; N M R  ~i 1.01 (d, 2 = 
6 Hz, 21-Clta), 3.93 (AB of ABX, JAX = 3.5, 
JBX = 7.0, JAB = 11 Hz). Ansi. calcd, for 
C2sH~O:,  C, 77.27; H, 10'.38. Found:  C, 
76.81; H, 10.44 (reported mp 124-125 C; 
NMR 5 1.00 [d, J = 7 Hz, 21-CH3.], 3.90 
[m, 2H] [13]) .  

The 20-R acetate 6d was a glass; NMR 8 
0.93 (d, J = 6.6 Hz, 21-CHa:)~: 4;02 (AB of 
ABX, JAX = 3.5, JBX = 7, JAB = I.'.I~)L 

17~-Acetoxy Acid lg 

Acid l b  was acetylated as usual with Ac20,/: 
pyridine to lg. An analytical, sa~rple (,from 
acetone/pentane) had mp 2~I0-204 C (sint); 
IR 3290, 1725, 1700 cm -1. Anal. cal~d~ for 
C19H3004 : C, 70.77; H, 9.38. Fo.uad: C, 
70.69; H, 9.23. 

Methyl Ketone 7a 

Acid lg (100 mg) and oxalyl  chloride 
(10 ml) were refluxed for 0~5 lax. The exces~ 
oxalyl chloride was removed by distilla.tion, 
and the residue was held under x, acuum~ for 
1 hr. The acid chloride was then dissolved in' 
ether, added to a suspension of 1.3 mzma~ of 
Me2CuLi (14) in ether cooled t a - 2 ~  C and 
stirred under N2 for 3 hr. The mi~.ture was 
allowed to warm to ambient temp., at  which 
time it was treated with dil. HCI. The solid 
material was removed by f i l t rat ion,  and the 
organic layer was washed with water and 
sodium thiosulfate, dried and evaporated.  The 
product  7a (72 mg), upon recrystatlizat~orr 
from EtOAc/pentane,  had mp 114:-116 C; IR 
3530, 1700 cm-Z; NMR 6 0.84 (s, 3H, 18- 
CH3), 2.10 (s, 3H, C_HaCO). Ana l  cale& fol: 
CtsH3002: C, 77.65; H, 10.86-.. F o u n d :  C, 
77.81; H, 10.95. 
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17~-Nitrate Methyl Ketone 7b 

To a stirred mixture of HNO3 (d = 1.5; 
10 ml) and Ac20 (7.5 ml) at -5 to -10 C was 
added ketone 7a (100 rag). The reaction 
mixture was stirred a further 20 min, then 
decomposed with ice. The product  was taken 
up into EtOAc, then washed with dil. NaHCOa, 
water and saline. Removal of the solvent gave 
7b (100 mg) which was recrystallized from 
EtOAc; mp 109.5-111 C; IR 1690, 1620 cm -1 ; 
NMR 5 0.84 (s, 3H, 18-CH3), 2.11 (s, 3H, 
CHACO). Anal. calcd, for C18H~904N: C, 
66.84; H, 9.04; N, 4.33. Found:  C, 67.06; 
H, 8.61 ;N, 4.32. 
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Constituentsof Human Meconium: II. Identification 
of Steroidal Acids with 21 and 22 Carbon Atoms 1 
JAN ST. PYREK, ROMAN STERZYCKI, ROGER LESTER and EUGENE ADCOCK, 
Division of Gastroenterology, Department of  Internal Medicine and Department of  Pediatrics 
University of  Texas Medical School at Houston, PO Box 20708, Houston, TX 77025 

ABSTRACT 

Monohydroxylated acid fraction isolated from human meconium was found to contain, in addition 
to C20 and C u acids identified previously, three C22 bile acids-(20S)-3~-hydroxy-23,24-bisnor-5/J- 
cholan-22-oic, (20S)- and (20R)-3/~hydroxy-23,24-bisnor-chol-5-en-22-oic, and one Czx acid-3& 
hydroxypregn-5-en-21-oic. These compounds were identified by capillary gas chromatography-mass 
spectrometry and by comparison with standards. It is postulated that these C~2 acids, as well as the 
two monohydroxylated C24 bile acids (lithocholic and 3/3-hydroxyehol-5-enoie) are produced in the 
maternal intestine by microbial flora and transferred to the fetus through the placenta. 
Lipids 17:241-249, 1982. 

Our previous study of the bile acids of 
human meconium demonstrated the presence 
of 4 C20 3-hydroxyetianic acids, la, 3a, 5a and 
9a, in the sulfate and/or glucuronide conjugated 
form (part I of this work; also Table 1). With 
the exception of the acid 3a, their concentra- 
tion either exceeded or was comparable to that 
of the 2 monohydroxylated C24 bile acids: 
lithocholic, 22a, and 3~hydroxychol-5-enoic, 
23a, detected previously (1,2). 

Two potential metabolic sources of etianic 
acids in meconium should be considered. One 
is the degradation of pregnane derivatives, 
which has precedent in the isolation of acidic 
products of corticosteroid catabolism (3-5). 
The second is the degradation of the cholesterol 
and/or bile acid side chain by the maternal 
microbial intestinal flora to products which, 
similarly to secondary bi le  acids (1), could 
accumulate in meconium. In relation to the 
second possibility, however, it should be noted 
that C20 acids were found only in rare cases of 
microbial degradation (6,7). In view of these 
hypotheses, further study of other, possibly 
related acids with the intermediate molecular 
weight (MW) was undertaken. 

RESULTS AND DISCUSSION 

Characterization of C22 and C=1 Acids 

Gas chromatographic-mass spectrometric 
(GC-MS) analysis of the total monohydroxy- 
lated acid fraction in the form of methyl esters, 
methyl ester acetates and methyl ester TMS- 
ethers revealed the presence of several compo- 

1part I: J. St. Pyrek, R. Lester, E. Adcock and 
A.T. Sanghvi, manuscript submitted for publication. 
The "reductive-extraction" of meeonium with ethanol 
containing large excess of sodium borohydride ex- 
cluded the artifactual formation of C20 acids as a 
result of the degradation of pregnane derivatives with 
hydroxyketone and hydroxyaldehyde side chains. 

nents having R t intermediate between those of 
C20 and C~A derivatives. Thus, 3 components 
could be detected by monitoring the GC- 
separation at m/e 342 (I compound) and 344 
(2 compounds), i.e., ions corresponding, 
respectively, to M-ROH for monounsaturated 
and saturated C22 steroidal acid methyl esters. 
These 3 substances overlapped with few other 
components and were preceded by the com- 
pound recognized as the methyl ester of a C21 
steroidal acid. Modifications of the extraction 
procedure, notably the exclusion of the pre- 
reduction, had no effect on the appearance of 
these compounds in the meconium extracts. 
These methyl esters were found in the medium 
polarity fraction of monohydroxylated methyl 
esters obtained by benzene/acetone gradient 
chromatography together with C20 and C~  
compounds with an equatorial 3-hydroxyl 
group. (;C separation of this fraction, in the 
form of TMS ethers, is shown in Figure 1. 
Compounds previously identified are indicated 
with formulas listed in Table 1. Their distribu- 
tion among the fractions of the subsequent 
high performance liquid chromatographic 
(HPLC) separations is shown inTable 2. 

The mass spectrum of the principal unsatu- 
rated C22 component (R t 21.70 min) showed 
a molecular ion at m/e 432 followed by 417 
(M-Me), 376 (M-56), 342 (M-TMSOH), 327 
(M-TMSOH-Me), 303 (M-129), 215, 213 
(ABC ring part), 129 (base peak, TMS-O += 
CH-CH=CH2). The computer enhanced spec- 
trum of the second C2~ component (R t 21.30) 
displayed the same ions. The presence of an 
abundant  ion at m/e 129, together with the 
complementary ion M-129, pointed to the 
probable structures of parent compounds as 
side chain isomers of 3j~-hydroxybisnorchol-5- 
enoic acids 20a and 21a. The same structures 
were indicated by mass spectra of free alcohols, 
which showed the abundant molecular ion at 
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m/e 360 and prominent ions due to elimina- 
tions of 85 and 111 amu (8). The molecular ion 
was not observed in the mass spectrum of the 
major acetate, as is typical for AS-3jS-OAc 
steroids (9) and the spectrum displayed ions 
at m/e 342 (M-AcOH), 327 (M-AcOH-Me), 
283 (M-AcOH-COOMe), 255 (M-AcOH-side 
chain), 239, (M-H20-Me-side chain-H), 234 

(M-168 CD-ring part), 221 (M-181 CD ring 
part), and 213 (ABC part). 

The reduction of the carbomethoxyl group 
with lithium aluminum hydride (LAH) per- 
formed on the whole methylated monohy- 
droxylated fraction produced a mixture of 
diols that was directly analyzed by capillary 
GC-MS. Among these products, the expected 

T A B L E  1 

R e t e n t i o n  T i m e s  ( R t )  O b t a i n e d  f o r  Cso , C=~, C22 a n d  C24 M o n o h y d r o x y l a t e d  
Bi le  A c i d  D e r i v a t i v e s  b y  C a p i l l a r y  G a s  C h r o m a t o g r a p h y - M a s s  S p e c t r o m e t r y  

R ~ 0  

a R I  = R s = H  
b R t = H ,  R 2 = M e  
c R t = A c  R 2 = M e  
d R I = T M S  R s = M e  

R t o n  12 M 0 . 2 5  m m  
c a p i l l a r y  c o l u m n  S P - 2 2 0 0  
c a r r i e r  g a s  h e l i u m ,  2 ps i  

N 3 -OR~ 5-H 1 7 - Y  C 2 0  Y T M G  e t h e r s  N d  M e t h y l  e s t e r s  N b  

1 ,~ " ~ -- C O O R  2 1 9 . 7 0  1 4 . 7 5  
2 ~ a r --  C O O R  2 1 9 . 1 7  - 
3 ~ 0~ ~ - C O O R  2 2 0 . 2 0  2 4 . 8 0  
4 /3 a ~' -- C O O R  2 1 9 . 7 8  -- 
5 ct /3 ~ -- C O O R  2 1 9 . 8 5  1 4 . 5 5  
6 ct fl ct --  C O O R  2 1 9 . 1 6  - 
7 lff ~ lff --  C O O R a  1 9 . 7 0  - 
8 /~ ~8 ot - -  C O O R  2 1 9 . 1 4  - 
9 /~ AS ~8 -- C O O R  2 2 0 . 3 0  2 4 . 3 0  

20 ~ A s ot - C O O R ~  2 0 . 0 0  - 
21 ~ A s ~ - C H s C O O R  a 2 1 . 3 2  2 5 . 7 5  
12  ct a lff S C H C H s C O O R  2 2 1 . 2 0  1 6 . 3 5  
13  (x t~ ~ R C H C H s C O O R  2 2 1 . 0 0  1 6 . 0 8  
24 lff ~ ~ S C H C H s C O O R  2 2 1 . 8 0  1 6 . 3 5  
15 ~8 r, ~8 R C H C H s C O O R  2 2 1 . 6 0  1 6 . 0 8  
16 cr ~ ~ S C H C H s C O O R  2 2 1 . 3 8  1 5 . 3 7  
17  ~ ~ /ff R C H C H s C O O R  ~ 2 2 . 1 0  1 5 . 6 7  
28  ~ ~ ~ S C H C H a C O O R  2 2 1 . 2 0  1 5 . 9 7  
19  ~ ~ lff R C H C H s C O O R  2 2 0 . 9 5  1 5 . 6 7  
2 0  ~ AS // S C H C H s C O O R  2 2 1 . 7 8  2 6 . 4 8  
22 ~ A s ~8 R C H C H s C O O R  2 2 1 . 5 8  1 6 . 2 5  
2 2  ~ ~ // R a C H C H s C H s C H a C O O R  ~ 2 3 . 1 3  1 7 . 9 5  
2 3  ~ AS // R a C H C H s C H a C H s C O O R  2 2 3 . 7 3  1 8 . 2 0  
2 4  3 - o x o  0~ ~ - C O O M e  - 2 5 . 1 3  
25  3 - o x o  fl ~ - C O O M e  - -  1 4 . 8 5  
26  3 , 6 - d i o x o  A 4 ~ - C O O M e  -- 1 6 . 7 0  
2 7  3 , 6 - d i o x o  A 4 ~ - C O O M e  - 2 6 . 1 0  
2 8  3 , 6 - d i o x o  A 4 ~ -- C H a C O O M e  - 1 7 . 6 3  
2 9  3 ~ - O H  A s /3 - -  C H s C H s O H  - _ 
3 0  3 - o x o  a ~ S C H C H s C O O M e  - 2 6 . 7 0  
31  3 - o x o  a ~ R C H C H s C O O M e  - 1 6 . 4 0  
32  3 - o x o  fl fl S C H C H a C O O M e  - 1 6 . 4 0  
3 3  3 - o x o  fl 15 R C H C H s C O O M e  - 1 6 . 1 0  
3 4  3~t-OH /~ ~ S C H C H s C H = O H  - - 
35  3 ~ - O H  A s ~ S C H C H s C H ~ O H  - - 
36  3 , 6 - d i o x o  A 4 ~ S C H C H s C O O M e  - 2 8 . 1 5  
37  3 , 6 - d i o x o  A 4 ~ R C H C H s C O O M e  - 1 7 . 8 8  
3 8  3 , 6 - d i o x o  A 4 0 R a C H C H s C H = C H ~ C O O M e  - 2 0 . 7 2  

a N o t e  f o r m a l  r e v e r s i o n  o f  t h e  a b s o l u t e  c o n f i g u r a t i o n ;  c o m p a r e  d i s c u s s i o n  in  r e f .  26.  
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major C22 component 35 with a molecular ion 
at m/e 332 was detected. Moreover, the analo- 
gous mixture of reduction products obtained 
with lithium aluminum deuteride showed the 
same component  with the molecular ion shifted 
to 334. The comparison of their mass spectra 
confirmed the presence of the fragmentation 
processes leading to ions at m/e 247 (M-85) 
and 221 (M-I 11) which shifted to 249 and 223 
upon deuteration. On the other hand, ions due 
to the elimination of side chain at m/e 273 and 
255 remained unaffected. 

The identification of the major C22 unsatu- 
rated acid as (20S)-3~hydr0xy-23,24-bisnor- 
chol-5-en-22-oic acid, 20a, was confirmed by 
the GC-MS comparison with an authentic 
standard in the form of free alcohol 20b, 
acetate 20c and TMS ether 20d. The second 
component was also found to be identical with 
the derivatives of the "unnatural"-(20R)-3#-  
hydroxy-23,24-bisnorchol-5-en-22-oic acid, 21a. 
The latter was prepared by the equilibration of 
the (20S)-methyl ester 20b with potassium 
tert-butoxide in THF to l : l  mixture of 20b 
and 2lb.  These compounds showed almost 
identical mass spectra but could be easily 
resolved by GC (Table 1) and HPLC (Table 2). 
Additional confirmation was obtained by 
GC-MS and HPLC comparison with standards 
of the chromic acid oxidation products, 36 and 
37 3,6-dioxo-4-enes, isomeric at C-20. 

The MS data obtained for the third C 2 2  

component  (R t 21.17 min, Fig. 1) suggested 
that the parent compound was one of the 
possible isomers of 3-hydroxybisnorcholanoic 
acids 12a-19a. In the mass spectrum of the TMS 
ether, a weak ion corresponding to M-15 at 
m/e 419 was present followed by ions at 344 
(M-TMSOH), 323 (M-TMSOH-Me), 255-257 
(M-side chain) and 215 (base peak, ABC part). 
The same ions were observed in spectra of other 
derivatives, whereas the molecular ions could 
not be detected. The monitoring of GC-separa- 
tion, particularly at m/e 215, demonstrated the 
presence /3f one principal isomer. The products 
of the oxidation of the whole monohydroxy- 
lated fraction with chromic acid were analyzed 
directly, as well as after preliminary HPLC 
separation. Only one principal saturated C 2 2  

component was detected by a characteristic 
mass spectrum, indicating it to be a C-20 
isomer of 3-oxo-23,24-bisnor-5~-cholan-22-oic 
acid methyl ester 32 or 33. Its spectrum 
showed a molecular ion at m/e 360, followed 
by 345 (M-Me), 342 (M-H20), 328 (M-MeOH), 
327 (M-H20-Me), 313 (M-MeOH-Me), 290 
(M-70, ring BCD fragment), 258 (290- MeOH), 
246 (ABC part), 213 (ABC part), 176 (base 
peak, 246-70, BC part), 161, 162 (BC part). 

" "  

, - . . . . 

~=- - _ , _  . . ~ . . . .  m. . . . _ . .  . . . . . ~  

D . M  

FIG. 1. Capillary GC-MS separation of medium 
polarity, "3-equatorial" fraction of monohydroxy- 
lated bile acids, obtained from human meconium by 
reductivemxtraction, in the form of methyl esters 
TMS-ethers on 12 M, 0.25-mm fused silica capillary 
coated with SP2100. Reconstructed ion current (RIC) 
and mass chromatograms are labded with R t (min) 
and structure numbers (Table 1); temperature program 
from 50 to 270 C, 10 C/rain. 

The elimination of 70 amu (Fragment of ring 
A) was diagnostic for a 5~-H configuration (10). 
This information, in combination with the thin 
layer chromatography (TLC) and HPLC be- 
havior of the parent methyl ester-alcohol 
indicated that the 3-OH group had an equa- 
torial configuration and pointed to 30~-hydroxy- 
23,24-bisnor-5fl-cholan-22-oic methyl ester 16b 
with the 20S configuration being most prob- 
able. 

The appropriate reference compound, 16b, 
was prepared from (20S)-3~-hydroxy-23,24- 
bisnorchol-5-en-22-oic acid methyl ester, 20b, 
together with the complete set of C-3,5 and 20 
isomers 12a-19a. Oxidation with Jones' reagent 
at room temperature yielded (20S)-3,6-dioxo- 
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TABLE 2 

Composition of  Fractions Obtained by HPLC Separation of  Monohydroxylated 
Bile Acid Methyl Esters Obtained from Human Meconium after Extraction in 
the Presence of  Sodium Borohydride, Solvolysis and Mild Alkaline Hydrolysis 

Elution vol (too) R t of methyl esters (compare Table 1) 

15.2-16.4 14.8 (lb, major), 18.2 (23b), 19.23 (C27) 
16.4-17.8 14.8 (lb), 18.2 (23b) 
18.8-20.0 14.8 (9b, major), 16.5 (2Oh) 
20.0-20.8 14.8 (9b, major) 
20.8-22.8 14.6 (3b, major), 15.8 (11b) 
23.7-25.2 12.9, 14.3, 15.5, 16.4, 18.4 (C24 major), 18.9 (C24 major) 
25.2-26.9 14.6 (lOb, trace), 16.3 (21b, major) 
26.9-29.4 14.6 (lOb, trace), 18.0 (22b), 24.00 (major) 
30.2-32.5 14.6 (5b, major), 14.70, 16.4 
35.9-36.0 14.6 (Sb, major), 17.0 
36.0-37.8 12.6 (major), 14.6 (5b), 16.1 (16b), 17.0 
37.8-39.5 16.1 (16b, major) 
39.5-43.0 15.7 (17b, trace), 16.1 (16b) + 

bisnorchol-4-enoate, 36, which was submitted 
to catalytic reduction. The mixture of 5- 
epimeric products was selectively ketalized at 
C-3 (11) without separation and the 6-keto 
group was removed by the Wolff-Kishner 
method. Under the conditions of the Wolff- 
Kishner reaction, the equilibration of both C-5 
and C-20 configuration occurred (compare 
discussion below). The resulting mixture of 
4 ketones, 30-33, was resolved by HPLC. 
The 5a isomers, 30 and 31, were both identi- 
fied by characteristic mass spectra in which the 
ion at m/e 231 dominated, whereas the elimi- 
nation of 70 amu was absent. These 5a isomers 
were directly prepared from (20S)-3~hydroxy- 
23,24-bisnor-5a-cholan-22-oic acid methyl ester 
14a by equilibration at C-20 with potassium 
tert-butoxide, methytation and oxidation. The 
subsequent reduction of ketones 30, 31, 32 and 
33 with sodium borohydride afforded all 8 
isomeric alcohols, 12b-19b, which were charac- 
terized at TMS derivatives 12d-19d. Their GC 
behavior was parallel to that of the series of 8 
lower C20 homologs ld-8d (Table 1). Under 
these conditions, the separation and differenti- 
ation by GC of all four 3,20 diastereoisomers 
within the two 5-epimeric groups could be 
obtained. Of all 8 compounds, only two 3-axial 
ethers, 12d and 18d, had identical retention 
times. Further distinction could be obtained 
from MS data. The combined HPLC-GC-MS 
analysis confirmed the identification of the 
saturated C22 acid as (20S)-3a-hydroxy-23,24- 
bisnor-5/3-cholan-22-oic 16a. It also permitted 
the detection of trace amounts of the second 
20R isomer, 1 7a (Table 2). 

The fourth component of the group with 
intermediate R t (21.65 min, Fig. 1) could be 
monitored similarly to the other 3/3-A s corn- 

pounds, 9d, 20d, 21d and 23d, at m/e 129. 
Despite its relatively low concentration, mass 
spectra could be obtained for all derivatives 
studied by direct GC-MS analysis of the total 
fraction, both by background subtraction and 
computer enhancement. Moreover, double 
column chromatography followed by HPLC 
allowed the separation of this minor methyl 
ester in almost pure form. It was eluted from 
the column in a fraction immediately following 
3~ -As C~o (17~3) and C22 (20R)methy l  esters 
9b and 21b (Table 2). A mass spectrum of its 
TMS ether displayed a diagnostic elimination 
pattern indicating a "AS-3~3-OTMS ' '  structure: 
418 (M, 10%), 403 (M-Me, 4), 387 (M-MeO, 
1), 362 (M-56, 11), 328 (M-TMSOI], 45), 
313 (M-TMSOH-Me, 40), 289 (M-129, 95), 
257 (35), 253-255 (12), 239 (40), 223 (30), 
215 (ABC-part, base peak), 129 (TMS-O+=CH - 
CH=CH2, 90). This spectrum conformed with 
the structure of the methyl ester of 3/3-hy- 
droxypregn-5-en-21-oic acid, 11b. This struc- 
tural assignment was corroborated by a spec- 
trum of free alcohol, which showed the molec- 
ular ion at m/e 346, prominent ions at 261 and 
235 due to the eliminations of 85 and 111 
ainu, a base peak at 161 (M-side chain-H-111), 
and a fragment ion at 239 (M-side chain-H- 
H20-Me). The spectrum of the methyl ester 
acetate showed M-AcOH i o n  at m/e 328, 
followed by ions, 255, 254 (M-60-side chain), 
239 (as above), 220 (M-168), 207 (M-181) 
(compare previous data). Other analogies in 
the fragmentation pattern with those of C20 
and C22 AS-homologs excluded also the alter- 
native "D-homo"-structure. The presence of the 
carbomethoxyl group in the side chain was 
confirmed by the observation of a diol with a 
molecular ion at m/e 318 among LAH reduc- 
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tion products. Its spectrum displayed ions due 
to elimination of  85 and 111 amu at 233 and 
207. Among the products of Jones' oxidation, 
the expected C21-3,6-dione 28 with a molecular 
ion at m/e 358 and base peak at 137 was 
observed; this compound was localized by 
GC-MS in polar HPLC fractions together with 
Cz0, C22 and C24 homologs 26, 36, 37 and 38. 
The final,' unambiguous confirmation of the 
structure of this unique meconium constituent 
was obtained by direct comparison with the 
authentic compound synthesized from 3/3- 
hydroxyandrost-5-en-17-one by the Horner- 
Wittig reaction (12,13). The blocking of 3- 
hydroxyl groups was omitted without any 
effect on the yield. Identical mass spectra and 
R t were observed for the free alcohol l lb, 
its TMS ether l l d  and the oxidation product 
28. 

Characterization of Cz0 Acids 

The sensitivity for detection of minor 
components was greatly enhanced with the 
application of the detailed HPLC separation 
prior to the final GC-MS analysis. This analysis 
of the meconium monohydroxylated acid 
fraction, obtained by "reductivc-extraction," 
confirmed the identification of 3 saturated 
etianic acids, la, 3a, 5a, and unsaturated 
etianic acid 9a. R t and mass spectra of alcohols 
lb, 3b, 5b, 9b and their TMS ethers ld, 3d, 5d 
and 9d were identical to those of authentic 
standards. The major component, lb,  was 
obtained in the amount permitting the regis- 
tration of an FT PMR spectrum with fi 4.04 bs, 
(3~H), 3.65 s (OMe), 0.79 s (19-H3), 0.65 s (18- 
Ha) which was identical to that of standard lb. 

This analysis, however, demonstrated the 
presence of a trace amount of 17a isomer of 
the unsaturated etianic acid lOa. It was local- 
ized as the methyl ester TMS-ether in a relative- 
ly polar HPLC fraction (Table 2). Its presence 
in the extract prepared with sodium boro- 
hydride reduction might indicate partial epi- 
merization and degradation of 21-hydroxy- 
pregnenolone during the long period of me- 
conium accumulation in the fetus. 21-Hydroxy- 
pregnenolone was previously identified in 
human meconium (14,15). On the other hand, 
saturated etianic acids for which 17or-isomers 
were not found seem to be formed in an 
enzymatic process. 

Metabolic Sources of Short-Chain 
Bile Acids Present in Human Meconium 

The structures of the nuclear part of three 
C22 bile acids detected in human meconium are 
identical to those of the 2 major monohydroxy- 
lated C:4 bile acids found in this material 

previously (1,2). Thus, the saturated C22 acid 
can be considered the lower homolog of litho- 
cholic acid, 22a (1), whereas the 2 unsaturated 
C22 acids 20a and 21a are analogous to 3/3- 
hydroxycholenoic acid, 23a (2). 

The detection of the A s acid 21a with the 
"unnatural"  20R configuration is of special 
interest, especially in view of the fact that 
saturated counterpart 16b is accompanied by 
only a trace amount of 20R isomer 17a. The 
stability of the configuration at C-20 in bisnor- 
cholanoic acids has been discussed previously 
(16). However, old and contradictory data o f  
the position of the equilibrium between 20- 
epimers has been quoted. We found that the 
equilibration of 20S methyl esters 14b and 
20b with potassium tert-butoxide in THF 
produced nearly equimolar amounts of 20R- 
epimers 15b and 21b, respectively. A similar 
equilibrium was attained under the Wolff- 
Kishner conditions for 3-ketones 30-33. Such 
isomerization, however, would not be expected 
under the mild alkaline conditions used for the 
work-up of meconium extracts, provided the 
C22 acids are not  esterified. When acid 14a was 
submitted to treatment with 1 N methanolic 
NaOH at 80 C for 24 hr, the formation of its 
20-epimer, 15a, was not observed by capillary 
GC analysis which would have detected a 
concentration as minimal as 0.01%. On the 
other hand, under the same conditions, methyl 
ester 14b was isomerized to acid 15a (9%), 
indicating that enolization and saponification 
have comparable rates. 

In view of these results, the detection of the 
(20S) and 20R) acids 20a and 21a in a 3:1 
proportion could be explained by the occur- 
rence of the (20S) acid 20a in the esterified 
form, in contrast to the occurrence of the 
saturated (20S) acid 16a in the free form. 
Alternatively, and more likely, the isomeriza- 
tion of C-20 may occur for a potential inter- 
mediate, such as a C24 22-oxo-24-oic acid. This 
alternative, however, would require the affinity 
of the side chain degrading enzyme system to 
be higher for the 3a, 5/~ intermediate. It could 
be postulated that, due to the longer half-life 
and concentration of the Cu-A s-22-oxo-24-oic 
acid intermediate, its isomerization at C-20 
is substantial. The demonstration of all three 
C22 acids in extracts of meconium obtained 
with the sodium borohydride prereduction 
proves that the artifactual formation of these 
compounds from a- or /~-keto acids does not 
O c c u r .  

In addition to the classical example of 
sargasterol (17), there are 2 known instances 
of the natural occurrence of compounds with 
the "unnatura l"  C-20 configuration. (20S)- 
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3~-Hydroxycholest-5,22-diene has been de- 
tected among scallop sterols (18), whereas 
(20S)- 3/3-hydroxy- 5c~- chol- 22-en-24-o ic  and 
(20S)- 3~-hy droxychol-  5,22-dien-24-oic acids 
have been isolated as methyl  esters from sea 
pen, Ptilosarcus gurneyi (18,19). The authors 
stressed that the C-20 epimerization did not  
occur during the isolation and was not  reversed 
by HC1/MeOH. 

Although the direct formation of C22 bile 
acids from their higher C ~  homologs by the 
process of ~ox ida t ion  performed by fetal 
enzymes would be very attractive, their micro- 
bial origin seems to be more likely. There are 
no examples showing that higher organisms 
can degrade the cholesterol side chain by 
~-oxidation beyond C-24. On the other hand, 
stepwise microbiological scission of sterol 
(20-22) and bile acid (23,24) side chains is 
well documented.  The ecological significance 
of  this process is illustrated by the detect ion of 
C22, together with C ~  bile acids in petroleum 
(25,26). The degradation of the bile acid 
side chain to C22 acids with concomitant  (or 
according to Hayakawa [25] ,  prior) oxidation 
of ring A has been demonstrated with cultures 
of  numerous bacterial strains. These include 
bacteria isolated from human feces (27-36). 
It is surprising, however, that the presence of 
degraded bile acids is not  revealed in recent 
analyses of fecal bile acids. Only relatively old 
data, overlooked in recent studies, indicate the 
presence of C20 and C22 acids in animal feces. 
Notable is the probable detection of C20 and 
C22 acids in elephant and deer feces (37), the 
formation of 3,12-dioxo-7-hydroxybisnor-chol- 
anoate by cat intestinal flora (38), the forma- 
tion of 7,12-dioxo-3-hydroxybisnorcholanoate 
by guinea pig intestinal flora (39), and the 
formation of bisnordehydrocholate by dog 
intestinal flora (40). The formation of C22 
and C20 acids in the pig intestine has also been 
suspected (41). 

More recently, labeled cholesterol has been 
found to be degraded by bacteria present in 
the rat gut to the C ~  bile acids lithocholic, 
22a, isolithocholic (3~hydroxy-5fl-cholanoic),  
and 3~-hydroxychol-5-enic, 23a (42). In the 
same study, intestinal flora of  the guinea pig 
has been formed to produce only small amounts 
of  unidentified acids, along with estradiol as the 
major product.  This is an important  observation 
which indicates that l i thocholic acid, 22a, could 
originate both as a secondary bile acid, by 
dehydroxyla t ion of  chenodeoxycholic  acid (43) 
as well as by the direct degradation of cho- 
lesterol with 3~-hydroxychol-5-enoic acid, 23a, 
as an intermediate.  As discussed previously 
(28), under specific condit ions of  the enhanced 
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exposure of  bile acids to the action of  intestinal 
flora, the above processes may be pronounced. 
I t  is therefore possible to assume that C22 
bile acids, together with their C24 monohy- 
droxylated counterparts,  are formed in the 
maternal intestine. Their subsequent absorp- 
tion, placental transfer and secretion into the 
fetal bile results in their accumulation in 
meconium. This process is entirely analogous 
to that occurring for deoxycholic  acid, a 
secondary bile acid which is present in meconi- 
um in substantial concentration (1,44). In view 
of  this, the fetal synthesis of 3~-hydroxychol-5- 
enoic acid, considered previously as an indica- 
t ion of the presence of abberant pathway of 
bile acid biosynthesis (2,44), should be recon- 
sidered. However, it should be stressed that, if 
C22 bile acids 14a, 20a and 21a are of micro- 
bial origin, their formation does not  follow the 
order proposed by Hayakawa (23), and ring A 
remains unoxidized. It is also important  to 
stress that the conflgurational puri ty at C-20 
of C22 bile acids resulting from microbial 
degradations was not  investigated, to the best 
of  our knowledge. 

The metabolic origin of the C21 acid 11a 
seems to be more obscure. Its structure is 
entirely unique from the biogenetic point of 
view, and there are no precedents for the 
isolation of steroids with -CH2COOH side 
chain. This compound might be formed as a 
result of the reduction of C21 20-hydroxy acids 
present in meconium (J. St. Pyrek and R. 
Lester, unpublished results). Alternatively, it 
might indicate the operation of the alternative 
~-oxidation process of C-21 (in contrast to 
C-17) in the further (microbial?) degradation of 
Cz2 bile acids. 

The detection of microbiaUy degraded 
steroids in the entirely sterile fetal intestine 
proves that products of such degradation, 
which play a role in the etiology of colon 
cancer (45), are reabsorbed and spread beyond 
the intestinal system. 

EXPERIMENTAL 

Gas Ch romatography-Mass Spectrometry 

Mass spectra (22 eV) were obtained with a 
Finnigan 3200 quadrupole instrument con- 
nected to a gas chromatograph equipped with 
a 12 M (or 25 M), 0.25-mm-id, fused silica 
capillary columns coated with methyl  silicone 
SP2100 (Hewlett-Packard). Spectra were ac- 
cumulated with an INCOS data system with a 
repeti t ion time of 1.5 sec in the range 100-600 
amu. Samples of methyl esters were injected at 
an oven temp. of 100 C (injector temp. 270 
C), in a splitless mode, with toluene as the 
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solvent. After 1 min, the oven temp. was pro- 
grammed to 270 C at the rate 10 C/min. TMS 
ethers, prepared with bis-trimethyisilyltrifluoro- 
acetamide/trimethylchlorosilane (9:1) at 100 C 
were injected at an oven temp. of 50 C, pro- 
grammed as just described (Table 1). The GC- 
MS interphase was modified to introduce the 
outlet of the capillary column directly to the 
ion source as described before (part I of this 
work). 

High Pressure Liquid Chromatography 

A single-piston pump, loop injector, and UV 
variable wavelength detector (ISCO, set at 203 
nm) were used for the separation of methyl 
esters on a micro-particulate silica gel column 
(Vydac) with hexane containing 0.141.7% 
isopropanol. 

Extraction of Meconium 

Samples of pooled meconium, collected 
from newborns of both sexes, were extracted 
with 80% ethanol with and without addition of 
sodium borohydride as described before. 
Alternatively, meconium was lyophylized and 
submitted to solvolysis-extraction with a large 
excess of acetone/methanol/6 N HC1 (9:1:0.01) 
for 72 hr at room temperature. Further work- 
up included solvolysis, mild alkaline hydrolysis 
and ion exchange purification of the acid 
fraction as described in part I of this study. 

The carboxylic acid fraction (70 mg, corres- 
ponding to 142 g of fresh meconium) was 
methylated with diazomethane and separated 
on a silica gel column (20 x 1 cm) that was 
prewashed with acetone and benzene. The sam- 
ple was applied in benzene and elution was 
performed with 0, 5, 7.5, I0 and 15% of 
acetone in benzene, 100 ml for each step of the 
gradient. Fractions (110) were collected and 
analyzed by TLC in benzene/acetone (8:2) 
(solvent A) and benzene/hexane/acetone (8: 
8:2) (solvent B). Acetone in benzene (5%) 
eluted low polarity fractions with Rf 0.80, 0.85 
(solvent A) and 0.20-0.25, 0.35 (solvent B) 
which constitute less than 5% of the total acid 
fraction. Most of the material was eluted with 
higher acetone concentrations, and had Rf 
of 0.65, 0.55, 0.50, 0.40, 0.35, 0.3-0.1 (solvent 
A). Methyl esters of lithocholic, deoxycholic 
and cholic'acids had Rf 0.80, 0.35 and 0.10, 
respectively (solvent A). 

The subsequent resolution of substances 
with Rf 0.20-0.35 (solvent B) was obtained on 
a silica gel column (20 x 1 cm) in benzene/ 
hexane/acetone (10:10:1). Twenty fractions 
with partially overlapping substances were 
obtained. Their composition was examined by 
GC-MS as TMS ethers. Fractions with Rf 

0.32-0.28 were combined and submitted to 
further fractionation by HPLC and examined 
by GC-MS with and without silylation (Table 
2). 

C-20 Epimerization of (20S)-3~-Hydroxy-23,24- 
bisnorchol-5-en-22-oic and (20S)-3~-Hydroxy- 
23,24-bisnor-5~cholan-22-oic Acid 
Methyl Esters 14b and 20b 

(a) Methyl esters 14b and 20b (Steralofds, 
10-20 mg) in anhydrous THF (2 ml) were 
treated with solid potassium tert-butoxide in 
Teflon-stoppered tubes for 20 hr at 75-80 C. 
Products were recovered by dilution with 
water, acidification and extraction with ethyl 
ether. GC and GC-MS analysis of methyl 
esters and methyl ester-TMS-ethers showed, 
respectively: 14b (47%), 15b (47%), and 
20b (42%) and 21b (54%) along with traces of 
other products. 
�9 (b) Methyl ester 14b in 1 N methanolic 
NaOH was heated to 80 C for 24 hr. Products 
were recovered and analyzed as before to give 
14b (91%) and 15b (9%). 

(c) Free acid 14a was treated as described 
in b. GC analysis showed no detectable amount  
of 15b. In this case, analysis was performed for 
methyl ester TMS-ethers on SE-54 12 M, 0.25- 
mm-id, fused silica capillary column with FID 
detector (Rt: 14d 12.34, 15b 11.97 min). 

Methyl 3(x- and 3/~-Hydroxy-23,24- 
bisnorcholanoates 12b-19b 

Methyl (20S)-3/3-hydroxy-23,24-bisnorchol- 
5-en-22-oate, 20b (18.7 mg), was oxidized with 
the Jones' reagent in acetone to give (20S)- 
3,6- dioxo- 23,24- bisnorchol-4-en- 22- oic acid 
methyl ester, 36 (13.4 mg, recrystallized from 
hexane/ether, mp 169-171 C, ~ (CDC13): 6.18 
s (4-H), 3.66 s (OMe), 1.8-2.8 m (2-H2, 7-H2), 
1.24 d (21-H3), 1.17 s (19-H3), 0.75 (18-H3), 
M + 472). The diketone 36 (9.0 nag) was hydro- 
genated over 10% Pd/C in isopropanol followed 
by Jones' oxidation to give a mixture of 5a- 
and 5fl-dihydroderivatives, 3:1 (8 mg, GC-MS 
analysis). This mixture was subjected to ketali- 
zation with ethylene glycol in benzene in the 
presence of pyridinium p-toluenesulfonate (46). 
The mixture of 5a- and 5fl-3-ketals, 6:1 (4.0 
mg, GC-MS analysis), purified by preparative 
TLC in benzene/acetone (95:5), was reduced 
with the Nagata procedure of Wolff-Kishner 
reduction (47). Extraction of the acid fraction, 
followed by methylation and deprotection with 
acetone aq HCL, produced a mixture (2.0 mg) 
of 30 (25%), 31 (25), 32 (16), and 33 (16) 
accompanied by 4 corresponding bisnorchol- 
anoic acid methyl esters (18%). These ketones 
were separated on Vydac HPLC column in 
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hexane containing 0.125% isopropanol.  R v 
were: 31-15, 32-20, 33-23 and 34-25 ml. These 
ketones were reduced with sodium borohydride  
to give pairs of  3-epimers: 12b-14b, 13b-15b, 
16b-18b and 17b-19b, separated either by 
HPLC or by GC-MS (Table 1). 

3~- Hydroxypregn-5-en-2 l<)ic 
Acid Methyl Ester, 71 

3~-Hydroxyandrost-5-en-17-one (2.88 g, 10 
mmol, Steraloids) and tr iethylphosphonoace- 
tate (8.45 g, 40 mmol) in ethanol (40 ml) 
were treated with sodium ethoxide prepared 
from sodium metal (0.92 g, 40 mmol) in 
ethanol (25 ml) at 35-40 C. Subsequently, the 
mixture was refluxed for 12 hr and the solvent 
was then evaporated in vacuo. The residue was 
dissolved in water and extracted with ethyl 
ether. RecrystalUzation from hexane/ether 
afforded 3~-hydroxypregna-5,17(20)-dien-21- 
oic acid ethyl  ester (2.98 g, 83%, mp 172-174 
C, reported [48] mp 178-180 C). This product  
was hydrogenated over Adams'  catalyst in 
ethanol. The reaction was stopped after one 
equivalent of hydrogen was consumed. The 
ethyl ester of  3~-hydroxypregn-5-en-20-oic acid 
11a was purified by recrystallization from 
hexane/ether  (mp 110-114 C). Its transesterifi- 
cation in boiling methanol/sodium methanolate  
produced methyl  ester 11b (mp 120-122 C, 
reported [49] mp 132-133 C); ~ CDCI3:5 .36  
bd J=4 (5-H), 3.66 s (OMe), 3.50 m (3~-H), 
2.30 bd (20-H2) , 1.02 s (18-H3), 0.62 (18-H3); 
M + 346. 
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ABSTRACT 

Our principal goal is the complete resolution and reconstitution of the microsomM enzymes of 
cholesterol biosynthesis. Elucidation of the enzymology has been achieved primarily through dissec- 
tion of the membrane-bound, 19-step multienzymic process. This report describes the dissection 
approach through both interruption of specific steps and reconstitution of enzymes that catalyze 
oxidation of the 14cvmethyi group. In earfier work, 4-demethylation was resolved into 3 component 
reactions catalyzed by: 4-methyl sterol oxidase (NAD[P] H- and O2-dependent); steroid 4~x-carboxylic 
acid decarboxylase (NAD-dependent); and 3-ketosteroid reductase (NADPH-dependent). The 3-keto- 
steroid reductase and decarboxylase have been solubilized with Lubrol WX and deoxycholate, respec- 
tively, and characterized. The 4-methyl sterol oxidase (cytochmme bedependent) recently has been 
solubilized with Renex 690. This study represents successful elucidation of a microsomal enzyme 
sequence by interruption of the central 1 00step segment of the multienzymie formation of cholesterol 
from lanosterol. The initial C-32 oxidative reaction of 14~methyl group elimination is catalyzed by a 
form of cytochrome P-450 that is induced by isosafrole. The induced cytochrome P-450 has been 
solubilized with Emuigen 913 and purified to homogeneity (17 nmol of cytochrome/mg protein). 
24,25-Dihydrolanosterol is oxidized by combination of cytochrome P-450 reductase, hematin, 
NADPH, glutathione, and the purified, isosafrole-induced cytochrome in an artificial liposome. Oxida- 
tion product identification is underway. This study represents successful elucidation of a microsomal 
multienzymic sequence by solubilization and reconstitution of a segment of the pathway. The remain- 
ing enzymes under study are the As--,& 7 isomerase and 3 NADPH-dependent double bond reductases 
that catalyze reduction of: A~-, A t4- and &=4-sterol double bonds. Purification of thesenonoxygen- 
requiring enzymes is in progress. Resolution of the enzymes has demonstrated unequivocally that 
cholesterol synthesis via this pathway could not have appeared biologically until membranes contained 
both the cytochrome P-4500 and eytochrome beelectron transport enzymes. Chemically, all enzymic 
attacks in the formation of cholesterol from lanosterol appear to be initiated on the s-face of the rela- 
tively planar steroids. Thus, considerable genetic pressure must have been needed for the stereospecific 
clearing of the steroidal a-face to form the mature membrane component, cholesterol. 
Lipids 17:250o256, 1982. 

INTRODUCTION 

The biosynthesis  of  cholesterol  f rom lano- 
sterol  is cata lyzed by enzymes  that  are t ight ly 
bound  to the cellular endoplasmic  re t iculum 
and readily isolated in the microsomal  fract ion 
as a membrane-bound  complex .  Fo r  investiga- 
t ion of  the enzymology  of  the process, the  
unique advantage of  being able to obtain  the  
entire synthet ic  enzymic  complex  is readily off-  
set by 3 difficulties that  are presented by 
affi l iat ion of  the enzymes  with a membrane  (1). 
First,  the steroid product  of  one react ion 
becomes  the substrate for  the next  enzyme  
wi thout  e i ther  accumula t ion  or diffusion of  
in termediates  from the membrane .  Second,  
a l though we glibly refer to  these membrane-  
bound  enzymes  as being associated in a multi-  
enzymic  complex ,  direct physical evidence is 
lacking. However ,  even within present  l imits 
of  in fo rmat ion ,  i t  appears that  physical associa- 

*To whom inquiries should be addressed: Glenol- 
den Laboratory, E.I. du Pont and Co., Glenolden, PA 
19036. 

t ion o f  the enzymes  with each other ,  as well as 
with the membrane ,  can be strongly suggested 
(2). The  third diff iculty is that  10 of  the  19 
plausible react ions in the fo rmat ion  of  choles- 
terol  f rom lanosterol  by rat l iver microsomal  
enzymes  (Table 1) require molecular  oxygen  
and a source o f  reducing equivalents  (3). These 
membrane-bound,  mixed- func t ion  oxidases are 
also mul t i enzymic ;  thus, to produce  cholesterol  
enzymat ica l ly ,  one  mul t i enzymic  system must  
func t ion  within another  mul t i enzymic  system. 

Our goals are: (a) to establish the enzymic  
pa thway from lanosterol  to cholesterol ;  (b) to 
resolve, purify and characterize each micro-  
somal enzyme;  and (c) to reconst i tu te  into 
artificial membranes  a viable and control led 
fully enzymic  synthesis of  cholesterol  f rom 
lanosterol .  

Elimination of C-30 and C-31 as CO2 

For  ca. 12 years,  our  approach to unraveling 
the mul t i enzymic  system has been to prevent  
the steroidal product  of  one react ion f rom 
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TABLE 1 

Sugges ted  I n t e r m e d i a t e s  and R e a c t i o n s  o f  Ch o le s t ero l  Biosynthes i s  from Lanosterol 

25I 

N u m b e r  Sta te  o f  o x i d a t i o n  
of C - a t o m s  o f  the  D o u b l e  N o n s t e r o l  o f  C-3 o x y g e n  

substrate  R e a c t i o n  b o n d s  substrates  f u n c t i o n  

Sta te  o f  o x i d a t i o n  
o f  the attacked 

carbon  a t o m  

5 
6 
7 
8 
9 

30 

29 

1 0  2 8  

12 
13 
14 

15 27 

l0 1 17 
18 
19  
2O 

Oxid at ion  

D e c a r b o n y l a t i o n  

R e d u c t i o n  
Oxidat ion  

D e c a r b o x y l a t i o n  

Re d u c t ion  
Ox id a t ion  

Deca!boxylation 

R e d u c t i o n  
Isomerization 
Oxidat ion  
Reduction 
Reduction 

8 , 2 4  

8,14,24 
8,24 

7,24 
5,7,24 
5,24 
5 

NADPH, 02 -OH 
NAD(P)H, 02 -OH 
NAD(P)H, O 2 -OH 
- -OH 

NADPH -OH 
NADH, O 2 -OH 

-OH 
-OH 

NAD -OH 

NADPH =O 
NADH, O 2 -OH 

-OH 
-OH 

NAD -OH 

NADPH =O 
- -OH 
NADH, O 2 -OH 
NADPH -OH 
NADPH -OH 
- -OH 

C-32-CH 3 
C-32-OH 
C-32=O 

I C-?-OH 
C-32=O 

C-30-CH 3 
C-30-OH 
C-30=O 

t C-3(IE-OOH 
C-3-OH 

C-3 I-CH 3 
C-31-OH 
C-31=O 

t C-3 I~OOH 
C-3-OH 

becoming the substrate of the next enzyme 
to demonstrate the formation of a particular 
metabolite as well as to anticipate the next 
enzyme in sequence. Although the overall sys- 
tem is complex, the individual enzymes that 
catalyze cholesterol synthesis have simple 
requirements  for activity;  only  NAD(P)H,  NAD 
and 02 are needed for the 19-step process 
(Table 1, Fig. 1). Thus, when 4~-methyl-5a-  
choles t -7-en-3~ol  with 14C-label in C-30, the 
4H-methyl  group, is a t tacked by a mixed  func- 
tion oxidase,  we expec ted  to generate a 4H- 
h y d r o x y m e t h y l  sterol in the strict absence of  
oxidized pyridine nucleot ide  to prevent  fur ther  
conversion (Fig. 2). The expec ta t ion  was based 
on Bloch's  suggestion (4) that  NADPH-depen-  
dent  mixed-funct ion  oxidat ive at tack would 
likely be fo l lowed by an NAD-dependen t  
alcohol  dehydrogenase.  For  these studies, a 
detergent  t r ea tment  (5) was devised to  remove  
entrapped,  endogenous  microsomal  pyridine 
nucleot ide ,  thus rendering oxidat ive release of  
14CO2 from the 14C-labeled 4~-methyl  group 
fully dependen t  on addi t ion of  exogenous ly  
oxidized pyridine nucleot ide  (Fig. 2). Incuba- 
t ion of 4a-methyl-5H-cholest-7-en-3~-ol with 
NADPH, oxygen,  and the detergent- t reated rat 
liver microsomes wi thout  the presence of  ei ther  
endogenous  or  exogenous  NAD yie lded the 4H- 
carboxyl ic  acid rather than the expec ted  alco- 
hol  (Fig. 2). Miller and Gaylor  (6) character ized 

the carboxylic acid by tedious scaling-up of 
acid formation, gas liquid chromatographic 
(GLC) purif icat ion o f  the isolated acid as the 
stable diester, and mass spectral analysis. Miller 
and Gaylor  and Miller et al. fur ther  demon-  
strated that  only mixed-funct ion  oxidat ive 
at tack was necessary to generate the carboxyl ic  
acid and that  the 4a -methy l  group of  the 4,4- 
gem-dimethyl  sterol substrate (e.g., 6 of  Table 
1) was oxid ized  by the same microsomal  oxi- 
dase (7,8). Subsequent  work establistied the 
s to ich iomet ry  of  the oxidase shown in Figure 2 
(9). Therefore ,  by successful in te r rupt ion  o f  the 
overall process, we were no t  only able to  eluci- 

3 8 ~H 3 
HO �9 7 32 

H 
3~ 3O 

�9 2 C0s / NAD(P)H'NAO" Oil 

CNOL.F..STERO L 

FIG. 1. Structures and overall reaction require- 
ments for the conversion of lanosterol to cholesterol. 
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date the 6 oxidat ive steps of  the reactions 
shown in Table 1, 6 ~ 7 ~ 8 ~ 9  and 11~12-~13~  
14, but  because the 4~-carboxyl ic  acid accumu- 
lated in the absence of  oxidized pyridine 
nucleot ide ,  oxidative decarboxyla t ion ,  e.g., 
9-+10 and 14-~15, was found to be NAD-depen-  
dent.  Rahimtula  and Gaylor  partially purif ied 
the decarboxyla t ing  enzyme  after isolation 
f rom microsomes with the strong, ionic deter- 
gent,  deoxychol ic  acid ( I0) .  The decarboxyla t -  
ing enzyme  acts on both  4-mono-  and 4-disub- 
s t i tuted carboxyl ic  acids, and requires N A D  as 
expected .  Reduc t ion  of  the resulting 3-keto- 
steroids, i.e., 10~11 and 15-~16, is catalyzed by 
an NADPH-dependen t  enzyme  that  recent ly has 
been solubil ized and partially purified by Bill- 
he imer  et al. (11) who treated microsomes with 
a mixture  of  detergents,  cholate and Lubrol  
WX. The sequence o f  react ions elucidated by 
this process of  in ter rupt ion  of  microsomal  
enzymes  f rom 6 to 16 represents the 10 central  
enzymic  steps in the 19-reaction generat ion of  
cholesterol  f rom lanosterol  (Table 1). 

Elimination of C-32 

With emerging elucidat ion of  the ox ida t ion  
of  the 4-gem dimethyls  proceeding well by 
in te r rup t ion  through specific choices o f  oxi-  
dized and reduced pyridine nucleot ides  incu- 
bated with and wi thou t  oxygen  (e.g., see list 
of  nonsterol  substrates in Table 1), in 1975, we 
init iated analogous studies on the in te r rupt ion  
o f  C-32 oxidat ion .  Microsomal metabol i sm o f  
lanosterol  (1 o f  Table 1) requires only 
NAD(P)H and oxygen  (Table 2), and when t h e  
medium is fur ther  supplemented  with N A D  +, a 
C27-sterol p roduct  can be obta ined chromato-  

EXPECT[O: 

MO ~ H . ~ o  . 

~H s tHzOM ~ 8 0  

F~ONO: ~XI~A~ 
R 

HO . ~0 
~H 3 ~OOf4 

FIG. 2. Reactions in the oxidation of the 4c~- 
methyl group of a synthetic C28-sterol intermediate. 
The "expected" pathway was proposed by Bloch (4) 
on the assumption that mixed-function oxidative 
attack would be followed by an NAD-dependent 
alcohol dehydrogenase and an NAD-dependent alde- 
hyde dehydrogena~. As described (6), a fully oxida- 
tive pathway was found. 

graphically (Fig. 1). Our a t t empts  to in ter rupt  
14a-demethyla t ion  by analogy to the C-30 
el iminat ions already described have been 
frustratingly unsuccessful.  Removal  of  e i ther  
NADPH or 02 led to  inact ivat ion o f  lanosterol  
at tack (Table 2), and al though bo th  CO and 
CN-  were found to be strong inhibitors of  
microsomal  oxidat ion  of  lanosterol  (Table 2), 
no oxygenated  in termedia tes  accumula ted ,  
thus suggesting that  the initial oxidat ion  is 
particularly sensitive to these inhibitors.  The 
2-step incubat ions  of  detergent- t reated micro- 
somes with various mixtures  o f  oxidized and 
reduced pyridine nucleot ides  that  had been so 
successful in e lucidat ion of  steps in the elimina- 
t ion of  the 4,4-gem d imethy l  group yielded 
accumula t ion  of  no isolable oxygenated  
steroids. 

TABLE 2 

Microsomal Oxidation o f  [ aH ] Lanosterol a 

Incubation conditions Sp act (nmol/30 min.mg protein) % 

Complete 1.79 100 
-NADPH 0.24 13 
-NAD 1.65 92 
-02 0.01 0 
+CO (90% v/v) b 0.70 39 
+CN- (2.67 mM) 0.02 1 
+Hematin (5 ~M) 1.89 106 

aAll experiments were with rats that had been fed cholestryamine as an inducer of sterol 
biosynthesis (9). [3ct-aH1Lanosterol (I00 nmol, 186,000 dpm) was incubated for 30 m/n at 
37 C with 4 mg of microsomal protein, oxygen, a NADPH-generator (consisting o f  0.3 mM 
NADPH, 5 mg of DL-sodium isocitrate, 0.6 mM Mg ++, 0.1 mg of isocitric dehydrogenase 
[Sigma type IV]), and 0.56 mM NAD in a final vol of 2 ml of phosphate buffer (pH 7.4 and 
containing 1 mM glutathione).  Activity was measured by the obligatory loss of  the 3ct-aH 
from sterol during oxidative decarboxylation (3). Thus, the assay is a relatively simple and 
sensitive estimate of  combined C27 + C2s-sterois generated from the Ca0-steroi substrate. 
Each value is the result o f  data from 2 experiments.  

bl 0% oxygen. 
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Fortunately,  studies were underway in other 
laboratories that provided a rational basis for an 
alternative to our unsuccessful approach of 
at tempted interruption of  C-32 oxidation. By 
1973, Gibbons and Mitropoulos (12) demon- 
strated that carbon monoxide,  a diagnostic 
inhibitor of  microsomal cytochrome P-450- 
dependent, mixed-function oxidases, inhibits 
the oxidation of lanosterol. Because we had 
earlier established CO-insensitivity of attack 
of the 4or-methyl group (13) by mixed-function 
oxidation, and now that we know sterol synthe- 
sis after lanosterol attack requires only micro- 
somal cytochrome-bs rather than cytochrome 
P-450 (14,15), cytochrome P-450-dependent 
attack of lanosterol as the initial step in the 
19-step process has been strongly indicated. 
Penetrating studies in several laboratories (16- 
18) also showed obligatory cytochrome P-450- 
dependence of lanosterol oxidation directly, 
and evidence accumulated that the first reac- 
tion of 14or-methyl group elimination is cata- 
lyzed by the microsomal cytochrome P-450- 
containing enzyme. Aoyama and Yoshida were 
the first workers to isolate an induced lano- 
sterol-metabolizing cytochrome P-450 that was 
obtained from oxygen-starved, intact yeast; 
they showed direct dependence of C-32 oxida- 
tion upon cytochrome P-450 in yeast isolates 
(14,18). 

Thus, by 1978, with this knowledge about 
cytochrome P-450 dependence and with no 
successful interruptions of C-32 oxidation, 
we changed our approach from interruption 
to solubilization of  the mammalian lanosterol 
oxidase (i.e., 142). We simply set out to purify 
directly the mammalian, microsomal cyto- 
chrome P-450 that would catalyze oxidation 
of lanosterol. 

Most investigations of microsomal cyto- 
chrome P-450 isozymes have been done by 
attempted selective induction in v i v o  of one 
form of the hemoprotein relative to the con- 
centrations of the other isozymes. Several types 
of assays have been used to measure induction. 
Solubilization, purification, and characteriza- 
tion of the isozyme are then done to demon- 
strate that a novel form of cytochrome P-450 
has been induced. Then, 2 questions are asked: 
is the isozyme present in uninduced micro- 
somes, and, if so, what is the endogenous sub- 
strate for the naturally occurring isozyme? The 
second question arises because one would not 
expect to find an enzyme for which there is no 
known substrate. 

Our goal was to isolate and purify the cyto- 
chrome P-450 isozyme that catalyzes initial 
attack of  lanosterol. By obtaining pure cyto- 
chrome P-450 in the absence of other enzymes 

that catalyze attack of sterol substrates, we 
could achieve the equivalence of interruption 
through reconstitution of active oxidase that 
might yield the elusive oxygenated intermedi- 
ate. Accordingly, our study reversed the typical 
cytochrome P-450 investigation. We know that 
an endogenous substrate, lanosterol, exists in 
microsomal membranes. Basal biosynthesis of 
cholesterol from lanosterol requires the pres- 
ence of the proper isozyme. 

From earlier studies of cytochrome P-450, 
certain characteristics of the lanosterol-metabo- 
lizing isozyme were expected (Table 3). This 
isozyme of cytochrome P-450 is quite sensitive 
to inhibition by cyanide (Table 2); accordingly, 
the isozyme should exhibit a relatively high 
affinity for cyanide when liganded as the ferri- 
hemoprotein (19,20). This isozymic form of 
cytochrome P-450 cochromatographs with 
NADH-cytochrome bs-reductase and methyl 
sterol oxidase (19,21,22). Thus, although the 
cytochrome P-450 is fully reducible with 

TABLE 3 

Expected Properties of the Cytochrome P-450 
Isozyme That Oxidizes Lanosterol 

1. Inhibition by cyanide and relatively high affinity 
for CN- binding to Fe +3 hemoprotein. 

2. Copurifies with NADH-cytochrome b s reductase 
and methyl sterol oxidase; NADH-synergism. 

3. Labile. Loses heine group readily with loss of 
spectral characteristics. Partially reversed to holo- 
enzyme by hematin. 

TABLE 4 

Induction of Dihydrolanosterol Oxidation 
by Treatment o f  Rats with lsosafrole a 

Sp act 
( n m o l / 3 0  min /mg protein) 

Pretreatment Undisplaced Displaced 

None 0.93 0.03 
lsosafrole 0.90 2.13 b 
Cholestryamine 2.73 - 

aRats were pretreated with isosafrole, and micro- 
somes obtained from control and isosafrole-treated 
rats were incubated with 2-methylbenzimidazole to 
displace the endogenous ligand as described previously 
(24). [ 24,25-aH2 ] 24,25-dihydrolanosterol (100 nmol, 
200,000 dpm) was incubated for 60 rain at 37 C with 
4 mg of microsomal protein, oxygen, a 0.3 mM 
NADPH-generator (Table 2), and 0.56 mM NAD in a 
f'mal voi of 2 ml. The amount of conversion was calcu- 
lated by TLC separation of substrate from the mixture 
of labeled metabolites in the usual manner. Results are 
the averages of  values from 2 comparisons.  

b2.5 jaM hematin.  
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NADPH alone, modest synergism can be ob- 
served by the addition of  NADH along with 
NADPH. Finally, although relatively high 
labili ty is not  particularly diagnostic, it is a 
characteristic that had become quite pro- 
nouneed in our earlier studies and labili ty cer- 
talrdy mandated stabilization of the isozyme 
sought. 

Obviously, induction of  this isozyme by 
oxygen starvation of  living rats, as Aoyama and 
Yoshida (14,18) had induced the lanosterol- 
metabolizing cytochrome P-450 in intact  yeast,  
is not  possible. Alternatively, we examined 
literature reports of  hepatic, mierosomal cyto-  
chrome P-450 inductions by  drugs, carcinogens 
and  other xenobiotics to fred an inducer o f  
the isozyme of  cytochrome P-450 with the 
desired characteristics. In 1978, Dickins and 
coworkers (23) reported isosafrole-induction 
of a novel form of  rat hepatic cytochrome 
P-450 that is readily distinguished from the 
other  isozymes by a molecular weight that  is 
intermediate between the weights of rat  hepatic 
isozymes that are induced by phenobarbi tol  
and methylcholanthrene.  Upon t reatment  with 
isosafrole - (1,2-methylenedioxyl)-4-propenyl 
benzene - the  isozyme o f  cytochrome P-450 is 
readily observed by measuring the spectral 
difference between reduced and oxidized hemo- 
protein in which the presence of  an endoge- 
nously generated isosafrole metaboli te ligand 
causes a Sorer peak shift to 455 nm (24). (With 
this simple assay, we have purified the cyto- 
chrome P-450 to homogeneity [24] .) 

We did not  want to proceed with studies 
involving a proven hepatocarcinogen (25) until 
fLrSt showing induction of  lanosterol metabo- 
lism by isosafrole. Initial studies of  24,25-dihy- 
drolanosterol metabolism were disappointing 
until investigations were conducted with iso- 
safrole-induced microsomes from which the 
endogenous metaboli te of  isosafrole had been 
displaced from the induced isozyme of  cyto- 
chrome P-450 by t reatment  of  microsomes 
with 2-methyl-benzimidazole (24). Thus, with 
proper  metaboli te displacement, induction o f  
dihydrolanosterol  oxidation of  3- to 7-fold 
(Table 4) can be observed. The drop in control  
values with the displacement t reatment  further 
emphasizes the extreme labili ty of  even the 
uninduced isozyme. When optimally fortified 
with hematin (see Table 2), the control  rate of  
"displaced" microsomal lanosterol oxidat ion 
is enhanced maximally to about 0.3 nmol /30 
rain/rag protein;  thus, under identical condi- 
tions of displacement and incubation with 2.5 
gM hematin, a 7-fold induction by isosafrole 
is observed. (Lability is associated with loss of  
the heine group from the hemoprotein;  the iso- 

~0 o--c HIAOI~O ~ No r p-45~ 

b--,L ittOP~ + HENE+ ~ 

0 I 2 3 4 5 6 7 6 9 1 0 1 1 1 2  
DISTANCJE (cm} 

FIG. 5. Reeonstitufion of vesicular cytochrome 
P-450 with hemalin and glutathione. The conditions 
were identical to the procedure described in Fig. 4. 
The final concentrations were 2.5 ~tM hematin and 
5 mM glutathione. 

safrole metaboli te formed in vivo stabilizes the 
cytochrome P-450 isozyme during solubiliza- 
tion and purification [24] .  See also ref. 26 for 
heine stimulation.) 

Ant icytochrome P-450 immune serum pre- 
pared against the pure isozyme of  cytochrome 
P-450 cross-reacted with a protein in control 
microsomes. Qualitatively (Fig. 3), the amounts 
of  cross-reactive protein were approximately 
proport ional  to the relative rates of  lanosterol 
oxidation (Table 4). 

incubation of  isosafrole-induced cytochrome 
P-450, cytochrome P-450 reductase, phospho- 
lipid, oxygen and NADPH with isosafrole gen- 
erates a speetrally determined hemoprotein-  
bound oxidized metaboli te (24). The metabo- 
lite difference spectral peak is identical to that  

TABLE 5 

Components Considered for Reconstitution 
o f  Lanosterol Oxidase 

Phosphol ip ids  
Cytochrome P-450 (after isosafrole induction) 
C y t o c h r o m e  P-450 reductase 
Cytochrome b s 
Cytochrome b s reductase 
Methyl sterol oxidase 
Hematin 
NADPH, lanosterol, oxygen, NADH 
Glutath ione  
Z-protein (e.g., SCP, fatty acid binding protein) 
Cholesterol transfer protein (SCP~, general lipid 

exchange protein) 
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FIG. 3. Ouchterlony diffusions of proteins from 
solubilized microsomes. Anticytochrome P-450 im- 
mune serum was obtained from rabbits immunized 
with homogeneous cytochrome P-450 from isosafrole- 
treated rats (24). Microsomes solubilized in 1% Triton 
X-100 were placed in wells: 1, control; 3, cholestyra- 
mine; and 5, isosafrole. Pure cytochrome P-450 was 
placed in wells 2 and 4. 

formed in r ive .  Subst i tu t ion of  [24 ,25-3H]di  - 
hydro lanos te ro l  for  isosafrole in the reconst i tu-  
t ion was no t  as rewarding. No evidence for 
metabol i sm of 24,25-dihydrolanosterol  was 
observed in the recons t i tu ted  system (Fig. 4).  
A scan o f  radioact ivi ty on a TLC plate did no t  
indicate ei ther  loss o f  radioact ivi ty  f rom sub- 
strate or  fo rmat ion  o f  a labeled ox ida t ion  prod- 
uct  that  would  be expec ted  to chromatograph  
between the origin and the substrate peak.  A 
more elaborate  procedure  with 2-methylben-  
zimidazole pre t rea tment  to remove endoge- 
nously bound  metabol i te ,  in case lanosterol  
substrate could no t  displace the  substance,  was 
also negative. However ,  there was a slight 
broadening of  the peak, part icularly when 
hemat in  and gluta thione were added (Fig. 5), 
plus a significant reduc t ion  in the amoun t  of  
unchanged substrate was observed when the 
comple te  incubat ion  mixture  was added. The 
peak-broadening and substrate loss were associ- 
ated consistent ly with metabol ic  condit ions,  
i.e., requiring the comple te  recons t i tu t ion  sys- 
t em plus aerobic  incubat ion  at 37 C. 

On the basis that  we might  be generat ing an 
analogous c y t o c h r o m e  P-450-bound metabol i te  
that  was preventing enzymic  turnover  by no t  
diffusing f rom the hemopro t e in  (24), plus the 
earlier observat ion that  the high cyanide affin- 
i ty i sozyme copurif ies with methy l  sterol oxi- 
dase (19,21,22 and Table 3), a partially purif ied 
source of  me thy l  sterol  oxidase (15)  was added 
to the recons t i tu t ion .  Incubat ion  of  the  com- 
plete system (Fig. 4) with methy l  sterol oxidase 

FIG. 4. Reconstitution of vesicular cytochrome 
P-450. Purified cytochrome P-450 (9.0 nmol) was 
suspended in 2.2 ml of phosphate buffer tO which 3.6 
mg of dilaurylphosphatidyl choline and 24 units of 
cytochrome P-450 reductase were added. The mixture 
was incubated for 15 rain at 37 C with 17 mM 2- 
methylbenzimidazole and 20% (v/v) of glycerol in 
phosphate buffer to displace the bound metabolite 
of isosafrole (24). After cooling on ice, 18 mg of egg 
phosphatidylcholine in 0.2 ml of a 2% solution of 
sodium chelate (w/v), 0.2 mM EDTA, and 0.1 mM 
dithiothreitol were added. The mixture was passed 
through a Sephadex G-50 column (1.7 • 18 cm) to 
remove chelate and to generate vesicles. An amount 
of vesicles containing 1.0 nmol of cytochrome P-450 
was incubated in 2 ml for 60 min with 100 nmol of 
24,25-dihydrolanosterol by sonic suspension of the 
steroid with additional phospholipid. Samples of 
residue from solvent extraction were transferred to 
TLC plates that were developed with chloroform. 
TLC mobility was estimated by cutting the plates 
into 0.5 cm fractions and counting. Final concentra- 
tions were 0.3 mM NADPttg (NADPH-generator, see 
Table 2). 

plus cy toch rome  bs, NADH,  NADPH, oxygen  
and 100 nmol  of  24,25-dihydrolanosterol  
yielded significant conversion to a slightly 
s lower-moving sterol on thin layer  chromatog-  
raphy (TLC). High resolut ion mass spectral 
analysis suggests that  a C29-sterol p roduct  was 
formed.  Character izat ion is incomple te  at this 
t ime. (A large quant i ty  of  the pure isosafrole- 
induced c y t o c h r o m e  P-450 will be needed for  
each exper iment  wi thout  methy l  sterol oxidase 
addi t ion because a steroidal metabol i te  does 
appear  to be bound  to  the  hemopro te in ,  and 
necessary turnover  to  generate accumula t ion  of  
the initial ox ida t ion  product  o f  lanosterol  does 
no t  occur.)  

Condi t ions  for recons t i tu t ion  o f  the corn- 
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ELECTRON TRANSPORT : REACTIONS CATALYZED : 

NADH --~ CYTOCHROME b s --~ CYTOCHROME b s 

REDUCTASE 

f C-30: CH 3 ~ CH2OH '-=' CliO --=' COOH 
C-31: C H s ~  CH20H ~ CHO ~ COOH 

AT ~ A5.7 

NAOPH ~ CYTOCHROME p-450 .-~ CYTOCHROME P-450 

REDUCTASE 
C-32: OXIDATION 

FIG. 6. Microsomal electron t ransport  and sterol biosynthet ic  reactions catalyzed. 

ple te  14or-methyl group elimination will be 
complicated. Fourteen possible components  
(Table 5) must be checked for optimizat ion 
of  concentration. In addit ion to the enzymes 
and substrates, the list includes variations in 
phospholipids, plus noncatalytic proteins such 
as Z-protein (26) and a cholesterol (general 
lipid) transfer protein that  Trzaskos has char- 
acterized as SCP2. 

Two brief comments  should be made. With 
demonstrated dependence on both cytochrome 
P-450 and cytochrome b s of  microsomal 
electron transport,  it is clearly evident why 
de novo sterol synthesis does not  occur in less 
complex organisms that lack either of  these 
systems (Fig. 6). Second, within limits of  
present information,  all reactions in the process 
appear to proceed via 0t-face attack of the 
relatively planar sterol molecule (3). Thus, in 
addit ion to suggesting that the product  of  one 
reaction becomes the substrate for the next  
enzyme in sequence without randomization,  
the removal of  only a-methyl  groups to pro- 
duce cholesterol presumably produces more 
stable sterol components  of  biological mem- 
branes. Accordingly, enormous biological and 
chemical pressure may have resulted in selec- 
t ion of  stable organisms that have the oxidative 
machinery to catalyze sterol ~,-methyl group 
elimination. 
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A Comparison of the Biological Properties of 
of Androst-5-en-3/3-ol, a Series of (20R)-n- 
Alkylpregn-5-en-3/ -ols and 21-1sopentylcholesterol 
with Those of Cholesterol 
WILLIAM R. NES, JOHN H. ADLER, JEFFREY T. BILLHEIMER, KATHERINE A. ERICKSON, 
JOHN M. JOSEPH, JOSEPHINE R. LANDREY, ROSEMARIE MARCACCIO-JOSEPH, 
and KARLA S. RITTER, Department of Biological Sciences, Drexel University, 
Philadelphia, PA 19104, and ROBERT L. CONNER, Department of 
Biology, Bryn Mawr College, Bryn Mawr, PA 19010 

ABSTRACT 

The AS-sterol, androst-5-en-3&ol, which has no side chain at C-17, did not permit molting of the 
insect Heliothis zea, growth of either the protozoan Tetrahymena pyriformis, or the yeast Saccharo- 
myces cerevisiae adapted to anaerobic conditions, nor was the sterol esterified by a mammalian 
microsomal ACAT preparation. However, the sterol did form a liposome with egg lecithin and, when 
fed to mice, did inhibit hepatic cholesterol synthesis. 21-1sopentylcholesterol also formed a liposome 
but neither supported the growth of the yeast nor was metabolized by the protozoan. When sterols, 
20(R)-n-alkylpregn-5-en-3#-ols, with side chains of varying lengths were added to the medium of the 
protozoan, maximal esterifieation with fatty acids occurred with the 20(R)-n-pentyl derivative, and 
maximal inhibition of tetrahymanol formation occurred with the n-butyl, n-pentyl, and n-hexyl 
derivatives. In all of the assays, cholesterol showed a positive response, either permitting molting or 
growth, being metabolized, inhibiting sterol or tetrahymanol synthesis, or forming a liposome. 
Lipids 17: 257-262, 1982. 

INTRODUCTION 

As pointed out previously (1,2), the reason 
why the side chains of  sterols have their ob- 
served structures is not entirely clear. During 
the biosynthetic process, the number of Cs- 
units could conceivably be varied, leading to 
analogs of squalene with, for instance, one 
Cs-unit more or one less than in squalene, but 
this never seems to occur. Squalene is the 
consistent intermediate to sterols which means 
that the side chain always arises biosynthetical- 
ly with a carbon skeleton that is the same as 
the one found in cholesterol. This side chain 
once formed may then undergo a loss (as in 
halosterol, a C~-sterol)  or a gain of carbon 
atoms (as in campesterol, a C2s-sterol). For  a 
key to the literature on occurrence and metab- 
olism, see Nes and McKean (3), Barbier (4), 
Goad (5), Khalil et al. (6), and Blanc and 
Djerassi (7). However, even when such subse- 
quent metabolism does occur, the length of the 
longest chain on C-17 is rarely altered by more 
than one carbon atom from the original 6- 
carbon sequence consisting of C-20, C-22, C-23, 
C-24, C-25 and C-26. Furthermore, C-21 never 
seems to be removed nor have additional car- 
bon atoms been found added to it, and the 
configuration at C-20 is nearly always (8-11) 
such as to have a 20a-H-atom. It has been 
suggested (1,2) that, in an evolutionary sense, 
these similarities in structure result at least in 
part from analogous structural requirements in 

the function of  sterols. 
In order to explore the significance of func- 

tion further, we have examined the C19-sterol 
(androst-5-en-3/3-ol) with no side chain at all, 
as well as a series of sterols (20(R)-n-alkyl- 
pregn-5-en-3/3-ols) in which the total length of 
the side chain varies and also 21-(3-methyl- 
butyl- l-)-cholesterol (2 l-isopentylcholesterol, 
"wingsterol"),  in which C-20 bears an H-atom 
and 2 isohexyl groups in a variety of  biological 
situations. The structural variations have 
permitted us to assess the influence of a short- 
ening of  the side chain to zero carbon atoms as 
well as of  an alteration in the length of  both 
substituents on C-20. 

The biological systems were chosen for 
several reasons, one of  which was a desire 
to have representatives of different parts of  the 
evolutionary hierarchy. At the top of  the latter 
are mammals, and 2 parameters were investi- 
gated, microsomal esterification in rat liver and 
feedback regulation of  hepatic cholesterol 
synthesis. Among the lower organisms, we 
chose 3 which do not biosynthesize sterols but 
which respond to their presence. The lack of  
biosynthesis simplified the experiments, be- 
cause endogenously derived sterol did not have 
to be considered. The systems used were an 
insect, Heliothis zea, the protozoan Tetra- 
hymena pyriformis, and anaerobically grown 
Saccharomyces cerevisiae. In addition, we 
studied a model membrane system, viz., the 
formation of liposomes. 
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M A T E R I A L S  A N D  METHODS 

Androst-5-en-3/~-ol (12,13) was synthesized 
by reduction of the tosylhydrazone of dehydro- 
epiandrosterone (17-oxoandrost-5-en-3~-ol) with 
sodium borohydride (unpublished). The physi- 
cal properties of 21-isopentylcholesterol ("wing- 
sterol") prepared from 20-oxor21-norcholes- 
terol and 4-methylpentyl bromide (unpub- 
lished) and reisolated from T. pyriformis are 
given in the section on results and serve to 
define the structure of this new sterol. The 
20(R)-n-alkylpregn-5-en-3/~-ols used in this 
work were prepared from pregnenolone (2 and 
u npu blish ed). 

For the formation of liposomes, 60 mg of 
L-~-phosphatidylcholine and 20 mg of sterol 
were transferred to a sonicator vessel, and 
20 ml of 0.1 M Tris HC1 buffer at pH 7.4 was 
added. The mixture was sonicated for 15 min 
at 85 W in an ice-NaCl water bath with a 
Sonicator Cell Disruptor Model 185-F, Heat 
Systems Ultrasonics, Plainview, NY. The 
resulting sample was centrifuged for 1.0 hr at 
40,000 x g. The supernatant was extracted 3 
times with 10 ml of a 2:1 CHC13/CH3OH 
mixture. The amounts of sterol in the com- 
bined organic layers and in the pellet fro. 
centrifugation were determined by gas liquid 
chromatography (GLC) on 1% XE-60 at 235 C. 
Data given are averages of 4-8 experiments and 
represent the percentage of the original sterol 
sonicated which was found in the supernatant 
or pellet. 

T. pyriformis W cultures were grown in 100 
ml of a peptone-based culture fluid supple- 
mented with 1.5 mg of sterol (25 /aM) for 21 
hr at 28.5 C. The sterols were added in etha- 
nolic solution (0.2 ml). Unsupplemented 
cultures were grown with an equal amount of 
ethanol. Cell numbers were estimated with a 
Model A Coulter Counter equipped with a 
200 /am orifice. The morphology and motility 
of the ceils were observed with a Wild-Heer- 
burgh inverted phase contrast microscope at 
a magnification of 300X. The ceils were iso- 
lated by centrifugation, rinsed with water and 
recentrifuged. The lipids were extracted 3 times 
from the cell pellet with boiling chloroform/ 
methanol (2 : 1, v/v) and saponified overnight in 
a nitrogen atmosphere at 37 C with 5 ml of 
10% KOH in 80% methanol. The nonsaponi- 
fiable fraction, which contained the sterol and 
tetrahymanol, was not purified further but was 
analyzed by GLC on a 0.75% SE-52 Gas Chrom 
P column at 235 C. The peak for tetrahymanol 
was traced on paper, cut out and weighed. The 
weights were compared with those from peaks 
derived from known amounts of tetrahymanol. 

For sterol ester content, the total lipid 
extract was separated on a column of 1.0 g of 
Unisil silicic acid into neutral and polar lipids. 
The neutral lipids were analyzed by thin layer 
chromatography (TLC) on prewashed, activated 
Silica Gel G plates in C6H6/EtOAc (20:1, 
v/v). Visualization was accomplished with a 
spray of 10% phosphomolybdic acid in pure 
ethanol. The sterol ester region, identified by 
comparison with cholesteryl palmitate, was 
scraped from the plates and saponified directly 
overnight at 37 C with 10% KOH in 80% 
methanol. The resulting nonsaponifiable frac- 
tion was analyzed for free sterol by GLC. 

The conditions for the incubation of T. 
pyriformis with wingsterol (21-is0pentylcho- 
lesterol, 120 mg distributed in 20 500-ml 
batches of medium) were similar to those we 
have reported for other metabolic studies (14). 
Procedures for the growth of H. zea (15), the 
assay of the activity of acyl CoA:cholesterol 
acyltransferase (ACAT) (16), and the anaerobic 
growth of S. cerevisiae well adapted to anaero- 
biosis (17) were as previously published. Data 
given are based on visual counts. After 72 hr 
under anaerobic conditions, 3 ml of sterile air 
was added, and the ceils were counted after an 
additional 72 hr (fermentative growth). The 
sterol in the cells was determined for cho- 
lesterol after the first 72-hr period and for 
androst-5-en-3~-ol and wingsterol after the 
second 72-hr period. 

Feedback inhibition of hepatic cholesterol 
biosynthesis was examined using test  sterols 
which were administered to C57BL/6J mice 
(Jackson Laboratory) as either 0.25 or 0.5% 
of the diet for 26 hr. Liver homogenates were 
prepared in a medium based on that of Bucher 
and McGarrahan (18) using a volume of medi- 
um equal to 2.5 times the wet weight of liver. 
Homogenates were centrifuged at 800 x g for 
10 min at 0-5 C. Incubation mixtures contained 
3 ml of the liver homogenate supernatant 
0.0016 M NAD, 0.16 M glucose-6-phosphate, 
0.001 M NADPH and labeled substrate, [ l -  
14C]acetate (12 /aCi, 7 /amol) or D,L-[2-14C] - 
mevalonate (1.0 /aCi, 7.5 /amol) in a total 
volume of 3.5 ml. Samples were incubated at 
37 C for 2 hr in a water bath with shaking at 
medium intensity. The incubation was termi- 
nated by transferring the mixture into 10 ml of 
10% potassium hydroxide in methanol (w/w). 
Carrier sterols were added. The samples were 
saponified and extracted with diethyl ether. 
Sterols were isolated from the neutral lipid 
fraction by TLC on Silica Gel G with C6H6/ 
ETzO (9:1, v/v) and eluted directly into a 
toluene scintillation cocktail. Radioactivity was 
quantitated by liquid scintillation counting. 
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R ESU LTS 

Growth-Support to H. zea 

The  n u m b e r  of  mol t s  in a given per iod  of  
t ime which the  larvae o f  H. zea undergo  is 
d e p e n d e n t  on  the  s t ruc ture  of  the  sterol  in the  
diet  (15,19) .  During 2 weeks,  95% of  142 larvae 
grown on dietary choles terol  survived, and 76% 
o f  the  n u m b e r  of  possible mol ts  (5 t imes  the  
n u m b e r  o f  larvae) were comple ted .  However ,  
when  choles terol  was replaced by andros t -5-  
en-3/3-ol, no mol t s  were comple t ed  in 2 weeks,  
and o f  the  28 animals used, 96% died. Similar 
results were  found  with pregn-5-en-313-ol (19). 
In the  absence of  sterol ,  no  mol t s  were com- 
ple ted,  and 97% o f  the 111 larvae died. 

Experiments with T. pyr i formis 

When choles tero l  was added to  the med ium,  
b iosynthes is  o f  t e t r a h y m a n o l  was inhib i ted  

(20),  and as shown in Table 1, when  o the r  
sterols were used,  the  closer the  length  of  the  
side chain was to  tha t  o f  choles terol ,  the  
greater  was the  inhibi t ion .  Maximal r educ t ion  
in the  a m o u n t  o f  pen tacyc le ,  as well as maximal  
s terol  es ter i f icat ion,  occurred  wi th  a side chain 
wi th  the  same length as tha t  found  in cho- 
lesterol ,  i.e., wi th  20(R) -n -pen ty lp regn-5-en-3~  
ol (27 norcholes tero l ) .  Analogously,  as t h e s i d e  
chain became shor ter ,  a l though max imal  
g rowth  was main ta ined  f rom 20(R)-n-dodecyl  
to  20(R)-n-pentyl-pregn-5-en-3~-ol ,  the second  
sterol  became the  po in t  a f ter  which  g rowth  
began to fall, reaching zero wi th  androst-5-  
en-3j~-ol. The C19-stero1 was actually lethal to  
the  p ro tozoan  at ra ther  low concen t ra t ions  
(Table 2), regardless of  w h e t h e r  the  sterol  was 
added  to freshly inocula ted  cul tures o r  log 
phase cultures.  The ef fec t  could no t  be reversed 
by p re incuba t ion  wi th  e i ther  choles terol  or 
t e t r ahymano l .  

TABLE 1 

Effect of the Length of the Sterol Side Chain on Growth of T. pyrlformis, 
Tetrahymanol Content of the Cells, and Esterifieation of the Sterois 

Pentacycle Amount 
Sterol Cell count a content b esterified c 

Androst-5-en-3~-ol 0 - - 
Pregn-5-en-3~-ol 62 90 0 
20(R)-n-Butylpregn- 5-en-3~-ol 93 2.0 17 
20(R)-n-Pentylpregn- 5-en- 3/3-ol 107 2.2 85 
20(R)-n-Hexylpregn-5-en-313-ol 11 S 1.9 32 
20(R)-n-Heptylpregn-5-en-3~-oi 112 9.9 21 
20(R)-n-Nonylpregn-5-en-3~-ol 112 29.9 0 
20(R)-n-Dodec yipregn- 5-en-3~-ol 109 88.2 0 
None 100 100 - 
Cholesterol 106 2.0 100 

aExpressed as % of the cell count of culture grown without sterol. 
bExpressed as % of the content/cell in cultures grown without sterol. 
CExpressed as % of the amount of sterol ester formed in cultures grown with cholesterol. 

TABLE 2 

Tetrahymena Appearance after Treatment with Androst-5-en-3fl-ol 

Experiment 
Treatment of 100-ml cultures 

after inoculation At 5 hr 

Observations 

At  9 hr + 10 rain' A t  9 hr + 4 0  rain 

Added 0.5 mg of C19 at 2 hr Nonmotile, 
lysis 

Added 0.5 mg ofC19 at 9 hr 

Added 1.5 mg of cholesterol Nonmotile, 
at 0 hr and 0.5 mg of C19 lysis 
at 2 hr 

Added 1.0 mg of tetrahymanol Nonmotile, 
at 0 hr and 0,5 mg of C19 lysis 
at 2 hr 

- -  m 

Erratic movement ; Nonmotile, 
odd shapes lysis 
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With wingsterol  af ter  24 hr, g rowth  had 
p roceeded  well to give 2.7 • 109 cells (ca. the  
same n u m b e r  as with choles terol  supplementa -  
t ion)  f rom which 23.7 mg of  sterol  and 4.5 mg 
of  pentacyc le  were isolated.  The s terol  was a 
single c o m p o n e n t  by GLC, and various criteria 
(mp  104-105 C; RRT in GLC on XE-60 C at 
235 C 2.10;  MW by mass spec t roscopy :  454;  

in IH-NMR 0.670 (C-18) 0 .860 (3 H, C-26, 
F . I  - 7 

C - 2 6 ,  C-27, or  C-27 ), 0.865 (9 H, C-26, C- 
26',  C-27, or C-27 ' ) .  1 . 0 0 4  (C-19) p p m ;  and 
less than  0.16% AS'7-sterol  by UV) indica ted  
the material  was unchanged  wingsterol .  

Growth Support in Anaerobic Yeast 

Nei ther  the Ct9-sterol  nor  wingsterol  per- 
mi t t ed  growth  of  S. cerevisiae grown anaerob-  
ically. In addi t ion ,  ne i the r  o f  these sterols  
en t e red  cells g rown in the presence of  a small 
supply  of  air. Al though 30 x 10 - is  g/cell of  
choles terol  was recovered f rom 70 x 106 cells 
grown in the presence  o f  cholesterol ,  less than  
0.14 and 0.35 x 10 -Is g/cell o f  androst-5-en-  

3/3-oi and wingsterol ,  respect ively,  were ob- 
ta ined f rom the  16.5 and 15.2 x 106 ceils, 
respect ively,  derived f rom the  fe rmenta t ive  
growth.  The C19-sterol and wingsterol  per-  
mi t ted  virtually no  growth  (0.65 and 0.25 x 
106 cells, respect ively)  under  anaerobic  condi-  
t ions. 

Hepatic Esterification Cata lyzed  by ACAT 

When the  androst-5-en-3/3-ol was added to 
a microsomal  prepara t ion  f rom rat liver, the 
es ter i f icat ion of  ei ther  endogenous  or added 
choles terol  was greatly depressed,  and li t t le or 
no es ter i f icat ion of  the C19-sterol i tself  oc- 
curred (Table 3). 

Inhibition of Hepatic Cholesterol Synthesis 

The shor t - te rm feeding of  androst-5-en-3/3-ol 
to  mice resul ted in an inh ib i t ion  of  hepat ic  
choles tero l  synthesis  f rom aceta te  bu t  no t  f rom 
mevalonate ,  a l though the  Cl9-sterol  was some- 
what  less active than choles terol  (Table 4). 

TABLE 3 

Effect of Androst-S-en-3~-ol on the Esterification 
o f  Cholesterol by ACAT from Rat Liver a 

Addi t ions  to assay m e d i u m  
Activity b 

(nmol/15 rain/rag protein) 

None 1.65 
20/~g Androst-5-en-3/3-ol 0.44 
10 ttg Cholesterol 14.55 
10/~g Cholesterol plus 10/~g androst-5-en-3fl-ol 7.68 

aMicrosomes (100 gg) and bovine serum albumin (1 mg) were preincubated for 30 rain 
in the presence or absence of exogenous sterol in 0.1 M K phosphate buffer containing 2 
mM glutathione and 0.3% Triton WR-1339 (final vol 200 " " ~ " ~1). Incubations were initiated by 
the addition of [ 14C ]oleoyl CoA (20 nmol). 

beach value represents the average of triplicate results from 2 experiments. 

TABLE 4 

Inhibition of Hepatic Cholesterol Synthesis a 

% of Control b 

[ t4C ] Acetate  [ 14C ] Mevalonate  
Sterol  % o f  Diet  ( w / w )  converted  to sterols  converted  to  sterols  

Cholesterol 0.25 28 (8) 100 (5) 
Cholesterol 0.50 18 (7) - 
Androst. 5-en-3~-ol 0.25 80 (7) - 
Androst-5-en-3~-ol 0.50 28 (8) 103 (5) 

aSterol was fed for 26 hr to mice after which the conversion of the labeled substrate to 
sterol was examined in an hepatic cell free system as described in the experimental section. 

bControi animals lacked any sterol in the diet. The number in parentheses is the number 
o f  animals studied from which a mean was derived and given in the table for % of control. 
In each series of experiments, there was a set of controls which the mean count  for  14C 
in sterol from [t4C]acetate was typically 118,000 dpm and 259,000 dpm from [ ~4C] MVA, 
representing conversion of 31 and 877 m~tmol of acetate and MVA, respectively, to sterol. 
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Formation of Liposomes 

Not only was approximately as much of the 
C19-sterol solubilized by egg lecithin as with 
cholesterol, but the same was true with wing- 
sterol. The percentages of original sterol found 
in the supernatant after centfifugation were 
83% for cholesterol, 75% for androst-5-en-3~-ol 
and 77% for wingsterol. Except for a few per- 
cent unaccounted for, the rest of the sterols 
was found in the pellets. 

DISCUSSION 

Enlargement of the Side Chain 

Increases in the length of the sterol side 
chain beyond what is found in cholesterol had 
a uniformly negative effect on the biological 
properties examined, except for growth of 
T. pyriforrnis. However, even the latter can be 
construed to result from a negative effect if 
we assume the sterols with the longer side 
chains simply were too large to fit into appro- 
pilate receptor sites. As T. pyriforrnis does not 
require sterols, it will grow unless inhibited. A 
negative effect of lengthening the sterol side 
chain beyond one carbon atom was also found 
earlier (2) with the ability of T. pyriformis to 
dehydrogenate sterols at C-7(8) and C-22(23). 
In the 20(R)-n-alkylpregn-5-en-3fl-ol series, 
maximal metabolism occurred with the pentyl 
and hexyl derivatives, and it fell to zero with 
the dodecyl derivative (2). Similarly, for 
vitamin D activity (21), the rate of mammalian 
7a-hydroxylation (22), the rigidity of bilayers 
(23), and mammalian ACAT activity (24) 
extension of the length of the sterol side chain 
by 1-3 carbon atoms has a negative impact on 
biological properties. This generalization can 
also be applied to liposome formation, because 
as the length of the side chain in the 20(R)- 
n-hexylpregn-5-en-3~-ol series is increased from 
hexyl to octyl, the amount of sterol incorpo- 
rated into liposomes falls from 1.0 to 0.42 as 
measured by the sterol-to-phospholipid ratio 
(23). Thus, there is a parallelism between 
function and the number of Cs-units which 
are found naturally in the side chain. 

When the side chain was enlarged, not by 
total length, but by total bulk as exemplified 
in wingsterol, cholesterol-like activity was 
abolished in 2 (growth support to yeast and 
metabolism in T. pyriformis) of the 3 assays 
studied. However, in the third, the ability to 
form liposomes was retained. When coupled 
with the other known correlations of structure 
and activity, especially with regard to (E)- 
and (Z)-17(20)-dehydrocholesterol (see follow- 
ing), this means that receptor sites in yeast and 

T. pyriformis must recognize when the alkyl 
group on either of the sides of C-20 becomes 
too  large. While an isohexyl group on the right 
will fit into an active site, one on the left will 
not. 

Shortening of the Side Chain 

Shortening of the side chain beyond what is 
found in cholesterol reduced activity in most, 
but not all, of the assays discussed. Thus, as 
with lengthening of the side chain, there is a 
parallelism between the natural length of the 
side chain and function. Extrapolation of the 
existing data indicates that removal of one 
Cs-unit from the side chain would virtually 
abolish (a) growth support to the insects 
H. zea and Musca vicina Macq. (25) as well as 
to yeast, (b) sterol metabolism and tetrahy- 
manol inhibition in T. pyriformis, (c) rigidifi- 
cation of bilayers (23), (d) hepatic esterifica- 
tion, (e) vitamin D activity (21,26) and (f) 
7a-hydroxylation (22,27). tlowever, neither 
liposome formation nor inhibition of hepatic 
cholesterol synthesis should be prevented by 
removal of the terminal Cs-unit (C-23 to C-27). 
Furthermore, removal of a Cs-unit is known 
not to abolish suppression of permeability in 
liposomes (28). 

Effect of Configurational Changes 

In earlier publications, we have reported on 
the influence of alterations in the stereochem- 
istry at C-20 (2,14,17,29). Inversion of the 
chirality at C-20 in cholesterol prevents yeast 
growth (17) and metabolism by T. pyriformis 
(29). We have extended our studies of chirality 
to halosterol and 20-epihalosterol, and in 
T." pyriformis only the halosterol is metabolized 
(14). 

In addition to alterations in the chirality at 
C-20, we fixed C-22 to the right and left (in 
the usual view of the molecule) by introducing 
a AlT(2~ into cholesterol (E, C-22 to the 
right; Z, C-22 to the left). The (E)-sterol was 
active and the (Z)-sterol was inactive in support 
of yeast growth (17) and protozoan metabolism 
(29). These stereochemical problems have also 
been examined by others (30,31) in terms of 
the induction of oospore formation in the 
oomycetous fungus Phytophthora cactorurn, 
with the same results, viz., only the (E)-,~ 17(2~ 
sterol or the one with a 20or-H-atom was active. 

The discrimination between the (E)- and 
(Z)-A17(m)-sterols implies that C-22 must be 
to the right in sterols with a single bond bet- 
ween C-17 and C-20. As 20~x-hydroxy and 20- 
methylcholesterol are also inactive in the yeast 
(17) and protozoan (29) assays, as well as in the 
oomycete assay with one (20a-hydroxych- 
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les terol)  o f  the  2 s terols  s tud ied  (30) ,  we as- 
sume t h e r e  m a y  be n o  bu lk  o n  the  f r o n t  face of  
C-20 larger t h a n  an  H-atom.  

The  biological  ac t iv i ty  o f  (E)- and  (Z)-  
AlT(2~ and  of  s terols  which  axe epi- 
mer le  a t  C-20 ind ica tes  t h a t  the  na tu ra l  configu-  
r a t ion  (20~-H-a tom)  and  the  abi l i ty  to  have 
C-22 to  the  f ight  wi th  n o  s u b s t i t u e n t  on  C-20 
facing forward  (14 ,17 ,29 )  is f r equen t ly  an  
abso lu t e  r equ i r emen t ,  e.g., in m e t a b o l i s m  in 
T. pyriformis, growth  s uppo r t  to anae rob ic  
S. cerevisiae, and oospore  f o r m a t i o n  in P. 
cactorum (30 ,31) .  However ,  based  on the  abil- 
i ty of  wings terol  to  be solubi l ized by  egg leci- 
th in ,  t he  f o r m a t i o n  o f  l iposomes  is insensi t ive  
to  the  pos i t i on ing  of  C-22 on  the  r ight  or  left.  

Classif'~ation of Biological Properties 

F r o m  the  foregoing  da t a  and  discussion,  i t  
appears  t ha t  the re  are, a t  least  grossly, 2 types  
o f  biological  p h e n o m e n a  re la t ing  to  s terol  
s t ruc tu re .  One  is very  sensi t ive to  a d e p a r t u r e  
f r o m  a side chain  wi th  a 20~- I t -a tom,  an 
u n s u b s t i t u t e d  C-21, the  abi l i ty  to  have  C-22 
to  the  right,  and  t he  presence  o f  6 c a r b o n  
a t o m s  in the  longes t  ar ray f rom C-17 (5 f rom 
C-20).  The  s ignif icance o f  t e rmina l  b r a n c h i n g  is 
m i n i m a l  (2 ,14) ,  excep t  w h e n  there  is a func-  
t iona l  g roup  at  C-25 (20 ,26) .  I t  would appear ,  
even t h o u g h  full  d o c u m e n t a t i o n  is unavai lab le ,  
t h a t  these  are general ly  the  r e q u i r e m e n t s  for  
t he  act iv i ty  o f  s terols  and  t h a t  the  second  
ca tegory  compr i ses  an  excep t ion .  In  th i s  second  
g roup  o f  biological  p roper t i e s ,  exempl i f i ed  by  
l iposome  f o r m a t i o n  and  feedback  regu la t ion  of  
cho le s t e ro l  synthes is ,  t he  size and  d i r ec t i on  of  
t h e  s te ro l  side cha in  is of  l i t t le  i m p o r t a n c e  
unless ,  as d e m o n s t r a t e d  w i th  l iposomes ,  it 
b e c o m e s  t o o  long,  in wh ich  case i t  can p reven t  
so lub i l i za t ion  b y  lec i th in .  I t  has  been  p r o p o s e d  
b y  Suckl ing  et  al. (23)  t h a t ,  in  l iposome  fo rma-  
t ion ,  a long  s terol  side cha in  p e n e t r a t e s  i n t o  an  
ad jacen t  ha l f  o f  a b i l ayer  and  increases  f lu id i ty  
t o o  much .  The  assoc ia t ion  o f  f eedback  regula- 
t i o n  of  hepa t i c  cho les te ro l  syn thes i s  w i th  l ipo- 
some  f o r m a t i o n  may  be re la ted  to  the  fact  t h a t  
d ie ta ry  cho les te ro l  in m a m m a l s  is t r a n s p o r t e d  
to  t he  l iver by  l ipopro te ins .  
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Unusual Urinary Cholesterol Metabolites following 
Intracerebral Injection of [4 -14C]Cholesterol 
into Rats: I. The Minor 14C-Metabolite 
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ABSTRACT 

[4-t4C]Cholesterol injected intracerebrally into 10-12-day-old rats becomes localized largely in 
central nervous system myelin. If sufficient "C is injected, myelin cholesterol remains labeled for the 
rest of the rats' lives. In the course of the slow myelin cholesterol turnover that ensues, a unique series 
of cholesterol metabolites is excreted exclusively in the rats' urine. There is reason to believe that the 
metabolites are formed in the central nervous system before entering the urine. This manuscript des- 
cribes separation of the 2 urinary "C-labeled metabolic types and isolation and identification of the 
minor t4C-labeled material which consists of cholesterol and 2 other sterols bound covalently to short- 
chain peptides. The minor sterols have been tentatively identified as 24- and 26-hydroxycholesteroi. 
The sterol-peptide combinations have been isolated from human male urine, also. 
Lipids 17:263-267, 1982. 

INTRODUCTION 

While it is generally accepted that adult 
central nervous cholesterol undergoes a slow, 
but measurable, rate of turnover (I) ,  what spe- 
cifically happens to the sterol in the course of 
this turnover is unknown.  The work described 
here was designed to answer this question. 
Upon reproducing the work of Lin and Smith 
(2) of [4-14C] cholesterol, we found that, after 
6 months, t4C was present only in the central 
nervous system (CNS) (unpublished observa- 
tions), and, of equal significance, that 14C was 
being excreted exclusively into rats' urine. It 
s o o n  became evident that the urine contained 
no labeled free sterol, sterol glycosides or 
protein-bound sterol, and it became of interest 
to determine the exact nature of the urinary 
1 4  . . . .  C. Thts manuscript describes the separatlon 
of the major urinary t4C-component, which we 
have given the provisional name WS- (for H20- 
soluble)-l, and isolation and partial identifica- 
tion of the minor 14C-constituent, called WS-2. 

MATERIALS AND METHODS 

Labeling of Brain Cholesterol and Collection of Urine 

Sprague-Dawley rats, 10-12 days old, were 
each injected intracerebrally (ic) with 5/aCi of 
[4-14C] cholesterol (New England Nuclear 
Corp., 54.0 /aCi/mmol) by the method of Lin 
and Smith (2). After 6 months, they were 
placed individually in metabolic cages for the 
collection of urine uncontaminated by feces. 
Examination of the feces by solvent extraction 
showed trace or no VLC material. The urine, 

collected in flasks under toluene, was either 
sampled for 14C determination immediately or 
frozen for future studies. Human urine was 
collected from a healthy male donor and frozen 
until  examined. 

Chromatography 

Charcoal columns were prepared from either 
Fisher Scientific Co. activated charcoal (50-200 
mesh) or Darco activated charcoal pH 1-2 (20- 
40 mesh). Both must be acidified to pH 1-2 
with cone. HCI, followed by thorough washing 
with ion-free H20 to remove inorganic material. 
An 8 x 90 cm column can feasibly separate 
WS-1 and -2 from 20-30 s of urine. 

The DEAE cellulose (preswollen microgranu- 
lar form, D3764) was purchased from Sigma 
Chemical Co. and was washed and converted to 
the acetate form (3). 

Thin layer chromatography (TLC) was con- 
ducted on Silica Gel F-254 plates, 0.25 mm 
thick for analytical work, 0.5 mm thick for 
preparatory work. They were washed (ascend- 
ing chromatography) in the solvent system to 
be used with multiple irrigations. Reference 
spots or bands were either visualized under UV 
(254 nm) light or identified by spraying with 
50% H20/sulfuric acid and briefly heating the 
plates. All solvents were distilled before use. 

Reference Sterols 

24-Hydroxycholesterol (cholest-5-ene-3~J,X4- 
diol) was a gift from Dr. Leland Smith, as was 
26-hydroxyeholesterol (cholest-5-ene-3/J,26-di- 
ol). Cholesterol from a commercial source 
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was recrystallized 3 times from methanol.  25- 
Hydroxycholesterol  (cholest-5-ene-3/~,25-diol) 
and other sterols were gifts from Dr. Andrew 
Kandutsch. 

~uboellular Fractionation 

Subcellular fractionation of labeled brains 
was performed according to the method of 
Ramsey et al. (4), except that each particulate 
fraction was given a final "wash" in distilled 
H20 by centrifugation at the appropriate speed. 

Isolation of ~4C-Labeled Material from Urine 

No 14C could be extracted from labeled rat 
urine with ethyl  ether, benzene or chloroform, 
with or without acidification to pH 1-2. About  
6% of  the total  activity in the urine could be 
extracted with acidified butanol,  but  the ex- 
tracts contained a huge amount  of red, pungent 
oil which defied at tempts to concentrate the 
]4C. By trial and error, a sharp separation of 
the major and minor 14C constituents was 
obtained on a charcoal column. This and sub- 
sequent steps leading to partial purification of  
WS-I and -2 are shown on the flow sheet, 

Figure 1. Some comments on this flow sheet 
with respect to WS-2 follow. These apply to 
isolation from human urine also, except that 
changes in solvent are based on changes in the 
color of  the eluting solvents; they are less quan- 
titative than those performed with labeled rat 
urine. 

In a typical isolation, 8,700 ml of 14C-labeled 
rat urine containing 26,000 dpm of 14C was 
passed through a 8 • 64 cm charcoal column. 
After  elution of [14C]WS-1 and washing with 
methanol,  8 s of chloroform/methanol  (2:1, 
v/v) was passed through the column. Further  
C/M, 2: 1, eluted no 14C. Removal of the C/M 
in vacuo gave 8.89 g of a deep red, pungent and 
viscous oil, sp act 169 dpm/g. This oil was ex- 
tracted exhaustively with hot  chloroform. 
Fil trat ion of the extracts through Whatman No. 
1 paper and removal of chloroform from the 
filtrates gave a residue consisting of 0.60 g of 
orange-colored gum, sp act 2,540 dpm/g. This 
gum is the starting material for most of  the sub- 
sequent purification steps discussed in this 
manuscript, and will be called WS-2 CHCI 3- 
soluble. It contains no carbohydrate  , as mea- 

Filtered urine (total cpm 26,000) 

Passed through acid-washed charcoal column 

1. Column washed with distilled H20 until 14C no longer eluted. 

2. Evaporated to yield crude [1413] WS-1. 2a. Column washed with methanol until 

residue 

3. Extracted exhaustively with C/M 2:1 
until no C/M-soluble material remains. 

4. Chromatographed overnight, Whatman 
3-mm paper. Descending chromatog- 
raphy: acetone, 460; butanol, 460; 
diethylamine, 48; H20,  120. Material at 
starting line visualized under UV light 
(254 nm), marked. 
Strips extracted with H20. 

H20 extracts 

5. Evaporated to low volume. 
Step 4 repeated. 

~ H20 extracts 
6. Crude WS-1 124,400 cpm) 

no color is removed. 

Methanol: ~ column 

2b. Washed with C/M 2:1 until no 14C 
eluted from column. 
Eluates evaporated. 

I residue 

2c. Extracted exhaustively with hot 
chloroform until no 14C extracted. 
CHCI3-insoluble (nonradioactive) 
discarded. 

~ chloroform 
extracts 

2d. Chromatographed on DEAE cellulose 
(acetate form). 

peaks 

2e. Crude WS-2 0.60 g, 2,540 dpm/g 

FIG. 1. Flow sheet for the separation and partial purification of WS-1 and WS-2. 

LIPIDS, VOL. 17, NO. 3 (1982) 



URINARY METABOLITES FROM 

sured by 2 sensitive methods (5,6), gives no 
precipitate with digitonin solution and gives a 
strong pink reaction with ninhydrin.  The mate- 
rial appeared to be sterols bound covalently to 
amino acids or peptides. The 14C was dialyz- 
able through cellophane, and Aminco filtration 
procedures indicated that 30% of the material 
had a molecular weight less than 500; the 
remainder was between 500 and 2,000 (6,7). 

DEAE Cellulose Acetate Chromatography 

WS-2 CHCla-soluble (0.95 g) in 10 ml 
chloroform was placed on a 2.5 x 25 cm DEAE 
cellulose (acetate) column and eluted with 
CHC13, 2:1 and 1:1, and ammonium acetate 
(20 mM) in 99% methanol. Twenty-ml samples 
were collected for analysis. 

Amino Acid Analyses 

Samples (0.02-0.05-g) were placed on the 
steam bath in sealed vessels containing 6 N HC1 
overnight. The cooled hydrolysates were ex- 
tracted with ether. No recognizable sterol could 
be identified in ether extracts by TLC. The 
aqueous fractions were analyzed for amino 
acids in a Beckman Model 120 C amino acid 
analyzer, courtesy of Dr. Karl Dus and associ- 
ates. 

Solvent Fractionation of WS-2 

By partition of [14C]WS-2 CHCls-soluble 
between chloroform and 1 N KOH, about 
20% 14C was found to be soluble in the alkaline 
fraction, suggesting that this portion of the 
mixture must contain a terminal carboxyl 
group. 

Hydrolysis of WS-2: The Neutral Sterol Moiety 

WS-2 CHC13-soluble was heated on the steam 
bath in HC1 and KOH solutions of varied con- 
centtation. The cooled mixtures were extracted 
thoroughly with ethyl ether freshly distilled 
from FeSO4. With higher concentrations of 
hydrolyzing agent, it became evident (with 14C 
preparations) that an acidic steroid is a con- 
stant component of WS-2, representing about 
30% of the 14C. 

When followed by TLC, no cholesterol could 
be detected after hydrolyses by concentrations 
up to 4 N HCI (steam bath overnight), although 
more polar sterols were evident. Accordingly, a 
hydrolytic procedure with alkali was developed. 

WS-2 CHCla-soluble (4 g) containing 600 
dpm 14C was dissolved in 100 ml 4 N KOH. The 
container was flushed with N2, sealed and 
heated on a steam bath overnight. The cooled 
mixture was extracted thoroughly with ethyl 
ether. The ether extract was back-washed with 
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l N KOH and then to neutrality with H20. The 
residue was dissolved in acetate/ethanol (1:1) 
and digitonides precipitated by the Sperry- 
Webb procedure (7). The free sterol obtained 
by treatment of the digitonide with pyridine, 
followed by extraction with ether, weighed 20 
mg and contained 350 dpm 14C as a light- 
colored solid. This was crystallized 3 times 
from methanol, giving 4 mg white crystals, 
mp 147-150 C (cholesterol mp 149 C [8])  
containing 200 dpm 14C. Upon TLC, t h i s  
material gave the Rf and color with 50% H2SO4 
characteristic of cholesterol. The mother liquor 
from these 2 crystallizations contained 140 
dpm. 

The filtrate from the original solution and 
first crystallization contained 245 dpm 14C. 
Thus, all of the 14C associated with digitonin- 
precipitable material was accountable. TLC 
with CHCls/MeOH (24:1) (9) indicated the 
presence of 24-, 25- and 26-hydroxycholesterol. 
The solid in the second and third crystalliza- 
tions (10 mg) was spread on a 14-cm starting 
line of a Silica Gel F-254 TLC plate and chro- 
matographed with the above sterols as markers. 
The 3 sterols traveled together as a band well 
separated from marker cholesterol. The com- 
bined dihydroxysterol band was marked, 
scraped and extracted with C/M 2: 1, giving 6 
mg of solid containing 200 dpm. 

RESULTS 

Urinary Excretion Pattern of ic-lnjected Rats 

A typical 14C-urinary excretion pattern for 
14 rats injected ic with [4- C] cholesterol at 10-12 

days of age is shown in Figure 2. The day-to- 
day variation shown by this curve is representa- 
tive of many such urines examined. 

800 

600 

400 

2O0 

I L L I 

10 20 30 40 
DAY 

50 

FIG. 2. Daily urinary ~4C-excretion pattern of a 
normal 6-month-old rat which had been injected intra- 
cerebrally at age 12 days with 5 ~Ci of [4J4C] choles- 
terol. For 14C-determination, 0.5 ml urine was added 
to 10 ml lnstaged (Packard Instrument Co.) and 
counted 100 rain for statistical accuracy. 
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Distribution of ~4C in Subcellular Fractions 
of ic-lnjected Rats 

Charac ter i s t ic  d i s t r ibu t ion  of  14C in the  
subcel lu lar  f r ac t ions  of  ra ts  in jec ted  ic as des- 
cr ibed is s h o w n  in Table  1. The  relat ively h igh  
c o n c e n t r a t i o n  in the  s y n a p t o s o m e - m i t o c h o n -  
drial f r ac t ion  ( b u t  ins igni f icant  c o m p a r e d  to  
bra in  and  spinal  cord  m ye l i n )  m ay  deserve 
fu r the r  inves t iga t ion .  

TABLE I 

Distribution of ~4C in Subcellular Fractions 
of a Normal Rat Brain from a Rat Injected One  Year  

Previously with [4J4C]Cholesterol a 

Subcellular fraction Total cpm b 

Brain myelin 650,000 
Spinal cord myelin 70,000 
Brain 105,000 X g supemate 4,000 
Spinal cord 105,000 X g supernate 18,000 
Brain m i c r o s o m e s  200 
Spinal cord microsomes 0 
Brain s y n a p t o s o m e s  + m i t o c h o n d r i a  i,500 
Spinal synaptosomes + mitochondria 0 

The tissues Were suspended by homogenization in 
H20 and an aliquot was taken for 14C-determination. 

aThis rat rece ived  5 #Ci o f  [ 4 ) 4 C ] c h o l e s t e r o l  ic at 
age 10 days .  

bFractions prepared as reported by Ramsey et al. 
(4 )  e x c e p t  that  each  ce l lular  preparat ion  was  given an 
additional "wash" by cen tr i fuga t ion  at the appropr ia te  
speed in distilled H20. 

Fractionation of WS-2 Concentrate: 
The  Amino Acid Moiety 

When the  c h l o r o f o r m  ex t r ac t  a t  s tep 2c (Fig. 
1) was c h r o m a t o g r a p h e d  on  a D E A E  cellulose 
( ace ta t e )  co lumn ,  the  f r a c t i o n a t i o n  s h o w n  in 
Figure 3 was ob ta ined .  The  4 early peaks  were 
n a m e d  A-D. When peak  B was sub jec ted  to  h igh 
pe r fo rmance  l iquid c h r o m a t o g r a p h y  ( cour t e sy  
o f  Dr. Marvin McMasters,  Beckman  Ins t ru-  
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FIG. 3. DEAE acetate elution pattern of partially 
purified [ ~4C] WS-2 concentrates (Fig. 1, step 2d). The 
more polar peaks have not been given alphabetical 
terminology. C = chloroform; C/M = chloroform/ 
methanol; M = methanol; (NH,)2Ac-M = 20 mM 
ammonium acetate in methanol/H~O, 99:1. 

m e n t  Co.),  6 c o m p o n e n t s  were ind ica ted  us ing 
b o t h  UV and refract ive  i ndex  de tec tors .  The  
c o m p o n e n t s  were marked  by  UV l ight  a f te r  
TLC (Table  2). This  f rac t ion  f rom rat  ur ine  is 
near ly  ident ica l  to  an ana logous  f r ac t ion  f rom 
h u m a n  ur ine  w h e n  c o m p a r e d  u n d e r  the  same 
cond i t ions .  Each b a n d  is rad ioac t ive  ( b a n d  2 is 
a possible  e x c e p t i o n )  due  to  the  s terol  m o i e t y  
(Table  2). On r e c h r o m a t o g r a p h y ,  each  band  can  
be o b t a i n e d  free f rom ad jacen t  bands ,  and  a f te r  
acid hydro lys i s ,  t he  a m i n o  acid c o m p o s i t i o n  o f  
each b a n d  was ob ta ined .  Each  o f  t he  o t h e r  3 
ear ly  peaks  (A,C,D)  and  the  la te r  f rac t ions  f rom 
the  D E A E  c o l u m n  also gave m a n y  b a n d s  on  
TLC. 

Crude WS-2: The Sterol Moiety 

Choles te ro l  and  a f rac t ion  which  c o n t a i n e d  
24- and  2 6 - h y d r o x y c h o l e s t e r o I  appea r  to  be the  
ma jo r  s terols  of  the  neu t r a l  s terol  f rac t ion .  7t~- 
H y d r o x y c h o l e s t e r o l  was consp icuous ly  absen t  

TABLE 2 

Amino Acid Composition of Selected Fractions of WS-2 

Band a Rf Total dpm Sp act (dpm/g) Amino acid composition 

1 0.03 1,540 1,540 Lysine, histidine 
3 0.3 720 120 Proline, glycine, 

unidentified (close to iysine) 
4 0.6 560 33 Proline, glycine, alanine 
5 0.7 1,480 296 Proline, glycine, leucine, 

phenylalanine, aspartic acid 
6 0.8 1,300 650 Glycine, serine, glutamic acid, 

aspartie acid 

aAll bands indicated considerable ammonia, suggesting the presence of asparagine and/or 
glutamine. 

L1PtDS, VOL. 17, NO. 3 (1982) 



URINARY METABOLITES FROM 

in all neutral  fract ions (TLC),  s t rong evidence 
that  the more  polar  compounds  than choles- 
terol  axe no t  au toxida t ion  products .  Designa- 
t ion of  24- and 26-hydroxycholes te ro l  as the 
pr imary sterols o f  this f ract ion is based on TLC 
analysis, the fact that  25-hydroxycholes te ro l  is 
generally considered an artifact  in brain sterol 
extracts  (10), and that  both  24- and 26-hy- 
d roxycholes te ro l  have been ident i f ied in brain 
(11,12).  Conclusive evidence for the presence 
o f  these sterols as const i tuents  of  urinary frac- 
t ion WS-2 will depend on the results obta ined  
by gas chromatography-mass  spec t romet ry  (GC- 
MS). 

DISCUSSION AND CONCLUSIONS 

Six months  after ic inject ion o f  [4-14C] cho- 
lesterol  into immature  rats, a unique  series o f  
metabol i tes  is excre ted  exclusively in to  the 
urine o f  rats. We assume that  these metabol i tes  
are formed in the CNS i tself  and are associated 
with CNS myel in  because o f  the fol lowing 2 
observations:  (a) they  are labeled with t4C, and 
only rat CNS myel in  contains  suff icient  14C to 
explain their  source (Table 1); and (b) admin- 
is t rat ion of  t r ie thyl  tin chloride to drinking 
H20 of  rats with their  brain labeled as described 
causes an enormous  excre t ion  or  t4C in to  the 
rats '  urine (13). The presence o f  this drug in 
drinking H 2 0  is known to have a markedly  
disintegrating effect  on CNS myelin (14,15).  

The presence of  2 4 - a n d  26-hydroxycholes-  
terol  in the  urine is no t  unexpec ted  in view of  
their  d e t e c t i o n  in brain, and of  metabo l ic  
studies Conducted on the 24-diol by Lin and 
Smith (2). We have presumed that  they are 
conjugated to pept ides  at the 31f-position. It 
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seems impor tan t  that  the  comple te  s tructures 
o f  the brain-derived urinary sterol-peptides 
described here be established. It is unclear  at 
this t ime how much  of  the label in the urine 
can be recovered as cholesterol  and the hy-  
droxycholes terols .  There is no precedent  for 
pept ide- l inked neutral  sterols. 

Work on WS-1 is con.tinuing and will be the 
subject  o f  a fu ture  publ icat ion.  
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Influence of Vitamin E and Nitrogen Dioxide 
on Lipid Peroxidation in Rat Lung and Liver Microsomes 
A L E X  S E V A N I A N  1, ALLEN D. HACKER and NABIL  ELSAYED,  
Universiw of  California-Los Angeles, Schools of  Medicine and Public Health, 
Los Angeles, CA 90024 

ABSTRACT 

Rat lung and liver microsomes were used to examine the effects of dietary vitamin E deficiency on 
membrane lipid peroxidation. Microsomes from vitamin-E-deficient rats displayed increased lipid 
peroxidation in comparison to microsomes from vitamin-E-supplemented controls. The extent of lipid 
peroxidation, as determined by measurement of thiobarbituric acid reacting materials, was enhanced 
by addition of reduced iron and ascorbate (or NADPH). Rats fed a vitamin-E-supplemented diet and 
exposed to 3 ppm NO 2 for 7 days did not exhibit increases in microsomal lipid peroxidation com- 
pared to air-breathing controls. However, increases were found in mierosomes prepared from rats fed 
a vitamin-E-deficient diet and exposed to NO~. Lung microsomes from vitamin-E-fed rats contained 
almost 10 times as much vitamin E as liver microsomes when expressed in terms of polyunsaturated 
fatty acid content. The extent of lipid peroxidation was, in turn, considerably less in lung than in liver 
microsomes~ Lipid peroxidation in lung microsomes from vitamin-E-deficient rats was comparable to 
liver microsomes from vitamin-E-supplemented rats as was the content of vitamin E in these respective 
microsomal samples. A combination of vitamin E deficiency and NO 2 exposure resulted in the greatest 
increases in lung and liver microsomal lipid peroxidation with the largest relative increases occurring 
in lung microsomes. An inverse relationship was found between the extent of lipid peroxidation and 
vitamin E content. Most of the peroxidation in lung microsomes appeared to proceed nonenzymat- 
ically whereas peroxidation in liver was largely enzymatic. Vitamin E appears to be assimilated by the 
lung during oxidant inhalation, but with dietary vitamin E deprivation, the margin for protection in 
lung may be less than in liver. 
Lipids 17:269-277, 1982. 

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

Considerable attention has been devoted 
to the role of vitamin E as a membrane anti- 
oxidant. Previous studies have shown that the 
ability of tissue homogenates to undergo lipid 
peroxidation is related to the vitamin E status 
of the animal (1,2). Lipid peroxidation in 
tissues or membranes also appears to result 
from vitamin E deprivation (2-4), and normally 
the uptake of  vitamin E or its content in tissues 
is related to polyunsaturated fatty acid (PUFA) 
content (5). This relationship may be compli- 
cated in that the requirement for vitamin E in 
different tissues or subcellular fractions is quite 
variable (6). This variability has been proposed 
to arise from differences in the assimilation 
and/or dependency for vitamin E among tissues 
(7,8) which is due, in part, to their PUFA 
content. Kornburst and Mavis (9) recently 
reported that the degree of  peroxidation in 
microsomes, prepared from organs such as 
heart, lung, liver, brain and testis, was related to 
the content of vitamin E. They demonstrated 
that lung and heart were least susceptible to 
lipid peroxidation which could be accounted 
for by the high ratios of vitamin E to PUFA. 

The measurement of lipid peroxidation by 

Ipresent address: Institute for Toxicology, Univer- 
sity of Southern California, 1985 Zonal Ave., Los 
Angeles, CA 90033. 

the thiobarbituric acid test has been widely 
used in biological systems. Metal salts, such as 
reduced iron, are useful in this assay in that 
they appear to accelerate release of thiobar- 
bituric acid reacting materials from lipid 
hydroperoxides (10). Accordingly, Terao and 
Matsushita (11) demonstrated that the thio- 
barbituric acid test can accurately represent the 
amounts of fatty acid hydroperoxides, either 
as malonaldehyde or other thiobarbituric acid 
reacting materials which originate from hydro- 
peroxides. The formation and subsequent 
decomposition of hydroperoxides has been 
described to proceed by both enzymatic and 
nonenzymatic mechanism. In the first case, it 
is known that microsomes display an iron- 
and NADPH-dependent lipid peroxidation (12) 
which probably uses NADPH-cytochrome c 
reductase (13). Nonenzymatic peroxidation, or 
autoxidation, of  PUFA may also be facilitated 
by metals (12), and in the presence of ascorbate 
(14), through the formation of nonlipid (15) 
and lipid-free radicals (16). 

In this study, we examined the relationship 
between microsomal lipid peroxidation and 
vitamin E content  in lungs and livers of rats 
subjected to varied dietary vitamin E and/or 
exposure to low levels of  nitrogen dioxide 
(NO2). The decision to study the effects of  
NO2 was based partly on earlier findings that 
vitamin E affords protection against NO2- 
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induced injury in animals (I 7). 

A. SEVANIAN, A.D. HACKER AND N. ELSAYED 

METHODS 

Specific pathogen-free pregnant Sprague 
Dawley rats were purchased from Hilltop Labs 
(Hilltop, MA) and were received on the 14th 
day of gestation. The rats were housed in 
laminar flow cabinets and placed on a specially 
prepared diet, as described by Mohrhauer and 
Holman (18), which was formulated to contain 
either 0 or 50 IU/kg diet of vitamin E ((dl,ce 
tocopherol). The main components of this diet 
are listed in Table 1. The mothers and their 
litters were maintained on these diets and the 
litters were weaned onto these diets at 20 days 
of age. After 1 month, serum vitamin E levels 
were measured by drawing a 1-ml sample of 
blood by transthoracic cardiac puncture. 
Vitamin E was analyzed as described later. 
Significantly reduced serum vitamin E levels 
were found by 8 weeks of age. 

On the 8th week, the rats raised on either 
diet were divided into 2 groups each consisting 
of 8 rats. One group was comprised of rats 
exposed to filtered air and the other group was 
exposed to 3 + 0.1 ppm NO: continuously for 
7 days. Exposures were done in specially 
designed chambers at 22 C, 40-60% rel humid- 
ity, as described by Hinners et al. at an air 
exchange rate of 20 vol/hr (19). During this 
time, the animals had free access to food and 
water which were provided fresh daily during a 
15-rain cessation of exposure. After exposure, 
the rats were immediately sacrificed by injec- 
tion of sodium pentobarbital (60 mg/kg, IP) 
and exsanguinated via cardiac puncture. The 
lungs and liver were excised, trimmed free of 
connective tissues and major vessels, and 
homogenized in 0.1 M phosphate-buffered 
normal saline, pH 7.4, at 4 C using a polytron 
homogenizer (Brinkman Instruments). The 
homogenates were centrifuged for 5 rain at 
500 x g to remove intact cells and large debris. 
The resulting supernates were centrifuged for 
15 rain at 18,500 x g and the pellets discarded. 
The supernates were centrifuged for 1 hr at 
100,000 g for a preliminary isolation of micro- 
somes. The microsomal pellets were resus- 
pended in fresh buffer containing 0.05 mM 
EI)TA and recentrifuged as before. The result- 
ing microsomal pellets were suspended in 
phosphate buffer devoid of EDTA by mild 
sonication and were adjusted to a concentration 
of 0.375 mg protein/ml buffer. Protein content 
was determined by the method of Gornall et 
al. (20). 

Four groups of lung and liver microsomes 
were prepared as experimental study groups. 

TABLE 1 

Composition of Experimental Diet 

Dietary components % by wt 

Sucrose 57.7 
Casein (vitamin-free) 28.8 
Corn oil 

(tocopheroi stripped) 4.8 (12%, 18:1 ;60%, 18:2) 
Cellulose 3.8 
Salt mixture (minerals) 3.8 
Vitamin mixture a 1.0 

aprepared using standard dietary composition of 
vitamins but excluding vitamins A and E. Vitamins 
A and E were added by dissolution in ether and 
addition o f  this solution to the diet during its prepara- 
tion. Ether was subsequently allowed to evaporate 
under vacuo. Vitamin-E-deficient diet was prepared 
by addition of an ethereal solution of vitamin A only. 

The first group representing controls were rats 
raised on vitamin-E-supplemented diet which 
were exposed to air. The second group con- 
sisted of rats fed a vitamin-E-supplemented diet 
and exposed to 3 ppm NO 2. The third group 
was raised on a 0 vitamin E diet and exposed to 
air and the last group was fed the 0 vitamin E 
diet and exposed to NO2. Aliquots of lung and 
liver microsomes were used to measure vitamin 
E content  as well as lipid composition, particu- 
larly the fatty acid profile. Microsomal vitamin 
E content  was determined by high pressure 
liquid chromatography (HPLC) according to 
the method of  Vatassary and Hagen (21) using 
a Varian Model 8500 liquid chromatograph 
fitted with a Unimetrics Corp. RP-18, 10-pm 
reversed-phase column. The elution solvent was 
absolute methanol at a flow rate of  80 ml/hr 
and measurements were made using a Vari- 
chrome photometric detector set at 292 rim. 
a-Tocopherol acetate was used as an internal 
standard. Standard curves were constructed 
with known amounts of a-tocopherol. 

Total Lipids were extracted from microsomes 
by the method of Bligh and Dyer (22). The 
total lipid extract was evaporated to dryness 
under a stream of nitrogen and dissolved in 0.5 
M HC1 in methanol to effect transmethanolysis. 
The resulting fatty acid methyl esters were 
extracted into hexane and injected into a 
Hewlett-Packard Model 5830A gas chromato- 
graph equipped with an 8-ft Silar 10C column. 
The chromatograph was operated over a tem- 
perature range of  170-210 C and programmed 
at a rate of 1 C/min. Fatty acid methyl ester 
composition was estimated using methyl 
heptadecanoate as an internal standard. Total 
lipid content was determined gravimetrically 
using a Cahn electrobalance. 
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LIPID PEROXIDATION AND VITAMIN E 

The extent of  lipid peroxidation was deter- 
mined by the thiobarbituric acid test described 
by Ottolenghi (23) as modified by Hunter et 
al. (24). The thiobarbituric acid test reagent 
was prepared as described by Waravdekar and 
Saslaw (25). This analysis included addition of  
FeSO4 or FeCI3 when determinations in the 
presence o f  iron salts were desired. To some of  
these samples, reducing equivalents were added 
in the form of  either ascorbic acid or NADPH 
with a final assay volume of  0.75 ml in 0.1 M 
phosphate buffer, pH 7.4. Measurements with 
no additions to microsomes served as controls. 
The preparations contained final microsomal 
protein concentrations o f  0.25 mg/ml,  whereas 
Fe +~ or Fe § concentrations were 1 mM and 
ascorbate or NADPH were 0.25 and 0.5 mM, 
respectively. These mixtures were combined in 
15 • 150 mm glass screw-capped tubes and 
incubated for  1 hr in a 37 C water bath. Spec- 
trophotometric measurements were made with 
a Varian Model $634 spectrophotometer set 
a 532 nm. The amount of  thiobarbituric acid- 
reacting materials (designated as malonalde- 
hyde) was calculated using an extinction 
coefficient of  1.6 x l0  s M -1, cm -~. The rela- 
tive degrees of  lipid peroxidation were calcu- 
lated on the basis of  mg protein content, but 
the results were also computed and are ex- 
pressed as nmol  malonaldehyde formed/#mol  
PUFA/hr. Statistical analysis among study 
groups was made using Students' t-test and data 
are expressed as mean -+ one standard deviation. 

R ESU LTS 

Serum vitamin E content was monitored at 
intervals over the 8 weeks during which rats 
were raised on the prepared diets. A gradual 
decrease in serum vitamin E was noted in the 
rats fed the 0 vitamin E diet and, by the eighth 
week, vitamin E concentrations were found to 
be 1.02 -+ 0.14 /.(g compared to 1.54 -+ 0.18 
#g/ml  serum for the controls. Although this 
does not appear to be a remarkable decrease, it 
is statistically significant. Previous experience 
with Sprague-Dawley rats has shown that it 
is very difficult to achieve serum vitamin E 
concentrations below 1 #g/ml  even when the 
rats are raised and maintained on a deficient 
diet for periods in excess o f  2 months. We 
therefore selected the 8-week interval as the 
starting point for the experiments. 

After 7 days of  exposure to 3 ppm NO2 or 
air, the microsomal content of  vitamin E was 
immediately analyzed and the results for the 
4 study groups are presented in Table 2. Vita- 
min E content is expressed on the basis of  
protein and PUFA content of  the microsomes. 
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Dietary vitamin E deficiency produced a 5- 
fold decrease in vitamin E content in lung and a 
3- to 4-fold decrease in liver microsomes after 
9 weeks. Exposure to NO2 produced a 25% 
increase in vitamin E content in the supple- 
mented group (not significant) but a 44% de- 
crease (p < 0.05) in lung microsomes of the 
vitamin-E-deficient group. A similar trend 
resulting from NO2 exposure was found for 
liver; however, the changes were much smaller 
than in the lung, and the differences were not 
statistically significant. 

The fatty acid composition of microsomal 
lipids is shown in Table 3. The proportion of 
major fatty acid methyl esters (FAME) is 
indicated. Vitamin E deficiency resulted in 
relative increases for all lung PUFA with excep- 
tion of eicosapentaenoic (20:5), docosatetra- 
enoic (22:4) and arachidonic (20:4) acids, the 
last of which decreased significantly relative 
to vitamin-E-fed controls. Exposure to NO2 
resulted in an increase in linolenic (18 :3 )and  
eicosatrienoic acids (20:3), and a decrease in 
20:5 in rats fed the supplemented diet. In 
contrast, vitamin-E-deficient rats exposed to 
NO2 showed relative increases in palmitoleic 
acid (16:1) and all 18 carbon PUFA including 
linoleic acid (18:2), but  decreases in all 20 
carbon PUFA with the exception of 20:3. In 
contrast to the lung, liver microsomes showed 
few changes in FAME composition. The only 

differences noted were decreased oleic acid 
(18:1) and an increase in 22:4 in deficient rats 
exposed to air, and a decrease in 16:1 and 18:2 
in deficient rats exposed to NO2. 

The peroxide content in microsomes was 
determined as described by Buege and Aust 
(26). Measurement of peroxide values and 
formation of malonaldehyde was examined for 
intervals up to 1 hr and is shown in Figure 1. 
Peroxide values increased rapidly over the first 
5 min of incubation and were maximal by 5 
and 20 min for vitamin-E-deficient and vitamin- 
E-supplemented liver microsomes, respectively. 
Lung microsomes attained maximal values by 
20 rnin in both treatment groups. During this 
period, malonaldehyde levels rose gradually, 
reaching a maximum by 60 min. Moreover, by 
60 min, the peroxide levels had decreased 
significantly in lung microsomes but remained 
at maximal levels in liver microsomes. Signifi- 
cant differences in peroxides between vitamin- 
E-deficient and control microsomes were found 
only during the first 10 to 20 min of incubation 
for lung and the first 5 min for liver. 

The extent of PUFA peroxidation in lung 
and liver microsomes is presented in Tables 4 
and 5, respectively. The formation of malon- 
aldehyde for each study group was also exam- 
ined in microsomes preheated a t  90 C for 5 
min. This treatment was used as an alternate 
means for determining the degree of nonenzy- 

TABLE 3 

Fatty Acid C o m p o s i t i o n  o f  Microsomal  Total  Lipid Extracts  a 

Lung Liver 

Vit . -E-supplemented Vit . -E-deficient Vi t . -E-supplemented Vit . -E-deficient 

Control NO 2 Exp. Control NO~ Exp. Control NO 2 Exp. Control NO 2 Exp. 
(n = 8) (n = 6) (n = 7) (n = 6) (n = 8) (n = 6) (n = 7) (n = 6) 

14:0 1.1 0 .8  2.3 a 2.9 d 0.3 0 ,3  0.3 0 .6  
16:0 37.7  34.7  33 .0  38 .8  22 .0  18.4 19.9 24 .2  
16:1 6.3 4 .3  3.9 7.7 c 2.2 1,6 1.5 1.3 d 
18:0 13.3 10.1 9.8 12.9 20 .5  23 .5  25 .8  24.1 
18:1 23 .6  22 .8  26 .4  20 .0  13.1 13.1 9.2 a 12.5 
18:2 5.6 7.2 6 .8  7.3 d 12 .8  13.7 11.6 9.4 c 
18:3 0.4 1.8 b 2 .0  a 4.S c,d 0.2 0 .3  0.2 0.2 
20:3  0.8 1.6 b 1.6 a 1.2 0.2 0.2 0.2 0.2 
20:4  5.5 4 .6  3.1 a 2.4 d 21 .9  19,1 21.1 17.5 
20:5  0.8 0.2 b 0.4 0.2 d 0 .8  0,7 1.0 0.7 
22:4  2 ,4  2.0 1.9 0 .2c ,  d 4.6 3 .6  8. I a 6.0 
22 :6  1.2 1.2 3.4 a 0.2 c,d 1.7 1,8 1.8 1.4 

aResults  are expressed as percentage c o m p o s i t i o n  o f  fatty acid methyl  esters prepared from total  microsomal  
l ipids (content  o f  mierosomal  total  l ipids s h o w n  in Table 2). 

n = Number  o f  animals  e x a m i n e d  in each s tudy group. 

ap < 0 .05 ,  contro l  supplemented  vs contro l  def ic ient .  
bp  < 0 .0S,  contro l  supplemented  vs e x p o s e d  supplemented .  
Cp < 0 .0S,  contro l  def ic ient  vs e x p o s e d  defic ient .  

dp < 0 .05 ,  contro l  supplemented  vs e x p o s e d  deficient,  

LIPIDS,  VOL.  17, NO. 4 ( 1 9 8 2 )  



LIPID PEROXIDATION AND VITAMIN E 273 

1 0  

r ......... SSZ  ..................... 

/ .....," 
; oo~OO ~176 

z �9 
~ X " '  " 
z ,, ." 

m o 

o lb z~ 3"o ~0. 5o i0 
T I H E  m i n .  

FIG. 1. Lipid peroxide levels in lung ( ) and liver ( - - - )  microsomes measured over 
1-hr incubation. Samples were incubated in 0.15 M phosphate buffer, pH 7.4, at 37 C. 
Values at designated intervals represent the mean and one standard deviation of triplicate 
determinations. 1: microsomes prepared from vitamin-E-deficient rats. 2: microsomes pre- 
pared from vitamin-E-supplemented rats. The amounts of peroxides are calculated using an 
extinction coefficient of 1.73 • 104 M -1 for cumene hydroperoxide. Zero time values 
represent the content of peroxides measured immediately following isolation of microsomes 
and prior to their incubation. 

mat ic  peroxidat ion.  An assumption was made 
that  heat ing o f  the microsomes  did no t  contr ib-  
u te  appreciably to the overall fo rmat ion  of  lipid 
peroxida t ion  produc ts ;  thus, on  the  basis of  the 
above observations,  we assumed that  malon- 
a ldehyde measurement  was a ref lect ion of  
hydroperox ide  decompos i t ion  and that  these 
hydroperox ides  were ei ther p re formed  or 
p roduced  during the  initial phase of  incubat ion.  
This assumption appears to be suppor ted  by 
examining  the data, e.g., rows 1 and 2 in Tables 
4 o r 5 .  

The results indicate  that  malonaldehyde  
fo rmat ion  occurs to a l imited ex ten t  in the 
absence of  added i ron (row 1, Tables 4 and 5), 
but  this may  result  f rom catalysis due to trace 
amount s  of  free iron or o ther  metals  including 
heine compounds  (27,28). Under  most  condi- 
t ions, fo rmat ion  of  malona ldehyde  was un- 
changed in v i tamin-E-supplemented rats ex- 
posed to NO2. There  was a significant increase 

in malona ldehyde  fo rmat ion  in microsomes  
f rom vi tamin-E-deficient  rats when compared  
to supplemented  controls.  The largest increases 
were usually found in the vi tamin-E-deficient  
group exposed to NO2. Increases were noted  
in bo th  lung and liver microsomes;  however ,  
vi tamin E def ic iency appeared to be associated 
with greater and more consistent  changes in 
lung microsomes.  Fo r  example,  the format ion  
of  malona ldehyde  in lung microsomes incu- 
bated with Ve +2 and NADPH (row 7) increased  
in vi tamin-E-def ic ient  rats, but  this effect  was 
not  found in liver microsomes.  Addi t ion  o f  
Fe +3 alone also produced an increase in malon- 
a ldehyde  fo rmat ion  compared  to samples with 
no additions.  It is unclear  whether  this was due 
to hydrope rox ide  decompos i t ion  in the  pres- 
ence o f  Fe  .3 an ambient  reduct ion  of  Fe +3 to 
Fe +2 or  react ion of  Fe +3 with vi tamin E result- 
ing in its destruct ion.  

The results for enzymat ic  vs nonenzymat i c  
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TABLE 4 

Malonaldehyde Formation in Lung Mierosomes 
(nmol#mol  PUFA -I hr -x )a 

Vitamin-E-supplemented Vitamin-E-deficient 

Additions Control NO 2 Exp. Control NO 2 Exp. 

None 0.13 • 0.009 0.12 -* 0.031 0.22 • 0.048 0.32 • 0.024 
Heated 0.12 • 0.008 0.05 • 0.029 0.16 • 0.033 0.29 • 0.020 
~-Fe +s 0.56 • 0.154 0 . 7 2 ,  0.278 0.68 • 0.216 1.02 • 0.252 
Heated 0.38 • 0.080 0.24 • 0.059 0.56 • 0.086 0.80 • 0.035 
+Fe +3 0.19 • 0.009 0.36 • 0.022 0.29 • 0.015 0.50 • 0.025 
Heated 0.20 • 0.019 0.31 ~- 0.030 0.21 • 0.010 0.36 • 0.041 
+Fe +s +NADPH 0.80 • 0.021 0.86 ~- 0.148 0.88 -+ 0.024 1.29 • 0.044 
Heated 0.39 • 0.012 0.31 • 0.013 0.59 + 0.014 0.83 • 0.017 
+Fe § +NADPH 0.54 • 0.022 -- 0.73 • 0.040 - 
Heated 0.43 • 0.039 -- 0.60 • 0.039 -- 
+Fe +3 +aseorbate 1.02 • 0.144 1.46 -+ 0.228 1.69 • 0.369 2.41 • 0.237 
Heated 1.00 • 0.029 0.96 -+ 0.070 1.59 +- 0.045 1.99 + 0.048 

aValues are expressed as means + one standard deviation. Sampling 
shown in Table 2. 

TABLE 5 

Malonaldehyde Formation in Liver Microsomes 
(nmoi #mol PUFA -1 hr -i )a 

is identical to that 

Vitamin-E-supplemented Vitamin-E-deficient 

Additions Control NO 2 Exp. Control NO 2 Exp. 

None 0.26 • 0.020 0.49 -+ 0.042 0.41 • 0.022 0.37 • 0.008 
Heated 0.15 • 0.024 0.24 • 0.040 0.23 • 0.029 0.29 • 0.022 
+Fe .2  0.81 • 0.138 0.89 + 0.095 0.96 • 0.346 1.65 • 0.320 
Heated 0.31 • 0.008 0.19 • 0.023 0.25 • 0.024 0.25 • 0.045 
+Fe § 0.49 • 0.038 0.34 • 0.022 0.52 • 0.086 0.37 • 0.080 
Heated 0.35 • 0.024 0.19 -+- 0.038 0.38 • 0.060 0.31 • 0.044 
+Fe§ 1.81 • 0.232 1.86 • 0,400 1,86 • 0.252 2.64 • 0.588 
Heated 0.31 • 0.028 0.21 • 0.023 0.18 • 0.026 0.37 • 0.015 
+Fe§ 0.82 • 0.161 - 1.02 • 0.047 -- 
Heated 0.31 • 0.046 - 0.26 • 0.033 - 
+Fe+2+ascorbate 2.00 • 0.206 1.84 • 0.31S 2.72 • 0.316 2.42 • 0.213 
Heated 1.43 • 0.108 1.68 • 0.091 2.40 • 0.111 2.16 • 0.039 

aValues are expressed as means • one standard deviation. Sampling is identical to that 
shown in Table 2. 

l ipid p e r o x i d a t i o n  ind ica te  t h a t  e n z y m a t i c  
p e r o x i d a t i o n  in t he  p r e sence  o f  Fe  +3 ( r o w  6, 
Tab les  4 and  5) was  re la t ive ly  smal l  in l ung  
c o m p a r e d  to  liver in v i t a m i n - E - s u p p l e m e n t e d  
rats .  The  p r o p o r t i o n  o f  e n z y m a t i c  p e r o x i d a t i o n  
in l ung  m i c r o s o m e s  inc reased  as a resu l t  o f  NO2 
e x p o s u r e  o r  v i t a m i n  E def ic iency .  A d d i t i o n  o f  
Fe  § + N A D P H  ( r o w  7) r e su l t ed  in a 20-40% 
increase  in m a l o n a l d e h y d e  f o r m a t i o n ,  w h e r e a s  
a 100% increase  was  f o u n d  in l iver m i c r o s o m e s  
w h e n  c o m p a r e d  to  s a m p l e s  i n c u b a t e d  in the  
p r e s e n c e  o f  Fe *2 a lone  ( r o w  3). A d d i t i o n  o f  
N A D P H  to  s a m p l e s  c o n t a i n i n g  Fe  +~ e n h a n c e d  
m a l o n a l d e h y d e  f o r m a t i o n  ( r o w  5 vs 9) w i t h  
t he  a m o u n t s  o f  to t a l  m a l o n a l d e h y d e  app rox i -  
m a t i n g  t h a t  m e a s u r e d  in t h e  s a m p l e s  c o n t a i n i n g  
Fe  .2 a lone  ( r o w  3). This  sugges t s  tha t  t he  

m i c r o s o m e s  were  capab le  o f  e n z y m a t i c a l l y  
r educ ing  Fe  +a t o  Fe § This  was  n o t  f o u n d  in 
h e a t e d  m i c r o s o m e s  o n  add i t i on  o f  N A D P H .  

A d d i t i o n  o f  Fe  +2 + a s c o r b a t e  r e su l t ed  in the  
la rges t  a m o u n t s  o f  m a l o n a l d e h y d e  gene ra t ed  
a m o n g  all m i c r o s o m a l  samples .  I t  a lso a ppea r s  
t ha t  l ipid p e r o x i d a t i o n  in t he  p resence  of  
Fe+2-ascorba te  was  largely n o n e n z y m a t i c  fo r  
b o t h  l ung  and  liver m i c r o s o m e s  ( r o w  11 vs 12). 
T h e s e  resu l t s  d i f fe r  f r o m  the  o t h e r  add i t i ons  
involv ing  Fe +2 o r  Fe  +a. With  the  e x c e p t i o n  o f  
Fe*2-ascorba te  and  Fe  § a lone ,  t h e  p r o p o r t i o n  
o f  n o n e n z y m a t i c  lipid p e r o x i d a t i o n  was  over  
tw ice  as large in l ung  as in liver m i c r o s o m e s .  
Inc rease s  in l ipid p e r o x i d a t i o n  resu l t ing  f r o m  
v i t amin  E de f i c i ency  a n d / o r  NO2 e x p o s u r e  
were  c o m m o n l y  f o u n d  in l ung  m i c r o s o m e s  and  
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clearly enhanced by the addition of Fe +2- 
ascorbate to both lung and liver microsomes. 
Increased lipid peroxidation resulting from 
NO2 exposure was not observed in liver micro- 
somes with the exception of those samples 
deficient in vitamin E and incubated in the 
presence of Fe +2 (rows 3 and 7). Comparing 
these results with the preheated samples (rows 
4 and 8) indicates that the increases could be 
accounted for by enzymatic peroxidation. 

Liver microsomes produced nearly twice as 
much malonaldehyde as lung microsomes, 
corresponding with approximately twice the 
proportion of PUFA in liver. The overall levels 
of lipid peroxidation appear to be related to the 
proportion or content of PUFA in microsomes 
from these 2 organs whereas the relative in- 
creases in malonaldehyde formation appear to 
be influenced by vitamin E content. Further- 
more, the extent of lipid peroxidation attrib- 
utable to vitamin E deficiency was more 
pronounced in lung microsomes. 

DISCUSSION 

The lung is a primary target for oxidizing 
air pollutants, many of which are damaging to 
tissues with which they react. Because much 
of this damage may originate by lipid peroxi- 
dation initiated by free radical mechanisms, the 
lung may require particularly effective protec- 
tion mechanisms in order to minimize these 
damaging reactions. Recently, Kornburst and 
Mavis (9) demonstrated that the high content 
of vitamin E in lung microsomes may serve to 
protect the membrane lipid constituents. 
Oxidant damage may extend to other organs 
and vitamin E may serve a protective role in 
this case, as well, because vitamin E deficiency 
has been shown to produce increased lipid 
peroxidation in liver following ozone exposure 
(29). It was proposed (29) that the ozone effect 
was able to reach the liver in the vitamin-E- 
deficient animals with the original effect being 
elicited in the lung as demonstrated by Fletcher 
and Tappel (30). The present study indicates 
that lipid peroxidation can be correlated with 
membrane vitamin E content  which is influ- 
enced by a dietary vitamin E regimen. This 
correlation has been reported previously (31). 
The protective effect of vitamin E in natural 
and artificial membranes has been well demon- 
strated. Tinberg and Barber (32) observed an 
inhibition of lipid peroxidation when vitamin 
E was added to structural protein-lipid micelles 
derived from rat liver microsomes. Evidence 
of increased lipid peroxidation was reported in 
erythrocyte membranes derived from vitamin- 
E-deficient rats was well as in phospholipid 

model systems (33). 
Dietary vitamin E deficiency produced 

significant decreases in the vitamin E content of 
lung and liver microsomes. It is notable that 
the levels of the vitamin are ca. I 0 times higher 
in lung than in liver and that this difference 
holds whether the values are expressed on 
either protein or PUFA content. Exposure 
to NO2 appears to have no effect on liver 
microsomal vitamin E content  in animals 
receiving dietary vitamin E; however, the levels 
in lung show a consistent increase. This ten- 
dency was not found with dietary vitamin E 
deficiency. Instead, NO2 exposure reduced 
lung vitamin E content  whereas no changes 
were found in liver microsomes. These results 
suggest that the lung is capable of assimilating 
vitamin E during oxidant exposure, provided 
that it is available in body stores or in the diet. 
This may be a response to an increased anti- 
oxidant demand, a condition which cannot be 
satisfied in the vitamin-E-deficient state. Hence, 
exposure to NO2 results in a further depletion 
of the vitamin in the lung and is accompanied 
by increased lipid peroxidation. 

The data for microsomal fatty acid compo- 
sition appears to be consistent with the above 
hypothesis. Only minor changes were found in 
the liver, despite a significantly reduced vitamin 
E content, as in the case of combined vitamin 
E deprivation and NO2 exposure. The effects 
on lung microsomes were more pronounced 
as evidenced by significant changes for a 
number of PUFA. Mino (34) reported that 
vitamin E deficiency produced significant 
decreases in phospholipids and linoleic acid 
content in mouse lung. Although phospholipid 
data are not reported in this study, no changes 
were found for total lipids and the results for 
linoleic acid contrast with the findings of 
Mino (34). This discrepancy may be ration- 
alized on the basis of the composition of 
dietary lipids. Mino used 10% refined lard, 
whereas the diet in this study used 5% corn oil 
which is significantly enriched in linoleic acid. 

Malonaldehyde formation was found to be 
maximal when microsomes were incubated 
with Fe*2-ascorbate. It also appears that this 
process is largely independent of an enzymatic 
component as contrasted to those samples 
incubated with Fe§ Fe +3 and NADPH. The 
effects of vitamin E deficiency or NO2 expo- 
sure are magnified in lung or liver microsomes 
when Fe§ is added. Our findings 
with Fe§ differ from those of 
Wright et al. (35) who found that addition of 
Fe§ reduced the amounts of malon- 
aldehyde generated from microsomes in com- 
parison to additions of Fe § alone. The concen- 
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trat ions of  Fe  .2 and ascorbate in our  studies 
were similar;  thus, this could not  explain the 
observed differences.  The discrepancy may 
instead be due to the microsomal  source itself. 
Wright et al. used guinea pig lung microsomes  
which may have different  requirements  for 
ascorbate than those of  rats. The di f ference in 
the  ascorbate effect  could arise f rom the fact 
that  rats, but  not  guinea pigs, are ascorbate 
auxot rophs  and may not  be subject to limi- 
tat ions in ascorbate availability or  its util iza- 
t ion.  Possible differences in lipid compos i t ion  
may be ano ther  factor  inf luencing the course of  
peroxidat ion .  

Malonaldehyde produc t ion  correlates well 
with microsomal  vi tamin E content .  An inverse 
relat ionship be tween  vi tamin E concent ra t ions  
and the  extent  of  lipid peroxida t ion  in tissues 
has been repor ted  previously (31,36).  The 
lower  amounts  of  peroxida t ion  in lung appear 
to relate to its high vi tamin E con ten t  and, 
perhaps,  to its aff ini ty for the vi tamin,  as 
demons t ra ted  by others  (7,8,37).  Our results 
show that  the disparity in the ex ten t  of  lipid 
peroxida t ion  be tween  lung andl iver  cannot  be 
ent i re ly  rat ional ized on the basis of  P U F A  and 
vi tamin E content .  For  example,  when the 
ex ten t  o f  malona ldehyde  format ion in the 
presence of  Fe+2-ascorbate is compared  bet- 
ween lung and liver, it appears that  similar 
a m o u n t s  are measured when vitamin E concen-  
t ra t ions  are also similar. By expressing malon- 
a ldehyde produc t ion  on the basis of  P U F A  
conten t ,  lung microsomes  from vitamin-E- 
def ic ien t /NO2-exposed  rats produced 2.4 nmol  
compared  to. 2.0 n m o l / # m o l  P U F A  for liver 
microsomes  from cont ro l  rats. The corres- 
ponding values for vi tamin E for these 2 groups 
were 0.10 and 0.13 /ag/#mol PUFA,  respec- 
tively. 

An increase in lipid p e r o x i d a t i o n  with the 
addi t ion of  Fe+3 was found only in lung micro-  
somes. Al though it is possible that  Fe +3 may 
be direct ly destroying vitamin E (38), this 
effect  should have been more apparent  in liver 
microsomes  which contain much less vi tamin E. 
It  is also possible that  the basis of  the  differ- 
ences be tween lung and liver may depend on 
the  nonenzymat i c  vs enzymat ic  mechanisms 
for peroxidat ion ,  which prevail in these respec- 
tive tissues. El iminat ing the enzymat ic  compo-  
nen t  by heat  inact ivat ion result in no changes in 
malona ldehyde  fo rmat ion  in relat ion to vi tamin 
E def ic iency for liver, whereas lung microsomes  
cont inue to display increased malona ldehyde  
format ion  with vi tamin E deficiency.  The re- 
suits of  this s tudy indicate  that  the lung uses vi- 
tamin E as a membrane  ant ioxidant  to  a greater  
ex ten t  than does liver. This is demons t ra ted  by 

the tendency  of  lung, but  no t  fiver, vi tamin E 
concent ra t ions  to increase fol lowing oxidant  
challenge, provided dietary vi tamin E is avail- 
able. This also suggests that  the liver may  be 
less dependen t  on vi tamin E and may be more  
capable o f  using al ternate  mechanisms for 
p ro tec t ion  against lipid peroxida t ion .  
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ABSTRACT 

The fatty acid specificity of purified human milk lipoprotein lipase was studied using the C~s to 
C~ (total aeyl carbon number) saturated and the Cu mono-, di- and triunsaturated monoacid triacyl- 
glycerols. Kinetic determinations indicated that the medium-chain triacylglycerols were better sub- 
strates than long- or very short-chain saturated triacylglycerols. The unsaturated triacylglycerols were 
hydrolyzed at rates comparable to that of tricaprylin with triolein having the highest rate of hydrol- 
ysis of the unsaturated species tested. The enzyme attacked the primary ester bond much more readily 
than the secondary ester bond. The purified human milk lipoprotein lipase showed a preferential 
stereospecific lipolysis of the sn-l-position of the triaeylglycerol molecule. 
Lipids 17:278-284, 1982. 

INTRODUCTION 

Lipoprotein lipases (LPL, EC 3.1.1.34) cata- 
lyze the hydrolysis of emulsified long-chain 
triacylglycerols at maximal rates in the presence 
of the cofactor apolipoprotein C-II or serum 
(1,2). Their physiological site of action is at the 
luminal surface of the capillary endothelium 
and the hydrolysis of blood triglyceride by LPL 
facilitates their uptake by extrahepatic tissue 
(3,4). The presence of LPL in milk is con- 
sidered to reflect a leakage of enzyme from 
the mammary tissue (5,6). Milk fat is not a 
good substrate for LPL and LPL activity is 
inhibited by bile salts; thus, it appears unlikely 
that the enzyme has any physiological function 
in infant intestinal fat digestion (3). 

Because of the functional importance of 
LPL, its substrate specificity has received much 
experimental  attention. Early studies by Kern 
(7), using an acetone-ether powder of adipose 
tissue as the enzyme source, indicated that LPL 
had no marked positional specificity. However, 
Greten et al. (8) observed that the fatty acid in 
the sn-2-position was released at a higher rate 
than that in the rae-l-position when the corres- 
ponding acyldialkylglycerols were incubated 
with rat adipose and heart  tissue LPL. More 
recently, Nilsson-Ehle et al., using purified LPL 
from human post-heparin plasma (9) and 
bovine milk (10), have reported that the en- 
zyme exhibits an absolute specificity for the 
primary ester bonds. On the basis of stereo- 
specific analyses of the hydrolysis products of 
triolein by bovine milk LPL, Morley and Kuksis 
(11) demonstrated a preferential a t tack at the 
sn-l-posi t ion of the triacylglycerol molecule. 
A similar observation has been made by Paltauf 
et al. (12) and by Akesson et al. (13) using the 

sn-1- and sn-3-alkyldiacylglycerols as substrates. 
Except for a report  by Morley and Kuksis (14) 
that LPL does not  exhibit  acyl specificity for 
triacylglycerols containing mainly mono- and 
diunsaturated fat ty acids, there have been no 
systematic studies on the acyl group specificity 
of the enzyme. 

Because LPL from post-heparin plasma is 
heterogeneous with respect to tissue origin, we 
have used LPL from human milk in the sub- 
strate specificity study using a series of  satu- 
rated and unsaturated monoacid triacylgly- 
cerols. The results show that LPL activity is 
markedly influenced by the fatty acid chain 
length and degree of  unsaturation. In contrast 
to the previously claimed absolute specificity 
of LPL for the primary ester (9,10), we have 
also detected measurable reactivity for the 
secondary ester bond of  the triacylglycerol 
molecule. 

MATERIALS AND METHODS 

Substrates 

The rac-l-oleoyl-2,3-dipalmitoylgly cerol and 
the sn-2-monopalmitoylglycerol  were obtained 
from Applied Science Laboratories, State 
College, PA. The rac-l,3-dipalmitoyl-2-oleoyl- 
glycerol was obtained from Supelco, Inc., 
BeUefonte, PA. The other synthetic triacyl- 
glycerols along with rac-l-palmitoylglycerol 
were purchased from Sigma Chemical Co., St. 
Louis, MO. The [2-3H-glyeerol]triolein (1-2 
Ci/mmol) and the sn-l ,2-dipalmitoylphospha- 
t idylcholine (50-60 mCi/mmol) were purchased 
from Amersham Co., Amersham, England. 
These compounds were greater than 95% single 
molecular weight species and were not purified 
further. 
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Enzyme 

LPL was prepared from the acetone-diethyl 
ether powder of human milk cream (15) and 
purified by heparin-Sepharose affinity chroma- 
tography (16,17). The acetone-diethyl ether 
powder (40 mg, containing 7.1 mg of  protein) 
was dispersed with a pestle and solubilized by 
stirring for .10 rain at room temperature in 4 ml 
of 40 mM HC1-NH4OH buffer, pH 8.5, contain- 
ing 0.1% Triton X-100. The mixture was cen- 
trifuged at low speed for 2 min and the super- 
natant  fluid was collected and applied to a 
small heparin-Sepharose column (0.7 x 2 cm). 
After loading the sample, the column was 
washed first with 4 ml of 50 mM HCI-NH4OH 
buffer, pH 8.5, containing 0.3 M NaC1 and then 
with 4 ml of  the same buffer containing 0.72 M 
NaC1. Following the washes, the enzyme was 
eluted with 3 ml of  50 mM HC1-NHaOH buffer 
containing 10 mg/ml of heparin (beef lung, 
Upjohn Co.). 

The heparin-Sepharose affinity chromatog- 
raphy was performed at 4 C in a period of 1.5-2 
hr. A unit of enzyme activity was defined as 1 
/amol of fatty acid released/hr at 37 C. A stan- 
dard assay procedure for determining the lipase 
activity was described recently (16). The LPL 
was purified 2,500-fold from human milk with 
a specific activity (sp act) of 5120 units/mg 
protein (17). The LPL activity in the hepafin 
fraction was in tile range of  60-100 units/ml. 
The purified enzyme was free of the major 
l ipolytic activity of  human milk: the bile-salt- 
activated lipase (18). For the present study,  
the enzyme was freshly prepared for each 
experiment.  

Lipolysis of Synthetic TriacylgJycerols 

The various triacylglycerol substrates were 
emulsified with Triton X-100 as described by 
Schotz et al. (19). The final mixture contained 
the amounts and types of substrate specified in 
the legends, 60 mg/ml bovine serum albumin, 
0.6 ml human serum and 1 ml of the purified 
human milk LPL, brought to a final vol of 6 ml 
with 50 mM HC1-NI-IaOH, pH 8.5, buffer solu- 
tion and incubated at 37 C. At various time 
intervals, aliquots (0.1-0.5-ml) were taken in 
duplicate and transferred to tubes containing 
4 ml of n-heptane/isopropanol  (3:7, v/v) for 
neutral lipid or fat ty acid analysis by gas liquid 
chromatography (GLC). 

Gas Liquid Chromatography 

For analysis of intact triacylglycerols, each 
heptane-isopropanol extract ,  containing 50 /ag 
of cholesterol butyrate  as internal standard, was 
acidified with 2.5 ml of 0.033 N H2SO4. After 

il; 
a 

L 

o 
Retention Time (min.) 

FIG. 1. The separation of monoacid-tfiacylglycer- 
ols by GLC with cholesterol butyrate as internal 
standard. The peaks are: 1, tributyrin; 2, tricaproin; 
3, tricaprylin; 4, cholesterol butyrate; 5, tricapfin; 
6, trilaurin; 7, trimyristin; 8, tfipalmitin; 9, tfisteafin. 

mixing for 30 sec, the organic phase containing 
the tfiacylglycerols and the internal standard 

,,was transferred to a 3-ml conical tube and the 
"solvent was evaporated under nitrogen. The 
residue was redissolved in 100 pl of  n-hexane 
and 2-gl aliquots were injected into the gas 
chromatograph (20). Figure 1 shows the resolu- 
tion and the relative hydrogen flame ionization 
response of the various tfiacylglycerols and the 
internal standards in an equimolar mixture. 

The partial acylglycerols were acetylated 
before the gas chromatographic analysis. Each 
heptane-isopropanol extract containing the 
internal standard was centrifuged to eliminate 
the protein precipitate.  The supernatant frac- 
tion was transferred to a 25-ml, round-bot tom 
flask and evaporated to dryness. The sample 
was redissolved in 5 ml of  acetic anhydr ide /  
pyridine 1:1, heated for I0 rain at 80 C, and 
immediately placed on ice. The excess reagent 
was removed by evaporation on a rotatory 
evaporator under vacuum at 30 C. The sample 
was redissolved in 4 ml of  n-heptane/isopropa- 
nol (3:7,  v/v) and extraction was compleated 
as for triacylglycerols. The f'mal preparation,  in 
hexane, contained the triacylglycerols and the 
acetylated partial acylglycerols. 

Free fatty acids were extracted from the 
reaction mixture with heptane-isopropanol and 
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determined following methylat ion by GLC as 
described by McConathy et al. (21). 

Stereospecific Analysis 

The incubations of tr ioleoyl [3H]glycerol 
with LPL, the subsequent isolation of diacyl- 
glycerols, and the stereospecific analyses of the 
diacylglycerols via the x-l ,2-diacylphosphati-  
dylcholines and phospholipase C were per- 
formed as described by Manganaro et al. (22). 
The stereospecifie hydrolysis with phospho- 
lipase C (Clostridium welchii type 1) was per- 
formed in the presence of sn-l ,2-dipalmitoyl-  
phosphatidyl[  14C] choline as internal standard. 
Molar ratios of the sn-l,2- and sn-2,3-diacyl- 
glycerols were calculated from the radioactivity 
in the glycerol moiety of the appropriate reac- 
t ion products. Where necessary, corrections 
were made for the incompleteness of the diges- 
tion with phospholipase C on the basis of the 
extent  of hydrolysis of  the radioactive phospha- 
tidylcholine internal standard. 

The corrected sn-l,2-/sn-2,3-diacylglycerol 
ratio was calculated to be equal to (100 a + 
bx) : (100 a - bx), where a and b are the uncor- 
rected relative values of the sn-l,2- and sn-2,3- 
enantiomers and x is the percentage of the 
undigested internal standard. This part  of work 
was performed in Toronto.  

Other Methods 

Protein content of  the samples was deter- 
mined by a previously described modification 
(23) of the procedure of  Lowry et al. (24). 
Bovine serum albumin was used as the standard. 
The vicinal hydroxyl  groups of monoacylglycer- 
ols were determined by the periodate-chromo- 
tropic acid procedure, as described by Kern 
(25). 

RESULTS 

Fatty Acid Specificity 

The use of mixtures of monoacid triacyl- 
glycerols as substrates and the kinetic analysis 
of the lipolysis reaction permit ted the exam- 
ination of the fatty acid specificity of the 
purified human milk LPL. Starting with an 
equimolar mixture (0.17 mM each) of  tri- 
caproin (trLhexanoylglycerol), tricaprylin (tri- 
octanoylglycerol),  tricaprin (tridecanoylgly- 
cerol), trilaurin ( tr idodecanoylglycerol) ,  tri- 
myristin ( tr i tetradecanoylglycerol) ,  tripalmitin 
(trihexadecanoylglycerol) and tristearin (tri- 
octadecanoylglycerol)  as substrates, the relative 
rates of lipolysis were measured by the dis- 
appearance of the various triacylglycerol 
species from the incubation medium by means 

TABLE 1 

Hydrolysis of Medium-Chain and Long-Chain 
Triacylglycerol Mixtures by Human Milk 

Lipoprotein Lipase a 

Length of hydrolysis (rain) 
Substrate 20 40  60 

% digested 

Tricaproin 0 25 68 
Tricaprylin 50 90 100 
Tricaprin 30 65 88 
Trilaurin 20 4 5 75 
Trimyristin 0 14 23 
Tripalmitin 0 16 14 
Tristearin 0 4 8 

aThe incubation was performed at 37 C in dupli- 
cate as described in Materials and Methods with 0.17 
mM of  each triacylglycerol .  

of high temperature GLC of the intact triacyl- 
glycerols. Table I gives the degree of  Iipolysis 
as a function of  t ime and the fatty acid acyl 
chain length. The relative rates of hydrolysis 
were: 8:0 > 10:0 > 12:0 > 6:0 > 14:0 > 16:0 
> 18:0. During lipolysis, the generated partial 
glycerides from long-chain triacylglycerols did 
not  overlap with the medium- or short-chain 
triacylglycerols when separated by GLC. The 
serum used as cofactor  contained tributyrinase 
with a high activity and precluded the testing 
of triacylglycerols shorter than tricaproin in 
this study. In a control  experiment,  it was 
shown that the serum esterase had no reactivity 
toward the tricaproin and longer chain triacyl- 
glycerols under the present experimental con- 
ditions. 

The effect of unsaturation of the fatty acids 
o n  the rate of hydrolysis  by LPL was deter- 
mined by examining the kinetics of the fatty 
acids released from an equimolar mixture of 
trimyristin,  tr ipalmitin,  tristearin, triolein (tri- 
cis-9-octadecenoylglycerol ), trilinolein (tri~cis, 
cis-9,12-octadecadienoylglycerol) and trilino- 
lenin ( tri-cis, cis, cis-9 ,12,15-octadecatrienoylgly- 
cerol). The time course of the fatty acid release 
is given in Figure 2. The relative order of  ap- 
pearance was 18:1 > 18:3 > 18:2 > 14:0 > 
16:0 > 18:0. Triolein was degraded at rates 
comparable to that of tricaprylin with the first 
order rate constants giving a ratio of 0.96:1.00. 

Positional SpecificiW 

The positional specificity of the purified 
human milk LPL was assayed using mixed di- 
acid-triacylglycerols of  known composit ion and 
of the primary and secondary positions as sub- 
strates. Table 2 shows the release of the diacyl- 
and monoacyl-glycerols from rac-l,3-dipalmi- 
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FIG. 2. The kinetics of the hydrolysis of an equi- 
molar mixture (0.5 mM) of trimyristin, tripalmitin, 
tristearin, triolein, trilinolein and trilinolenin with 
human milk lipoprotein lipase. The released myristic 
acid (o), palmitic acid (~), stearic acid (o), oleic acid 
(,), linoleic acid (e) and linolenic acid (a) were 
measured by GLC. Experiments were performed at 
37 C in duplicate. 

TABLE 2 

Hydrolysis of rac-l,3-Dipalmitoyl-2-oleoytglycerol 
by Human Milk Lipoprotein Lipase a 

Length of hydrolysis (min) 

0 20 40 60 

Concentration (nmol/ml) 

TG-50 b 393 350 302 267 
DG-32 0 3.4 4.6 4.7 
DG-34 0 13.7 16.4 15.3 
MG-16 0 6.7 6.8 10.1 
MG-I 8 0 15.6 47.7 52.6 

aThe incubation was performed at 37 C in dupli- 
cate as described in Materials and Methods. 

bTG: triacylglycerol; DG: diacylglyeerol; MG: 
monoacylglycerol. The glyeerides were identified by 
their aeyl-carbon number by GLC. 

toyl-2-oleoylglycerol as a function of time. It 
is seen that diacylglycerols with acyl carbon 
number 34 and the monoacylglycerols with 
acyl carbon number  18 are the major partial 
acylgiycerols released. This indicates that the 

2.0" 

,.~ 1.5" / 

'~1.0, / 

0.5 

4O 6O 20ime (rain) 

FIG.  3. The hydrolysis of rac-l-palmitoyl-2,3- 
diacetylglycerol (e) and sn-2-palmitoyl-l,3-diacetyl- 
glycerol (.) by human milk lipoprotein lipase, where 
C t represents the concentration of the substrate at 
each time point and C O (0.3 mM) represents the sub- 
strate concentration prior to lipolysis. The slopes of 
the linear plots represent the first order rate constant 
for the degradation of these substrates. Experiments 
were performed at 37 C in duplicate. 

LPL preferentially attacks the primary posi- 
tions of the triacylglycerol molecule. However, 
the detection of diacylglycerols with acyl car- 
bon number  32 and monoacylglycerol with acyl 
carbon number  16 in the hydrolyzate indicates 
that the enzyme also has significant reactivity 
with the secondary ester bond of the triacylgly- 
cerol molecule. The relative rates of hydrolysis 
of the primary and secondary ester bonds con- 
taining the same fatty acid was further investi- 
gated by means of rac-l-monopalmitoylglycerol 
and sn-2-monopalmitoylglycerol. In order to 
prevent acyl migration, the monoacylglycerols 
were acetylated prior to LPL digestion. Figure 
3 gives the relative rates of hydrolysis of the 2 
monoacylglycerol acetates. By measuring the 
disappearance of the diacetylmonopalmitoyl- 
glycerols, it was found that the first order rate 
constant for the degradation of the acetyl deriv- 
atives of rac-l-monopalmitoylglycerol and sn-2: 
monopalmitoylglycerol was 25 x 10-3rain -1 
and 5.8 x 10-3min -1, respectively. Thus, the 
rate of hydrolysis of the primary ester bond 
was 4.3 times that of the secondary ester bond. 
During this lipolysis, no vieinal hydroxyl groups 
were detected as determined by the periodate- 
chromotropic acid method (25); this finding 
suggests that the acetyl ester group was not  
released by the LPL. 

Stereospeeificity 

Because 2 primary ester bonds of triacyIgly- 
cerols have been shown to be attacked at diffe- 
rent rates by crude bovine milk LPL (11), we 
examined the stereospecificity of the purified 
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human milk LPL. Table 3 gives the relative pro- 
portions of the sn-1,2- and sn-2,3-diacylglycerol 
intermediates recovered during the lipolysis of 
[3H-glycerol] triolein in the presence of human 
or rat serum as LPL activators. The ratio of 
the sn-2,3-diacylgly cerols/sn-1,2-diacylgly cerols 
ranged from 2.8 to 3.8, suggesting that the 
human milk LPL preferentially attacked the 
sn-l-position in the triacylglycerol molecule. 

As several laboratories had demonstrated 
(26,27) a resynthesis of di- and triacylglycerols 
from sn-2-monoacylglycerols and free fatty 
acids by LPL, we also determined the stereo- 
chemical course of this reaction. Table 4 gives 
the yields and enantiomer proportions of the 
diacylglycerols arising from incubation of 2 
different ratios of triacylglycerols with sn-2- 
monooleoyl[3H]glycerol. Despite an extensive 
hydrolysis of the triacylglycerol and of the 
diacylglycerols released from it, a measurable 
quantity (5,000-7,000 cpm) of radioactive 

TABLE 3 

Relative Content o f  sn- l ,2-  and sn-2,3-Diacylglycerols 
in Hydrolyzates of  Glycerol [ l-laC] Trioleate after 

Digestion by Human Milk Lipoprotein Lipasea 

% Diglyceride 

Activator sn- 1,2- sn-2,3- 

Rat serum 25 t 2 b 75 + 2 
Human serum 21 • 1 79 + 1 

aThe incubations were performed at 37 C as 
described by Morley and Kuksis (11)  using glycerol 
[1-~4C]trioleate as substrate. The results obtained 
represented the average of  2 experiments using 2 LPL 
concentrations (4 units /ml and 2 units /ml)  performed 
in duplicate. 

bMean -+ SD (n = 4). 

x-l,2-diacylglycerols accumulated which ob- 
viousiy originated via acylation of the added 
radioactive monoacylglycerol. The ratios of the 
radioactive sn-l,2-/sn-2,3-diacylglycerols ranged 
from 56/44 to 74/26 with an average of 65/35. 
Because the radioactive x-l,2-diacylglycerols 
made up less than 1% of the total x-l,2-diacyl- 
glycerol recovered from the incubation mix- 
ture, it is unlikely that the reverse reaction 
could have contributed significantly to the 
enantiomeric diacylglycerol ratio resulting from 
the forward reaction. 

DISCUSSION 

The present experiments show that purified 
human milk LPL exhibits a marked fatty acid 
specificity 'when assayed both with monoacid 
and diacid triacylglycerols. The medium-chain 
saturated and the long-chain unsaturated 
species are hydrolyzed in preference to the 
long-chain saturated species. The rate of hydrol- 
ysis, however, is not  directly related to water 
solubility of the substrate because tricaproin, 
which is more soluble in water, was found to be 
degraded more slowly than ~ e  tricaprylin, 
which is relatively less soluble in water. It 
appears that the decrease in the chain length 
from C s to C6 is critical for the hydrophobic 
interaction between the substrate and the LPL. 
However, the lower reactivity of long-chain 
triacylglycerols due to an incomplete emulsifi- 
cation was not ruled out in this study. Rapp 
and Olivecrona (28) have shown that the tri- 
butyrin-LPL complex must be stabilized with 
gum-arabic in order to achieve rates of hydrol- 
ysis comparable to those obtained for long- 
chain triacylglycerols (Intralipid). Furthermore, 
triolein was hydrolyzed more readily than tri- 

TABLE4 

Biosynthesis of  Diacyl- and Triacylglycerols from 2-Monoacylgtycerols 
during Active Lipolysis a 

% Yield b Enantiomer ratio 

Substrates Diacylglycerols Triacylglycerols sn-1,2- sn-2,3- 

Triolein + 
2-monooleoylglycerol 1.0 -+ 0.l c 0.5 + 0.1 66 + 8 34 + 8 
(2:1) 

Triolein + 
2-monooleoylglycerol  0.8 + 0.1 0.4 • 0.05 64 • 8 36 • 8 
( l : l )  

aEach incubation mixture contained 5 mg triacylglyceroi, 2.8 mg egg yolk  phosphatidyl- 
choline and either 2.5 mg or 5 mg of  2-monooleoylgtycerol  along with its radioactive tracer 
(I /~Ci, 2-monooleoyl[ 3H]glycerol). The sYStem was buffered at pH 8.4. 

bAs percentage o f  total dpm recovered. 
CMean + SD (n = 3). 
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linolein or trilinolenin. An isolated cis-double 
bond at C9 appeared to promote the substrate- 
enzyme interaction more effectively than a 
double bond at C9 in association with double 
bonds at C12 and Cls. Morley and Kuksis (14) 
had concluded that crude bovine milk LPL 
does not exhibit acyl specificity when emul- 
sions of soybean and rearranged cod liver or 
peanut oils are hydrolyzed. These oils, however, 
contained the mono- and diunsaturated acids 
in the form of mixed acid triacylglycerols with 
small amounts of saturated fatty acids. The 
relative rates of lipolysis of the unsaturated 
monoacid triacylglycerols, however, agree with 
the results of lipolysis of rac-l-monoacylgly- 
cerols reported by Miller et al. (29). These 
workers observed that lipoprotein lipase was 
more active on unsaturated than on saturated 
rac-l-monoacylglycerols. It has been observed 
that chylomicrons rich in saturated fatty acid 
esters had a slower turnover rate (30); whether 
this is related to the LPL acyl-specificity 
remains to be established. 

To account for both the fatty acid chain- 
length and double bond effect on LPL reactiv- 
ity, we suggest that for optimal interaction of 
LPL with its substrate the first 8 carbons (C1- 
Ca) are most important.  An increase in acyl 
chain length beyond 8 carbons decreases the 
interaction, as does a decrease in chain length 
below 8 carbons. The presence of a double 
bond at C9 (possibly with cis-configuration) 
may reduce the steric hindrance effect. With 
additional double bonds at Cl2 and CIs, as in 
the case of linoleoyl- and linolenoyl-glycerols, 
some hindrance is again reintroduced. In view 
of the single acid triacylglycerols in these 
studies, it is not possible to determine which 
one of the three fatty acid residues in the tri- 
acylglycerol molecule is involved in the fatty 
acid recognition, the one that is released or the 
one that is retained. On the basis of studies 
with mixed alkylacylglycerols, Paltauf and 
Wagner (3 I) have proposed that LPL may inter- 
act specifically with the fatty chain and car- 
bonyl group of the sn-2-position. It remains to 
be determined whether the fatty acid specifi- 
city observed in the lipolysis of the single acid 
triacylglycerols is retained in the mixed-acid 
triacylglycerols. 

The relative rates of release of fatty acids 
from the primary and secondary positions of 
the triacylglycerol molecule as estimated from 
the degradation of the rac-1,3-dipalmitoyl-2- 
oleoylglycerol as substrate indicated a greater 
preference for the attack at the primary posi- 
tions, but some hydrolysis also is seen at the 
sn-2-position. The production of x-l,3-dipalmi- 

toylglycerol as the intermediate indicated 
beyond doubt that the sn-2-position was hydro- 
lyzed prior to the primary positions. Based on 
a failure to demonstrate the presence of x-l ,3- 
diacylglycerols as intermediates in the lipolysis 
mixture, Nilsson-Ehle et al. had concluded that 
both human post-heparin plasma (9) and bovine 
milk (10) LPL have an absolute specificity for 
the primary ester bond of the triacylgiycerols. 
In view Of the generally recognized high reac- 
tivity of the LPL toward the intermediary di- 
acylglycerols (32,33), the amount of the x-l,3- 
diacylglycerols may have been too low to be 
detected by the TLC methods used. The rela- 
tive rates of release of palmitic acid from the 
primary and secondary positions of the di- 
acetylpalmitoylglycerols by the purified human 
milk LPL gave a ratio of 4.3:1.0. Greten et al. 
(8) reported a ratio of 6:10 for the hydrolysis 
of the primary and secondary ester bonds from 
incubations of monoacyldialkylglycerols and 
LPL. HiJlsmann et al. (34) have reported that 
the 2-monopalmitoylglycerol is used, as well as 
the rac-l-isomer, by the heparin-releasable LPL 
from rat liver. In this study, however, acyl 
migration was neither controlled nor  estimated 
and could have provided a sufficient amount of 
the rac-l-isomer to be present to account for 
the observed high reactivity. 

This demonstration of a preferential hydrol- 
ysis of the sn-l-position of the triacylglycerol 
molecule by the purified human milk LPL con- 
firms previous observations on crude prepara- 
tions of bovine milk (11,32) and rat post- 
heparin plasma LPL (12,13). An absolute 
specificity for the sn-l-position, however, was 
not obtained after the enzyme purification. 
This suggests that the same enzyme attacks 
both primary and secondary positions, although 
at unequal rates. Interestingly, the minor rever- 
sal of the reaction via reacylation of the sn-2- 
monoacylglycerols also appears to proceed 
preferentially via the sn-l-position; however, 
considerable reacylation of the sn-3-position 
would also appear to occur. In view of the 
minor quantitative contribution to diacylgly- 
cerol formation, the reverse reaction cannot 
significantly affect the ratio of the enantiomers 
generated by the forward reaction. 

In conclusion, purified human milk LPL 
exhibits both fatty acid and positional specifi- 
city for its triacylglycerol substrate. Although 
this specificity is of great interest for the eluci- 
dation of the mechanism of the enzyme reac- 
tion and possibly its metabolic regulation, it 
does not reveal its physiological significance, 
which remains to be explored. 
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Hypolipidemic Effects of Gossypol 
in Cynomolgus Monkeys (Macaca fascicularis) 
L.N. S H A N D I L Y A *  and T.B. CLARKSON, Arteriosclerosis Research Center, Bowman Gray 
School of  Medicine of Wake Forest Univer~iW, Winston-Salem, NC 27103 

ABSTRACT 

The effect of gossypoi acetic acid (gossypol) on plasma lipid concentrations was studied in adult 
male cynomolgus monkeys consuming a diet containing 0.19 mg cholesterol/Kcal. Gossypol was 
administered orally at 5 (n=4) or 10 (n=3) mg/kg/day for 6 months. A significant decrease in total 
plasma cholesterol (TPC) and low density lipoprotein and very low density lipoprotein-eholesterol 
(LDL + VLDL-chol) concentrations was observed without any significant decrease in plasma high 
density lipoprotein-cholesterol (HDL-chol) levels among 10 mg/kg/day gossypol-treated animals. This 
is a new therapeutic property of gossypoi that has not been previously reported. No appreciable dif- 
ferences were observed in plasma levels of TPC and LDL + VLDL-chol among 5 mg/kg/day gossypol- 
treated animals when compared to controls until the gossypol dosage was increased to 10 mg/kg/day, 
thus suggesting that hypolipidemic effect of gossypol is dose-dependent. In general, no adverse cUnico- 
pathological findings were noted except a temporary diarrhea and loss of appetite among 10 mg/kg/ 
day gossypol-treated animals during the initial stages of treatment. In conclusion, it is tempting to 
speculate that gossypol might possibly reduce the intestinal absorption of dietary cholesterol or it may 
reduce the hepatic synthesis of low density lipoproteins. These results also suggest that gossypol may 
be a particularly useful drug in lowering plasma cholesterol concentrations in addition to its previously 
demonstrated antifertility properties in males. 
Lipids 17:285- 290, 1982. 

Gossypol is a yellowish phenolic compound 
isolated from the seeds, stems and roots of 
cotton plants. It has been found to be effective 
in decreasing sperm concentration in experi- 
mental animals and human beings (1-4). 

There is evidence that the extent of athero- 
sclerosis exacerbation in vasectomized monkeys 
may be related to the degree of continued ex- 
posure to sperm antigens resulting from con- 
tinued spermatogenesis post-vasectomy (5,6). 
For that reason, we undertook the study re- 
ported here to determine the possibility of 
using gossypol as a therapeutic intervention to 
decrease sperm concentration and thereby 
reduce the sperm antigen load of vasectomized 
animals. An unexpected finding was the lower- 
ing of plasma cholesterol concentrations among 
the monkeys consuming a cholesterol-contain- 
ing diet and treated with gossypol. In this re- 
port, we describe the effects of orally adminis- 
tered gossypol acetate on the plasma lipid con- 
centrations of male cynomolgus macaques and 
present evidence that the hypolipidemic effects 
of the drug are not  due to its toxicity. 

MATERIALS AND METHODS 

Animals 

Adult male cynomolgus monkeys (Macaca 
fascicularis) of Malayan origin were obtained 
from Primate Imports, Inc., Port Washington, 
NY, and were maintained in individual cages 
under controlled environmental conditions 
(temperature 24 C, light/dark, 10/14-hr sched- 

ule). The animals were provided food and water 
ad libitum. All animals were fed the diet shown 
in Table 1. 

Dosage and Treatment Schedule 

Gossypol acetate (hereafter referred to as 
gossypol) was obtained from the Southern 
Regional Research Center of the U.S. Depart- 
ment of Agriculture. We suspended the gos- 
sypol in a small quantity of corn oil (50 mg/ 
ml). Initially, gossypol was administered orally 
with a syringe; but  subsequently, we were able 
to administer the drug in a small slice of apple. 
The animals were divided into 3 groups: the 
first group consisted of 4 monkeys which re- 
ceived vehicle only and served as controls; the 
second group of 4 monkeys received gossypol 
at a dose level of 5 mg/kg/day for 3 months and 
later the dose was increased to 10 mg/kg/day 
for the next 3 months;  the third group con- 
sisted of 3 animals who were treated with 10 
mg/kg/day of gossypol. The study was divided 
into 2 phases: a pretreatment phase of 2 
months and treatment phase of 6 months. 

Laboratory Determinations 

Animals were fasted overnight prior to col- 
lection of blood samples at monthly intervals 
during the pretreatment and treatment phases 
of the study. Total plasma cholesterol (TPC) 
and triglyceride (TG) concentrations were 
measured by the Auto-Analyzer II Method of 
Rush et al. (7). The heparin-manganese precipi- 
tation method as described in the Manual of 
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TABLE 1 

Composition o f  the  E x p e r i m e n t  Die t  a 

Cal/100 g 
Ingredients g/100 g ProteIn (8) Lipid (g) Carbohydrate (g) of diet Chol (rag) 

Casein, USP 8.0 8.0 - - 32.0 - 
Lactalbumin 8.0 8.0 - - 32.0 - 
Wheat flour 36.0 3.77 0.36 30 .6  140.7 .z 
Dextrin 6.0 - - 6 . 0  2 4 . 0  - 
Sucrose  5.0 - - 5 .0  2 0 . 0  - 
Applesauce  4.5 0.02 Trace 1.08 4.4 - 
Lard 6.0 -- 6.0 - -  54.0 6.0 
Butter  3 . 0  0 .01  2 . 4 3  0.01 21.95 9 .0  
Beef tallow 7.0 - 7.0 -- 63.0 7.0 
Dried egg yolk 3.0 0.66 1.98 0.08 20.76 66.0 
Safflower oil 4.0 - 4.0 - 36.0 - 
Complete vitamin 

mixture (devoid 
of vitamin D) 2.5 - - 2.0 8.0 - 

Alphacel 1.0 . . . . .  
Hegsted salts mixture 4.0 . . . . .  
D 3 in corn oil b . . . . .  
NaCI (table salt) 2.0 . . . . .  

Total 1 0 0 . 0  2 0 . 4 6  2 1 . 7 7  4 4 . 7 7  4 5 6 . 8 1  88 .0  
(Calories)  ( 8 1 . 8 4 )  ( 1 9 5 . 9 3 )  ( 1 7 9 . 0 8 )  

aThe  diet  conta ins  4 5 6 . 8 1  K c a l / 1 0 0  g. The  c h o l e s t e r o l  c o n t e n t  o f  all diets was 0.19 mg/Kcal and 4 3 %  o f  
calories were provided from a m i x t u r e  o f  fat, 18% of calories as protein and 39% of calories as carbohydrates. 

b T o  provide 2.5 IU/g. 

L a b o r a t o r y  Opera t ions  o f  the  Lipid Research  
Clinics Program (8)  was used for  h igh  dens i ty  
l i popro te in -cho le s t e ro l  (HDL-cho l )  de t e rmina -  
t ions .  Low dens i ty  l i pop r o t e i n  and  very low 
dens i ty  l i pop ro te in -cho le s t e ro l  ( L D L  + VLDL-  
chol )  c o n c e n t r a t i o n s  were ca lcu la ted  as the  
d i f fe rence  b e t w e e n  TPC and  HDL-chol .  All 
pl~_ma _lipids were d e t e r m i n e d  in ou r  Lipid 
Analy t ic  L a b o r a t o r y  t h a t  is in comple t e  compl i -  
ance  wi th  the  Coopera t ive  Lipid S tandard iza-  
t ion  Program of  the  Cen te r  for  Disease Contro l .  
D e t e r m i n a t i o n s  of  serum c o n c e n t r a t i o n s  of  
GOT,  GPT,  7GT,  to ta l  p ro t e in ,  c rea t in ine ,  u rea  
n i t rogen ,  and  e n u m e r a t i o n s  of  e ry th rocy t e s ,  
l eukocy tes  and  h e m a t o c r i t  were done  in ou r  
Compara t ive  Clinical Pa tho logy  L a b o r a t o r y  
accord ing  to s t anda rd  procedures .  

Stat is t ical  analyses o f  the  da ta  were done  by  
S t u d e n t ' s  t - test  and  mul t iva r ia te  analysis of  
var iance.  

RESULTS 

T r e a t m e n t  of  male  c y n 0 m o l g u s  m o n k e y s  
wi th  gossypol  at  5 and  I0  m g / k g / d a y  resul ted  
in a decrease in spe rm c o n c e n t r a t i o n  and  spe rm 
mot i l i ty  w i t h o u t  any  s ignif icant  decrease in 
p lasma levels of  t e s to s t e rone .  The  detai ls  o f  the  
ef fec ts  of  g o s s y p o l  on  r ep roduc t ive  and  endo-  
crine f u n c t i o n s  will be  r epo r t ed  e lsewhere .  

In general ,  no  adverse clinical f indings were 
n o t e d  a m o n g  gossypol - t rea ted  animals  excep t  

the  t r ans i en t  d ia r rhea  and  anorex ia  a m o n g  the  
animals  t r ea ted  at  10 m g / k g / d a y  o f  gosspyol  
dur ing  the  beg inn ing  of  the  t r e a t m e n t .  The  
an imals  recovered  w h e n  the  med ica t i on  was 
d i s con t i nued  for  a shor t  t ime.  The  average b o d y  
weight  of  all an imals  did no t  change  f rom 
m o n t h  to  m o n t h  t h r o u g h o u t  the  s tudy  (F6,4 
= 2.10,  p = 0 .25;  see Table  2). 

Assessment  o f  possible  liver in jury  due to  
gossypol  was d o n e  by  d e t e r m i n a t i o n  o f  SGOT, 
SGPT and  se rum 7 G T  c o n c e n t r a t i o n s  among  
gossypol-treated animals and these  measure- 
ments showed no significant deviation from 
controls. Results of kidney function tests 
(blood urea nitrogen and serum creatinine) 
showed no marked changes from controls. 
Results of hematological studies (hematocrit, 
erythrocytes and leukocytes) are also within 
normal range. Erythrocyte counts among the 
control and I0 mg/kg/day gossypol-treated 
animals were significantly lower (p<0.025) 
before the beginning of the treatment and after 
6 months of treatment the erythrocyte counts 
had not declined. 

Effect of Gomypol on Plasma Lipids 

Total plasma cholesterol concentrations. 
Figure 1 shows  da ta  o n  the  p lasma  choles te ro l  
c o n c e n t r a t i o n s  for  each  group.  It  can  be seen 
tha t ,  in the  c o n t r o l  and  5 -mg/kg /day  gossypol- 
t r ea ted  animals ,  mean  TPC c o n c e n t r a t i o n s  

LIPIDS,  V O L .  17,  N O .  4 ( 1 9 8 2 )  
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increased from 154 to 277 mg/dl and from 219 
to 304 mg/dl, respectively, over 3 months of 
the experimental period. When the dose of 
gossypol was increased to 10 mg/kg/day among 
group II (5-mg/kg/day) animals, a significant 
decrease (p<0.01)  in TPC concentration was 
observed after 3 months of  treatment at in- 
creased dose level�9 Among the animals treated 
with 10 mg/kg/day of gossypol, TPC concen- 
trations, in fact, decreased from 187 to 146 
mg/dl. The difference in the mean TPC concen- 
trations of the control and 10-mg/kg/day 
gossypol-treated animals was statistically sig- 
nificant (F6, 4 = 11.79, p. = 0.016)�9 

Plasma HDL-chol and LDL + VLDL-chol 
concentrations. As there were significant 
decreases in TPC concentrations among gos- 
sypol-treated animals, it was important to us 
to determine whether the decreases were in 
HDL-chol or in the cholesterol concentrations 
of LDL + VLDL. In Figure 2, the plasma levels 
of HDL-chol before and during gossypol treat- 
ment are shown. Although there were slight 
decreases in mean plasma HDL-chol levels 
among gossypol-treated animals compared to 
controls, the differences were not statistically 
significant at any given time of treatment. 

No appreciable differences could be seen 
in plasma levels of LDL + VLDL-chol among 
group II (5-mg/kg/day gossypol-treated) ani- 
mals up to 3 months of  treatment when com- 
pared to controls. However, a significant de- 
crease (p<0 .025)  in mean LDL + VLDL-chol 
concentration was observed after 3 months 
following an increase in gossypol dose to 10 
mg/kg/day. Among the group III (10-mg/kg/ 
day gossypol-treated) animals, a significant 
decrease (p<0.001)  in plasma LDL + VLDL- 
ehol concentration compared to controls was 
seen after 2 months of treatment and these 
differences remained statistically significant 
throughout the study. 

Plasma triglyceride concentrations. Table 3 
shows the mean plasma TG concentrations 
among gossypol-treated animals throughout the 
study period. As can be seen, the mean plasma 
TG concentrations were slightly higher among 
group II (5-mg/kg/day gossypol-treated) ani- 
mals compared to controls, but the differences 
were not statistically significant. Among group 
III (10-mg/kg/day gossypol-treated) monkeys, 
a significant increase (p<0.025)  in mean plasma 
TG concentrations was observed following 2 
months of  treatment, but by the sixth month 
of  treatment, mean plasma TG concentrations 
decreased to control levels�9 

Total plasma cholesterol[high density lipo- 
protein-cholesterol ratio. The ratios of TPC 
to HDL-chol among gossypol-treated and con- 
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FIG. 1. Influence of gossypol on total plasma cholesterol concentrations (mean • SEM). 
[] Control; [] gossypol-treated (5 mg/kg/day); [] gossypol-treated (10 mg]kg/day); * dose 
increased to 10 mg/kg/day. (a) p<0.01; (b) p<0.005; (c) p<0.001. 
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FIG. 2. ]Effect of gossypol on plasma concentra- 
lions of HDL and LDL + VLDL-chol (mean • SEM). 
12 Control; [] gossypol-treated (5 mg/kg/day); [] gos- 
sypol-treated (10 mg/kg/day); * dose increased to l0 
mg/kg/day. (a) p<0.025; (b) p<0.001; (c) p<0.005. 

trol  monkeys are presented in Table 4. TPC/ 
HDL-chol ratio increased from 2.96 to 6.78 and 
from 5.05 to 10.92 among control  and group II 
(5-mg/kg/day gossypol-treated) animals, resivec- 
tively. Following an increase in dose of  gos- 
sypol  to 10 mg/kg/day among group II (5-rag/ 
kg /day  gossypol-treated) animals, the TPC/ 
HDL-chol ratio started declining. Among group 
III (10-mg/kg/day gossypol-treated) animals, 
TPC/HDL-c, hol  ratio never exceeded 4.05 
throughout  the period of experiment  and this 
ratio was significantly lower ( p < 0 . 0 5 ) t h a n  
control  values. 

DISCUSSION 

Consistent with results from previous studies 

in laboratory animals and humans (1-4), gos- 
sypol decreases sperm concentration and sperm 
motili ty without any significant decrease in 
plasma testosterone levels in cynomolgus 
monkeys. 

These studies also demonstrate that daily 
oral administration of  gossypol at a dose of 
l0  mg/kg/day effectively lowers the TPC con- 
centration. This is a therapeutic property of  
the compound that  has not  been reported 
previously. The difference in HDL-chol con- 
centrations between the control  and gossypol- 
treated animals is not  statistically significant, 
whereas the differences in plasma concentra- 
tions of  LDL + VLDL-chol are highly signifi- 
cant, suggesting that  the hypolipidemic effect 
of gossypol is primarily due to  a reduction in 
LDL + VLDL-chol. The results of this s tudy 
show further that  the hypolipidemic effect of  
gossypol is dose-dependent,  i.e., no decreases 
in TPC or LDL + VLDL-chol were noted among 
group II (5-mg]kg/day gossypol-treated) ani- 
mals until the gossypol dosage was increased to 
10 mg/kg/day.  

Because the hypocholesterolemic effect of  
gossypol is due to a reduction in LDL + VLDL- 
thai ,  the TPC/HDL, chol  ratio remained low 
among group III (10-mg/kg/day gossypol- 
treated) animals. Based on the suggestive evi- 
dence from the Framing, ham study (9) that  the 
ratio of  TPC to HDL-chol is of  critical impor- 
tance in predicting increased risk of  athero- 
sclerosis (ratios greater than 4 being athero- 
genic), it  is of  interest to note that the ratio 
differences in this experiment  are 6.30 for con- 
trol animals and 4.05 for the animals treated 
with gossypol at the dose of l0  mg/kg/day.  

In addit ion to the hypolipidemic effects, 
gossypol t reatment  at the 10-mg/kg/day dose 
level resulted in an increase in plasma TG con- 
centrations, though there were large individual 
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variations among animals in different groups, 
and by 6 months posttreatment, mean plasma 
TG concentrations decreased to the control 
levels. We sought to determine if this increase 
was any indication of liver injury. Results of 
liver enzyme concentrations (SGOT, SGPT and 
serum 7GT) among gossypol-treated monkeys 
showed no deviation from controls, thus ex- 
cluding the likelihood of liver damage. We are 
unable to explain this transient increase in 
plasma TG concentrations. 

Although a formal nutritional study was not  
done and thus the diet intake was not mea- 
sured, it was possible that gossypol-treated 
monkeys were eating less of the diet and hence 
their plasma cholesterol levels were lower than 
the controls. We have 3 kinds of indirect evi- 
dence that this was not the case. First, all 
animals were given the same amount of diet 
each day and judging from the amount of un- 
eaten diet, there was no indication that certain 
groups of animals consumed markedly different 
amounts. Second, because body weight re- 
mained fairly constant throughout the experi- 
ment, each animal must have eaten a relatively 
constant number of calories. Third, a dose 
increase among group II animals resulted in 
a significant decrease in TPC. Despite experi- 
mental design limitations, the original conclu- 
sion seems quite plausible, though a continued 
mild anorectic effect with only slight reduction 
in food intake and maintenance of a lower 
body weight cannot be excluded, l{owever, our 
data suggest that the hypocholesterolemic effect 
is much greater than would be expected from 
simple reduction in food intake. 

From these experiments, one can speculate 
on the possible mechanism(s) of the hypolipid- 
emic effect of gossypol. The most likely effect 
is that gossypol reduced the intestinal absorp- 
tion of dietary cholesterol. Another possible 
mode of action is reduced hepatic synthesis of 
the low density lipoproteins. 

In conclusion, gossypol appears to be an 
interesting pharmacologic agent, because it 
lowers total plasma cholesterol (LDL + VLDL- 
chol) concentrations in addition to its previous- 
ly demonstrated antifertility properties in 
males. It is fairly weU tolerated and has shown 
only minimal side effects at the dosage used 
in our experiment. However, a furtherperiod of 
observation will be necessary to confirm the 
long-term safety of this compound, as gossypol 
has been reported to be toxic at high dose levels 
to dogs, cats, swine, chickens, rats, mice, rab- 
bits, guinea pigs and other nonruminant  animals 
(10). In ruminant animals, oral gossypol is rela- 

tively nontoxic,  probably because of bacterial 
metabolism in the rumen which results in the 
binding of gossypol to protein (11). Among 
humans, 10,000 healthy men in China have 
been administered gossypol acetic acid or gos- 
sypoi formic acid for more than 6 months and 
more than half of them have been clinically 
observed for 2 years (12). Some men initially 
experienced fatigue, increased or decreased 
appetite, gastrointestinal complaints or de- 
creased libido, but these symptoms gradually 
disappeared without discontinuation of therapy 
(1,12). More work is required to understand the 
mechanism(s) by which the hypolipidemic 
effects of gossypol are mediated. 
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ABSTRACT 

The biosynthesis of choline and ethanolamine phosphoglycerides was tested in vivo in different 
brain areas of the rat during aging. Mixtures of [ 2-all] glycerol and [Me-14C] choline or [2-all] glycerol 
and [ 2J4C] ethanolamine were injected into lateral ventricle of the brain as lipid precursors and their 
incorporation into corresponding phospholipid was examined. A significant decrease of synthesis of 
both phosphoglycerides takes place in cerebral cortex and in the striatum, and is already apparent 
at 9 months of age with no further decrease or change thereafter. No significant change takes place in 
the cerebellum. The unchanged absorption of injected water-soluble precursors, together with the 
lack of any significant change of phospholipid/protein ratio in all examined brain areas, suggests that 
the incorporation of both glycerol and nitrogen bases are affected by aging. 
Lipids 17:291-296, 1982. 

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

It has been clearly demonstrated that the 
enzymatic synthesis of choline and ethanol- 
amine phosphoglycerides (CPG and EPG)are  
decreased in brain during aging (1-3). The rate 
of both ethanolamine and choline phospho- 
transferases (EC 2.7.8.1. and 2.7.8.2.) is, 
in fact, significantly decreased in vitro in rat 
brain microsomes during aging (1). The same 
enzymic activities are differently affected when 
tested in vitro with neuronal- and glial-enriched 
fractions. The rate of CPG synthesis in neurons 
decreases significantly with age up to 18 
months, and does not further change after this 
time (3). Similar results were obtained for EPG 
synthesis in the same cells (3), with a further 
decrease after 18 months of age. On the con- 
trary, no significant change in either choline- 
or ethanolamine phosphotransferase takes place 
in glia during aging. 

The aim of this work is to verify these 
findings by investigating CPG and EPG bio- 
synthesis from injected glycerol and free bases 
during aging in vivo. The rat brain was divided 
into 4 defined parts, including the cortex, 
striatum, cerebellum and the rest of brain. 

The results indicate that a decrease of the 
rate of synthesis of both lipids takes place 
during aging in the brain areas. Preliminary 
results have appeared elsewhere (4). 

EXPERIMENTAL 

Animals 

Wistar rats (male, 60-day-old) kept in our 
animal house were used throughout, as adult 
animals. For aging studies, the rats were raised 
in the same hygienic and ambient environments 
to the desired time intervals. Water was given 

ad libitum. All animals were sacrificed 12 hr 
after fasting. 

Injection 

Rats were lightly anesthesized by diethyl 
ether and treated as described elsewhere (4). 
The precursors were injected into the lateral 
ventricle of the brain in a total vol of 10 #1 
of 0.9% NaC1 containing either 36.5 #Ci [2- 
3H]glycerol (sp act, 500 mCi/mmol) and 3.8 
/aCi [2-14C]ethanolamine (sp act, 60 mCi/ 
mmol) or 37.5 /aCi [2-all]glycerol (sp act, 
500 mCi/mmol) and 4.6 /aCi [MeJac] choline 
(sp act, 60 mCi/mmol) to obtain double labeled 
phospholipids. Each radioactive compound was 
tested for chemical and radiochemical purity 
before injection. All animals, adult and aged, 
were sacrificed by decapitation 60 min (see 
Discussion) after injection. 

Extraction of Lipid and 
Water-Soluble Components 

Brain areas were quickly removed, weighed 
and treated as follows. Cortex and the rest of 
the brain (called the rest) were homogenized 
first with 7 ml of methanol. After complete 
homogenization in a Teflon-glass Potter- 
Elvehjem homogenizer, 14 ml of chloroform 
was added, and the mixture was again homo- 
genized. After centrifugation, the upper and 
organic phases were transferred into different 
test tubes. The pellet was washed twice with 
4.5 ml of chloroform/methanol (2:1, v/v) and 
twice with 4 ml of ethanol/water (1:4, v/v). 

.The organic washings were added to organic 
lower phase and the aqueous washings to upper 
phase. The pellet was dried in a heater at 60 C 
overnight and dissolved in 2 N NaOH for 
protein content assay. 
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The organic phase was washed with 4 ml-of 
water and twice with 4 ml of methanol/water 
(1:1, v/v), and the washings were added to 
upper phase. The extract was taken to dryness 
under N2, dissolved in a known eel of chloro- 
form/methanol (2:1, v/v) and used for lipid 
separation by 2-dimensional thin layer chroma- 
tography (TLC), lipid analysis and counting 
of labeled, separated lipid as described else- 
where (1). The upper phase was equally concen- 
trated and analyzed as reported previously (5). 

The extraction of lipid and water-soluble 
components from cerebellum and striatum was 
similarly done, except that eel of solvents were 
2/3 and 1/10, respectively, of those previously 
used. 

Analysm; 

Protein was determined according to Lowry 
et al. (6), by using crystalline bovine serum 
albumin as the standard. Phospholipid P con- 
tent was assayed as reported elsewhere (7). 

Chemicals 

Radioactive products were from Radio- 
chemical Centre, Amersham, England. Reagents 
used were pure quality compounds. 

RESULTS AND DISCUSSION 

The patterns of specific activities (sp act, 
nCi//ag of phospholipid P) of labeled lipid in 
different brain areas at different ages are 
reported in Figures 1-4. The statistical evalu- 
ation of the results indicates that all the changes 

reported in Figures 1-3 are significant, whereas 
poor variation of sp act occurs in lipids ex- 
tracted from the cerebellum (Fig. 4). The 
highest decrease of the sp act due to age was 
found in the striatum (Fig. 2), both for [2- 
all]glycerol- and [Me-14C]choline - or [2- 
14C ] ethanolamine-containing lipids (about 
50%), whereas the lowest (about 20-25%) 
was observed in the cerebral cortex (Fig. 1). 

The reported changes of the sp act are due, 
in our opinion, to a variation in incorporation 
of the 2 simultaneously injected precursors into 
the corresponding phospholipids. This opinion 
is supported by previous results (8,9), which 
indicated that the turnover of the phospholipid 
fraction during 1 hr interval from the time of 
injection and the sacrifice was found negligible. 
It is further supported by the forthcoming 
observations: (a) Aging does not affect the 
phospholipid P/protein ratio of all examined 
areas, as reported in Table 1. Therefore, the 
decreases of the sp act found in this work are 
essentially due to a lower incorporation of 
precursors into phospholipids (b). Table 2 shows 
the [3H]/[14C] ratio of synthesized CPG and 
EPG determined in different brain areas at 
different ages after the injection in the lateral 
ventricle of brain of labeled precursors. No 
significant variation of this ratio occurs in the 
areas with age. This result indicates that aging 
does not affect the incorporation of one 
precursor more than that of the other. In 
addition, the same isotopic ratio of water- 
soluble precursors extracted from the different 
brain areas was similarly unchanged during 
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FIG. 1. Brain cortex. Sp act (nCi/pg phospholipid P) of total lipid (TL), CPG and EPG in brain cortex of rats 
at different ages after 1 hr from injection. [2-3H] Glycerol incorporation is on the left; [Me-t4C] choline incor- 
poration is in the middle; [ 2-14C]ethanolamine incorporation is on the right. The bars represent mean value from 
4 (t4C-containing compounds) to 8 experiments (3H-containing compounds), with standard deviations. The p is 
obtained from analysis of variance of results. See the text for other details. *p < 0.01; **p < 0.05; ***not 
significant, except for EPG synthesis at 18 months of age (0.05 > p > 0.025). 
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FIG. 2. Striatum. Sp act (nCi/vg phospholipid P) of total lipid (TL), CPG and EPG in stdatum. See Fig. 1 for 
further explanation, and see text for other details. *p < 0.01; **p < 0.05. 
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FIG. 4. Cerebellum. Sp act (nCil#g phospholipid P) o f  total  lipid (TL), CPG and EPG in cerebellum. See 
Fig. 1 for further explanat ion,  and the  text  for other  details. All values are no t  significant, except  for: glycerol 
incorporat ion into CPG (analysis o f  variance, p < 0.05); glycerol incorporat ion into EPG at 24 m o n t h s  o f  age 
(0.01 > p > 0.005);  and choline incorporat ion into total lipid at 9 m o n t h s  o f  age (0.01 > p > 0.005). 

TABLE 1 

Phospholipid/Protein Ratio in Different Brain Areas o f  the Rat during Aging a 

Age of  animals (months)  

Brain areas Lipid 2 9 18 24 

Cortex Total 15.95 + 2.95 (12) 1 5 . 7 6 + 1 . 7 8 ( 7 )  1 4 . 4 0 •  1 5 . 9 7 •  
CPG 4 . 8 5 + 0 . 8 0 ( 1 2 )  5 . 0 5 + 0 . 7 8 ( 7 )  4 . 5 0 + 0 . 7 5 ( 1 1 )  4 . 7 8 + 1 . 3 5 ( 1 0 )  
EPG 4 . 7 6 •  4 . 4 2 + 0 . 7 0 ( 7 )  4 . 1 7 + 0 . 4 8 ( 1 1 )  4 . 9 1 •  

Str ia tum Total 14.84 • 2.83 (11) 17.08 + 2.88 (8) 14.95 • 1.30 (9) 16.90 • 3.36 (10) 
CPG 4.85 + 0 . 5 3 ( 1 0 )  4.87 •  4 . 68 •  0.54 (9) 5 .89•  1.46 (9) 
EGP 4.57 + 0.48 (10) 4.85 -+ 0.85 (7) 4.64 • 0.91 (8) 5.69 • 1.25 (9) 

Rest Total 18.72 • 1.50 (I I) 19.36 t 2.35 (8) 18.45 + 2.11 (9) 21.09 • 1.39 (10) 
CPG 5 . 8 9 + 0 . 8 3 ( 1 1 )  5 . 6 7 + 0 . 8 0 ( 8 )  5 . 2 4 •  (8) 6 . 0 0 + 0 . 6 1 ( 1 0 )  
EPG 6 .94+  0 .60 (11 )  6 .76+  1.31 (8) 6 .70+  0.67 (8) 7.77 • 0.82 (10) 

Cerebellum Total 15.81 • 3.00 (12) 16.26 +- 2.65 (8) 15.48 + 1.72 (11) 15.95 + 2.41 (10) 
CPG 4 . 7 7 + 0 . 9 1 ( 1 1 )  5 . 0 6 + 0 . 8 5 ( 8 )  4 . 7 8 + 0 . 7 4 ( 1 0 )  5 . 0 2 + 0 . 8 1  (9) 
EPG 4 . 9 8 •  (11) 5 . 0 0 •  5 .16•  1 .07(10)  5 .18+ 1.17 (9) 

aData are represented as ~g phospholipid P/mg protein • SEM. Number  o f  es t imat ions  is in parentheses.  
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aging (data not shown), giving addit ional 
support  and significance to the results of Table 
2. (c) The level of  the total  radioactivity of 
3It- and 14C-containing compounds (obtained 
by summing the lipid and water-soluble radio- 
activity content  from the 4 regions studied and 
dividing by brain weight) is practically the same 
at all examined ages after 1 hr from the injec- 
tion of  precursors (about 4.5 /aCi/g for [2-3H] - 
glycerol, 1 /.tC~g for [Me-14C]choline and 1.5 
gCi/g for [2 -1 C]ethanolamine).  On the con- 
trary,  the radioactive content  of the lipid 
fraction in the 4 regions from either [2-3H] - 
glycerol, [Me-14C] choline or [2-14C]ethanol- 
amine significantly decreases with age (data not  
shown). These results indicate that aging does 
not  affect the absorption process of water- 
soluble precursors injected into the lateral 
ventricle of  brain, but  rather affects their 
incorporat ion into lipid. (d) Finally, the areas 
which have been chosen possess similar activity 
in regard to the uti l ization of lipid precursors 
diffusing from the site of  injection, as tested by 
the analysis of the percentage of labeling of 
total  lipid over total  recovered radioactivity in 
the different areas. The values have been found 
similar for all areas (for the 2-month-old rats, 
about  70% for [2-3H]glycerol and 45% for 
[Me-14C] choline utilization), with a tittle 
difference for [ 2-3H ] ethanolamine utilization 
(about  15% in cortex and striatum and 25% 
in the rest and cerebellum of the 2-month-old- 
rats). Because these levels of total  radioactivity 
of  the different areas are the same at all ages 
examined (see c), these percentages decrease 
with age according to the decreases found for 
sp act values (Figs. 1-4). 

In our opinion, all these considerations give 
more significance to the hypothesis that the 
variations of  sp act observed in the present 
work are caused by a decrease of the synthe- 
sizing activity of  the areas examined. 

It has been found previously (1-3) that aging 
produces a significant decrease of  phospholipid 
synthesis in rat brain subcellular fraction in 
vitro. The decrease was essentially due to the 
neuronal fraction, because biosynthesis in glia 
is almost unaffected (3). We expected to find, 
therefore,  with these experiments,  the highest 
decrease of sp act in the brain areas containing 
the highest neuronal concentration. This 
explains the data of brain cortex and striatum 
(where the neuronal concentrat ion is even 
higher than in cortex),  but is in contrast with 
the data reported in the cerebellum (Fig. 4), 
where the neuronal concentration is also very 
high. To explain this discrepancy, we postulate 
that the biosynthet ic  activity of different 
neuronal cell types is differently affected by 
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aging. This hypothesis  is suppor ted  in part by 
the part icular  neuronal  compos i t ion  of  the 
cerebel lum (10). 

The  decrease of  the lipid synthesis is no t  
fur ther  changed after 9 months  of  age. This 
result contrasts  wi th  previous observat ions 
(1-3) which indicated a longer  t ime interval,  
up to 18 mon ths  of  age or  more ,  for fur ther  
decreases o f  the rate o f  CPG and EPG syn- 
thesis in vitro in rat brain microsomes  and 
neuronal  cell types. This discrepancy is prob- 
ably explained in terms of  different  incorpora-  
t ion rates in to  various cell types. More precise- 
ly, the decrease of  neuronal  act ivi ty  may be 
masked in vivo by the unchanged synthesis in 
o ther  cell types, so that  we observe after  9 
mon ths  of  age only an average o f  different  
contr ibut ions .  

Aging processes affect  the degree of  incor- 
pora t ion  of  simple water-soluble precursors 
(glycerol,  n i t rogen bases) in to  brain lipids. 
The decrease is similar for bo th  precursors 
in all brain areas, indicating a comparable  
loss of  ut i l izat ion for  both  glycerol  and bases. 
This suggests that  aging affects the rate o f  
assembly mechanism of  both  the hydrophob ic  
taft and hydrophi l ic  head of  phosphol ipids  
rather  than o ther  b iosynthe t ic  steps or  inter- 
convers ion react ion (11). This hypothes is  agrees 
wi th  previous findings (1-3) which indicated the 
inhibi t ion  of  chol ine  and e thanolamine  phos- 
photransferases as the more probable  cause 
for the decrease of  CPG and EPG synthesis. 

Consiglio Nazionale dolle Ricerche, Rome (contri- 
bution no. 80.00543.04/115). Technical assistance by 
G. Marinaeci and E. Giovagnoli is gratefully ack- 
nowledged. 
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Prostaglandin and Acyl Chain Effects 
on Glutamate Dehydrogenase Activity 
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Veterans Administrat ion Medical Center, 4801 L inwood Boulevard, 
Kansas City, MO 64128 

ABSTRACT 

Pros tag land ins  A 1 (PGA1), A~, BI, Bz, El, E2, Fro, F~c~, and 19 esterified natural fatty acids 
were tested as effectors of beef liver glutamate dehydrogenase (L-glutamate: NAD(P) + oxidoreductase 
[deaminating], EC 1.4.1.3). All prostaglandins tested are found to activate the enzyme initially, but 
only PGA 2 >PGB= ;~PGA I cause a subsequent time-dependent loss (not inhibition) of NADH oxida- 
tion activity. Both PGA 1 and PGA 2 desensitize glutamatedehydrogenase to allosteric activation by 
ADP, whereas PGA 2 and PGB 2 desensitize to allostedc inactivation by GTP. Preineubation of enzyme 
with diethylstilbestrol prevents the initial activation by the PG. Of the methyl esters, only prosta- 
glandin precursors inactivated the enzyme. Simultaneous desensitization to the ADP and GTP allo- 
steric effects resulted. Multiple esterification to glycerol or phospholipids enhanced the action of 
linoleoyl and diminished the action of linolenoyl chains. Preincubation of the PGA with glutathione or 
cysteine prevents the inactivation; i.e., the sulfhydryl binding region of the prostaglandin must be 
free for enzyme to be inactivated. Sulfhydryl reagents also protect the enzyme from the effects of 
the unsaturated aeyl chains, and pHMB mimics acyl protection against GTP allosterie inactivation. 
Where the lipid effector is active against sulfhydryl groups, the desensitizations to the ADP and GTP 
aUosteric effectors are reciprocal. The initial activation, subsequent inactivation and desensitization to 
ADP and GTP are all characteristic of binding in the estrogen-specific effeetor site, suggesting this site 
as the target for PGand acyl action. In the PGA 2 activation, the effect is found to be amplified by the 
cooperativity of the enzyme at 1 PG molecule/6 molecules of GDH. We conclude from the action of 
the PG and structural analogs that the initial activation of glutamate dehydrogenase is caused by 
a,g-unsaturated monoketo cyelopental structures. GTP inhibition is blocked primarily by diketo 
structures which eventually inactivate the enzyme. ADP activation is blocked by sulfhydryl binding 
of the unsaturated cyclopental keto structure of the PG. Appearance of a 270 mn absorbance simul- 
taneous to the acyl effects on the enzyme suggests that conjugated unsaturations are responsible for 
the precursor's qualitatively similar action to that of the PG. 
Lipids 17:297-306, 1982. 

INTRODUCTION 

Glutamate dehydrogenase (GDH) activity is 
affected by such a wide variety of substances, 
including purines and steroids, that LeJohn et 
al. ( I )  concluded GDH to be a sensitive target 
for the evolution of regulatory mechanisms. As 
such, it might be considered a receptor for 
regulatory messengers. 

In higher eukaryotic organisms, the enzyme 
is reversibly bound to the mitochondrial inner 
membrane, evidently via formation of enzy- 
matically inactive complexes with the phos- 
pholipid cardiolipin (CL) (2). However, the 
enzyme is reportedly assembled in the Cyto- 
plasm (3), while bound to endoplasmic retic- 
ulum via phosphatidylserine. Dodd (2) has 
presented nuclear magnetic resonance (NMR) 
data implicating both head groups and acyl 
chains in the binding of these phospholipids 
to GDH. Godinot observed that an inhibitory 
effect of  CL on the enzyme was dependent on 
the unsaturation in the acyl chains, and was lost 
if the acyl chains were removed (4). We have 
encountered problems in preparing complexes 
of GDH bound to monolayers (for studies 
relating structure and function) that require a 
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detailed understanding of the role of acyl 
chains in the formation of lipid-GDH com- 
plexes. Exploratory studies indicated that 
prostaglandin precursors altered GDH function 
significantly. 

Johnson and RamweU (5) provided evidence 
that PGE1 or PGE2 acts on a phospholipid- 
protein complex to viscotropically regulate 
membrane-associated enzymes, pointing to the 
possibility that GDH may be affected by 
prostaglandins. If so, the solubility of the 
prostaglandins could provide an interpretative 
advantage for exploring the stereochemical 
requirements for phospholipid effectors of  the 
enzyme. Most prostaglandin synthesis takes 
place in the endoplasmic reticulum (6). Possibly 
only PGD2 is produced in mitochondria (7), 
but the enzyme may be exposed to prosta- 
glandins during both assembly and transport 
into the organelle. 

The competitive binding experiments of 
Attallah and Lee (8) suggest the existence of 
specific binding sites in the rabbit kidney for 
PGA1. It has been proposed that Na+-K + ATP- 
ase acts as a PGA2 receptor, and a PGEI 
receptor has been reported in the plasma 
membranes of  rat liver cells (9). The PGEt 
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receptor of bovine corpus luteum cell mem- 
brane is a phospholipid-requiring protein (10). 
Moclification of specific residues indicates that 
tyrosine, but not sulfhydryl, groups are in- 
volved in the binding. The PGEI receptor of 
lipocyte suspensions (11) is inactivated by 
trypsin, p-chloromercuribenzoate or heat. The 
authors concluded the receptor to be a sulfhy- 
dryl-containing lipoprotein. Contractions in- 
duced by prostaglandins El,  E2, Fm and F2a 
in excised rat uterus and gerbil colon can be 
prevented by prior treatment of the organ with 
dithiothreitol (12), again indicating the possible 
involvement of a sulfhydryl group at prosta- 
glandin receptor sites. 

We therefore studied the action of 8 com- 
mercially available prostaglandins and 19 
esterified natural fatty acids on the enzyme 
activity of GDH, and we additionally tested 
the hypothesis that lipid effectors bind the 
enzyme through a sulfhydryl group. 

The concentration of GDH within the 
mitochondrial matrix is at least 2 mg/ml (13), 
an extraordinary level for an enzyme. Our use 
of GDH at biologically relevant concentrations 
often predisposed our use of PG, as well, at 
extraordinary levels. 

MATERIALS AND METHODS 

Prostaglandins At, A2, Bl, B2, El, E2, 
Free and Fxx were obtained from Sigma Chem- 
ical Co., St. Louis, MO. Triethanolamine 
hydrochloride, reduced glutathione (GSH), DL- 
dithiothreitol (DTT), L-cysteine (CYS), p-hy- 
droxymercuribenzoate (pHMB), reduced fl- 
nicotinamide adenine dinucleotide (NADH) and 
dinucloetide phosphate (NAPDH), adenosine 
5'-diphosphate (sodium salt) (ADP), guanosine 
5t-triphosphate (GTP), and diethylstilbestrol 
(DES), N-ethylmaieimide (NEM), 4-cyclo- 
pentene-1,3-dione, 2-cyclopentenone and cyclo- 
pentanone were also obtained from Sigma. 
Malonaldehyde bis(dimethyl acetal) was ob- 
tained from Aldrich Chemical Co., Milwaukee, 
Wl. It was distilled once then converted to 
m',donaldehyde by the method of Kwon and 
Watts (14). Sepharose CL-43 was obtained from 
Pharmacia, Uppsala, Sweden. Bovine liver 
glutamate dehydrogenase (GDH) purified by 
passage over activated charcoal-at about 15 
mg/ml in 100 mM potassium phosphate buffer 
(pH 7.6)-was obtained from Dr. H.F. Fisher, 
VA Medical Center, Kansas City, MO. It was 
dialyzed before use against 75 mM potassium 
phosphate buffer (pH 7.5) containing 1 mM 
EDTA and 100 /am sodium azide. All other 
materials were of reagent grade, and solutions 
were prepared with deionized water doubly 

redistilled in a quartz apparatus. 
L-a-Dipentadecanoyl, L-~x-dihepat adecanoyl, 

L-a-dioleoyl and L-0t-dilinoyl phosphatidyl- 
choline were obtained from Supelco, Belle- 
fonte, PA. L-~-Dilauroyl, L-~-dimyristoyl, L-~- 
dipalmitoyl, L~-distearoyl and L-~-l-oleoyl-2- 
palmitoylphosphatidylcholine were obtained 
from Sigma. L~-Dimyristoyl, L~-dioleoyl, 
L~-dilinoleoyl, L~-dilinolenoyl, L-0t-l-palmi- 
toyl-2-palmitoleoyl, and L-cz-I-steryl-2-oleoyl- 
phosphatidylcholine were obtained from Ap- 
plied Science Laboratories, State College, PA. 

L-cz-Dioleoylphosphatidyletbanolamine was 
obtained from Sigma, and L~-disteroylphos- 
phatidylethanolamine was obtained from Ap- 
plied Science Laboratories. 

1,3-Diolein, 1,2-diolein, trimyristin, triolein, 
trilinolein, trilinolenin and trinervonin were 
obtained from Sigma. 

Methyl erucate, methyl docosahexaenoate, 
methyl nervonate and methyl 12-methyl- 
tetradecanoate were obtained from Supelco. 
Methyl myristate, methyl myristoleate, methyl 
palmitoleate, methyl oleate, methyl elaidiate, 
methyl vaccenate, methyl petroselenate, methyl 
ricinoleate, methyl DL-12-hydroxystearate, 
methyl linoleate, methyl linoelaidiate, methyl 
cz-linolenate, methyl 7-1inolenate, methyl eicos- 
anoate, and methyl docosahexaenoate were 
obtained from Sigma. Methyl a-linolenate, 
methyl arachidonate and methyl docosahexa- 
enoate were obtained from Applied Science 
Laboratories. 

Linoleic acid, linolenic acid, arachidonic 
acid and docosahexaenoic acid were obtained 
from Applied Science Laboratories. 

Each of the prostaglandins was dissolved in 
75 mM potassium phosphate buffer (pH 7.5) 
containing 1 mM EDTA and 100 /aM sodium 
azide and purged with N2. Interaction between 
GDH and the PG was done in the same buffer, 
in the dark and under N2 (to reduce peroxida- 
tion), using 500/ag/ml GDH and from 30 ng/ml 
to 1 mg/ml PG or 1 mg/ml of all other lipids. 
GDH was assayed for enzymatic activity as 
reported by Arnold and Maier (15) using 10/al 
of enzyme-containing solution and 3 ml assay 
solution. Oxidation of NADH was monitored 
spectroscopically at 340 nm, and the slope of 
the resulting trace between 15 and 45 sec 
after mixing was used to determine activity. 

Purity determinations and purification of 
phospholipids were done on Silica Gel G thin 
layer chromatography (TLC) plates by elution 
with chloroform/methanol/acetic acid/acetone/ 
water (10:2:2:4:1, v/v/v/v). Purity determina- 
tions of fatty acids and their esters, diglycerides 
and triglycerides were carried out on Silica Gel 
G 15% silver mtrate thin layer plates by elution 

LIPIDS, VOL. 17, NO. 4 (1982) 



PROSTAGLANDINS, ACYL CHAINS AND GDH 299 

160 

120 -~" �9 

o 80 i A, \ " " ~ "  , , - . . ~ t  l e  o 

J �9 �9 0 ~L" 02 I 

2-> i �9 

20 ~. A2 

; o ' '  ' '  ' ' '  ; o ' '  0 2 0 t50 0 2000 50 150 0 2 0 150 0 
SECS HRS SECS HR5 SECS HRS 

TIME 

I I I I 1 
2O00 50 150 

SECS HRS 

FIG. 1. Glutamate dehydrogenase activity (reverse, or NADH oxidation reaction) follow- 
ing addition of 500 gg of enzyme to 1 mg of prostaglandin in 1 ml of 75 mM potassium 
phosphate (pH 7.5) at 25 C. Ten ~1 of the mixture was added to 3 ml of assay solution, and 
enzyme activity was determined from the disappearance of NADH which was monitored at 
340 nM between 20 and 45 see after the mixing of enzyme with the prostaglandin. 

with hexane/diethyl ether (2:1, v/v). Plates 
were developed with iodine vapor or osmium 
tetroxide vapor (for unsaturated acyl chains), 
then with 50% sulfuric acid saturated with 
potassium chromate and heated (for saturated 
acyl chains). Phospray (Supetco) was applied to 
visualize phospholipids. 

Each of  the lipids was sonicated from the 
solvent-free state into 75 mM phosphate buffer 
(pH 7.5) containing 1 mM EDTA and 100/~M 
sodium azide at 4 C and under N 2 immediately 
before use. 

Extraction of  lipid from GDH was done with 
2 vol of chloroform/methanol (2:1, v/v) to 1 
vol of aq sample. After 1 hr of agitation, the 
solvent was removed and washed with 1 vol of 
water. 

R ESU LTS 

The enzyme activity of GDH was tested 
beginning 20 sec after mixing with prosta- 
glandin. Figure 1 shows that, in all cases, GDH 
activity was initially elevated above the controls 
with no added prostaglandin. Subsequently, 
a time-dependent loss of activity was elicited by 
PGAt,  A2, and B2, but not by PGEI, F la ,  
F20~, or Bl.  A slight elevation of activity by 
PGF]u and F2,v was sustained for 200 hr. The 
GDH control samples showed no decline in 
activity during this period. In all cases, the 
more unsaturated PG yielded the least active 
combination, but only for the PGA and B does 
the difference appear significant. The extent of 
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FIG. 2. Comparison of GDH activity when assayed 
with and without 2 mM ADP 30 sec after addition of 
PGA~ at 360 nM to 19 t~M levels. Ratios are given as 
PGA~ molecules to GDH 56,000 Dalton subunit. 

these differences varied slightly with lot, but 
both the rate and extent of inactivation was 
greatest for PGA2 > B2 •A 1. 

The loss of enzyme activity decreased with 
the concentration of the PGA, but is still 
significant at 1.5 /~M (22% loss in both cases). 

Figure 2 shows the effect of PGA2 (at 360 
nM to 19 /aM levels) on the reverse reaction 
activity of GDH for different ratios of the 2 
components. The large activation at 0.17:1, 
which represents a stoichiometry of 1:6 bet- 
ween the PGA2 and GDH 56,000 molecular 
weight monomer molecules, respectively, ap- 
peared initially and was not found after 24 hr. 
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These results suggest a cooperative effect 
relating to an attack on one member of the 
GDH heximeric structure, thus modifying the 
activity of all 6 members. It is notable that 
PGA2 did not block the ADP allosteric activa- 
tion of the enzyme at the short time of this 
experiment. However, the initial activation and 
that which, was sustained in the presence of the 
PGF was prevented by preincubating the 
enzyme for 1 hr with 5 mg of DES/mg of 
GDH before addition of the prostaglandin. 

Figure 3a, b and c, show the results of tests 
for inactivation of GDH by lipids. Figure 3a 
summarizes that, out of a number of methyl 
esters of naturally occurring fatty acids, only 
highly unsatura ted chains or prostaglandin 
precursors inactivate the enzyme, but  that the 
most highly unsaturated methyl docosahexa- 

enoate has only a minor effect. 
In Figure 3b, we can see that when acyl 

chains are combined by mutual attachment to 
a glycerol group, the more unsaturated chains 
are slightly diminished as inactivators, but as 

pa r t  o f  trilinolein there is a significant en- 
hancement of the action of the linoleoyl chain 
against the enzyme. When phospholipids, which 
are diacylated with like chains, were tested for 
inactivation o f  GDI-I (Fig. 3c), those witK the 
linolenyl chains were ineffective whereas those 
with linoleoyl chains were active, initially acti- 
vating the enzyme, but subsequently inacti- 
vating it incompletely. If the acyl chains have 
a specific effect on the enzyme, the presence 
of the glyceryl or phosphorylcholine appears 
to be able to modify that effect. 

To test possible sulfhydryl involvement, 
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FIG. 3. Interaction of lipids at I mg/ml with GDH 
at 500 #g/ml. (a) Comparison of the methyl esters of 
natural fatty acids for modification of GDH reverse 
reaction activity. The shaded area envelopes the results 
obtained with: methyl myristate, myristoleate, 12- 
methyltetradeeanoate, palmitoleate, oleate, DL-12- 
hydroxysteaxate, 9,10-dihydroxystearate, ricinoleate, 
elaid~ate, erucate, vaccenate, linoelaidiate, petrosele- 
hate, nervonate and eicosanoate. (b) Comparison of 
the modification of GDH reverse reaction activity by 
diglycerides and triglycerides. The shaded area enve- 
lopes the results obtained with: 1,2-diolein, 1,3- 
diolein, trimyristin, triolein, and trinervonin. (c) 
Comparison of phospholipids for modification of 
GDH reverse reaction activity. The shaded area enve- 
lopes results obtained with: L-a-dflanryoyl, L~- 
dimiristoyl, L-~dipentadeeanoyl, L-c~-dipalmitoyl, L- 
a-d~aeptadecanoyl, L-a, distearoyl, L-a-l-oleoyl-2-pal- 
mitoyl, L-~-dioleoy], L-~dilinoyl, l.~-dilinolenoyl, 
I.-a-l-palmitoyl-2-palmitoleoyl, and L<,-1-stearoyl-2- 
oleoylphosphatidylcholine, as well as I_,<~-distearoyl- 
phosph atidyle thanolamine. 
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each of the PGA was premixed for 1 hr with 
0.5 mg/ml of each of the sulfhydryl-containing 
reagents, glutathione, cysteine and dithio- 
threitol. GDH was added to each of these 
samples as well as to PGA (control) samples 
without the protective sulfhydryl reagent. 
Background samples containing only GDH were 
also prepared. The protection afforded by 
pretreatment of  the PGA is represented as the 
percentage of the prostaglandin-free (back- 
ground) GDH activity in Figure 4. The per- 
centage of  activity preserved in the presence 
of  PGA2 was generally higher than that in the 
presence of PGAI.  Glutathione and cysteine 
prevented inactivation more effectively than 
did dithiothreitol. When preincubated for I hr 
with 2 mg/ml glutathione, all prostaglandins 
produced an increase in the activity of the 
enzyme at 30 sec after addition which was 
subsequently sustained for more than 43 hr. 

The sulfhydryl reagent N-ethylmaleimide has 
all the characteristics of PGA2 action on the 
enzyme except the initial activation. It appears 
from Table 1 that the ad~-unsaturated keto 
group on the cyclopentane ring is required for 
the initial activation. The slow inactivation of 
GDH that parallels the blockage of GTP inhibi- 
tion may be the result of the conformation 
change associated with GTP site binding (16). 

A sample of GDH was incubated for 1 hr 
with pHMB, an agent known to block sulfhy- 
dryl groups on this enzyme, and to inhibit 
GDH activity (17). Equal aliquots were then 
added to samples containing either prosta- 
glandins or buffer only. Figure 5 traces the 
percentage activity of the PGA-contahaing 
samples with respect to the buffer sample over 
a period of 166 hr. Two features of  these data 
are notable: the pHMB-treated enzyme was 
further inactivated by PG, to the same extent 
as untreated enzyme, i.e., pHMB and PG effects 
are additive; and the initial activation by PG 
is. evident for the pHMB-treated enzyme. 

ADP is normally an activator of  GDH in the 
reverse reaction used in the present work to 
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FIG. 4. Preservation of glutamate dehydrogenase 
activity in the presence of prostaglandins A 1 and A 2 
by 500 t~g/ml sulfhydryl reagents. DTT, CYS, GSH 
and GDH were at 500 #g/mL Data calculated from 
differences in percentage of control activity between 
samples with GDH and PGA, and those with GDEI, 
PGA and sulfhydryl reagent. 

test enzyme activity. I t  was present at 2 mM 
in all routine assays of the enzyme. A duplicate 
set of assays was done without ADP during 
inactivation of the enzyme by the PGA. Inter- 
estingly, as shown in Figure 6, ADP appears to 

TABLE 1 

Effect on GDH Reverse Reaction Activity of CyclopentaI Keto Structure 
and Malonaldehyde in the 0.3-3 mM Concentration Range 

Causes initial Inactivates Blocks ADP Blocks GTP 
Substance activation enzyme activation inhibition 

PGA 2 + + + + 
N-Ethylmaleimide + + + 
Malonaldehyde + + 
4-Cyclopentene- 1 , 3 - d i o n e  + + 
2-Cyclopentenonc + 
Cyclopentanone �9 - 
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FIG. 5. The time-dependent loss of activity with 
pHMB + PGA t (o) and pHMB + PGA a (zx) is shown in 
solid lines as percentage activity relative to control 
(pHMB only, =), and relative to untreated enzyme 
(solid points, dashed lines). 

120, 

IOOL~L~~,..,.' ' No .oe 

~6o~ ~ 
40 ~. ,..,.No AOP 

| I I i I 
0 40 80 120 160 200 

HOURS 

FIG. 6. C o m l ~ o n  of the activity of PGA incu- 
bated glutamate dehydrogena.~ in mmay mixtures with 
~md withcet 2 mM ADP. 

have no effect, if not a slight inhibitory action, 
on the enzyme when PGA are present. 

Figure 7 shows a replication of  the experi- 
ment in Figure 6 but with 20 /2g/ml pHMB 
present in place of the PGA. The inactivation of 
the GDH is not  unlike that caused by PGA2. 
It  was initially rapid, but s topped short of 
complete inactivation. The inhibi tory effect of 
ADP in the enzyme assay was more pronounced 
than that caused by the PGA. 

When the products of  incubation of GDH 
with each of the prostaglandins for 45 hr were 
assayed for enzyme activity in the presence of 
500 /2M GTP (enough to fully inactivate the 
enzyme),  the combination with PGA2 was not  
completely inhibited. The results shown in 
Table 2 indicate that protect ion against GTP 
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FIG. 7. Comparison of the activity of GDtI assayed 
with and without 2 mM ADP upon incubation with 
20 t~g/ml pHMB. 

inhibition corresponds to the loss of activity 
caused by the prostaglandins. 

Figure 8 demonstrates a similar reciprocal 
relationship between the ADP and GTP allo- 
steric effects when GDH (calculated as the 
56,000 molecular weight s u b u n i t ) h a s  been 
incubated with increasing ratios of PGA2 for 
192 hr. 

Table 1 compares these reciprocal changes in 
the ADP and GTP allosteric effects caused by 
chemical structures related to the cyclopental 
ring of PGA2. Except for PGA2, only diketo 
compounds block GTP inhibition. Because 
short term initial activation is caused by PGA2 
and 2-cyclopentenone, it  appears that the 
a~-unsaturated cyclopental  keto group is 
involved. 

Figure 9 shows the protect ion afforded GDH 
by the sulfhydry ! reagent di thiothrei tol  suggest- 
ing sulfhydryl involvement as a common 
element to the inactivation of  the enzyme by 
unsaturated-acyl lipids. As there are no sulf- 
hydryl  binding groups on any of the lipids, the 
dithiothreitol  must either act on the enzyme or 
on a modified form of each lipid. Additionally, 
both  cysteine and reduced glutathione offered 
protect ion (not shown). 

As the arachidonate and linolenate increas- 
ingly protect  the enzyme against inhibition by 
GTP, the NADH oxidation activity is simul- 
taneously decreased. Figure 10 compares this 
relationship for methyl  linolenate and methyl  
arachidonate with the sulfhydryl binding 
pHMB and PGA2. pHMB inactivated the 
enzyme more rapidly than the lipids, and only 
a small amount of protect ion against GTP 
inhibition was achieved. The pHMB effect 
paralleled the lower (initial) part of the curves 
for acyl chains, but  failed to offer the progres- 
sively increasing protect ion relative to inhi- 
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TABLE 2 

Comparison of Inhibition by Prostaglandins and Subsequent Inhibition by GTP of 
GDH Reverse Reaction Activity after 43 hr of Incubation with the Prostaglandins 

303  

% of Control % Inhibition of remaining 
PG activity remaining activity by GTP 

A 2 21 -3 
B 2 34 33 
A 1 71 90 
B 1 92 97 
F2~ 111 95 
E 1 113 100 
FI~ 118 100 
E 2 124 tO0 

30 - -  1 3 0  
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GTP 

Z GTP 5 ~ ',,. I 
~ =  : , - ' ~ -~  100 

1:1 5:1 10:1 15:1 
PGA~: GDH RATIO 

FIG. 8. Comparison of GDH reverse reaction 
activity assayed in the presence of 2 mM ADP or 100 
/~m GTP at 5 min and 192 hr after addition ofPGA 2 
at 3 t~M to 300 ~tM. Ratios are given as PGA 2 mole- 
cules to GDH 65,000 Dalton subunit. 
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FIG. 9. Diethiothreitol protection of GDH against 
inactivation by lipids. Dilinoeoyl phosphatidylcholine 
at 143 hr with 1.2 mM DTI', methyl linolenate at 115 
hr with 3 mM DTT, and methyl arachidonate at 115 
hr with 3 mM DTT. 
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FIG. 10. Comparison of methyl arachidonate (3.1 
mM) and methyl linolenate (3.4 raM) with PGA 2 
(3 mM) and pHMB (5.5 pM) for protection of the 
remaining enzyme activity against GTP inactivation. 

b i t ion .  Gel  f i l t r a t ion  of  g lu t ama te  dehydro -  
genase par t ia l ly  inac t iva t ed  by  m e t h y l  arachi-  
d o n a t e  yields separa te ,  well resolved bands  of  
the  lipid and  of  e n z y m e  for which  ac t iv i ty  is 
a lmos t  fully res to red ,  b u t  no t  the  sens i t iv i ty  to  
ADP or  GTP.  

C h l o r o f o r m / m e t h a n o l  e x t r a c t i o n  of mix-  
tures  in  which  GDH has  been  77% inac t iva ted  
by  m e t h y l  a r ach idona t e  yields an e thano l -  
so luble  residue.  When  its UV a b s o r p t i o n  is 
c o m p a r e d  to  t ha t  o f  e x t r a c t  f rom a l ike sample  
p r o t e c t e d  wi th  cys te ine  (Fig. 11), a s igni f icant  
d i f fe rence  is f o u n d  at  270  riM. C o m p a r i s o n  of  
the  p ro t ec t ed  sample  ex t rac t s  wi th  t he  ex- 
t r ac t s  of  con t ro l  samples ,  wh ich  c o n t a i n e d  o n l y  
the  m e t h y l  a r ach idona t e ,  y ie lded the  same 
d i f fe rence  at  270  nm.  C o m p a r i s o n  of  ex t rac t s  
of  G D H  wi th  G D H  plus cys te ine  s h o w e d  n o  
d i f fe rence  in a b s o r p t i o n  b e t w e e n  230  and  300  
nM. These  resul ts  ind ica te  t h a t  the  m o d i f i c a t i o n  
which  t o o k  place in the  l ipid was no t  caused 
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FIG. 11. UV difference spectrum of chloroform/ 
methanol (2:1) extracted methyl arachidonate inacti- 
vated (77%) GDH and duplicate samples protected 
with 2 mg/ml cysteine (6% inactivated). Chloroform/ 
methanol extracts were washed once with an equal 
volume of water then blown dry with N 2 . The residues 
were redissolved in ethanol for spectral analysis. 

by the enzyme. Additionally, when the pH 
values of the extracts were reduced to below 
pH 3, no change in the absorbance spectrum 
took place as would be expected for malon- 
aldehyde. 

The results of adding NADH at inhibitory 
and noninhibitory levels to the enzyme I hr 
before addition of methyl arachidonate are 
presented in Figure 12. The presence of NADH 
at inhibitory levels (18) prevented much of the 
arachidonate inhibition, but NADPH at the 
same concentration was not inhibitory and did 
not offer any significant protection. The 
implication is that occupation of the secondary 
binding site for NADH where it inhibits the 
enzyme also blocks the attack by methyl 
arachidonate. Similar preaddition of ADP was 
found to protect the enzyme from arachidonate 
inactivation, as well (not shown). Both ADP 
and the NADH acting as inhibitor share, in part, 
a common site (19). 

DISCUSSION 

GDH has 6 sulfhydryl groups per primary 
chain of 56,000 molecular weight (19). It does 
not have an essential sulfhydryl group in the 
active site, and it has no disulfide bonds. 
However, it is conceivable that lipid effectors 

100, 

80 

>- 
t -  

40  

20 

, l t l  I 
CONTROL 200.uM 200,uM 100.uM 

NADH NADPH NAOH 

FIG. 12. Effect of preincubation of GDH with 
different concentrations of NADH and NADPH 1 
hr prior to and during 141 hr of incubation with 
methyl arachidonate. 

binding to sulfhydryl groups associated with 
the catalytic or allosteric sites could cause the 
observed inactivation of the enzyme. The 
proximity of a nonessential cysteine to an 
enzyme active site has been found to allow the 
binding of agents which regulate enzyme 
activity through hindering enzyme conforma- 
tional changes (20), sterically restricting the 
size of substrates (21), or by extending into the 
active site (22). 

It has been demonstrated that PGAI and A2 
but not PGB~, E2, or F2a are capable of 
reacting covalently with the sulfhydryl group of 
reduced glutathione (23). PGAI also binds 
cysteine but not DTT. PGAt is both enzy- 
matically as well as nonenzymatically conju- 
gated to the sulfhydryl group of GSH through 
the double bond of its cyclopentenone moiety 
(24). This Michael-type addition may occur 
generally between the double bonds of ot,~- 
unsaturated keto groups and the sulfhydryl 
groups of GSH (25). The nonenzymatic adduct 
of PGAI (at 1.2 mg/ml) with GSH (at 6 mg/ml) 
at pH 7.4 has been shown to be identical to the 
products of their conjugation by red cells 
(PGAj at 100 ~g/ml, pH 7.4) (26). We have 
found that inactivation of GDH is associated 
with the presence of cyclopentenone moieties 
in the A1, A2 and B2 prostaglandins. We 
interpret this to be an indication that the 
inactivation involves covalent linkage with 
sulfhydryl groups on the enzyme, which can 
be prevented by pretreating PGA with GSH 
or cysteine. However, 2-cyclopentenone does 
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not cause inactivation. It is, therefore, likely 
that other parts of the PGA and PGB are also 
involved in the activation. 

PGBI has a cyclopentenone moiety, but it 
had no appreciable effect in reducing the activ- 
ity of GDH. Chaudhari et al. (25) similarly 
found that PGAI, but not PGBI serves as a 
substrate for GSH S-transferase. The differences 
were suggested to be their dissimilar 3-dimen- 
sional structures. 

GDH inhibited by noncovalently bound 
steroid hormones is reactivated by ADP (17), 
but it is desensitized to ADP when covalent 
binding to cysteine-89 (residue 89) in the 
estrogen-specific site is involved (27). ADP in 
the ADP regulatory site can also exclude GTP 
from the separate GTP regulatory site (17). 
The DES-preventable initial activation that we 
found was caused by all of the tested PG, but 
the subsequent decline in GDH activity resulted 
from the presence of only PG that are expected 
to bind sulfhydryl groups. Activation of GDH 
by PG could be similar in mechanism to that 
produced by ADP. Methyl mercuric hydroxide, 
which activates the enzyme and desensitizes 
it to the inhibition by GTP and activation by 
ADP, is suggested to stabilize the enzyme 
conformation induced by ADP (17). Because 
GTP inhibition is prevented by the sulfhydryl- 
binding prostaglandins, it is possible that the 
subsequent inactivation also involves the reac- 
tive cysteine at the estrogen-specific site and 
the stabilization of the same conformation. 

Methyl mercuric derivatives and pHMB 
desensitize GDH to DES and high-concentra- 
tion NADH inhibition, as well as to ADP 
activation (17). Methyl mercuric iodide has 
been found to bind one specific -SH group on 
GDH up to a molar ratio of 1:1 with the 
enzyme primary chains, causing an increase 
in glutamate catalytic activity. Further binding 
of methyl mercuric iodide causes a decrease in 
activity (28). 

Methyl mercuric hydroxide also increases 
GDH activity in the forward (NAD) reaction 
maximally when one equivalent mercurial is 
bound per primary chain (29). It blocks inacti- 
vation by DES, raises the concentration of 
NADH required to inhibit GDH and, at in- 
creased concentration, reduces the ADP activa- 
tion to the point at which ADP inhibition takes 
place. As our assays were performed using 
NADH concentrations at which it would be 
inhibitory (30), it is possible that at least part 
of the initial increase in activity caused by the 
PGA is a reduction of NADH inhibition. 

Both the additive effects and the similarities 
of modification produced by pHMB and the 
PGA suggests them as effectors for the steroid 

binding site. 
It appears that all of the PG tested can enter 

the estrogen-specific binding site and activate 
the enzyme, but that only PGA1, PGA2 and 
PGB2 can interact with a cysteine residue at the 
site to inactivate GDH. 

The modification of the reverse reaction 
enzyme activity of GDH by PGA2 at a stoi- 
chiomeric ratio of 1 PGA2/6 GDH molecules 
(56,000 molecular weight) indicates the re- 
markable power of the prostaglandin, and 
suggests that an enzyme conformational change 
is involved. 

The modification of the reverse (NADH) 
reaction of glutamate dehydrogenase, at low 
oxygen tension, by esterified acyl chains of 
biological significance closely parallels those 
caused by prostaglandgl AI,  A2 and B2. Arach- 
idonate and linolenate, the precursors to the 
prostaglandins, were more effective than lino- 
leate, and their inhibitory effect also appears 
to involve sulfhydryl binding. 

Incubation of methy linoleate with gluta- 
mate dehydrogenase yields products with 
absorption maxima at 232 nM and 277 nM in 
ethanol, indicating that conjugation by peroxi- 
dation and formation of conjugated dienone 
has occurred (31-36). Yet we found that 
methyl linoleate did not inactivate GDH. Both 
ethyl linoleate and ethyl linolenate produce the 
conjugated diene and dienone chromophores 
upon autoxidation (37). 

The differences in the isomerism of the 
conjugated dienone structures formed from 
methyl linoleate and methyl linolenate appear 
critical in our elucidation of the action of only 
the methyl linolenate on glutamate dehydroge- 
nase. Linolenate differs from linoleate by addi- 
tionally forming hydroperoxides at the 12- 
and 13-positions, internal to the methylene 
interrupted double bond system, with cis-cis 
conjugates being formed (38). Neither would 
allow the resulting chain to fold or bend upon 
itself in the manner of a prostaglandin as well 
as the cis-cis conjugated structures. It is possi- 
ble, therefore, that prostaglandin might have 
evolved as a more stable (covalently folded), 
more reactive (strained 5 member ring, e.g., 
cyclopentene is more reactive than cyclohexene 
[39] ) substitute in higher yield for a substance 
already spontaneously formed in low yield 
from linolenate and arachidonate. 
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Effects of Dietary 9-trans,12-trans Linoleate 
on Arachidonic Acid Metabolism in Rat Platelets 
D.H. HWANG*, P. CHANMUGAM and R. ANDING, Louisiana Agricultural 
Experiment Station, Human Nutrition, Home Economics Building, 
Louisiana State University, Baton Rouge, LA 70803 

ABSTRACT 

In order to determine the minimal amount of dietary 9-trans,12-trans-linoleate which can decrease 
endoperoxide metabolites synthesized and their precursor in rat platelets, graded amounts (0, 0.1, 
0.5, 1.0, 2.5%) of the trans-linoleate were fed to rats with a constant amount of all-cis-linoleate 
(2.5%) for 12 weeks. Arachidonic acid levels in platelet phospholipids of groups receiving the trans- 
linoleate at 2.5 and 1.0% were significantly (p<0.01) lower than that of the control receiving no 
trans-linoleate. Concentrations of TXB 2 and PGF2a in sera of the group receiving 2.5% trans-linoleate 
were significantly (p<0.05) lower than those of the control; however, there was no difference between 
the group receiving 1.0% trans-linoleate and the control. To determine whether the difference in serum 
concentrations of endoperoxide metabolites could be manifested if rats were fed for longer period of 
time, 2 groups of rats were again fed diets containing 0 and 1.0% trans-linoleate, respectively, for 
16 week~ Arachidonic acid in platelet phospholipids of the group receiving the trans-linoleate was 
again significantly (p<0.01) lower than that of the control group. Concentrations of TXB 2 and 
PGF2a, and 12-hydroxyeicosatetraenoic acid formed in platelets, were smaller in the group receiving 
trans-linoleate than the control group; however, the difference was not statistically significant. These 
results indicated that albtrans-linoleate can reduce arachidonic acid metabolites formed in rat plate- 
lets when its dietary level is equal to or exceeds the level of all-cis-linoleate. 
Lipids 17: 307-313, 1982. 

INTRODUCTION 

Geometric and positional isomerization of 
double bonds of unsaturated fatty acids occurs 
during the hydrogenation of vegetable oil 
(1,2). The presence of geometric and positional 
isomers of unsaturated fatty acids in vegetable 
shortening, hydrogenated, winterized oil and 
margarines has been demonstrated (3-5). The 
presence of trans fatty acids was also demon- 
strated in human tissue (6). It has been gener- 
ally suggested that trans fatty acids have no 
adverse effects in animal models if adequate 
amounts of essential fatty acids (EFA) are 
provided. This suggestion has been largely 
based on the data for weight gain, longevity and 
reproduction performance (7). 

The difference in the metabolism of trans- 
linoleate and cis linoleate in animal tissues has 
been well documented. 9-trans,12-trans-Linole- 
ate does not possess EFA activity, and actually 
aggravated EFA deficiency when fed to animals 
as a sole dietary fat (8,9). The aggravation of 
EFA deficiency was, in part, due to the inhi- 
bition of the conversion of cis-Ymoleate to 
arachidonic acid by the trans-linoleate. Because 
the trans-linoleate inhibited the desaturation of 
9-cis,12-ci~linoleate (9,10), diets containing 
inhibitory amounts of  the trans-linoelate might 
cause reduction in tissue level of arachidonic 
acid. In a previous study, it was shown that 
feeding rats with a diet containing equal 
amounts of cis-linoleate and 9-trans,12-trans- 
linoleate (5 cal % each) caused significant 

reduction in the tissue level of  arachidonic acid 
compared to rats receiving cis-linoleate alone 
(11). 

It is generally recognized that availability 
of direct precursor acids (free fatty acids) is 
one of the limiting factors in the biosynthesis 
of endoperoxide metabolites in animal tissues. 
The amount of the precursor acids (i.e., free 
arachidonic acid) released from tissue phospho- 
lipids by the action of phospholipase would 
depend on the fatty acid composition of tissue 
lipids, which, in turn, can be affected by kinds 
of  dietary fat. This indicates that dietary 
factors affecting tissue levels of precursor acids 
could enhance or decrease the biosynthesis of 
endoperoxide metabolites in tissues. In previous 
studies, it was demonstrated that reduction in 
tissue arachidonic acid level caused by feeding 
9-trans, 12-trans-linoleate (1 1) or linolenate (12) 
resulted in concomitant decrease in serum levels 
of  endoperoxide metabolites. 

In light of the previous observation, the 
objective of this study was to determine the 
minimal amount of dietary 9-trans,12-trans- 
inoleate which can decrease arachidonic acid 
content  and the formation of its metabolites 
through lipoxygenase and cyclooxygenase path- 
ways in rat platelets. 

MATERIALS AND METHODS 

Animal Care and Diet 

Weanling male Sprague-Dawley rats (Gibco 
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A n i m a l  Research Lab., Madison,  WI) weighing 
35-50 g were ind iv idua l ly  housed  in s tainless  
s teel  cages in a r o o m  m a i n t a i n e d  at c o n s t a n t  
t e m p e r a t u r e  (23 +- 3 C). F resh  die ts  were 
p rov ided  daily ad l ib i tum.  All the  die ts  excep t  
t h a t  for  EFA-de f i c i en t  ( E F A D )  group  were 
mixed  weekly  and s to red  at  -20 C. No not ice-  
able  change  occu r red  in t he  ra t io  o f  cis-linoleic 
acid to  s tear ic  acid o f  t he  d ie ta ry  fat  du r ing  
24  h r  at  r o o m  t e m p e r a t u r e  or  1 week  at -20 C. 
The  c o m p o s i t i o n  of  the  basic diet  is s h o w n  in 
Tab le  1. Weight  gain o f  ra ts  was m o n i t o r e d  
weekly .  

Design of the Experiment 

Experiment  1. Rats  were r a n d o m l y  assigned 
to  each  group (13 ra t s /g roup) .  T h e y  were fed 
die ts  con ta in ing  graded a m o u n t s  of  pur i f ied  
9-trans, 12-trans-linoleate as t r ig lycer ide  (here-  
a f te r  des ignated  as trans-linoleate, 99% pure  as 
d e t e r m i n e d  by  gas c h r o m a t o g r a p h y ,  Nu-Chek-  
Prep, Elysian,  MN) in presence  of  a c o n s t a n t  
a m o u n t  of  saf f lower  oil as a source  of  cis- 
l ino lea te  ( excep t  E F A D  group)  as s h o w n  in 
Table  2. An app rop r i a t e  a m o u n t  of  hydroge-  
n a t e d  c o c o n u t  oil was added  to  each  diet  to  
give a cons t an t  level of  fat. Because in the  
previous  s tudy  (11) ,  an equal  m i x t u r e  of  
trans-linoleate (2 .5% wt)  and  cis-linoleate 
(2 .5%) caused r e d u c t i o n  in serum PG, the  
m a x i m a l  level of  trans-linoleate in  this  s t udy  
was 2.5%. G r o u p  A was the  con t r o l  group 
receiving n o  trans-linoleate. 

Experiment  2. The  resul t  of  e x p e r i m e n t  1 
showed  t h a t  trans-linoleate at 1% (group  D) 
caused  s ignif icant  r e d u c t i o n  of  a rach idon ic  
acid in pla te le t  phospho l ip ids ,  bu t  se rum 
c o n c e n t r a t i o n s  of  TXB2 and  P G F 2 a  in group 
D were n o t  s ignif icant ly  d i f f e ren t  f rom those  of  
the  con t ro l  group.  In o rder  to  d e t e r m i n e  
w h e t h e r  the  d i f fe rence  in se rum c o n c e n t r a t i o n s  
of  TXB2 and  P G F 2 a  b e t w e e n  g roup  D and  the  

con t ro l  cou ld  be m a n i f e s t e d  if  rats were fed 
longer  pe r iod  o f  t ime,  2 groups  of  rats  were fed 
the  same diets  for  g roup  A and  group  D of  
e x p e r i m e n t  1 for  16 weeks.  

Sampling Procedures 

Experiment  1. Afte r  12 weeks,  rats  chosen  
r a n d o m l y  f rom each  group  were l ightly anes- 
t he t i zed  wi th  d ie thy l  e ther ,  and b lood  was 
w i t h d r a w n  f rom the  a b d o m i n a l  aor ta  us ing  a 
b u t t e r f l y  in fus ion  set ( A b b o t t  Hospi ta l  Prod-  
ucts,  N o r t h  Chicago,  IL). The  f'zrst 5 ml  of  
who le  b l o o d  col lec ted  i n t o  a plast ic  syringe was 
i n c u b a t e d  at  37 C for  1 hr  to  op t imize  t he  PG 
f o r m a t i o n d u r i n g  c lo t t i ng  as d e t e r m i n e d  in the  

TABLE 1 

Composit ion o f  the Basic Diet 
Fed to Experimental  Rats 

Ingredient Wt % 

Fat a 5.0 
Casein (vitamin-free) 20.0 
Salt mix b 4.0 
Vitamin mix c 2.0 
Cellulose 4.0 
Choline chloride 0.2 
Sucrose 30.0 
Corn starch to 100.0 

aSee Table 2. 
bJones, J.H., and Foster, C. (1942) J. Nutr. 24, 

245. This salt mix was supplemented with ZnCI 2 
(518 mg/kg), Na2SeO , �9 5H=O (4.4 #g/kg) and Na:CrO 4 
�9 4HzO (56.5 mg/kg). 

CICN Pharmaceuticals, Inc., Cleveland, OH; g/ 
l kg; vitamin A, 900,000 IU; vitamin D, 100,000 IU; 
dl-a-tocopherol ,  10 (additional 5 g were added to give 
10 g); ascorbic acid, 45; inositol, 1.0; choline chloride, 
75.0; menadione, 2.25; paraminobenzoic acid, 5.0; 
niacin, 4.5 ; riboflavin, 1.0; pyridoxine hydroehloride, 
1.0; thiamine hydrochloride, 1.0; calcium pantothe- 
hate, 3.0; biotin, 0.02; folic acid, 0.09;vitamin B12 , 
1.35 rag. 

TABLE 2 

Effects of  Dietary 9-trans,12-trans Linoleate on Growth of Rats a 

Dietary fat (%) 

Group HCO Saff lower oil trans Linoleate Body wt (g) 

EFAD 5 345 ~ 8 b 
A 2.5 2.5 370 ~ 5 
B 2.4 2.5 0.1 385 • 9 
C 2.0 2.5 0.5 378 +- 6 
D 1.5 2.5 1.0 383 ~: 4 
E 2.5 2.5 349 -+ 9 

aValues for body wt are mean • SEM of 10-13 rats. 
bSignificantly less than that o f  the control  group (group A), p < 0.05 (Duncan's multiple 

range test). 
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previous report  (11). Plasma samples were 
stored at -20 C until assayed. The remaining 
blood was withdrawn into another plastic 
syringe containing I ml of anticoagulant 
solution (3.8% trisodium citrate; 5 mM mepa- 
crine HCI) in order to harvest intact  platelets. 
In the previous study (13), it  was shown that 
preincubation of  mepacrine HCI (0.5 mM) with 
platelet-rich plasma (PRP) not  only inhibited 
the aggregation of rat platelet by adenosine 
diphosphate (ADP) or collagen suspension but 
also reversed the aggregation already induced 
by ADP or collage. If  platelets aggregate during 
preparation,  then arachidonic acid in platelet 
lipids would be released into the medium. This 
could affect fa t ty  acid composit ion of intact 
phospholipids in platelets. Platelet-rich plasma 
was prepared by centrifuging the citrated blood 
at 100 g for 10 min. The PRP isolated was 
further centrifuged at 1000 x g for 10 min. 
Platelet pellets were washed once with the same 
anticoagulant solution, and stored at -20 C 
until they were assayed for fatty acid compo- 
sition. Livers were quickly removed and frozen 
in liquid nitrogen and stored at -20 C until they 
were assayed. 

Experiment 2. The sampling procedure was 
modified from that  of experiment 1. Citrated 
(without  mepacrine HC1) blood samples with- 
drawn from the abdominal aorta were diluted 
5 times in phosphate buffered saline (PBS, 
pH 7.0) containing collagen suspension, and 
incubated with constant stirring rate of  1,200 
rpm in a platelet aggregometer. After 20 min 
of  incubation, the blood sample was centri- 
fuged for 5 min at 1,000 x g. Concentrations of  
TXB2 and PGF2a  in plasma samples reached 
the maximum within 10 min. During the 
standardization experiments,  it  was found that 
variability in concentrations of  arachidonic 
acid metaboli tes in the plasma of  diluted blood 
samples was considerably smaller than that  of 
serum samples obtained from undiluted clotting 
blood.  

Concentrations of TXB2 and PGF2a were 
also determined in plasma obtained from PRP 
aggregated by collagen suspension. Platelet 
aggregation and sampling procedures were 
described in a previous report  (14). 

Analyses 

Experiment 1: radioimmunoassay (RIA) for 
TXB2 and PGF20~ Preparation and characteri- 
zation of  PGF20t antisera and assessment of  the 
validity of the assay system were reported in 
a previous report  (15). The preparation and 
characterization of  TXB2 antiplasma were also 
reported in previous reports (12,14); the high- 
est cross-reactivity of  TXB2 antiplasma was 

shown by PGD2 (0.5%) among arachidonic 
acid and its various metabolites.  When various 
amounts  of standard TXB2 (400 pg, 800 pg, 
1.6 rig, 3.2 ng and 6.4 rig) were added to a 
diluted serum sample, recoveries were 97 +- 1.4, 
98 + 2.3, 98 + 2.5 and 100 + 2.6%, respectively. 
The concentration of  TXB2 in rat serum was 
ca. 10 times greater than that of PGE2 or 
PGF2a (13). Therefore, dilution of  samples was 
necessary. All serum samples were analyzed 
at once for PGF2c~ or TXB 2 to avoid interassay 
variation. Radioimmunoassay data were ana- 
lyzed using the RIA computer  program (16). 
The principle of  the computer  program is based 
on the linearity of  the logit t ransformation 
of  the dose-response curve and least square 
regression analysis with weighing procedure due 
to the inherent nonhomogenous distribution of 
error along the regression line. 

Precursors of endoperoxides in platelet 
phospholipids. Lipids of platelets were ex- 
tracted by Folch et al. (17). Platelets from 2-3 
rats were pooled before the extraction due to 
limited amounts of platelets per rat. The total 
phospholipids were fractionated by thin layer 
chromatography (TLC; Silica Gel G, Kontes, 
Vineland, NJ) using diethyl e ther /petroleum 
ether/acetic acid (30:70:1,  v/v/v). The phos- 
pholipid fraction remained at the origin was 
scraped off and eluted using 20 ml of chloro- 
form/methanol/acet ic  acid (2:1:0.2,  v/v/v). 
Fa t ty  acid composit ion of phospholipids with 
emphasis on PG precursor acids was determined 
as described in a previous report  (11). 

Experiment 2. In addit ion to TXB2 and 
PGF2tx, the concentrations of 12-hydroxy- 
5,8,10,14-eicosatetraenoic acid (12-HETE) in 
plasma from diluted blood samples and PRP 
were determined by radioimmunoassay using 
12-HETE antiplasma (gift from Dr. Laurence 
Levine, Brandeis University, Waltham, MA). 
The highest cross-reactivity (0.3%) for the 
antiplasma was shown by 12-hydroxy-5,8,10- 
heptadecatrienoic acid (HHT) among com- 
pounds tested (arachidonic acid, 15-HETE, 
HHT, TXB2, PGE2, PGF2a, 6-K-PGFla,  5- 
HETE). This value was considerably lower than 
that (8.6%) reported by Levine et al. (18) in 
a solid-phase radioimmunoassay system using 
the same antiplasma. 

RESULTS AND DISCUSSION 

Fat ty  acid composit ion of  platelet phospho- 
lipids shown in Table 3 indicated that increas- 
ing the dietary trans-linoleate enhanced the 
content  of  cis-linoleate, whereas it resulted in 
gradual reduction of longer chain polyunsatu- 
rated fatty acids (PUFA) derived from cis- 
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l i n o l e a t e .  P a r t i c u l a r l y ,  a r a c h i d o n i c  ac id  in  

p l a t e l e t  p h o s p h o l i p i d s  d e c r e a s e d  as  t h e  d i e t a r y  

trans-linoleate i n c r e a s e d  in  a d o s e - d e p e n d e n t  

f a s h i o n  ( T a b l e  4) .  T h e s e  r e s u l t s  a re  c o n s i s t e n t  
w i t h  t h e  w e l l  k n o w n  i n h i b i t o r y  e f f e c t  o f  t h e  

t r a n s - l i n o l e a t e  on  d e s a t u r a t i o n  o f  cis-linoleate 
in  a n i m a l  t i s s u e s  (10) .  P l a t e l e t  f i p ids  c o n t a i n e d  
an  u n k n o w n  c o m p o u n d  w h i c h  w a s  n o t  s epa r -  

a b l e  f r o m  t h e  trans-linoleate in S i l a r - 1 0 C  p h a s e  

in  t h e  p a c k e d  c o l u m n  u s e d  in  t h i s  s t u d y .  T h e  

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

p r e p a r a t i o n  o f  d i e t a r y  trans-linoleate b e c a u s e  

i t  a l so  a p p e a r e d  in  p l a t e l e t  l i p i d s  of  E F A D  

g r o u p  and  t h e  c o n t r o l  g r o u p  ( g r o u p  A )  rece iv-  

i n g  n o  trans-linoleate. T h i s  u n k n o w n  c o m p o u n d  
was  t e n t a t i v e l y  i d e n t i f i e d  as 18:1 d i m e t h y l  

a c e t a l  ( D M A )  b a s e d  o n  i t s  r e t e n t i o n  t ime .  
P r e s e n c e  o f  18:1  D M A  in  h u m a n  p l a t e l e t  l i p id s  

w a s  a l so  r e p o r t e d  (19 ) .  T h e  l eve l  o f  trans- 
f i n o l e a t e  in  p l a t e l e t  p h o s p h o l i p i d s ,  t h e r e f o r e ,  
c o u l d  n o t  be  q u a n t i t a t e d  in  t h i s  s t u d y .  T h e  

f a t t y  ac id  c o m p o s i t i o n  o f  f iver  p h o s p h o l i p i d s ,  
in  w h i c h  18:1 D M A  was  n o t  f o u n d ,  s h o w e d  a 

d o s e - d e p e n d e n t  i n c r e a s e  i n  trans-linoleate: 

TABLE 3 

Fatty Acid Composi t ion  of  Piatelet Phospholipids of  Rat Receiving 
Graded Amount  of 9-trans, 12-trans Linoleatea, b 

Fat ty  acids EFAD A B C D E 

w t  % 

16:0 31.0 • 0.4 32.3 + 0.3 31.6 • 0.6 32.4 • 0.7 31.6 • 0.4 30.6 • 1.3 
16:DMA 4.5 • 0.8 4.4 • 1.5 6.4 • 0.4 5.0 • 0.7 6.0 + 0.3 5.5 • 0.5 
16:1 3.8 • 0.8 2.0 • 0.01 2.2 • 0.1 2.3 + 0.07 2.3 • 0.1 2.3 • 0.2 
18:0 15 .0•  1.8 1 6 . 0 + 2 . 6  1 3 . 2 •  16.3• 1.4 15.2•  1.3 15.0• 1.6 
18:DMA 4.5 + 0.7 4.9 + 0.6 5.1 • 0.2 4.6 • 1.1 5.2 • 0.2 5.8 • 0.9 
18:1~o9 11.9 • 0.2 7.4 • 0.2 7.4 • 0.1 7.8 • 0.2 8.0 • 0.2 8.6 • 0.4 
T, 18:2c06 

+ unknown 5.0 • 0.6 3.4 • 0.5 4.2 • 0.6 3.8 • 0.4 6.0 • 0.6 8.3 4- 0.3 
18:2to6 2.5 • 0.2 5.3 • 0.4 5.8 • 0.3 5.9 • 0.4 6.5 • 0.5 7.8 • 0.5 
18:3(06 -- 0.2 • 0.04 0.3 • 0.05 0.2 • 0.06 0.2 • 0.05 0.2 • 0.04 
18:3t~3 0.4 • 0.1 0.2 • 0.02 0.1 • 0.07 0.2 4- 0.03 0.2 • 0.02 0.3 • 0.03 
20:1r 0.1 • 0.01 . . . . .  
20:2t~6 0.1 • 0.01 0.4 + 0.05 0.4 • 0.06 0.5 4- 0.05 0.5 • 0.07 0.6 • 0.1 
20:3co9 8.3 • 0.6 . . . . .  
20:3t~6 0.7 • 0.1 0.2 • 0.09 0.2 • 0.03 0.2 • 0.06 0.2 • 0.04 0.5 • 0.1 
20:4t~6 c 
20:5t~3 -- 0.2 -+ 0.1 0.2 • 0.06 0.2 +- 0.03 0.2 • 0.05 0.2 • 0.1 
22:3t~9 1.6 • 0.14 . . . . .  
22:4~o6 0.2 • 0.05 2.4 • 0.4 2.0 • 0.2 2.2 4- 0.08 1.9 + 0.1 1.5 • 0.1 
22:5t~6 0.2 • 0.05 0.3 4- 0.08 0.3 • 0.05 0.3 • 0.08 0.2 • 0.01 0.1 • 0.04 

aSee Table 2 for the composi t ion of  dietary fat of each group. 

bValues are mean • SEM of 4-5 samples ;each  sample consisted of  platelets pooled from 2-3 rats. 
CValues are reported in Table 4. 

TABLE 4 

Effects of  Dietary 9.trans, 12-trans Linoleate on Serum Concentra t ions  
of Endoperoxide Metabolites and Their Precursor in Platelets a 

Axachidonic acid in 
platelet  phosphol ipids  TXB 2 PGF2a 

Group (w~ %) (ng/ml) (ng/ml)  

EFAD 11.0 • 1.0"* 53.8 • 11.8" 3.9 • 0.9 
A 21.9 + 0.8 148.1 • 28.5 15.5 • 4.0 
B 21.5 • 1.2 147.9 • 31.1 14.1 • 4.2 
C 19.0• 1.4 113.1 • 33.6 11.7 • 4.0 
D 16.6 • 0.6** 119.8•  20.2 7.6 • 1.1 
E 12.7 • 0.9** 62.5 + 9.5* 3.5 • 0.4* 

aValues are mean • SEM of S observations for arachidonic acid; 10-13 observations for 
TXB a and PGF2a. 

**Significantly different  from the value of  group A (p < 0.01). 
*p<0.05.  
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trace, trace, 0.5, 1.9, 3.0 and 5.7% for EFAD 
group, groups A, B, C, D and E, respectively. 

Serum concentrations of TXB2 and PGF2o~ 
are shown in Table 4. Serum concentrations of 
endoperoxide metabolites reflect amounts of 
these compounds synthesized by platelets 
during blood clotting. Although arachidonic 
acid levels in platelet phospholipids of groups 
D and E, and EFAD group were significantly 
lower than that of the control (group A), there 
was no significant difference between the 
control and the group receiving 1.0% trans- 
linoleate (group D) in concentrations of TXB2 
and PGF2a. This indicated that levels of TXB 2 
and PGF~cz were unaffected by the trans- 
linoleate as markedly as was arachidonic acid 
in platelet phospholipids. Arachidonic acid in 
phospholipids is a potential precursor for 
endoperoxides. It is unknown whether amounts 
of free arachidonic acid released from platelet 
phospholipids by phospholipase during blood 
clotting is proportional to the levels of arachi- 
donic acid in platelet phospholipids at the range 
found in this study. This result also indicated 
that the trans-linoleate itself may not inh ib i t  
the formation of endoperoxide metabolites in 
platelets. 

When 2 groups of rats were fed the same 
diets as those for groups A and D for longer 
periods of t ime  (16 weeks compared to 12 
weeks in the first experiment), the level of 
arachidonic acid in platelet phospholipids of 
group D was significantly lower than that of 
the control (Table 5). The difference between 
2 groups appeared slightly greater than the 
difference found in the first experiment. 

The major arachidonic acid metabolites in 
rat platelets derived from cyclooxygenase are 
TXB 2 and HHT, and that derived from lipoxy- 
genase is 12-HETE. Concentrations of endo- 
peroxide metabolites and 12-HETE in PRP and 
diluted whole blood samples were lower in 
group D receiving trans-linoleate than those in 
the control group (Table 5). However, the 
differences were not statistically significant. 
There was no significant difference in the 
degree of platelet aggregation induced by 
collagen suspension between 2 groups. The 
concentrations of 12-HETE in PRP were ca. 
3 times greater than those of TXB2, indicating 
that endogenous arachidonic acid is metabo- 
lized mainly through lipoxygenase pathway in 
rat platelets when aggregated by collagen 
suspension. It was shown that the concentra- 
t ion of TXB2 reached the maximum within 
5 min of incubation after the aggregation of rat 
platelet was initiated by collagen suspension 
(13). However, the concentration of 12-HETE 
continued to increase even after 60 min of the 
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incubation (Hwang, D.H., unpublished data). 
The concentkations of 12-HETE in diluted 
whole blood samples incubated for 20 min in 
presence of collagen suspension were ca. 150 
times greater than those of TXB2. This might 
be because the formation of 12-HETE by plate- 
let lipoxygenase was time-dependent over the 
incubation period, whereas cyclooxygenase 
was rapidly inactivated. Another possibility 
was that 12-HETE might be formed by leuko- 
cytes in the diluted blood sample. However, 
when leukocyte-rich preparation (buffy coat 
after harvesting PRP) was challenged with 
collagen suspension, the concentration of 
12-HETE was not greater than that of PRP 
preparation, suggesting that leukocyte lipoxy- 
genase could not be stimulated by collagen 
suspension. The concentration of  12-HETE in 
PRP incubated for 60 rain after the initiation 
of aggregation was comparable to those in 
diluted whole blood samples in this study 
(Hwang, D.H., unpublished data). 

The trans-isomer (9-trans, 12-trans) of linole- 
ate used in this study is one of geometric isom- 
ers of linoleate found in partially hydroge- 
nated .vegetable oil. Normally, the level of  this 
isomer does not exceed 0.5% (5). It appeared 
from this study that such a level of 9-trans, 12- 
trans-linoleate may not be enough to reduce 
arachidonic acid content in platelet lipids and 
subsequently to decrease the formation of  
arachidonic acid metabohtes through cyclo- 
oxygenase and lipoxygenase in rat. 9-cis,12- 
trans-Linoleate, which is another kind of  
geometric isomer of  linoleate found in partially 
hydrogenated oil, can be desaturated and 
elongated to longer chain PUFA (20). There- 
fore, the animal receiving this fatty acid is 
expected to have arachidonic acid and per- 
haps longer chain PUFA with trans double 
bonds in its tissue lipids. Based on gas chromat- 
ographic analysis using a capillary column, 
Anderson et al. (21) reported increased forma- 
tion of arachidonic acid with trans double 
bonds in tissue lipids of rats fed a mixture of  
9-cis, 12-trans- and 9-trans, 12-cis-linoleate. It 
was demonstrated that monoconjugated trans- 
isomrs of eicosatrienoic acid and eicosatetrane- 
oic acid inhibited the formation of prostaglan- 
dins from all-cis-arachidonic acid (22). 

Geometric and positional isomers of  octa- 
decenoate comprise the major portion of fatty 
acid isomers present in partially hydrogenated 
oil (5). Recently, Mahfouz et al. (23) and 
Pollard et al. (24) showed that positional 
isomers of  trans-octadecenoate are desaturated 
in rat liver microsomal preparations, and some 
of  these isomers also can be elongated (25). 
It is conceivable that products of the desatura- 

tion of the isomers of octadecenoate can be 
further desaturated and elongated to form 
longer chain PUFA with trans double bonds. 
Quantitation of arachidonic acid and longer 
chain PUFA with trans double bonds in human 
tissue lipids has not yet been reported. There- 
fore, in order to evaluate effects of hydro- 
genated vegetable oil on arachidonic acid 
metabolism via cyclooxygenase and lipoxy- 
genase in animal tissues, effects of desaturation 
and elongation products of isomers of octadece- 
noate and 9-eis,12-trans-linoleate need to be 
studied. 
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METHODS 

Preparation of cis, cis, cis-5,8,11-Eicosatrienoic Acid 
from Arachidonic Acid 
AMITABHA GHOSH, MALATI KOLEY and J. DUTTA, Department of Chemistry, 
Bose Institute, 93/I A.P.C. Road, Calcutta 700 009, India 

ABSTRACT 

Arachidonic acid was reduced by hydrazine to yield isomeric eicosatrienoic acids with other 
product~ Methyl cis,cis,cis-5,8,11-eicosatrienoate was isolated from the products by silver ion chro- 
matography and preparative gas liquid chromatography in 8% yield. The structure was confirmed by 
spectral studies and oxidative degradation. 
Lipids 17:314-316, 1982. 

INTRODUCTION 

It  was first shown by Mead and Salton and 
Fulco and Mead (1,2) that eicosa-5,8,11- 
trienoic acid (20:3609) was derived from oleic 
acid (18:1 609), sometimes called Mead's 
acid. The structure of this eicosatrienoic acid 
(20:36o9) was also established by Mead and 
Salton (1). It is well established that, under 
essential fatty acid (EFA)-deficient conditions, 
the arachidonic acid (20:4606) level decreases 
and there is a considerable increase of 20:3609 
in different tissues of rat (3-5), which normally 
contains a negligible amount  of the lat ter  acid. 
Although it is quite clear that EFA deficiency 
is responsible for accumulation of  20:3609 acid, 
very little is known about the effect of this acid 
on various metabolic functions, because of  the 
very limited availability of this acid. The 
significance of  20:3609 acid in EFA deficiency 
has been currently reviewed (6). 

A novel, general and flexible method for the 
synthesis of some EFA was described by 
Osbond et al. (7). Their method consisted of 
stereospecific partial reduction of the corres- 
ponding polyacetylenic acids. These were 
prepared by the condensation of various 
propargyl  bromides with the di-Grignard 
derivatives of r acids. Subsequently, 
various polyethenoid fatty acids were synthe- 
sized for metabolic studies, notably by Sprech- 
er (8-10), with some modification of the 
original method of Osbond et al. (7). Synthesis 
of  20:3606 has also been reported (9). For  the 
purpose of some metabolic studies with 20: 
36o9, we have developed a simple and very 
short route to its preparation, by the partial 
reduction of 20:4606, which is easily available. 

MATERIALS AND METHODS 

Arachidonic acid (20:4606) and methyl  
eicosa-8,11,14-trienoate (20:3606) were pur- 
chased from Nu-Chek-Prep. Inc., Elysian, MN. 
All the reagents and solvents were of analytical 
grade. Solvents were dried and distilled before 
use .  

Hydrazine Hydrate Reduction 

To 100 mg of arachidonic acid in 50 ml of 
aq (50%) ethanol, 1 ml of  hydrazine hydrate 
(99%, BDH, England) was added and stirred 
vigorously at 50 C (11). Five-ml aliquots were 
withdrawn at intervals of  1 hr up to 7 hr. From 
each of  the  aliquots, fat ty acids were extracted 
with diethyl  ether, methyla ted with diazometh- 
ane (12) and analyzed by gas liquid chromatog- 
raphy (GLC). For a preparative scale, 500 mg 
of  arachidonic acid was dissolved in 250 ml of 
aq ethanol,  3 ml of hydrazine hydrate was 
added and the mixture was stirred vigorously 
for 5 hr at 50 C. The fat ty acids were extracted 
and methylated by diazomethane. 

Argentation Column Chromatography 

The mixed methyl esters obt'ained by the 
partial reduction of 20:4606 acid was charged 
in a glass column (50 cm x 3 cm) containing 
silver nitrate (20%) coated silicic acid (150 g) 
and eluted with a solvent system of light 
petroleum (40-60 C) containing increasing 
amounts of diethyl ether (13). The column 
chromatography was monitored by GLC, using 
a 10% DEGS column (6 ft x 0.25 in.). 
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Isolation of 20:3~9 by Preparative GLC 

The pooled triene fraction obtained from 
argentation column chromatography was sub- 
jected to preparative GLC using glass columns 
(2.1 m x 8 mm) packed with 15% DEGS on 
Diatomite C (AW, DMCS-treated, 60-70 mesh) 
obtained from Pye Unicam Ltd., England. The 
purity of 20:36o9 acid isolated was checked 
by analytical GLC. The overall yield was 8% 
of arachidonic acid. 

Determination of Double Bond 
Position of 20:3~9 

Thirty mg of 20:3609 was reduced by 
hydrazine hydrate (11)for  3.5 hr. After extrac- 
tion and methylation of the reduced products, 
the monoenes were isolated by silver ion TLC 
(14) and were subjected to permanganate- 
periodate oxidation (15). The fatty acids were 
recovered and methylated. The mono- and 
dicarboxylic acids were separated on thin 
layer chromatographic (TLC) plate, recovered, 
and analyzed separately for their chain lengths 
(16). 

Nuclear Magnetic Resonance (NMR), 
Mass Spectrometry (MS) and 
Elemental Analysis 

The tH NMR (CHC13, d) 0.9 ppm (t, 3H, 
CHa CH2), 1.3 (broad, 10H, C H2), 1.7 (m, 4H, 
CH2 CH2 CH = CH) 2.0 (d, 4H, CH 2 CH = 
CH) 2.25 (t, 21t, CH2COO), 2.8 (t, 4H, = 
CHCH2CH =) 3.7 (s, 3H, C HaOCO) , 5.3 (t, 
6H, C_H = CH). The MS had a parent ion peak at 
m/e 320. Elemental analysis of methyl eicosa- 
trienoate, C21H~O2, requires C, 78.69; H, 
11.32 and 0, 9.98%; found C, 78.42; H, 11.20 
and 0, 9.94%. 

RESULTS AND DISCUSSION 

The GLC analyses of the reduction product 
of 20:4606 at 5 hr, which showed maximal 
production of 20:3609 along with other prod- 
ucts, are presented in Table 1. 

It is known that hydrazine randomly reduces 
polyethenoid fatty acids without double bond 
movement or stereomutation (17). Theoret- 
ically, 15 products are possible altogether, of 
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which there should be 4 trienes, 6 dienes, 4 
monoenes and 20:0. In the present study, 
traces of 20:0 were found along with some 
unreduced 20:4606. The main peaks in the GLC 
tracing had shoulders, indicating the presence 
of other compounds. With the help of pub- 
lished equivalent chain length (ECL) values 
(18,19) on the DEGS column and using authen- 
tic 20:3606, it was possible to identify 20:3609 
and 20:3606. The triene band isolated by silver 
ion column chromatography contained pri- 
marily 20:3609 and 20:3606 with some con- 
taminants, probably the other triene isomers. 
Isolation of 20:3609 by preparative GLC 
produced a perfect Gaussian peak with an ECL 
of 21.2 by analytical GLC on a 10% DEGS 
column. 

The NMR data support the presumption that 
the FAME in question contains 3 double bonds, 
interrupted by 2 methylene groups. The MS of 
methyl arachidonate, its fully reduced product, 
and of the purified 20:3609 gave molecular 
ion peaks at 318, 326 and 320, respectively, 
and confirmed the presence of 3 double bonds 
in the purified 20:3609. 

The GLC of the mono- and dicarboxylic 
acid methyl esters obtained by the permanga- 
nate-periodate oxidation of 20:3609 produced 
peaks due to 9-, 12- and 15-carbon chain 
monocarboxylic acids and 5-, 8- and 11-carbon 
chain dicarboxylic acids. These facts unam- 
biguously indicate that 20:3609 contained 
double bonds at the 5-, 8- and ll-positions. 

Table 1 shows that, under optimal condi- 
tions, the percentages of 20:3609 and 20:3606 
are 31 and 37, respectively. Although low, the 
overall 8% yield of 20:3609 is encouraging in 
the sense that the production of 20:3609 
through animal experiments or by total syn- 
thesis are long and expensive routes. 
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TABLE 1 

Peak 1 2 3 4 5 

Components 2 0 : 0  2 0 : 1  20:3to9 20:3to6 20:4~6 
20:2 

% (w/w) 1 l 1 31 37 20  
ECL 20.0 20.5 21.2 21.8 22.5 
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The Lipid Composition of Human Liver Microsomes 
LUCY WASKELL *,a, D O N A L D  KOBLIN b and ELEANOR CANOVA~DAVIS  a, 
Department o f  Anesthesia, Veterans Administrat ion Medical Center a 
and bUniversity o f  California, San Francisco, CA 94143 

ABSTRACT 

The lipid composition of human liver microsomes isolated from liver biopsy samples obtained 
at abdominal surgery has been determined. Human liver mierosomal phospholipid is composed of 49% 
phosphatidyleholine, 31% phosphatidylethanolamine, 14% phosphatidylserine + phosphatidylinos- 
itol and 6% sphingomyelin, very similar to the phospholipid composition of rat liver microsomes. The 
fatty acid composition of human liver microsomes is remarkable only for its content of polyunsatu- 
rated fatty acids, with 20% of the fatty acids consisting of arachidonic, docosatetraenoic, docosapenta- 
enoic and docosahexaenoic acids. This value contrasts with 33% in rats and 9% in rabbits. The molar 
cholesterol/phospholipid ratio in human liver microsomes is 0.069, similar to the ratio in rat and 
rabbit microsomes. 
Lipids 17:317-320, 1982. 

The chemical composition and physical 
nature of the lipid matrix of a membrane often 
influence the activity of membrane-bound 
enzymes. For example, in various species of 
laboratory animals, differences in the phospho- 
lipid and/or fatty acid composition of the 
microsomal membrane are associated with 
differences in the enzymatic activity of S- 
adenosyl methionine microsomal phospholipid 
methyl transferase (1), drug metabolizing 
enzymes (1), carbonic anhydrase (2), and the 
microsomal calcium pump (2). Because of the 
relationship in experimental animals between 
lipid composition and the activities of several 
microsomal enzymes, we determined the phos- 
pholipid, fatty acid, and cholesterol composi- 
tion of microsomes isolated from human liver. 
In particular, we thought the markedly lower 
levels of the mixed-function oxidases in human, 
compared to animal liver microsomes, might 
be related to the lipid composition of micro- 
somal membranes (3). 

MATERIALS A N D  METHODS 

Liver biopsies were obtained at abdominal 
surgery which was being performed for thera- 
peutic or diagnostic reasons. The University of 
California's San Francisco Human Experimen- 
tation Committee has approved our protocol 
for obtaining liver biopsies. Within 1-2 min of 
removal, the biopsies were placed in a 4 C 
solution of 1.15% KC1 and weighed. The liver 
biopsy was homogenized in 5 vol of a 1.15% 
KC1 and 5 mM EDTA solution with a Potter- 
Elvehjem homogenizer. The homogenate was 

centrifuged for 20 min at 12,000 rpm in a type 
30 rotor. This supernatant fluid was centri- 
fuged at 30,000 rpm for 60 min in a solution of 
0.1 M Na pyrophosphate and 5 mM EDTA and 
centrifuged at 30,000 rpm for 60 min in a type 
30 rotor. The final pellet was resuspended in 
a solution of 0.1 M Tris-Cl, pH 7.4 at 25 C, 
and 5 mM EDTA. A stream of nitrogen was 
blown over the microsomes and they were 
immediately placed at -80 C. 

One hundred #1 of a microsomal membrane 
suspension (containing ca. 1 mg of protein) 
was extracted once with 0.5 ml of methanol 
and twice with 0.5 ml of a 1:1 chloroform/ 
methanol (CHCIa/MeOH) solution. The MeOH 
and CHCI3/MeOH solutions contained 50 mg 
of butylated hydroxytoluene (BHT)/s Sepha- 
dex G-25 (ca. 100 mg) was added to the pooled 
supernatants, and the mixture was taken to 
dryness with a rotary evaporator. The sample 
was resuspended in CHC13 and the Sephadex 
G-25 removed by passage through a Pasteur 
pipet packed with silane-treated glass wool. 
The CHC13 was evporated under an inert gas 
and the lipids were resuspended in 40 #1 of 
CHC13 . 

Membrane phospholipid components and 
cholesterol were separated with a l-dimen- 
sional TLC system on 0.25-ram Silica Gel 60 
plates (EM Labs) activated at 120 C for 30 min. 
The solvent phase consisted of CHC13/MeOH/ 
acetic acid/H20 (65:50:5:3)  and contained 50 
mg BHT/s Greater than 90% of the phosphate 
applied to the plate could be recovered in the 
phosphatidylcholine, phosphatidylethanolamine, 
phosphatidylserine, phosphatidylinositol and 
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sphingomyelin fractions. Phospholipids and 
cholesterol were detected under an ultra- 
violet (UV) light after spraying with 2',7 t- 
diclilorofluorescein (0.2% in methanol). The 
components were quantitatively scraped from 
the plates and dried under vacuum. 

Phospholipid fatty acid groups were trans- 
esterified to their methyl esters by a procedure 
that closely followed that of Morrison and 
Smith (4), except that 12% (w/v) BCla/MeOH 
was used instead of BFa/MeOH (5). Fatty acid 
methyl esters were separated using a Hewlett- 
Packard 5830A gas chromatograph equipped 
with a flame ionization detector. A 6-ft • 1/8 
in. id glass column packed with 10% SP-2300 
cyanosilicone was used over a 180-230 C 
temperature range, increasing at a rate of 2 C/ 
min. Acyl groups with 15 or more carbon 
atoms were quantitated. 

Phospholipid content was quantitated by 
measuring the amount of inorganic phosphate 
after perchloric acid digestion (5,6). Cholesterol 
was measured using gas chromatography 
following the conversion of cholesterol to its 
trimethylsilyl derivative, and employing 5-a- 
cholestane as the internal standard (5). 

Standards for fatty acid methyl esters and 
phospholipids were obtained from Supelco, 
Bellefonte, PA. All solvents used in the lipid 
analyses were distilled and saturated with inert 
gas. 

RESULTS 

Table 1 provides information about the 
experimental human subjects. Table 2 provides 
the data on the fatty acid composition of each 
phospholipid class in human liver microsomes 

and the total fatty acid composition of the 
microsomes. 

Table 3 provides the data on the phospho- 
lipid composition of  the human microsomes. 

The mean molar cholesterol/phospholipid 
ratio of the 5 human microsomal preparations 
is 0.069 with a range from 0.047 to 0.112. 
The serum cholesterol was measured in 4 of our 
5 patients and was found to be normal in all 
cases (see Table 1). 

Because these studies were performed with 
microsomes isolated only from males, we could 
not determine if the lipid composition of 
human microsomes varies with sex as it does in 
rats, but not in rabbits (2). 

DISCUSSION 

Our results reveal that the lipid composition 
of human liver microsomes is quantitatively and 
qualitatively similar to the lipid composition 
of rat and rabbit liver microsomes. For exam- 
ple, the phospholipid composition of rat liver 
microsomes has been reported by several 
investigators (see Table 3 for a partial list of 
the range of values) (1,7,8). These previously 
published data in rats do not differ by more 
than a few percent from the values we obtained 
in our human liver microsomes. In contrast to 
the almost identical phospholipid composition 
of  human and rat liver microsomes, the fatty 
acid compositions are more variable between 
species. One of the major differences is in the 
content of peroxidizable polyunsaturated fatty 
acids (9). The data from humans reveal that 
phosphatidylchotine, which accounts for ca. 
50% of the phospholipid in the liver micro- 
somal membrane, contains ca. 13% arachidonic, 

TABLE 1 

Information on Patients from Whom the Liver Biopsies Were Obtained 

Age (yr) 
Race 
Sex 

63 
Black 
Male 

77 
White 
Male 

64 
White 
Male 

60 
White 
Male 

45 
Chinese 
Male 

Operation Serum cholesterol Microscopic pathology 
(mg/dl) on intraoperative liver 

biopsy 
Partial liver resection ND Grossly normal; no 

microscopic 

Partial colectomy 175 Normal 

Radical nephrectomy 177 Normal 

Cholecystectomy 135 Moderate fatty meta- 
morphosis  

Partial colectomy 118 Normal 
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TABLE 3 

Phospholipid Composition of Human Liver Microsomes 

Content (% of total phospholipid) 

Phospholipid Human Rats a 

Sphingomyelin 5.93 + 2.37 3.7 -- 6.3 
Phosphatidyicholine 48.8 -+ 2.9 53 - 54 
Phosphatidylethanolamine 31.3 + 1.9 20 - 25 
Phosphatidylserine + 

phosphatidylinositol 14.0 + 1.6 12.6 - 14 

aRange of representative previously published values for phospholipid composition of 
male rat liver microsomes is also given for comparison (1,2,6). 

The results are expressed as the mean + SD of the molar percentage of the total phospho- 
lipids of 5 human microsomal preparations. 

docosa t e t r aeno ic ,  d o c o s a p e n t a e n o i c  and  doco-  
sahexaeno ic  acids. This  compare s  to  30% in ra ts  
(8 ,9)  and  5% in r abb i t s  (2). Phospha t idy l -  
e t h a n o l a m i n e ,  which  accoun t s  for  25-30% of 
t he  phospho l i p id  in mic rosomes ,  con t a in s  35% 
of  these  p o l y u n s a t u r a t e d  f a t t y  acids in h u m a n s ,  
35% in rats  (8 ,9) ,  and  16% in r abb i t s  (2). 
Phospha t i dy l s e r i ne  and  phospha t i dy l i nos i t o l ,  
w h i c h  a c c o u n t  for  ca. 14% of  the  p h o s p h o -  
l ipids in the  m i c r o s o m a l  m e m b r a n e ,  con t a i n  
33% p o l y u n s a t u r a t e d  fa t ty  acids in h u m a n s ,  
40% in rats  (7 ,9) ,  and  13% in r abb i t s  (2). 
F u r t h e r m o r e ,  t he  d e t e r m i n a t i o n  of  the  overal l  
f a t t y  acid c o m p o s i t i o n  of  the  p h o s p h o l i p i d  
f r ac t i on  f rom liver m i c r o s o m e s  reveals t h a t  in 
ra ts  33% of  the  f a t ty  acids are p o l y u n s a t u r a t e d  
(8),  in h u m a n s  20%, and  in r abb i t s  9% (2). 
Thus ,  ra t  liver mic rosomes  con ta in  the  greates t  
pe rcen tage  of  p o l y u n s a t u r a t e d ,  pe rox id izab le  
(10)  f a t t y  acids, h u m a n s  have i n t e r m e d i a t e  
levels and  rabb i t s  have the  least. These  subs tan-  
t ial  d i f fe rences  in the  a m o u n t  of  peroxid izab le ,  
p o l y u n s a t u r a t e d  fa t ty  acids in liver mic rosomes  
p r o b a b l y  expla in  the  increased lipid peroxida-  
t i o n  observed  w i th  in  v i t ro  l ipid p e r o x i d a t i o n  
b y  rat  in con t r a s t  to  r a b b i t  liver mic rosomes  
(11) .  Our  da ta  suggest  t h a t  in  vi t ro  l ipid peroxi-  
d a t i o n  by  h u m a n  liver mic rosomes  will be  less 
t h a n  t ha t  observed  in the  ra t  b u t  more  t han  
t h a t  observed  in rabbi t s .  Che la t ing  agents  such  
as E D T A  ( e t h y l e n e d i a m i n e t e t r a a c e t i c  acid) 
shou ld  p r o b a b l y  be  added  to  h u m a n  in vi t ro  
m i c r o s o m a l  reac t ions  to  decrease  lipid peroxi-  
d a t i o n  and  increase  the  s tabi l i ty  of  the  mixed-  
f u n c t i o n  oxidases  (12) .  

The  c h o l e s t e r o l / p h o s p h o l i p i d  mola r  ra t io  in 
h u m a n  liver mic rosomes  o f  0 .069  is o f  the  same 
o rde r  of  m a g n i t u d e  as d e t e r m i n e d  in ra ts  by  
2 inves t iga tors  (7 ,13)  b u t  one-ha l f  of  t h a t  
r e p o r t e d  in a t h i rd  p ub l i c a t i on  (8). T he  reason  
for  this  d i sc repancy  is u n k n o w n .  U n p u b l i s h e d  
da ta  f rom ou r  l a b o r a t o r y  reveal t h a t  u n i n d u c e d  

r a b b i t  and  ra t  l iver mic rosomes  exh ib i t  approxi -  
m a t e l y  t he  same mola r  cho l e s t e ro l / phospho -  
l ipid ra t io  as do h u m a n  mic rosomes .  
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Essential Fatty Acid-Supplemented Diet Decreases 
Renal Excretion of Immunoreactive Arginine-Vasopressin 
in Essential Fatty Acid-Deficient Rats 
HARALD S. HANSEN, Biochemical Laboratory; Royal Danish School o f  Pharmacv, 
Universitetsparken 2, D K- 2100 Copenhagen, Denmark 

ABSTRACT 

Essential fatty acid (EFA)-deficient rats have been reported to have very concentrated urine and 
low urinary prostaglandin E 2 (PGE 2 ) excretion. Both parameters were normalized by feeding an EFA- 
supplemented diet (H.S. Hansen [1981] Lipids 16, 849-854). The urinary excretion rate ofimmuno- 
reactive arginine-vasopressin (iAVP) has been determined in these rats. The iAVP excretion rate was 
high: ca. 4.8 mU/24 hr, during the EFA-deficient period compared to the controls, 0.7-1.3 mU/24 hr. 
One day after the dietary change, iAVP excretion rate was still high, but it decreased significantly 
(p < 0.05) at the second measurement 7 days later. It is suggested that the water-conserving effect of 
vasopressin 1 day after the dietary change was suppressed by the very high PGE 2 production, resulting 
in normal renal water excretion. PGE 2 and water excretion data were published in the paper just cited. 
Lipids 17:321-322, 1982. 

Decreased urine output is one of the well 
known EFA deficiency symptoms (1). We 
recently reported that the decreased urine 
output in rats was mainly due to an efficient 
water-conserving mechanism in the kidney, 
resulting in a highly concentrated urine (2). The 
urine from these rats has been stored at -20 C 
for 1 year. Thus, to investigate whether this 
effect could be due to increased production of 
antidiuretic hormone, we have measured 
iAVP in the urine from these rats. 

MATERIALS AND METHODS 

Animals and Collection 

Ten 21-day-old male Wistar rats (K. M~blle- 
gaard-Hansens Avlslaboratorium A/S, L1. Skens- 
ved, Denmark) were divided into 2 groups of 5 
animals each. Group 1 was reared on a semi- 
synthetic fat-free diet. Group 2 was reared on a 
diet with 28% arachis oil, i.e., the fat-free diet 
with 28% by wt of the sucrose replaced by 28% 
by wt of arachis oil. Thus, linoleic acid contrib- 
uted 14 cal of the diet (3). After 25 weeks of 
feeding, the diets were switched between the 2 
groups and fed for 3 weeks. Diets and water 
were supplied ad libitum throughout the experi- 
ment. The animals were housed in wire mesh 
cages, 2 animals per cage. Once a week, the rats 
were housed individually in metabolic cages for 
24 hr with free access to water and food. The 
24-hr urine was collected in a polyethylene 
tube packed in. Dry Ice which ensured immedi- 
ate freezing of the urine after voiding. The 
collected urine samples were kept at -20 C for 

Abbreviations: EFA = essential fatty acid; PGE 2 = 
prostaglandin E2; iAVP = immunoreactive arginine 
vasopressin; RIA = radioimmunoassay.  

1 year before iAVP determinations were 
performed. The change of diet between the 2 
groups was made 1 day before the weekly urine 
collection. The experimental feeding period 
started in June and ended in December. The 
humidity decreased from around 60% to around 
40% within this period. Throughout the experi- 
ment, the temperature was 23 -+ 1 C. The rats 
were kept in a 12-hr/12-hr light-dark period. 

AVP-Radioimmunoaseay 

12SI-AVP, ca. 1215 /~Ci[/~g was obtained 
from New England Nuclear, Boston, MA, and 
unlabeled AVP 345 U/mg was from Ferring AB, 
Malm~b, Sweden. The AVP antiserum was 
kindly provided by Dr. Jens Dencker Christen- 
sen, Biological Laboratory, Royal Danish 
School of Pharmacy, Denmark. The RIA 
procedure was performed as described by 
Christensen and Jensen (4), with the exception 
that an initial ion-exchange column purification 
was omitted. Each urine sample was serially 
diluted with assay buffer in duplicate (1/256, 
1/128, 1/64, 1/32, 1[16, 1 [8 )and  200 btl was 
used for the RIA incubation. 

Statistical analysis was done using the paired 
and unpaired Student 's  t-test for intraindividual 
and interindividual comparison, respectively. 

RESULTS AND DISCUSSION 

iAVP was determined in the 24-hr urine 
obtained during the period 3 weeks before and 
2 weeks after the dietary change (Fig. 1). The 
EFA-deficient rats (group 1) had significantly 
(p < 0.002) higher iAVP excretion rates than 
the controls (group 2). 

Although the urine samples have been stored 
at -20 C for ca. 1 year, this should not affect 
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the  iAVP levels as vasopressm at acid pH values 
is very s tab le  (5,6).  T he  pH value in the  ur ine  
f rom b o t h  groups  was ca. 5.6. The  iAVP 
exc re t i on  ra tes  of  0.7-1.3 m U / 2 4  h r  o b t a i n e d  
in the  p resen t  con t ro l  ra ts  are wi th in  the  range 
of  values r epo r t ed  by  o thers :  0.4-0.6 m U / 2 4  
hr  (7),  0 .8-1 .0  m U / 2 4  h r  (8),  ca. 2.2 m U / 2 4  hr  
(9),  and  3.7 m U / 2 4  hr  (10) .  The  EFA-de f i c i en t  
ra ts  had  a very c o n c e n t r a t e d  ur ine ,  ca. 2 ,700  
m O s m o l / k g  (2), and  a ca. 4 .8-fold  h igher  iAVP 
exc re t i on  as c o m p a r e d  to  the  controls .  Moses 
and  Miller (10)  have s h o w n  t h a t  the  m ax i m a l  
vasopress in  exc re t ion  dur ing  d e h y d r a t i o n  in ra ts  
was ca. 5-fold h igher  t h a n  in the  cont ro ls .  

I t  c a n n o t  be ru led  o u t  t h a t  the  h igh excre-  
t ion  rates  o f  iAVP in the  EFA-de f i c i en t  ra ts  
were due to  changes  in vasopress in  me tabo l i sm.  
However ,  if  i t  is a s sumed  t h a t  changes  in uri- 
na ry  iAVP exc re t ion  ref lect  changes  in p lasma 
vasopress in  concen t r a t i ons ,  th is  could expla in  
the  very h igh  ur ine  osmola l i ty  seen in the  same 
rats  (2). F u r t h e r m o r e ,  th is  could also be  the  
reason  for  the  increased pros tag land in  E- 
syn the t a se  act iv i ty  in the  k idney  of EFA-  
def ic ien t  rats,  suggested f rom in vi t ro  ( 11 ,12 )  
and  in vivo da ta  (2). Beck and  D u n n  (13)  have 
suggested t h a t  ch ron ic  h igh  levels of  vasopress in  
in vivo s t imula te  the  act iv i ty  of  the  cyc looxy-  
genase in co l lec t ing  tubu le  cells. 

One day af ter  the  d ie ta ry  change (measure-  
m e n t  at  week 25)  u r ina ry  iAVP e x c r e t i o n  was 
still h igh w h e r e a s - a s  r epo r t ed  earl ier  ( 2 ) - t h e  
ur ine  o u t p u t  and ur ine  osmola l i ty  was n o r m a -  
lized, and  ur inary  PGE2 exc re t ion  was in- 
creased 8-fold be ing  twice  t he  values seen in the  
controls .  I t  is suggested t h a t  the  rapid  increase  
in renal  wa te r  exc re t i on  fo l lowing E F A  feeding 
to the  EFA-de f i c i en t  ra ts  was caused by  the  
c o n c o m i t a n t  increase  in renal  PGE 2 synthes is ,  
which  c o u n t e r a c t e d  the  e f fec t  of  vasopressin.  
At  the  second  m e a s u r e m e n t  af ter  the  d ie ta ry  
change,  the  iAVP e x c r e t i o n  was s igni f icant ly  
decreased (p < 0.05),  bu t  i t  was still h igher  
t han  t ha t  of  the  con t ro l s  (p < 0.001) .  At  week  
27, the  iAVP exc re t i on  ra tes  were the  same in 
the  2 groups.  
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Sedimentation Equilibrium of Human 
Low Density Lipoprotein Subfractions 1 
TALWINDER S. KAHLON*,  GERALD L. ADAMSON, MASON M,S. SHEN 
and FRANK T. LINDGREN. Donner Laboratory, Lawrence Berkeley Laboratory, 
University of California, Berkeley, CA 94720 

ABSTRACT 

The molecular weights of low density lipoprotein (LDL) subfractions were determined precisely 
by meniscus depletion sedimentation equilibrium. Equilibrium speeds ranged from 9743 to 5896 
rpm. The average molecular weights of various LDL subfractions of S~ values 9.49, 7.94, 6.42, 5.17, 
and 3.71 determined by sedimentation equilibrium were 2.97 • 106 ; 3.13 X 106 ; 2.89 • 106 ; 2.45 
X 106 ; and 2.61 • 106 daltons, respectively; and their respective densities were 1.0267, 1.0306, 
1.0358, 1.0422, and 1.0492 g/ml_ Minimal hydrated molecular weights for these fractions determined 
by flotation velocity at 37,020 rpm were 2.57 • 106 ; 2.37 • 106 ; 2.09 • 106 ; 1.94 • 106 ;and 1.81 
X 106 daltons; whereas similar molecular weights determined at 52,640 rpm were 2.53 • 106 ; 2.27 
• 106 ; 1.99 • 106 ; 1.86 • 106 ; and 1.74 • 106 daltons for the respective LDL subfractions. Higher 
molecular weights of fractions 2 and 5 compared to their adjacent fractions 1 and 4 by sedimentation 
equilibrium are of great interest. The calculated frictional ratio f/fo from sedimentation equilibrium 
and flotation velocity data ranges from 1.10 to 1.31, suggesting complexity and asymmetry of LDL 
subfraetion molecules. There is also evidence that compressibility of LDL molecules may be different 
than that for the salt solution under high g-force. Assuming that redistributed LDL molecules at 
equilibrium under low g-force are spherical, it is possible that the shape of LDL molecules under- 
going flotation velocity determinations may be distorted in high g-force conditions. Such distortion 
may be consistent with the _high fifo values obtained and may also be a basis for structural rearrange- 
ment and/or lipoprotein degradation with prolonged preparative ultracentrifugation at high g-force 
and pressure. 
Lipids 17:323-330, 1982. 

Particle diameters  of  low density l ipoprote in  
(LDL)  sub fract ions have previously been 
determined by electron microscopy  (1), by 
laser light scattering (2), and by calculat ion 
from f lota t ion-veloci ty  MW determinat ions .  In 
each case, LDL molecules  have been assumed 
to be spherical. Such spherici ty,  or  1/1 axial 
ratio,  needs to be investigated by s tudying LDL 
particles under  low g-force at equi l ibr ium, and 
by comparing the results with these earlier 
data. 

Sed imenta t ion  equi l ibr ium for the deter-  
minat ion  of  MW is an accurate procedure  
because of  its fundamenta l  t he rmodynamic  
basis (3). The sedimenta t ion  or f lo ta t ion  
veloci ty  procedures,  however ,  lead to inheren t  
uncer ta in ty  because of  such factors as fric- 
t ional  coeff icient ,  high salt concent ra t ion ,  
possible changes in b o t h  shape and partial 
specific vo lume (V) under  substantial  cen- 
trifugal force (4). However ,  meniscus deple t ion  
sed imenta t ion  equi l ibr ium results in consistent  
and accurate values, provided 7" ( m l / g ) i s  

IMW = molecular weight; V = partial specific 
volume (l/p) using corresponding salt gradient density 
obtained from the background tube in LDL fraction- 
ation;.R = molar gas constant; T = absolute tempera- 
ture (degrees Kelvin); p = density of dialysate (1.0063 

2 g/mi); co 2 = angular velocity; In c/r = slope of In 
concentration c vs r 2 ; r = distance from axis of rota- 
tion (cm). 

precisely known and true equi l ibr ium is at- 
tained (5). This condi t ion  may not  be present 
for fringe shifts observed over short  (3-4-hr) 
intervals, and such observat ions may lead to 
wide discrepancies in values. 

This s tudy was under taken  to determine  MW 
of  LDL subfract ions by sedimenta t ion  equilib- 
r ium at different  ro tor  speeds be tween  5,000 
and I0 ,000  rpm and to compare  these values 
with those obta ined by sed imenta t ion  veloci ty  
at 37,020 and 52,640 rpm (corrected for the 
discrepancies inherent  in sedimenta t ion  veloci ty  
data). 

MATERIALS AND METHODS 

Lipoprotein Preparation 

F o u r  heal thy  no rmol ipopro te inemic  indi- 
viduals (2 males and 2 females) were selected 
for  this s tudy.  E D T A  plasma was obta ined  f rom 
the  fresh b lood samples (0.1 mg EDTA/ml) .  
Af te r  removing VLDL,  LDL was isolated in 
sequence by u l t racent r i fugat ion  (density 1.019 
to 1.063 g/ml)  at 17 C (6). Five LDL subfrac- 
t ions were ob ta ined  by densi ty gradient ultra- 
centr i fugat ion in a swinging bucket  SW 45 
ro to r  (SW 45 Beckman special order rotor :  
2.5 x 0.5 in.;  7-ml buckets ;  r min,  6.664 cm; 
and r max, 12.689 cm). This procedure  is an 
approach to equi l ibr ium after  40 hr  o f  centrifu- 
gation at 40 ,000 rpm. Buoyant  densities of  
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LDL subfractions are close to equilibrium 
values. Density cuts for isolation of subfrac- 
tions were measured by precision refractometry 
(7). Each lipoprotein fraction was dialyzed 
overnight at 4 C against P20 1.063 g/ml and 
1.203 g/ml (pl .0063 NaC1 solution containing 
10 mg EDTA/100 ml adjusted to appropriate 
densities by adding NaBr) (8) for flotation 
velocity measurements. Evaluation by salt 
background overnight dialysis with 3 changes 
showed results accurate to less than one part at 
the fourth decimal place. Refractive indices 
were determined at 26.0 + 0.02 C with calibra- 
tion at 20.0 C with a Mettler/Paar DMA-46 
density meter. Sedimentation equilibrium was 
performed at 20.0 + 0.05 C (RTIC-Beckman). 

Sedimentation Equilibrium 

Beckman Model E ultracentrifuges with 
Rayleigh interference optical systems were used 
for the sedimentation equilibrium procedure. 
LDL subfractions were dialyzed overnight at 
4 C against p2o NaCI, 1.0063 g/ml, r/2o 1.0226, 
pH 7.2-7.4 solution, for sedimentation equilib- 
rium measurements. In the interference cells, 
0.20 ml of the dialyzed lipoprotein was placed 
adjacent 0.21 ml p2o 1.0063 g/ml background 
solution. The air above the sample in the 
interference cell was displaced by nitrogen. 
LDL subfractions were run at 20 C between 
5,000 and 10,000 rpm to achieve meniscus 
depletion sedimentation equilibrium (9), using 
An-D and An-J rotors. As soon as a rotor 
attained equilibrium speed, the first photo- 
graphs correcting baseline optical distortion 
were taken. The rotor speed was increased by 
20% over the equilibrium speed for 3 hr and 
then decreased to this equilibrium speed. 
Equilibrium fringes were obtained after 72 hr. 
True equilibrium was confirmed by photo- 
graphs after 24-hr intervals to verify that there 
was no further change in the In c vs r 2 plot. 
Zero fringe pictures were taken using a clear 
glass filter to properly align the Gaertner 
Model M2001RSP microcomparator. At equi- 
librium, a set of photographs was taken with 
variable exposure time to achieve the best 
equilibrium photographs. A second equlibrium 
experiment was performed at either a lower or 
higher speed, depending on the position of the 
initial equilibrium fringes. The fringe displace- 
ments (xi,Yi) were measured with the Gaertner 
microcomparator. Molecular weight was deter- 
mined by the equation I : 

2RT 
MW = ~ In c/r a 

(l-~p)co 2 

Sedimentation Velocity 

Sedimentation velocity r/F ~ vs p data were 
obtained at 26 C at densities P26 1.061 and 
1.200 g/ml at 2 rotor speeds (37,020 and 
52,64.0 rpm) in Beckman Model E ultracentri- 
fuges equipped with schlieren optics. Schlieren 
patterns were analyzed by the procedure 
explained in detail by Lindgren et al. (8). 
Flotation velocities were determined at concen- 
trations ranging from 2.5 to 3.0 mg LDL/ml. 
Flotation coefficients were further corrected 
for the concentration dependence factor (I-KC 
where K = 0.888 x 10 -4 ml/g) in order to 
correct for any discrepancies due to concen- 
tration dependence. Any discrepancies in the 
concentration dependence factor (determined 
on total LDL) would be minimal as the samples 
were analyzed at nearly constant concentra- 
tion. Unpublished observations from this 
laboratory (Lindgren, F.T., unpublished experi- 
ments) confirm linearity between 2~ P 1.063 and 2o Pl.2o3, so adding a third point is not essential. 

R ESU LTS 

Following swinging bucket ultracentrifuga- 
tion, the 1-g densities in the gradient corres- 
ponding to the LDL subfractions obtained from 
one background tube run in each fractionation 
are shown in Table 1. The highly reproducible 
gradient densities were: 1.0267 + 0.0001; 
1.0306 +- 0.0001; 1.0358 + 0.0001; 1.0422 -+ 
0.0002 ; and 1.0492 + 0.0006 g/ml for fractions 
1, 2, 3, 4 and 5, respectively. 

Dependence of peak flotation rates on g- 
force for 5 LDL subfractions is shown in Table 

o 

2. Peak Sf 1.063 ranged from 9.79 for fraction 
1 ~o 3.74 for fraction 5 at 37,020 rpm; whereas 
at 52,640 rpm, it ranged from 9.19 to 3.68 for 
the same respective fractions. However, these 
consistent differences between the 2 speeds 
are statistically significant (p ~< 0.05) only for 
fraction 2, for which peak S~ 1.063 rate at 
37,020 rpm is 8.11 -+ 0.06 and that at 52,640 
rpm is 7.74 + 0.11. Also, there were no signifi- 
cant differences in S~ 1.063 in various LDL 
subfractions for male or female plasma with the 
2 g-forces used (104,283 x g or 210,849 x g). 
However, it is of considerable interest that all 
mean Sf and F•.2o values were higher at the 
lower g-force. 

Table 3 shows dependence of peak F~.2o 
flotation rate on g-force for the 5 LDL sub- 
fractions. Peak F~.20 ranges from 36.99 for 
fraction 1 to 25.21 for fraction 5 at 37,020 
rpm, and it ranges from 36.10 to 24.59 for the 
respective fractions at 52,640 rpm. On the 
average, 37,020 rpm results were 0.88 F~.20 
units higher compared to the 52,640 rpm 
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TABLE 1 

l-g Gradient  Dens i t i e s  a C o r r e s p o n d i n g  to LDL Subfractions b 

Fraction 

Sample no. 1 2 3 4 5 

5911 c - 1.0306 1.0355 1.0427 1.0499 
5947 c 1.0267 1.0303 1.0357 1.0418 - 
5989 d 1.0269 1.0308 1.0361 1.0423 1.0480 
6015 d 1.0264 1.0307 1.0356 1.0420 1.0497 
Mean density 1.0267 1.0306 1.0358 1.0422 1.0492 

+ SEM -+ 0.0001 • 0.0001 + 0.0001 • 0.0002 -+ 0.0006 
Density at 

40,000 rpm 1.0317 1.0403 1.0496 1.0592 1.0680 
Pressure in atm 

at 40,000 rpm 106 223 353 496 653 

ax-g represents 981 dynes pressure/g/cm/sec a. 
bThe densities w e r e  d e t e r m i n e d  by 5th-decimal-plaee precision refractometry, checked 

by pycnometry, and considered to be accurate to 2 parts at the 5th-deeimal place. 
c Female. 
dMale. 

values. These consistent differences were 
statistically significant (p < 0.05) only in 
fraction 5. 

MW of the LDL subfractions determined by 
sedimentation equilibrium are shown in Table 
4. Partial specific volume (reciprocal of  buoy- 
ant density is given as best estimate of  V) for 
the fractions I, 2, 3, 4 and 5 are 0.9740, 
0.9703, 0.9654, 0.9595, and 0.9531 ml/~, 
respectively. Mean MW are 2.97 + 0.06 x 10~ 
3.13 -+ 0.10 x 106; 2.89 + 0.09 x 106;2.45 
-+ 0.07 x 106 ; and 2.61 + 0.17 x 106 daltons 
for fractions I, 2, 3, 4 and 5, respectively. The 
optimal speed to reach equilibrium decreased 
as the fraction density increased; thus, equilib- 
rium speed ranged from 9,743 to 5,896 rpm. 
In general, a higher equilibrium speed resulted 
in somewhat lower MW, but these differences 
were not statistically significant. The MW of 
LDL subfractions from male or female plasma 
were similar for fractions 1, 2, 3 and 4, whereas 
the statistical significance of the differences 
in fraction 5 could not be tested due to limited 
data. 

Table 5 shows minimal anhydrous MW 
assuming a f/fo ratio of 1.00, from r/F ~ vs 
p flotation velocity data. At 37,020 rpm, MW 
are 2.57 x 106; 2.37 x 106; 2.09 x 106; 
1.94 x 106; and 1.81 x 106 daltons for frac- 
tions 1, 2, 3, 4 and 5, respectively. At 52,640 
rpm, the values for these respective fractions 
are 2.53 x 106 ; 2.27 x 106 ; 1.99 x 106 ; 
1.86 x 106 ; and 1.74 • 106 daltons. However, 
these consistent differences in MW for each 
fraction at these 2 speeds are not statistically 
significant. Also, there are no significant 
differences in LDL subfraction MW from male 
or female plasma. 

Table 6 shows densities of fractions 1-5 
obtained by p intercept from ~/F ~ vs p flota- 
t ion velocity data. These densities are 1.0178, 
1.0233, 1.0277, 1.0331 and 1.0409 g/ml for 
fractions I, 2, 3, 4 and 5 at 37,020 rpm. In 
contrast, these densities at 52,640 rpm are 
1.0201, 1.0241, 1.0286, 1.0339 and 1.0407 
g/ml for the respective fractions. These esti- 
mated hYdrated densities obtained at 2 dif- 
ferent g-forces were significantly higher at 
52,640 rpm for fraction 1 (p < 0.01) and 
fraction 2 (p < 0.05) compared to the densities 
at 37,020 rpm. 

Figure 1 provides a comparison of the mean 
particle diameters obtained by different tech- 
niques. Electron microscopy, as well as laser 
light scattering, give apparently significantly 
higher LDL subfraction particle diameters, 
whereas flotation velocity data give lower 
particle diameters at corresponding S~ 1.063 
rates than our sedimentation equilibrium data. 

Individual LDL subfractions in relation to 
O 

the Sf 1.063 distribution for all male and female 
subjects are shown in Figure 2. In both females, 
the dominant subfraction was #2 (S~ 7.90 and 
7.53). In contrast, the dominant subfractions in 
the males were fractions 3 and 4, with corres- 
ponding S~ 1.063 values of 6.32 and 4.29, 
respectively. 

DISCUSSION 

This study shows that the MW of LDL 
sub fractions determined by sedimentation 
equilibrium are significantly higher than those 
determined by flotation velocity. MW deter- 
minations by sedimentation equilibrium do not 
fall into the pattern obtained by earlier flota- 
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tion velocity data (1,11,12); i.e., MW do not  
consistently decrease with decreasing flotation 
rate. MW of fraction 2 (19 1.0306 and S~ 
are hi&her than those of fraction 1 (/9 1.0267 
and S~ 9.49). Also, the MW of fraction 5 

o 
(p 1.0492 and Sf 3.71) are hzgher than those of 
fraction 4 (p 1.0422 and S~ 5.17). Similar 
observations were made by Fless and  Scanu 
(13) in rhesus monkey LDL. This discrep- 
ancy is of great interest and may relate to 
the possible metabolic interconversion or 
noninterconversion of LDL subfractions dur- 
ing LDL catabolism. One sample was run at 
both 20 and 26 C, and MW determinations 
by sedimentation equilibrium were not affected 
over this temperature range�9 Adams and Schu- 
maker (14) and Fisher (15) determined that an 
f/fo factor of ca. 1.11 must be used to correct 
estimated MW obtained by flotation velocity; 
these molecular weights must be multiplied by 
1.113/2. Our results indicate that larger values 
of f/fo than found by Adams and Schumaker 
(14) and Fisher (15) are required to bring MW 
determined from flotation velocity and from 
sedimentation equilibrium into agreement. 
Sedimentation equilibrium, because of its 
fundamental thermodynamic principles, pro- 
vides a more accurate MW determination, 
independently of the shape of the molecule. 
The v were obtained from the corresponding 
background salt gradient. These densities are 
quite reproducible, as shown in Table 1. It 
took 48 rain for the SW 45 rotor to decelerate 
from 40,000 rpm. The effect of salt diffusion 
while the rotor was slowing down was checked 
by accelerating and decelerating the rotor 
several times, and it did not change the salt 
density significantly (+ 0.0001 g/ml). We as- 
sume that diffusion was occurring in both 
background and sample tubes essentially at the 
same rate during such deceleration. The fric- 
tional ratio f/fo calculated from sedimentation 
equilibrium and flotation velocity (sedimen- 
tation equilibrium MW + flotation velocity 
MW) 2/3 in this studY result in values rang- 
isng from I . I0  for fraction 1 (p 1�9 and 

~ 9.49) to 1.31 for fraction 5 (p 1.0492 and 
S 3.71). Mean f/fo for flotation velocity data 
at 37,020 and 52,640 rpm is 1.20 + 0.03 and 
1.23 + 0.03, respectively. Although MW of LDL 
subfractions can be determined quite precisely 
at low g-forces (9,743 to 5,896 rpm), there 
exists wide variability in MW of fraction 5. 
This may be due to the potentially high Lp(a) 
in this one female subject. These results are not 
in conflict with previously published data 
showing differences in S~ rate between the 
sexes (8), but they do confirm the data (1) 
pointing to differences in lipoprotein concen- 
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FIG. 1. Comparison of mean particle diameters, assuming spheres, by different tech- 
niques with flotation S~ ,.0~3 values. Particle diameters were obtained by the equation: 
molecular weight (daltons) = 0.3153 d 3 o, where o is the hydrated density and d is the 
diameter in A (10). Data obtained by others (11) have not been compared because methods 
to obtain and define LDL subfractions were different, i.e., sequential preparative flotation 
as compared with equilibrium density gradient isolation. 

tration among various subfractions. At equilib- 
rium, In c vs r z plots for all subfractions were 
extremely hnear with correlation coefficients 
ranging from 0.9962 to 0.9998. 

Densities of LDL subfractions obtained 
from ~/F ~ vs p flotation velocity data show that 
when g-force increased from 104,283 x g to 
210,849 x g, the density increased 0.0023 
density units for fraction 1 and 0.0002 density 
units for fraction 5. However, all density values 
from T/F ~ vs p data are lower than correspond- 
ing l-g densities of LDL subfractions. Flotation 
data using the 1-g densities (v) would result in 
much lower MW; conversely, using ~?F ~ vs p 
densities for V in sedimentation equilibrium 
would make MW values much higher. In other 
words, such a correction would only further 
complicate analysis and would exaggerate these 
LDL MW discrepancies. Densities in Table 6 
are derived from r/F ~ vs/9 data extrapolated to 
zero migration rate and may not  be as accurate 
at 1-g densities which could be measured pre- 
cisely (Table 1). Adams (16)suggested that the 
compressibility of LDL is similar to that of the 
solvent under 200,000 x g force. Hence, 1-g 
densities may be the best estimate to be used 
for V in sedimentation equilibrium analysis. 

Nowhere in the literature has the true buoyant 
density of LDL been defined unequivocally. 

Sedimentation equilibrium MW are calcu- 
lated using V obtained from 1-g densities of 
corresponding salt gradient fractions. Values 
of V should be corrected for the discrepancies 
between the values of 1-g vs those existing 
under sedimentation equilibrium conditions. 
Discrepancies in 1-g densities vs those obtained 
from 71F ~ vs/9 data might be due to differences 
in compressibility of LDL molecules as com- 
pared to the compressibility of salt solution, 
although, as suggested (16), such a difference 
may not exist. However, our data would 
indicate this may not  be the case. LDL mole- 
cules redistributed under low g-force (2.5 atm) 
at equilibrium may be considered essentially 
spherical. Thus, particle diameters obtained on 
similar LDL subfractions (1) by electron 
microscopy gave LDL molecules with axial 
ratios ranging from 2.21/ 1.00 to 1.30/1.00 for 
S~ 9.5 to S~ 3.5, respectively. The average axial 
ratio obtained by electron microscopy, assum- 
ing sedimentation equilibrium to be correct, 
was ca. 1.65/1.00. Similarly, laser light scatter- 
ing (2) data represented axial ratios of 1.52/ 
1.00 to 1.03/1.00 for the respective S~ rates of 
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FIG. 2. S~ ~.o~3 schlieren plots of  individual LDL 
subfractions ( . . . . .  ) and total LDL distribution ( - - - )  
for all male and female subjects. 

LDL molecules of corresponding normal 
individuals. 

In this study, significant lower MW obtained 
by flotation velocity data, compared to sedi- 
mentation equilibrium data, suggest substantial 
molecular distortion of these LDL molecules 

under high g-force (104,283 x g and 210,849 
x g) in high salt solutions and/or differences in 
compressibility between the lipoprotein mole- 
cules and the solvent. 
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ABSTRACT 

Cu ++ was uniquely capable of catalyzing the peroxidation of rat erythrocyte membrane lipid in the 
presence of 10 mM H 202 , whereas several other transition metal ions were without significant effect. 
In contrast, peroxidation of soybean phospholipid liposomes could be catalyzed with decreasing effi- 
ciency by Co ++, Cu+*, Pb ~§ or Cr §247 also in the presence of H:O 2. The effect ofimidazole on Cu § 
catalyzed lipid peroxidation was stim'ulatory in liposomes and inhibitory in membrane preparations, 
whereas EDTA, histidine, citrate and alanine inhibited peroxidation in both systems. EDTA could stop 
the peroxidation after initiation, but catalase could not, indicating that Cu §247 alone was necessary for 
the propagation of the chain reaction. Competitive inhibition studies with various scavengers of hy- 
droxyl radicals or ringlet oxygen and the absence of significant reaction enhancement by D 20 indi- 
cated that neither of these reactive oxygen species was a major mediator in the Cu*+-H202 oxidative 
system. A copper-oxygen complex may be directly involved in the initiation of peroxidation. Normal 
erythrocyte membranes and phospholipid liposomes also differ in their sensitivities toward external 
oxidative stress. In the absence of tl 2 O2, Cu ++ (0.2 raM) was capable of catalyzing lipid peroxidation 
in liposomes, aged erythrocyte membranes and membranes from vitamin-E-deficient rats; however, 
freshly prepared membranes from control rats and liposomes containing c~-tocopherol required H 2 O 2 
greater than 2 mM for the catalytic effect of Cu +§ to be observed. 
Lipids 17:331-337, 1982. 

Various reactive oxygen  species have been 
implicated as mediators  of  biological membrane  
lipid peroxida t ion  (1-6). Among  them, hy- 
droxyl  radicals (OH-)" and singlet molecular  
oxygen  (1 02 ) are considered to be the most  re- 
active, and the most  likely immedia te  oxidants  
of  the polyunsatura ted  fat ty  acid side-chains of  
phospholipids.  Other  less react ive species, such 
as superoxide anion radicals (Oi")  and hydro-  
gen peroxide,  have been postulated to be the 

p recu r so r s  of  ei ther  Oti" (1,6-8), 102 (3) or  
both  (9,10). Metal ions have been suggested as 
catalysts for the eventual  p roduc t ion  of  ei ther  
OH" or IO 2 (1,3,6-8,11,12).  Alternat ively,  
metal  ion-oxygen complexes  have also been 
proposed as the proximate  reactive species for 
ox ida t ion  of  lipid, protein and nucleic acids 
(12-16). 

In earlier reports,  we have shown that  Cu § 
was capable of  catalyzing the oxida t ion  of  
N A D H  by H 2 0 2  (15), and the degradat ion of  
lysozyme  by H 2 0 2  (16) wi thou t  detectable  in- 
vo lvement  of  e i ther  1 02  or  OH' .  

In this s tudy,  we examine  the ini t ia t ion of  
lipid peroxida t ion  by Cu++-H202 and the dif- 
ference be tween the peroxida t ion  of  phospho-  
lipid l iposomes and e ry th rocy te  membranes .  

MATERIALS AND METHODS 

Asolectin,  a phospol ipid  mix ture  ext rac ted  

Abbreviations: TBA = 2-thiobarbituric acid, 
DABCO = 1,4-diazabicyclo[ 2.2.2 ] octane. 

f rom soybeans,  was purchased from Associated 
Concentra tes  (Woodside,  NY);  catalase (beef  
liver) f rom Boehringer  Mannheim Biochemicals;  
99.8% D 2 0  f rom Bio-Rad Laborator ies ;  
DABCO from Matheson,  Coleman and Bell; 2,5- 
d imethyl furan  f rom the Aldrich Chemical  Co.,  
and vi tamin E (a- tocopherol )  f rom Sigma 
Chemical  Co. All solutions were prepared in 
glass-distilled water.  

Preparation of Liposomes 

Asolect in  was suspended in water  at a con- 
cent ra t ion  of  5 mg /ml  with a Teflon-pest le  tis- 
sue grinder. The suspension was then treated 
for 5 min in a Branson bath- type ultrasonifier,  
Model 452E.  The absorbance of  the resulting 
suspension, measured at 650 nm in a 1-cm cell, 
was be tween 0.10 and 0.25. In the exper iments  
in which vi tamin E was incorpora ted  into the 
l iposomes,  vi tamin E and Asolect in  were dissol- 
ved in 1-2 ml of  ch loroform,  and then evapor- 
ated to dryness under  ni trogen.  The lipid mix-  
ture was then suspended in water  and sonicated 
as just  described. 

Preparation of Erythrocyte Membranes 

Male Wistar rats were fed a Purina rat chow 
(vitamin E con ten t  = 38 IU/kg)  and provided 
with distilled water  ad lib. Four - to  6-month-old  
animals were used for normal  e ry th rocy te  mem- 
branes. Exper imenta l  rats were fed a vi tamin-E- 
deficient  diet (IClq National  Biochemical ,  cata- 
log no. 904640)  for 6 weeks prior  to use. Blood 
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was withdrawn by cardiac puncture with hepar- 
in as an anticoagulant. 

Erythrocyte membranes were prepared ac- 
cording to the procedure of Dodge et al. (17) 
with some modification (4). A 7-mM sodium 
phosphate, pH 7.8, buffer was used for washing 
and final suspension of membranes instead of 
the Tris-EDTA buffer previously described (4). 
The membrane suspension was stored at -20 C 
and used within 1 week. 

Lipid Peroxidation Determination 

The standard incubation mixture containing 
either liposomes or membranes was suspended 
in 5 mM sodium phosphate, pH 7.5,CuSO4 and 
H202 as indicated. A typical reaction mixture 
contained either 2.5 mg of Asolectin or 0.6 mg 
membrane protein in a total sol of 1.0 ml. 
CuSO4 was preincubated with either mem- 
branes or Asolectin for 10 min prior to addition 
of H202,  and then the total mixture was incu- 
bated at 37 C for 1 hr in a constant-tempera- 
ture shaking water bath. The reaction was 
stopped by addition of 20/~1 0.5 M EDTA and 
20 /al catalase (1 mg/ml). Lipid peroxidation 
products reactive with TBA (18) were deter- 
mined according to the procedure of Bidlack 
and Tappel (19) and expressed as the equivalent 
amount of malonaldehyde. All data presented, 
with the exception of those in Figure 3, are 
from representative experiments. Each experi- 
ment was repeated in 3 or more different prep- 

30 
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FIG. 1. Effect of Cu *~ and HaO a on lipid peroxi- 
dation in erythrocyte membranes. Lipid peroxidation 
was determined by TBA-reactive products, expressed 
as equivalents of malonaldehyde/sample. The proce- 
dures were as described in Methods. (o), Complete in- 
cubation mixture containing 0.2 mM CuSO 4 and 10 
mM H 207 ; (,,), complete system followed by addition 
of 20 /~1 of catalase (1 mg/ml) at 30 min; (X), com- 
plete system followed by addition of 20 #1 0.5 M 
EDTA at 30 min; (*), incubation with 0.2 mM 
CuSO,, without H~Oa. 

arations with consistent results. 

RESULTS AND DISCUSSION 

When rat erythrocyte membranes were incu- 
bated with Cu r+ and H202,  lipid peroxidation 
was observed as indicated by the increase of 
TBA-reactive products in Figure 1. When H202 
was omitted, no significant peroxidation was 
detected in the presence of Cu r* alone. The 
chelation of Cu §247 by EDTA after 30 min of  in- 
cubation prevented any further net formation 
of  TBA-reactive material. On the other hand, 
when H202 was decomposed by the addition 
of  catalase at 30 min, peroxidation continued 
at a rate similar to that of the control, indica- 
ting that although both Cu r+ and H202 were 
required for the initiation of peroxidation, 
Cu r§ alone was necessary for the propaga- 
tion of the peroxidation. When the reac- 
tion was done anaerobically, under N2, no 
significant peroxidation was detected (data not 
shown), suggesting the dependence on 02 as 
the terminal electron acceptor in the propaga- 
tion of  the peroxidation. This is in agreement 
with the often described chain mechanism of 
autoxidation of unsaturated lipids (18,20-22), 
in which molecular oxygen serves as an oxidant 
in the propagation steps. 

Metal Ion Specificity 

Several other transition metal ions were 
compared with Cu §247 for their ability to cata- 
lyze lipid peroxidation in both the Asolectin 
liposomes and erythrocyte membranes. Table 1 
indicates that there are substantial differences 
between the 2 systems. With liposomes, H202- 
induced peroxidation was observed in the pres- 
ence of  Co ++, Cu ++, Pb ++, or Cr §247247 In erythro- 
cyte membranes, however, Cu § was unique in 
its ability to catalyze the initiation of oxidation 
by H202.  No significant activity was observed 
with any of the other metal ions tested. The 
difference may be attributed to the presence of 
membrane proteins with exposed functional 
groups capable of selectively binding Cu ++ ions 
in such a way as to promote catalysis. 

Fe ++ catalyzed peroxidation in both lipo- 
somes and membranes, but peroxidation was 
not enhanced by addition of H20~.  Decompo- 
sition of H202 by Fe *+ to form OH' has often 
been called Fenton's  reaction, which has been 
shown to promote oxidation of  microsomal 
phospholipid liposomes (6): 

H 207 + Fe++ r OH" + OH + Fe+*+. 
The excess H202 present in our system probab- 
ly served as a scavenger for OH" according to 
the following reaction (23): 

H202 + OH'-...-....I~HO 2 + H20. 

LIPIDS, VOL. 17, NO. s (1982) 
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TABLE 1 

Metal Ion-Catalyzed Lipid Peroxidation a 
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Asolectin Membranes 

Metal ion -H202 +8 mM H202 -H202 +8 mM H202 

(0.2 mM) (nmol malonaldehyde) 

CuSO 4 4.0 7.8 (100) b 1.8 18.8 (100) b 
FeC1 a 0.6 0.8 (10) 0.8 0.6 (3) 
FeCi 3 + 1 mM ADP 1.0 0.9 (12) 0.7 0.6 (3) 
FeSO 4 7.8 7.6 (97) 7.5 3.7 (20) 
FeSO 4 + 1 mM ADP 7.5 7.1 (91) 7.1 6.6 (35) 
CoCI 2 0.8 11.8 (151) 0 0.4 (2) 
Cr(NOa) 3 0.1 3.8 (50) 0.1 0.4 (2) 
Pb(NO3) 2 0.1 4.7 (60) 0.5 0.2 (1) 
ZnSO 4 0 0 0.8 0.4 (2) 
MnSO 4 0 0 0.8 0.2 (1) 
CdCI 2 0 0 0 0.2 (1) 

aThe reaction mixture contained either Asolectin liposomes (2.5 rag) or erythrocyte 
membranes (0.6 nag protein). Lipid peroxidation was determined as described in Methods. 

bThe numbers within parentheses compare the catalytic activities of all metal ions in the 
presence of H20 ~ to that of Cu §247 which is arbitrarily designated as 100. In the absence of 
added metal ions, the malonaldehyde equivalent in Asolectin liposomes and membranes 
were 0.9 and 1.2 nmol, respectively. No significant change was observed with H~O 2 addition. 
These control values were subtracted from all the samples with added metal ions. 

TABLE 2 

Effects of Ligands on Cu+§ Peroxidation a 

Asolectin Membranes 

Malonaldehyde Inhibition Malonaldehyde Inhibition 
Addition (nmol) (%) (nmol) (%) 

Control 7.18 - 25.6 -- 
1 mM EDTA 0.78 89 0 100 
1 mM L-Histidine 2.67 63 4.1 84 
1 mM Citrate 0.51 93 7.3 72 
1 mM L-Alanine 3.77 47 16.9 34 
I mM Imidazole 6.89 4 1.4 94 
5 mM Imidazole 10.59 (+47) b 0.5 98 

aThe reaction mixture contained either Asolectin liposomes (2.5 mg) or erythrocyte 
membranes (0.6 mg protein), 0.2 mM CuSO4, 8 mM H20 ~, 5 mM sodium phosphate, pH 7.5, 
and addition as indicated, in a final vol of 1.0 ml. Lipid peroxidation was determined as 
described in Methods. 

bpercentage of enhancement. 

C o n s e q u e n t l y ,  n o  p o t e n t i a t i o n  o f  lipid peroxi -  
da t ion  was de t ec t ed  by add i t i on  o f  H 2 0 2  in the  
p resence  o f  e i ther  Fe §247 or ADP-Fe  §247 (Table  1). 
U n d e r  phys io log ica l  cond i t i ons ,  however ,  there  
are on ly  trace a m o u n t s  o f  11202,  wh ich  m a y  be 
expec t ed  to  react  wi th  Fe §247 to p r o m o t e  lipid 
pe rox ida t ion .  

Metal Ion Ligands 

In ad d i t i o n  to  EDTA,  o t h e r  me ta l  ion  chel- 
a to r s  hav ing  s t rong  af f in i t ies  for  copper ,  inc lud-  
ing h is t id ine ,  c i t ra te ,  and  a lan ine ,  were able to 
inh ib i t  Cu ++-H2 0 2 -ca t a lyzed  lipid pe rox ida-  
t ion ,  p r e s u m a b l y  by  c o m p e t i n g  for  Cu § (Table  
2). At  h igh  c o n c e n t r a t i o n s ,  c o m p l e t e  i nh ib i t i on  

was achieved by each  o f  these  che la tors  (da ta  
no t  shown) .  

Imidazo le  can serve as a l igand for Cu §247 
f o r m i n g  c o m p l e x e s  o f  1, 2, 3, or  4 l igands per  
Cu +§ ion (24),  s o m e  of  wh ich  can ca ta lyze  
d e c o m p o s i t i o n  o f  H 2 0 2  (24)  and  o x i d a t i o n  o f  
N A D H  by H 2 0 2  (15)  at m u c h  h igher  ra tes  t h a n  
can Cu  ++ alone.  Five mM imidazole  s t imu la t e d  
the  pe rox ida t i on  of  l i posome s  by  47%; how-  
ever, in con t ras t ,  m o s t  lipid pe rox ida t i on  o f  
e r y t h r o c y t e  m e m b r a n e s  was abol i shed  by e i the r  
1 or  5 mM of  imidazole .  Th i s  d i f fe rence  m a y  
also be a t t r i bu t e d  to the  m e m b r a n e  pro te ins ,  
wh ich  m a y  h inde r  the  accessibi l i ty  o f  imida-  
zole-Cu +§ c o m p l e x e s  to the  si tes o f  peroxida-  
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tion. 

Scavengers for  OH" and J O 2 

Benzoate, formate, mannitol and methanol 
are wellknown scavengers for OH" radicals 
which can react with the radical at diffusion- 
controlled rates (25). Table 3 shows that, at 20 
mM, none of these compounds inhibited perox- 
idation of either liposomes or erythrocyte 
membranes, apparently excluding the hydroxyl 
radical as an intermediate in the process. In 
contrast, when lipid peroxidation was initiated 
by Fenton reaction-generated OH" radicals, 
Tien et  al. (6) observed tha t  over 95% inhibi- 
tion was caused by 10 mM mannitol;  and, in an- 
other study on lipid peroxidation by ionizing 
radiation (26), over 65 and 55% inhibition was 
found with 10 mM formate and l0 mM etha- 
nol, respectively. 

DABCO and dimenthylfuran are often used 
as quenchers for singlet oxygen. As can be seen 
from Table 3, in the membrane system, 
DABCO and dimethylfuran inhibited lipid per- 
oxidation by only 27 and 10%, respectively. In 
order to further test the possible involvement 
of I O2, the reaction was done in 96% D20, 
which did not potentiate membrane peroxida- 
tion (Table 3). Because the mean lifetime of 
i O2 in D20 is ca. 10 times longer than that in 
H20 (27), a significant potentiation of peroxi- 
dation would be expected if 1 02 were the reac- 
tive species. With Asolectin liposomes, neither 
DABCO nor dimethylfuran caused any inhibi- 
tion of peroxidation, and although 26% poten- 
tiation was observed in D20,  such stimulation 
is not  significant when compared with other 
systems where 102 is known to be involved. As 
an example, more than a 5-fold increase in the 
oxidation of NADPH by photochemically gen- 
erated ~O2 was observed when H20 was re- 
placed with D20 (28). 

These results do not support a role for OH" 
or 1 O2 as major mediators in the peroxidation 
process catalyzed by Cut t -H202 in our sys- 
tems. This differs from various other systems of 
lipid peroxidation (1-3,6-8) in which either 102 
or OH" or both have been implicated as the pri- 
mary mediators. The possibility that either t O2 
or OH" may be produced at the actual site of 
peroxidation, thus preventing interference by 
scavengers, cannot be excluded. Because the 
superoxide radical is rapidly dismutated in the 
presence of copper complexes (11), it is also an 
unlikely participant in this peroxidation pro- 
cess. 

lngraham (13) has proposed CutOOH as a 
possible intermediate in the curt-catalyzed per- 
oxidation of catechol: 

Cu +§ + H:~ 02-"""""0" Cu*OOH + H +. 

He has also indicated that CutOOH can serve as 
a reactive oxidant for both l-electron and 
2-electron reactions. Other species such as 
Cu+O and CuO2OH have also been suggested as 
possible oxidizing species (13). The present 
study does not suggest which, if any, of these 
intermediates is the actual proximate reactant. 

Difference in Sensitivity toward Oxidative Stress 

One distinct difference between Asolectin 
liposomes and freshly prepared erythro'-cyte 
membranes is in their sensitivities toward exter- 
nal oxidative stress. As seen in Table 4, H202 
alone did not cause any detectable lipid peroxi- 
dation in either system. When 0.2 mM CuSO4 
without H202 was used, significant peroxida- 
tion was observed with liposomes, but  not with 
fresh membrane preparations. In the presence 
of CuSO4, 2 mM H202 further stimulated per- 
oxidation of liposomes, but did not cause sig- 
nificant oxidation of the fresh membrane. Per- 
oxidation of the fresh membrane was observed 
only at high levels of H202 (10 and 20 mM) in 
the presence of Cutt .  

Table 4 also reveals that when the membrane 
preparation was stored for 5 months at -20 C, 
its resistance to low levels of oxidative stress 
was lost. The response of aged membranes to 
external oxidative stress was similar to that of 
liposomes in that both were now susceptible to 
oxidation by 0.2 mM CuSO4. This may'be a re- 
flection of some degree of autoxidation in the 
stored membranes. Hydroperoxide determina- 
tions (29) revealed only 2 nmol of hydroperox- 
ide/mg of membrane protein in the fresh prep- 
aration in contrast with 30 nmol/mg of protein 
in a 9-month-old preparation. The Asolectin 
liposome contained 6 nmol of hydroperoxide/ 
mg phospholipid. 

Effect of Vitamin E 

One possible explanation for the different 
response to external oxidative stress exhibited 
by liposomes and erythrocyte membranes may 
be the presence of endogenous antioxidants in 
the erythrocyte membrane. Because vitamin E 
is considered the major biological antioxidant 
for chain breaking in lipid peroxidation (30), 
this hypothesis was tested by evaluating the sus- 
ceptibility to oxidation of vitamin-E-containing 
liposomes. Figure 2 shows that incorporation of 
vitamin E into the liposome could increase its 
resistance to peroxidation by Cut t  and low 
levels of H202. At 20/ag of vitanlin E/rag phos- 
pholipids, no significant peroxidation was ob- 
served until  H202 was increased to 10 mM, a 
situation similar to that seen in the fresh mem- 
brane preparation (Table 4). 

On the basis of in vivo studies, Tappel (30) 

LIPIDS, VOL. 17, NO. 5 (1982) 



Cu++-CATALYZED LIPID PEROXIDATION 

TABLE 3 

Effects of Scavengers on Reactive Oxygen Species 
and D20 on Cu++-Catalyzed Peroxidation a 

335  

Asolectin 

Malonaldehyde Inhibition 
Addition (nmol) (%) 

Membranes 

Malonaldehyde Inhibition 
(nmol) (%) 

Control 7.18 - 25.6 - 
2 0  m M  Na B e n z o a t e  8 . 1 8  - 2 4 . 0  6 
20  m M  Na F o r m a t e  8 . 2 3  - 2 4 . 4  5 
20 mM D-Mannitol 8.28 - 26.0 - 
20 mM Methanol 7.11 1 26.7 - 
20 mM DABCO 7.45 - 18.7 27 
9.3 mM 2,5-Dimethylfuran 7.45 22.9 10 
In 96% D20 9.08 (+26) b 24.3 5 

aSimilar procedure as in Table 2. 
bpercentage of enhancement. 

TABLE 4 

Effect of Cu § and H202 on Asolectin and M e m b r a n e  Lipid  P e r o x i d a t i o n  a 

Membranes b 

Addition Asolectin Fresh 5-Month 

( n m o i  o f  m a l o n a l d e h y d e )  

20  m M  H 2 0 2  0 0 0 . 3  
0 .2  m M  C u S O  4 2 .8  0 .4  17 .5  
0 .2  m M  C u S O  4 + 2 m M  H 2 0  2 6.1 0 .5  2 0 . 0  
0 .2  m M  C u S O  4 + 10  m M  H 2 0 2  6 . 0  1 1 . 0  2 2 . 5  
0 .2  m M  C u S O  4 + 2 0  m M  H 2 0 2  5 .0  2 6 . 8  1 7 . 0  

aThe procedure was as described in Table 1 and in Methods. The results were c o r r e c t e d  
for malonaldehyde in the control tubes without additions. The malonaldehyde values of 
controls for Asolectin, fresh and 5-month-old membrane preparations were 0.6, 0.6, and 0.5 
nmol, respectively. 

bErythrocyte membrane preparations were stored at -20 C. Fresh preparations refer to 
the samples used within one week. 

has  p o s t u l a t e d  t h a t  l ipid p e r o x i d a t i o n  in the  
b o d y  is inversely  p r o p o r t i o n a l  to  t issue v i t amin  
E content, which  is i t se l f  p r o p o r t i o n a l  to  the  
log o f  d ie ta ry  v i t amin  E. Brownlee  et  al. (9)  
have r e p o r t e d  t h a t  the  e r y t h r o c y t e s  of  v i t amin-  
E-def ic ien t  ra ts  were m o r e  sensi t ive t han  con-  
t ro l s  to  ex t e rna l  ox i dan t  stress, resu l t ing  in in- 
creased lipid p e r o x i d a t i o n  and  hemolys is .  F r o m  
Figure 3, i t  can  been  seen t ha t  a t  all concen t r a -  
t ions  of  H 2 0 2  tes ted ,  e r y t h r o c y t e  m e m b r a n e s  
f rom v i t amin-E-def ic ien t  ra ts  were m o r e  suscep- 
t ib le  to  l ipid p e r o x i d a t i o n  t han  those  f rom rats  
receiving n o r m a l  diets.  The  ef fec t  was more  sig- 
n i f i can t  at  low levels of  H 2 0 2  (0 -6  mM).  In vit- 
amin-E-def ic ien t  m e m b r a n e s ,  l ipid p e r o x i d a t i o n  
was de t ec t ed  w h e n  i n c u b a t e d  wi th  Cu §247 a lone  
in the  absence  of  H 2 0 2 ,  s imilar  to  the  aged 
m e m b r a n e  p r e p a r a t i o n  (Tab le  4), ind ica t ing  the  
presence  o f  h y d r o p e r o x i d e  pr ior  to  i ncuba t i on .  

L iposomes  of  varying c o m p o s i t i o n s  and  
s t ruc tu res  are f r equen t ly  used as mode l s  for  

biological  m e m b r a n e s  in s tudies  involving lipid 
pe rox ida t i on  (3 ,5 ,7 ,8 ,31) .  Our  s tudy  has  s h o w n  
t h a t  these  2 sys tems do no t  a lways behave  simi- 
larly,  wh ich  may  be due to d i f fe rences  in the  
l ipid and  fa t ty  acid c o m p o s i t i o n s  and  the  pres- 
ence  of  p ro t e in s  and  o t h e r  e n d o g e n o u s  com- 
p o n e n t s  in biological  m e m b r a n e s .  Metal  ion-cat-  
a lyzed lipid p e r o x i d a t i o n  by  H 2 0 2  was appar-  
en t ly  specific for  Cu ++ in the  m e m b r a n e ,  bu t  
no t  in the  l iposome p repa ra t ions  (Table  1). 
M e m b r a n e  p e r o x i d a t i o n  was i nh ib i t ed  by  
imidazo le  l igands,  whereas  l iposome perox ida-  
t ion  was e n h a n c e d  (Table  2). This  m a y  be  due  
to i n t e r a c t i o n  o f  p r o t e i n  func t iona l  groups  w i th  
e i t he r  me ta l  ions  or  the i r  complexes .  

The  relat ive res is tance  of  fresh m e m b r a n e s  
to  ex t e rna l  oxida t ive  stress, c o m p a r e d  to  l ipo- 
somes,  was p r o b a b l y  a t t r i b u t a b l e  to  endogen-  
ous  a n t i o x i d a n t s  such  as v i t amin  E. This  h y p o -  
thes is  was s u p p o r t e d  by  the  e x p e r i m e n t s  in 
wh ich  v i t amin -E-con ta in ing  l iposomes  were 
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found to be resistant to peroxidat ion (Fig. 2). 
In the physiological situation, a complex 

mixture of  toxic oxygen species, their scaven- 
gers, metal  ions and their ligands exists. Lipid 
peroxidat ion may be accelerated by a relative 
change in concentration of any one of more of 
these factors. This becomes obvious in certain 

~ 8  

,s 4 

o,,,," 

% 
H 2 0 2  CONCENTRATION (raM) 

FIG. 2. Effect o f  a- toeopherol  on Cu**-H=O 2- 
induced lipid peroxidat ion in Asotectin liposomes. 
Liposomes were prepared as described in Methods 
with varying a m o u n t  o f  vi tamin E/mg Asoleetin: (e), 
none;  (X), 2 #g;  (zx), 6 #g; and (o), 20 t~g. Peroxidat ion 
in the presence o f  0.2 mM CuSO 4 and varying 
amoun t s  o f  H202 was determined as described in 
Methods.  
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FIG. 3. Effect  o f  H202 concentra t ion  on Cu +§ 
catalyzed peroxidat ion in membranes  from vitamin-E- 
deficient and control  rats. Membrane lipid peroxida- 
t ion in the  presence o f  0.2 mM CuSO4 was determined 
as described in Methods.  The  average values for mem-  
branes from 3 rats are presented:  (e), control ;  (o), 
vitamin-E-deficient.  The vertical bars indicate 
SEM. The p values at 2, 4 and 6 mM o f  H=O= were < 
0.001,  0.01, and 0.05, respectively (Student ' s  t-test). 

disease states and in aging phenomenon (32). 
Thus, in Wilson's disease (33), primary biliary 
cirrhosis (34) and rheumatoid arthritis (35), ab- 
normal distr ibution of copper may interact 
with endogenously generated H202 to damage 
membrane lipids and other biological compon- 
ents. Degradation of  nucleic acids (36) and pro- 
teins (16,37) by Cu § and H202 have also been 
reported.  
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Interaction of Discoidal Complexes of Dimyristoyl 
Phosphatidylcholine-CholesteroI-Apolipoprotein A-I 
with Human Plasma High Density Lipoprotein HDL 3 
RICHARD L. JACKSON, ALAN D. CARDIN, ROGER L. BARNHART, MUHAMMAD 
ASHRAF and J. DAVID JOHNSON. Division of Lipoprotein Research, Departments 
of Pharmacology and Cell Biophysics, Biological Chemistry, Medicine, and Pathology, 
University of Cincinnati Medical Center. Cincinnati, OH 45267 

ABSTRACT 

The interaction of human plasma high density lipoproteins (HDL3) with discoidal complexes of 
apolipoprotein A-I (apoA-l) and dimyristoyl phosphatidylcholine (DMPC) containing 0, 10, 20 or 
30 mol % cholesterol was investigated. Discoidal complexes containing various amounts of cholesterol 
were prepared by incubating apoA-I and DMPC-cholesterol liposomes for 12 hr at 25 C; the protein- 
lipid complexes were isolated by gel filtration chromatography on Bio~;el Al5m. Increasing the 
cholesterol content from 0 to 30 mol % caused a decrease in the fluidity of the discoidal complexes as 
determined by fluorescence polarization with 1,6-diphenyl-l,3,5-hexatriene; a reduced phase-transition 
amplitude; a decrease in the ratio of apoA-I to DMPC; and an increase in the width of the discoidal 
complexes as determined by electron microscopy after negative staining. Incubation of the apoA-l- 
lipid complexes with HDL 3 resulted in a complete breakdown of the discoidal structures and a trans- 
fer of DMPC and cholesterol to HDL 3. As a result of lipid transfer, there was an increase in the size of 
HDL 3. These in vitro results may be of significance as they relate to the interconversion of HDL sub- 
fractions during lipoprotein-lipase-induced lipolysis of triglyceride-rich lipoproteins. 
Lipids 17:338-344, 1982. 

INTRODUCTION 

Human plasma high density lipoproteins 
(HDL) are a polydisperse mixture of spherical- 
shaped particles of hydrated density 1.063- 
1.210 g/ml (1). Patsch et al. (2) have fraction- 
ated HDL by rate-zonal ultracentrifugation 
into 2 major subclasses, HDL2 (F~ = 3.5- 
9.0) and HDL3 (FOr.20 = 0-3.5). The lipopro- 
rein precursors for the HDL subfractions are 
not known for certain. It is known that dis- 
coidal HDL are synthesized in the intestine 
(3) and liver (4) or are produced from the 
catabolism of triglyceride-rich lipoproteins 
(5,6). The conversion of discoidal structures 
to spherical HDL occurs in the circulation by 
the action of lecithin:cholesterol acyltransfer- 
ase (LCAT); patients with hereditary LCAT 
deficiency (7) or with low LCAT activity due 
to alcoholic hepatitis (8) contain discoidal 
lipoproteins and decreased amounts of HDL- 
cholesterol. 

The metabolic interrelationship between 
HDL subfractions and the mechanism for the 
transfer of lipids and proteins between tIDL 
subclasses is not well understood. It is known 
that hormonal, dietary and pharmacological 
agents which affect HDL are mainly reflected 
by changes in HDL2 (9). It is also known from 
studies in vivo (10-14) and in vitro (15) that 
chylomicron and very low density lipoprotein 
(VLDL) lipid and protein surface constituents 
are transferred to HDL3 during catabolism of 

triglyceride-rich lipoproteins. Tall and Small 
(16) have proposed that discoidal structures 
are formed during lipolysis and are acted on 
by LCAT to produce spherical HDL. It is also 
possible that discoidal structures combine 
directly with HDL generating larger HDL 
particles. 

The purpose of this study was to investigate 
the interaction of discoidal lipoproteins with 
HDL3. Discoidal complexes of apoA-I, the 
major apoprotein of HDL, and dimyristoyl 
phosphatidylcholine (DMPC) containing 0, 10, 
20 or 30 mol % cholesterol were prepared and 
incubated with HDL3. The results of these 
studies show that discoidal lipids are transferred 
quantitatively to HDL3 giving rise to larger 
lipoprotein particles. 

MATERIALS AND METHODS 

Preparation of HDL3 

Plasma was obtained by plasmapheresis of a 
normal healthy male volunteer; final concentra- 
tions of 0.01% sodium azide and 10 -3 M 
phenylmethyl sulfonyl fluoride were immedi- 
ately added to the plasma. Total plasma HDL 
were isolated between d 1.063-1.210 g/ml 
by ultracentrifugal flotation in salt solutions 
of KBr. The ultracentrifugations were per- 
formed in a Beckman Model L5-65 centrifuge 
operating at 48,000 rpm for 24 hr at 8 C 
using a Beckman type Ti 50.2 rotor. The HDL 
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were removed by aspiration and dialyzed 
against a standard buffer containing 10 mM 
Tris-HC1, 0.9% NaC1, 1 mM EDTA, 0.01% 
NaN a. Total HDL were further fractionated 
into HDL2 and HDL3 by rate-zonal ultracen- 
trifugation in a salt gradient of NaBr (d 1.00- 
1.40 g/ml) as described by Patsch et al. (2). 
Zonal ultracentrifugation was performed in a 
Beckman Ti-14 rotor  operating at 41,000 rpm 
for 24 hr  at 10 C. The HDL subfractions were 
removed from the rotor  with a Beckman gra- 
dient pump and the appropriate fractions 
corresponding to HDL3 were pooled and 
dialyzed against standard buffer. 

Preparation of DMPC-ApoA-I-Cholesterol Complexes 

ApoA-I was isolated from total HDL as 
described previously (17). The protein was 
homogeneous by polyacrylamide gel electro- 
phoresis in sodium dodecyl sulfate and by 
amino acid analysis and the absence of iso- 
leucine. Prior to incubation with lipid, lyophi-  
lized apoA-I was dissolved in 0.05 M Tris-HCl, 
pH 8.0, containing 6 M guanidine-HC1 to give 
5 mg/ml and incubated at 37 C for 2 hr. The 
protein solution was then dialyzed 4 hr against 
standard buffer and incubated with DMPC as 
described later. 

DMPC (Sigma) and di[ 1-14C] palmitoyl  phos- 
phatidylcholine (100 Ci/mol) (New England 
Nuclear) gave single species after thin layer 
chromatography (TLC) on silica gel (CHCI3/ 
CHaOH/H20, 65:25:4,  v/v). [7-3H(N)]Choles - 
terol (11 Ci/mol) was purchased from New 
England Nuclear andwas repurified by TLC on 
Silica Gel G in hexane/ether/acetic  acid (86: 
16: 1). To prepare the lipid-protein complexes, 
DMPC (5 mg), d i [ l - t4C]pa lmi toy l  phospha- 
tidylcholi~e (0.5 #Ci) and the appropriate mol 
% of cholesterol (relative to DMPC) were dis- 
solved in 1 ml of  CHC13, evaporated to dryness 
with a stream of ultrapure nitrogen and then 
placed under vacuum for 1 hr. ApoA-I (2.9 mg) 
was added to the lipids and the volume was 
adjusted, as indicated, with standard buffer; 
the mixtures were incubated 12 hr at 25 C with 
gentle stirring. The lipid-protein complexes 
were isolated by column chromatography on 
Bio-Gel A15m (Bio Rad). The columns (1.5 x 
30 cm) were operated at room temperature and 
equilibrated with standard buffer. The flow 
rates were 10 ml/hr  and 1.0-ml fractions were 
collected. The apoA-I-lipid complexes were 
reisolated by ultracentrifugation at d 1.21 g/ml. 

Experimental Procedures 

HDL3 and the lipid-protein complexes of 
DMPC-cholesterol-apoA-I were incubated at 37 

C. At the appropriate time, as indicated, the 
mixtures were subjected to chromatography 
on Bio-Gel A l 5 m .  The molecular weights of 
the isolated complexes were determined by 
gradient gel electrophoresis according to 
Anderson et al. (18). A Pharmacia electrophor- 
esis apparatus was used with premade gradient 
gels containing 4-30% acrylamide (Pharmacia). 
a2-Macroglobulin (MW 820,000), apoferritin 
(MW 460,000), catalase (MW 240,000), cerulo- 
plasmin (MW 150,000) and albumin (MW 
67,000) were used as known protein standards. 
Lipid-protein complexes were examined with a 
Phillips EM 300 microscope after negative 
staining with 2% phosphotungstic acid, pH 7.4. 
Preparations were initially observed at a magni- 
fication of 42,000; particle size was determined 
by examination of  the original negative and of 
the prints processed to a final magnification of  
• 105,000. 

ApoA-I concentration was determined by 
amino acid analysis. Phospholipid phosphorus 
analysis was performed according to Bartlett 
(19). Unesterified cholesterol concentrations 
were determined by enzymic procedures 
(Mannheim Boehringer). Flourescencepolariza-  
tion measurements were determined on a 
Perkin-Elmer MPF-44A ratio recording spect ro-  
fluorometer.  The fluorescent probe 1,6-di- 
phenyl-l ,3,5-hexatr iene (DPH) was incorpo- 
rated into discoidal complexes (1:200 probe to 
DMPC molar ratio) by bath sonication at 37 C; 
the incorporat ion of DPH was followed by 
monitoring the increase in its fluorescence 
intensity.  The polarization did not  change as 
a function of fluorescence intensity,  indicating 
that  no fluorescence depolarization occurred as 
a consequence of  radiative or nonradiative 
energy transfer between dye molecules. Cor- 
rected fluorescence polarization values, P, were 
determined from the formula 

Vv - Lv (VH/LH) p= 
Vv + Lv (VH]LH) ' 

where Vv and Lv are the fluorescence inten- 
sities measured with polarizers parallel and 
perpendicular to the vertically polarized excita- 
tion beam, respectively. V H and L H are the 
fluorescence intensities measured with polar- 
izers perpendicular and parallel to the horizon- 
tally polarized excitat ion beam, respectively. 
The correction factor for unequal dispersion of 
the components  of the polarization was VH/LH 
= 0.80. 

RESULTS 

Chromatography on Bio-Gel A15m of  DMPC- 
apoA-I complexes containing either 0, 10, 20 or 
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30 mol % cholesterol is shown in Figure I. 
Incorporation of unesterified cholesterol into 
the DMPC-apoA-I complexes caused an increase 
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FIG. 1. Chromatography of DMPC-cholesterol- 
apolipoprotein A-I discoidal complexes on Bio-Gel 
A15m. (A) The lipid-protein complex was prepared 
with DMPC (5 rag), di[1-1aC] palmitoyl phosphatidyl- 
choline (0.5 uCi) and apoA-I (2.9 mg) in 1.0 ml of a 
standard buffer of 10 mM Tris-HCl, pH 7.4, containing 
0.9% NaCI, 1 mM EDTA and 0.01% NaN 3. After 
incubation for 12 hr at 30 C, the complexes were 
dialyzed against standard buffer and applied to a 
column (1.5 x 30 cm) of Bio-Gel Al5m. The column 
was operated at room temperature and was equili- 
brated with standard buffer; the flow rate was 10 ml/ 
hr and 1-ml fractions were collected. (B) Same as (A) 
plus 10 mol % cholesterol and [3H] cholesterol (1.44 
X 106 cpm total). (C) Same as (A) plus 20 tool % 
cholesterol and [3H]cholesterol (6.68 • 104 cpm 
total). (D) Same as (A) plus 30 mol % cholesterol and 
[3H]cholesterol (4.97 X 106 cpm total). The mol % 
cholesterol is based on 100 moi % DMPC. Fractions 
were assayed for protein absorbance at 280 nm (A--A) 
and for phospholipid (e-e) and cholesterol (o-o) by 
radioactivity. The lipid-protein complexes were pooled 
as indicated. The void volume of the column was at 
fraction 14 and the included volume, fraction 35. 

in the size of the complexes as shown by their 
elution profile (Fig. 1) and by electron micros- 
copy after negative staining (Fig. 2). ApoA-I- 
DMPC complexes appeared as discoidal par- 
ticles 100 A in diameter and packed into rou- 
leaux structures. ApoA-I-DMPC complexes 
containing various amounts of unesterified cho- 
lesterol also appeared as discoidal structures 
with diameters up to 600 A. The lipid-protein 
complexes were pooled as indicated in Figure 1 
and were reisolated by ultracentrifugation in 
KBr at d 1.21 g[ml. The molar ratios of DMPC 
to apoA-I of the isolated complexes containing 
0, 10, 20 or 30 mol % cholesterol were 60, 88, 
142 and 102, respectively. The DMPC-choles- 
terol molar ratios of the complexes were nearly 
identical to those of the initial apoA-I-DMPC- 
cholesterol mixtures. 

The differences in lipid-protein composition 
of the isolated discoidal complexes were re- 
flected in their physical properties. The tem- 
perature dependence of the fluorescence polar- 
ization of DPH incorporated into either soni- 
cated DMPC vesicles or into DMPC:apoA-I 
complexes containing various amounts of cho- 
lesterol was determined (Fig. 3). Compared to 
DMPC vesicles, the discoidal complexes con- 
taining cholesterol exhibited a markedly 
decreased phase-transition amplitude. Both the 
phase transition temperatures and the fluores- 
cence polarization values at all temperatures 
were significantly increased relative to the 
DMPC vesicles. The phase-transition tempera- 
tures were as follows: DMPC vesicles (--~22 C); 
0% cholesterol:DMPC:apoA-I (228 C); 10% 
cholesterol:DMPC:apoA-I (232 C). The com- 
plexes containing 20 and 30 mol % cholesterol 
did not show a definite phase-transition tem- 
perature. 

Interaction of lipid-apoA-I discoidal com- 
plexes with HDL3 is illustrated in Figures 4-6. 
Incubation of complexes of apoA-I and DMPC 
containing either 0 (Fig. 4B) or 10 tool % (Fig. 
4C) cholesterol with HDLa caused degradation 
of the discoidal structures and transfer of lipid 
to. HDL3. As a result of the incorporation of 
lipids into HDL3, the molecular weight of 
HDLa increased from 2170,000 to 2200,000 
as determined by gradient gel electrophoresis. 
It was not possible by chromatography on Bio- 
Gel A15m to demonstrate intermediate com- 
plexes between the discoidal structures contain- 
ing 0 or 10 mol % cholesterol and HDLa. 
However, as is shown in Figure 5, an intermedi- 
ate complex was formed between HDLa and 
the discoidal complex containing 20 mol % 
cholesterol. After 1 hr at 37 C, ca. 50% of the 
DMPC and cholesterol were transferred to 
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FIG. 2. Electron micrographs of DMPC-cholesterol- 
apoA-I complexes isolated by gel filtration chromatog- 
raphy (Fig. 1). (A) DMPC-apoA-I; (B) plus 10 mol % 
cholesterol; (C) plus 20 mol % cholesterol; (D) plus 30 
mol % cholesterol. Bar marks represent 1000 A. 
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HDL3 (Fig. 5B); complete transfer of lipids 
was observed at 17 hr (Fig. 5C). The complex 
containing 30 tool % was also completely 
degraded after 17 hr incubation with HDL3 
(Fig. 6B). The molecular weights of the lipopro- 
rein after transfer of the complexes containing 
20 and 30 mol % cholesterol into HDL3 were 
ca. 180,000. 

Electron micrographs of the isolated com- 
plexes of mixtures of apoA-I-tipids and HDL3 
are shown in Figure 7. The particles appeared 
as spherical structures with no evidence of 
discoidal or rouleaux structures. 

DISCUSSION 

The purpose of the present study was to 
prepare discoidal complexes of lipid and apoA-I, 
t o  characterize the complexes with respect to 
composition and physical properties, and to 
then determine whether these complexes were 
incorporated into HDL3. The results of this 
study show that human HDL 3 take up discoidal 
particles containing apoA-I, DMPC and unester- 
ified cholesterol. 

The advantage of the discoidal system, as 
opposed to the hposome or sonicated vesicle 
systems used by others (20-30), is that the 
complexes contained apoprotein, thus avoiding 
the possible loss of apoprotein from HDL3. The 
molar ratio of DMPC and apoA-I in the isolated 
discoidal complexes was similar to those de- 
scribed by Pownall et al. (3 I). Incorporation of 
cholesterol into discoidal particles increased the 
phase-transition temperature of the lipid- 
protein complexes. Further experiments are 
required to determine the effect which choles- 
terol has on the transfer of the complexes into 
HDL3. However, the results of the present 
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FIG. 3. Temperature dependence of the fluores- 
cence polarization values of DMPC-cholesterol-apoA-I 
discoidal complexes labeled with 1,6-diphenyl-l,3,5- 
hexatriene (DPH). Each lipid-protein complex was 
labeled with DPH at a probe-to-phospholipid ratio of 
1:200. The incorporation of DPH was followed by 
monitoring the increase in DPH fluorescence intensity 
at 37 C. After the maximal intensity was reached, each 
sample was rechromatographed on Bio-Gel A15m, the 
lipid-protein complex pooled and fluorescence polari- 
zation determined as described in the text. DMPC 
(--X--X--); DMPC-apoA-I (_u_o_); DMPC-apoA-I 
plus 10 mol % cholesterol (-m-m-); plus 20 mol % 
cholesterol (--A--A--); plus 30 mol % cholesterol 
( - o - o - ) .  

study suggest that the incorporation of choles- 
terol into the discoidal structures decreased the 
rate of lipid transfer and are consistent with 
those of Kirby et al. (32) and Allen (33) who 
showed that the incorporation of cholesterol 
into unilamellar vesicles of phospholipid re- 
duced the loss of phospholipids to HDL. 

The mechanism for the transfer of lipids into 
HDL is not  well established. With the exception 
of this study and one by Nichols et al. (34), 
most investigators (20-30) have used phospho- 
lipid liposomes or sonicated vesicles to study 
the transfer of lipid into HDL. Tall et al. (20) 
proposed that apoA-I transfers from HDL to 
phospholipid liposomes forming discoidal par- 
ticles; apoA-I-depleted HDL then fuse with 
other spherical particles forming larger HDL 
particles. Nichols et al. (21) studied the inter- 
action of single bilayer vesicles of DMPC with 
HDL2b. These investigators showed that the 
presence of discoidal structures was dependent 
on the ratio of DMPC to HDL2b and occurred 
at only high levels of DMPC. Nichols et al. (21) 
suggested that DMPC transfers directly into 
HDL2b by unknown mechanisms causing release 
of apoA-I. With excess DMPC, Nichols et al. 
(21) proposed that released apoA-I then inter- 
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acts with the lipid forming discoidal complexes. 
The studies of Jonas (22) also showed that 
sonicated vesicles of egg phosphatidylcholine 
and cholesterol are taken up directly by HDL 
without the formation of discoidal complexes. 
Nichols et al. (21) used a similar system to the 
present one and reported that discoidal com- 
plexes of DMPC and apoA4 were transferred 
to HDL2; the number of discoidal complexes 
which were degraded was dependent directly 
on the molar ratio of HDLz. 

The physiologic significance of these results 
as it relates to lipoprotein metabolism is only 
speculative. However, it is possible that the 

catabolism of triglyceride-rich lipoproteins 
and the transfer of VLDL lipid constituents 
to HDL3 may depend on the relative content 
of unesterified cholesterol in discoidal struc- 
tures. At high concentrations of plasma choles- 
terol, i.e., cholesterol-fed animals, the rate of 
lipid transfer from cholesterol-rich discoidal 
structures to HDL or of apoA-I from HDL to 
the discoidal particles may be reduced and, as 
a result, there may be decreased conversion 
of HDL3 to HDL2. Conversely, discoidal struc- 
tures may not be present under conditions of 
normal plasma cholesterol because they are 
rapidly incorporated into HDL. Experiments 
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FIG. 4. Chromatography on Bio-Gel Al5m of 
HDL 3 (A) and HDL 3 incubated with discoidal com- 
plexes of DMPC-apoA-I (B) or with DMPC-apoA-I 
containing 10 tool % cholesterol (C). The incubation 
mixtures in a total volume of 1.0 ml of standard 
buffer were chromatographed on a column (1.5 • 30 
cm) of Bio-Gel Al5m as described in Fig. 1. (A) HDL 3 
(1 mg protein; 1.5 mg phospholipid). (B) HDLa (1 mg 
protein; 1.5 mg phospholipid) and 0.7 ml of the dis- 
coidal complex of DMPC-apoA-I (Fig. 1A) (0.22 mg 
protein; 0.31 mg DMPC). (C) HDL 3 (1 mg protein; 
1.5 mg phospholipid) and 0.5 ml of the discoidal 
complex of DMPC-apoA-I containing 10 mol % 
cholesterol (Fig. 1B) (0.16 mg protein; 0.32 mg 
DMPC). After incubation for 1 hr at 37 C, the samples 
were applied to Bin-Gel AI 5m and eluted as described 
in Fig. 1. Fractions were analyzed for protein by 
absorbance at 280 nm (A_A) and for cholesterol ( t - . )  
and phospholipids (o -o )  by radioactivity. 
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FIG. 5. Chromatography on Bio-Gel Al5m of 
HDL 3 incubated with discoidal complexes of DMPC- 
apoA-I containing 20 mol % cholesterol. The incuba- 
tion mixture contained 0.3 ml of HDL 3 (3.0 mg pro- 
tein; 4.5 mg phospholipid) and 3.75 ml of the dis- 
coidal complex of DMPC-apoA-I containing 20 mol % 
cholesterol (Fig. 1C) (0.21 mg protein; 0.75 mg 
DMPC). At zero time, 1.35 ml of the incubation were 
applied directly to the column (A). The remaining 
portion was incubated at 37 C. After 1 hr of incuba- 
tion, 1.35 ml were applied (B). After 12 hr of incuba- 
tion, 1.0 ml was applied (C). The samples were eluted 
and analyzed as described in Fig. 1. Fractions were 
analyzed for protein at 280 nm (A--A) and for choles- 
terol (o-o)  and phospholipid (o -o )  by radioactivity. 
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FIG. 6. Chromatography on Bin-Gel A l 5 m  of 
HDL3 incubated with discoidal complexes of DMPC- 
apoA-I containing 30 mol % cholesterol. The incuba- 
tion mixture contained 0.2 ml of HDL3 (2.0 mg 
protein; 3.0 mg phospholipid) and 2.8 ml of  a dis- 
coidal complex of DMPC-apoA-I containing 30 tool % 
cholesterol (Fig. 1D) (0.06 mg protein; 0.14 mg 
DMPC). After mixing, 1.5 ml of the incubation mix- 
ture was applied directly 1o Bio-Gel Al5m.  The 
remaining portion was incubated at 37 C for 17 hr 
and then applied to the column. Fractions were ana- 
lyzed for protein by absorbanee at 280 nm (A--A) 
and for cholesterol ( e - e )  and phospholipid (o -o )  
by radioactivity. 

FIG. 7. Electron micrographs of isolated com- 
plexes after incubation of HDL 3 with discoidal com- 
plexes of DMPC-apoA-I containing various amounts 
of  cholesterol. (A) HDL 3 plus DMPC-apoA-I (Fig. 3B). 
(B) HDLa plus DMPC-apoA-I containing 10 mol % 
cholesterol (Fig. 3C). (C) HDL 3 plus DMPC-apoA-I 
containing 20 mol % cholesterol (Fig. 4C). (D) HDL 3 
plus DMPC-apoA-I containing 30 mol % cholesterol 
(Fig. 5B). Bar marks represent 1000 A. 

are currently in progress to determine the effect 
of cholesterol on the rate of lipid transfer 
between lipoprotein particles and its role in 
HDL interconversion. 
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ABSTRACT 

Fecal acidic sterol output has been found to be much lower than bile acid synthesis determined by 
isotope dilution (Z Lipid Re~ 17: 77, 1976). Because of this confusing discrepancy, we compared 
these 2 measurements done simultaneously on 13 occasions in 5 normal volunteers. In contrast to pre- 
vious f'mdings, bile acid synthesis by the Lindstedt isotope dilution method averaged 16.3% lower than 
synthesis simultaneously determined by fecal acidic sterol output (95% confidence limit for the differ- 
enee -22.2 to -10.4%). When one-sample determinations of bile acid pools were substituted for Lind- 
stedt pools, bile acid synthesis by isotope dilution averaged 5.6% higher than synthesis by fecal acidic 
sterol output (95% confidence limits -4.9 to 16.1%). These data indicate that the 2 methods yield val- 
ues in reasonably ciose agreement with one another. If anything, fecal acidic sterol outputs are slightly 
higher than synthesis by isotope dilution. 
Lipids 17:345-348, 1982. 

INTRODUCTION 

Bile acid synthesis is a major component  of 
overall cholesterol homeostasis accounting for 
roughly 40% of daily cholesterol loss. There are 
2 major methods for measuring synthesis rate 
of bile acid: the isotope dilution technique pio- 
neered by Lindstedt (1) and the fecal sterol bal- 
ance technique in which daily output of acidic 
sterois in the steady-state is taken to be equiva- 
lent to synthesis (2). It would be reassuring if 
values for bile acid synthesis by these 2 tech- 
niques agreed. However, Subbiah et al. recently 
reported wide discrepancies between these 2 
measurements (3). They found that synthesis 
determined by fecal acidic sterol output  was 
18-44% lower than synthesis by isotope dilu- 
t ion in the same human subjects. Because there 
is no way of knowing the true synthesis rate, it 
is impossible to determine which of these 2 
methods gave the more accurate value. David- 
son et al. have provided evidence that discrep- 
ancies between the 2 measurements exist in pa- 
tients with hyperlipidemia, but not in healthy 
subjects (4). 

We have recently had the opportunity to 
perform simultaneous measurements of bile 
acid synthesis by isotope dilution and by fecal 
acidic sterol balance in 5 normal human sub- 
jects on 13 occasions. Our findings support the 
validity of both techniques in such subjects. 

METHODS 

We studied 5 normal volunteers, free from 
disease by previously published criteria (5) in 

addition to biliary ultrasonography. All were 
hospitalized for at least 4 weeks on our metab- 
ofic ward prior to study. All were studied dur- 
ing a period of normal nutr i t ion and again after 
a period of ascorbic acid depletion. In addition, 
3 of the subjects were studied in a second per- 
iod of normal nutrit ion. During these various 
periods, many other measurements were made 
which are either in press or being prepared for 
submission separately. 

Bile acid synthesis by isotope dilution was 
performed exactly as described in previous pub- 
lications (5). Briefly, at 9:00 p.m., about 4 hr 
after a light supper, known amounts of 14C 
cholic acid and 14C chenodeoxycholic acid 
were administered via a duodenal tube. The 
subjects were permitted nothing except water 
by mouth until  bile sampling was completed 
the following morning between 8:00 and 9:00 
a.m. Bile was obtained via the duodenal tube 
after stimulation of gallbladder contraction by 
intraduodenal infusion of a protein hydrolyzate 
solution (Amigen, Baxter Laboratories, Deer- 
field, IL). Bile was collected on ice and a 1-5-ml 
aliquot (depending on depth of color) was 
saved by analysis. The remainder was returned 
to the subject by slow drip into the duodenal 
tube. After sampling, the tube was removed and 
the subjects ate normally. This same sampling 
procedure was repeated on 4 consecutive days. 
Specific activity of cholic and chenodeoxy- 
cholic acids were determined using enzymatic 
assay of bile acid mass following careful thin 
layer chromatographic (TLC) separation of in- 
dividual bile acids as previously described (5). 
To ensure that chenodeoxycholic completely 
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separated from dr acid, an aliquot 
from each chenodeoxycholic  acid band was 
analyzed by gas liquid chromatography (5). 

For  both cholic acid and chenodeoxycholic  
acid, we performed linear regression analysis of 
the natural logarithm of specific activity vs 
time. Fractional  turnover rate is the slope of 
this line. Pool size of each of the 2 primary bile 
acids was calculated by dividing the amount  of  
isotope administered by the specific activity at 
t ime zero, obtained by extrapolat ing the regres- 
sion line to time zero. Synthesis rate was calcu- 
lated by multiplying this pool size by the frac- 
tional turnover rate. 

In addition, for both cholic and chenodeoxy- 
cholic acids, we calculated a one-sample pool 
size as described previously (6) by dividing the 
amount  of  isotope administered by the specific 
activity in the first sample of  duodenal  bile ob- 
tained 12 hr after isotope administration. A sec- 
ond isotope dilution synthesis rate was calcula- 
ted by multiplying this one-sample pool size by 
the appropriate fractional turnover rate. 

Fecal acidic sterol output  was determined by 
a method similar to that used by Subbiah (7). 
Subjects were given 100 mg of chromic oxide 3 
times each day for a total of  20 days. All stools 
were collected for the last 10 days of chromic 
oxide administration. The stool collection for 
each day was homogenized in a Waring blender 
with an equal volume of  water. Chromic oxide 
was determined in duplicate aliquots of  this 
homogenate by the method of Davignon et al. 
(8). Acidic sterols were determined on an ali- 
quot of  homogenate to which a known amount  
of hyocholic acid had been added as an internal 
standard. This homogenate was hydrolyzed at 
125 C and 15 psi for 2 hr. After acidification, 
the bile acids were extracted into chloroform/ 
methanol,  methylated and acetylated as previ- 
ously described (5). Final analysis of these de- 
rivatives was performed on a Hewlett-Packard 
5830A gas-chromatograph with a column of  SP- 
2250 (Supelco, Bellefonte, PA). 

R ESU LTS 

Table 1 summarizes our findings. Bile acid 
synthesis rate obtained by the method of  Lind- 
stedt averaged 16.3% lower than synthesis by 
acidic sterol output .  The 95% confidence limit 
for this difference was -22.2 to -10.4%, indica- 
ting that this 16.3% difference was not  a result 
of  random variation in the measurements. The 
Lindstedt method, therefore, systematically 
provided a lower value for bile acid synthesis 
than did measurement of fecal acidic sterol 
output .  

When synthesis was calculated using one- 

sample pools, rather than Lindstedt  pools, the 
isotope dilution method provided a value that  
averaged 5.6% higher than fecal acidic sterol 
outputs.  Because the 95% confidence limits of  
this difference (-4.9 to +16.1%) included zero, 
it is possible that  there was no actual system- 
atic difference in synthesis rates between the 
one-sample isotope dilution method and acidic 
sterol output  measurements. 

DISCUSSION 

In the present study, bile acid synthesis by 
fecal acidic sterol output  was on average 16.3% 
higher than synthesis by isotope dilution (Table 
1). This similarity between values obtained by 
the 2 methods is in agreement with the Findings 
of Davidson et al. in normolipidemic subjects 
(4). However, it  stands in sharp contrast to  the 
findings of Subbiah et al. (3), who reported 
that  fecal acidic stetol output  rates were much 
lower than rates of  synthesis measured by iso- 
tope dilution. Davidson et al. also found 
marked disagreement between the 2 methods in 
subjects with hyperlipidemia.  The explanation 
for the findings of  Subbiah et al. may be that 
all their subjects except one were hyperlipi-  
demic; however, the reason that hyperl ipidemia 
should be associated with such discrepancies be- 
tween these 2 methods of measuring bile acid 
synthesis remains unclear. It is a l soposs ib le  
that their use of  generally labeled [ 3H-] chen- 
odeoxycholic  acid, which is known to overesti- 
mate bile acid synthesis by about  2-fold in iso- 
tope dilution studies (9), contr ibuted to the 
disparate results reported by Subbiah et al. 

Although the 16% difference in synthesis by 
these 2 methods is relatively small, it neverthe- 
less indicates that  one or both  methods must be 
subject to some systematic error. Because 14C 
labeled bile acids and chromic acid are both 
quantitatively recovered in feces (2,8), there is 
no obvious source of  such systematic error in 
the fecal sterol measurement. Synthesis by iso- 
tope dilution is a product  of fractional turnover 
and pool size for the 2 primary bile acids, chol- 
ic and chenodeoxycholic.  Fractional  turnover is 
equivalent to the slope of the linear regression 
relating natural logarithm of  specific activity to 
time. The correlation coefficients of  these re- 
gressions in the present study and in our pre- 
vious studies (5,6) almost always exceed 0.98 
and were usually 0.99, indicating a high degree 
of  linearity. This slope, therefore, seems to pro- 
vide a valid estimate of mean daily fractional 
turnover of bile acid. The accuracy of pool size 
measured by the Lindstedt  technique has been 
a matter  of debate. We have previously pointed 
out (6) that when the isotope is administered in 
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TABLE 1 

Bile Acid Synthesis by Fecal Acidic Steroi Output and Isotope Dilution 
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Lindstedt method a One-sample method b 
Acidic sterols  

Ozmol/day) /zmol/day % difference e /Jmol/day % difference c 

1268 1014 -20.0 1303 +2.8 
1502 1091 -27.4 1400 -6.8 

963 882 -8.4 1287 +33.6 
921 824 -10.5 1111 +20.6 

1010 951 -5.8 1321 +30.8 
1617 1110 -31.4 1186 -26.6 
1457 1131 -22.4 1646 +13.0 

810 632 -22.0 674 -16.8 
848 813 4 .1  863 +1.8 
941 950 +1.0 1095 +16.4 

1525 1215 -20.3 1488 -2.4 
1086 902 -16.9 1122 +3.3 
1554 1185 -23.8 1611 +3.7 

Mean -16.3 +5.6 
SD 9.8 17.3 
95% confidence limi~ -22.2 to -10.4 4 .9  to +16.1 

a(Cholic fractional turnover) (cholic Lindstedt pool) + (chenodeoxycholic fractional 
turnover) (chenodeoxycholic Lindstedt pool). 

b(Cholic fractional turnover) (cholic one-sample pool) + (chenodeoxycholic fractional 
turnover) (chenodeoxycholic one-sample pool). 

c[(Isotope dilution value) - (acidic sterol output value)] X 100 + (acidic sterol output 
value)]. 

t he  evening,  12 h r  pr ior  to  the  first sampl ing ,  
e x t r a p o l a t i o n  o f  the  l inear  regress ion to t ime  
zero  may  n o t  be pe r fec t ly  valid because  t he  
sub jec t s  are fast ing dur ing  th is  t ime.  As fas t ing 
is k n o w n  to i nh ib i t  bile acid syn thes i s  (10) ,  t he  
ra te  at  wh ich  un l abe l ed  bile acid is p r o d u c e d  to  
d i lu te  the  admin i s t e r ed  i so tope  m ay  be  lower  
t h a n  the  average daily syn thes i s  rate .  I f  so, 
e x t r a p o l a t i o n  across th is  12-hr per iod  would 
yield a falsely h igh  es t ima te  o f  specif ic  ac t iv i ty  
at  t ime  zero  and  a falsely low poo l  size of  bile 
acid. This,  in t u rn ,  would  yield a falsely low 
syn thes i s  rate ,  pe rhaps  exp la in ing  a t  least  pa r t  
o f  t he  d i sc repancy  b e t w e e n  synthes is  b y  iso- 
t o p e  d i lu t ion  vs fecal acidic s terol  o u t p u t  n o t e d  
in th is  s tudy .  

As an  a l te rna t ive  to e x t r a p o l a t i n g  the  specif-  
ic ac t iv i ty - t ime  re la t ionsh ip ,  we have used a so- 
called one-sample  m e t h o d  for  d e t e r m i n a t i o n  o f  
pool  size (6).  In th is  t e c h n i q u e ,  the  specif ic  
ac t iv i ty  o f  bile acid 12 hr  a f t e r  i so tope  admin i -  
s t r a t ion  is s imply  divided i n to  the  a m o u n t  o f  
i so tope  admin i s t e red .  Because there  is un-  
d o u b t e d l y  some  syn thes i s  of  bile acid b e t w e e n  
sampl ing  and  a d m i n i s t r a t i o n  of  i so tope ,  th is  
t e c h n i q u e  p r o b a b l y  overes t imates  poo l  size to  
some ex ten t .  I t  is no t ab l e  t ha t  w h e n  syn thes i s  
is ca lcula ted  as the  p r o d u c t  of  th is  one-sample  
poo l  and  f rac t iona l  tu rnover ,  t he  resul t  is, o n  
average, a b o u t  6% higher  t han  syn thes i s  by  
fecal acidic s terol  o u t p u t  (Table  1). One in ter -  

p r e t a t i o n  of  these  da ta  is t ha t  fecal acidic s te ro l  
o u t p u t s ,  fall ing in b e t w e e n  synthes i s  ca lcula ted  
by  an  i so tope  d i lu t ion  t e c h n i q u e  which  sl ightly 
u n d e r e s t i m a t e s  pool  size and  synthes i s  calcu- 
l a ted  b y  a t e c h n i q u e  t h a t  s l ightly overes t imates  
poo l  size, is p r o b a b l y  an  accura te  measure  o f  
bile acid synthesis .  Bu t  whichever  o f  the  3 is 
the  m o s t  accura te ,  t he  fact  t ha t  t hey  all lie 
wi th in  a few pe rcen tage  po in t s  of  one  a n o t h e r  
suggests t ha t  n o n e  o f  t h e m  is of f  the  mark  b y  
much .  
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Metabolism of Malonaldehyde in vivo and in vitro 
G.M. SIU and H.H. DRAPER*, Department of  Nutrition, College of Biological Science, 
University of  Guelph, Guelph, Ontario, Canada N I  G 2W1 

ABSTRACT 

The metabolism of malonaldehyde (MA) was investigated in vivo using male Wistar rats and in vitro 
using rat liver mitochondria. Twelve hr after intubation with [ 1,3-14C] MA, 60-70%, 5-15% and 9-17% 
of administered radioactivity was recovered in expired CO2, feces and urine, respectively. In rats 
intubated with [ 1,2J'C] acetate, the corresponding values were 68-82%, 1-2% and 2-3%. 14CO2 evolu- 
tion was initially slower after I*C-MA administration than after ~4C-acetate administration and more 
radioactivity was excreted in the feces and urine. In vitro experiments using [1,3J4C] MA showed that 
MA is metabolized primarily in the mitochondria via reactions involving O2 utilization and t*CO2 
production. The apparent K m and Vma x were 0.5 mM and 9.3 nmol/min]mg protein for O2 uptake, 
respectively, and 2.0 mM and 2.4 nmol/min/mg protein for t'CO 2 production. Addition of malonic 
acid to mitochondrial incubates at concentrations inhibitory to succinate dehydrogenase did not affect 
MA-induced O 2 uptake but enhanced ~4CO2 production from ~*C-MA. ~4C-Acetate appeared to be the 
major accumulating metabolite in rat liver mitochondrial preparations following a 120-min incubation 
with ~4C-MA. A probable biochemical route for MA metabolism involves oxidation of MA by mito- 
chondrial aldehyde dehydrogenase followed by decarboxylation to produce CO 2 and acetate. 
Lipids 17:349-355, 1982. 

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

Malonaldehyde (MA) is a product of lipid 
peroxidation which is found in foods and which 
has been reported to occur in animal tissues, 
especially under conditions of antioxidant deft- 
ciency (1,2). Recent studies have confirmed the 
presence of significant quantities of MA in 
foods of animal origin (3,4) where it apparently 
arises mainly from the oxidation of arachidonic 
acid in cell membranes. Malonaldehyde is reac- 
tive toward sulfhydryl and amino groups of 
proteins (5). It produces intramolecular and 
intermolecular linkages which can lead to 
inactivation and polymerization of enzymes 
such as ribonuclease (6). Its reactivity toward 
amino groups can result in interactions with the 
nitrogenous bases of deoxyribonucleic acid 
(DNA) (7,8) and inhibition of DNA, ribo- 
nucleic acid (RNA) and protein synthesis (9). 

Malonaldehyde has been reported to be 
mutagenic in bacteria (10,11) and genotoxic in 
cultured mammalian cells (12). It is a liver 
carcinogen when applied to the skin ( 1 3 ) o r  
administered chronically in the diet of mice 
(14). 

Previous studies indicate that MA is readily 
metabolized in vivo and in vitro. Holtkamp and 
Hill (15) showed that incubation of MA with 
rat fiver homogenate induced increases in the 
rate of oxygen uptake. Recknagel and Ghoshal 
(16) found that incubation of MA with rat liver 
homogenate or mitochondria led to disappear- 
ance of MA as measured by the thiobarbituric 
acid (TBA) assay. Placer et al. (17) demon- 
strated the disappearance of TBA-reactive 
material in the tissues of rats injected intraperi- 
toneally with MA. These observations may be 

attributed to oxidation of MA by the low speci- 
ficity mitochondrial aldehyde dehydrogenase 
(18) and/or to reactions of MA with amino or 
sulfhydryl groups which can result in a decrease 
in TBA reactivity. In this study, the metabolism 
of MA was further investigated using 14C- 
labeled material. 

MATERIALS  A N D  METHODS 

[ 1,3-14C1 Malonaldehyde Generation 

1,1,3,3-Tetramethoxy [ 1,3J4C] propane 
(TMP) (sp act = 15.0 mCi/mmol) was purchased 
from Amersham Searle Co. (Arlington Heights, 
IL) as a solution in benzene/methanol (1:1) in 
sealed borosilicate glass ampoules. The solvent 
was removed and the residue was treated with 
1 N HC1 for 25 min at room temperature to 
generate 14C-MA (19). These conditions were 
found to produce optimal hydrolysis as deter- 
mined by monitoring MA production as a 
function of time using the ultraviolet (UV) 
method of Kwon and Watts (20). 

in vivo Experiments 

Two young male Wistar rats (150-200 g) 
were given [1,3J4CIMA (1 btCi in 1 ml aq 
solution) by intubation 2-3 hr after their 
morning feeding. Immediately after dosing, 
the animals were placed in metabolic chambers 
and air was pumped through at the rate of "x, 2 
~/min. t4CO2 was collected in Oxifluor-CO2 
(New England Nuclear, Montreal) using 3 traps 
in series containing 70 ml/trap. At 0.5, 1, 1.5, 
2, 3, 4, 5, 6, 8, 10 and 12 hr, the trapping 
solutions were removed and 10-ml aliquots 
were counted using a Nuclear Chicago Mark I 
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counter.  
After 12 hr, the animals were killed, blood 

samples were collected in EDTA, and 50-~1 
aliquots of plasma were counted in 10 ml 
scintillation fluid containing 120 ml Bio-Solv 
(Beckman), 0.3 g POPOP, 5 g PPO and 880 ml 
tohiene/s Gastrointestinal tract  contents and 
feces were combined and counted using the 
method of  Case and Benevenga (21). Urine 
collected from the chamber and bladder was 
made up to 50 ml and 0.5 ml aliquots were 
counted. All radioactivity determinations were 
corrected for background and for counting 
efficiency using the external standard ratio 
method.  

A companion experiment was done using 
[ 1,2-1r acetate (%5 ;zCi in 1 ml aq solution) 
as a reference compound.  

in vitro Expe~imemts 

The metabolism of MA was studied in vitro 
using male Wistar rat liver homogenate,  mito- 
chondria and postmitochondrial  supernate. 
Livers were homogenized in a medium contain- 
ing 250 mM sucrose, 3.4 mM Tris-HC1 and 1.0 
mM EGTA at pH 7.0 using a Potter-Elvejhem 
homogenizer. Mitochondria were isolated by 
the method of Chappell and Hansford (22). 
After sedimenting the mitochondria,  the super- 
natant  fraction was removed and recentrifuged 
at 9,000 x g for 10 rain to ensure removal of 
mitochondrial  contaminants.  The postmito-  
chondrial fraction from the second centrifuga- 
t ion was used as the supernatant fraction. The 
protein content  of each fraction was deter- 
mined by the method of  Lowry et al. (23). 

Standard incubation mixtures contained 3.2 
ml incubation medium (sucrose 150 raM, KC1 
50 mM, MgSO4 5 mM, Na phosphate 1 mM and 
Tris-HCl 50 raM, final pH 7.4) to which were 
added 0.75 mM ADP and 3-5 mg protein from 
homogenate,  mitochondria  and supernate. Sub- 
strates were added at appropriate concentra- 
tions. MA was added as a sodium enol salt after 
preparation by the method of  Protopopova and 
Skoldinov (19). Incubations were done at 37 C 
with continuous agitation. MA metabolism was 
monitored by measuring disappearance of  MA, 
O2 uptake (mitochondria)  and t4CO2 produc- 
tion from t4C-MA. 

The reactions were terminated at appro- 
priate times by addition of 1 ml of  0.6 N per- 
chloric acid. The protein precipitates were 
removed by filtration using millipore filters 
(Millipore Corporation, Bedford, MA) and MA 
in the filtrates was determined using the colori- 
metric thiobarbituric acid (TBA) assay (24). 
Oxygen consumption was measured polaro- 

graphically using a Clark's oxygen electrode 
(Yellow Springs Instruments, Model 53, OH). 
Endogenous 02 uptake was subtracted to ob- 
tain substrate-indueed 02 consumption.  Other 
substrates used in this study included Na sue- 
cinate, acetaldehyde and pyruvaldehyde (Sigma 
Chemical Co., Milwaukee, WI) which were 
added as free aldehydes. 

Incubations of radioactive substrates were 
done in 25-ml flasks with center wells. The 
14CO2 produced was trapped in hyamine 
hydroxide  (1 M solution in methanol,  New 
England Nuclear, Lachine, Quebec) contained 
in glass culture tubes located in the center 
wells. Rubber stoppers (sleeve type)  fitted with 
hypodermic  needles (plugged except during 
additions) were used to stopper reaction flasks 
and provide a closed system for 14CO2 collec- 
tion. Reactions were terminated with addit ion 
of 1 ml HC104 (0.6 M). Shaking was continued 
for 30 min, whereupon 14CO2 traps were quan- 
t i tated by liquid scintillation counting. 

For  the investigation of accumulated metab- 
olites, mitochondrial  incubations were done for 
120 rain in open flasks. After  the reactions 
were terminated by addition of  1 ml HCIO4 
(0.6 M), the deproteinized samples were filtered 
through millipore filters and neutalized with 
KOH. The HCIO4 precipitate was removed by 
centrifugation; 0.5-ml aliquots of  filtrate were 
applied to a Dowex-l- formate  column (0.9 x 
14 era) using a procedure similar to that de- 
scribed by LaNoue et al. (25) except  that the 
gradient was formed by running 100 ml of 3 N 
formic acid into I00 ml H20.  14C-Labeled 
metabolites were identified on the basis of  
elution volume using laC-labeled reference 
compounds.  

RESULTS A N D  DISCUSSION 

in vivo Metabolism 

The rates of 14CO2 product ion from [1,3- 
1r MA and [ 1,2-14C] acetate in vivo are shown 
in Figure 1. Table 1 summarizes the 14 percentage 
of  radioactivity recovered in CO2, plasma, 
urine and feces. The data show that I4C-MA 
was extensively metabolized t o  14CO2 within 
12 hr. A lower initial rate of 14CO2 product ion 
was observed and a greater percentage of radio- 
activity was recovered in the excreta of the 
14C-MA-dosed axiimals than of  the taC-acetate- 
dosed animals. 

in vitro Oxidation 

Incubation of MA (3 x 10 -2 raM) with rat 
liver homogenate or mitochondria  resulted in 
loss of  TBA-reactive material with time. There 
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FIG. 1. Rates of in vivo t4CO2 production from rats intubated with [1,2J4C] acetate (A) 
or [ 1,3-t~C] MA (B). 
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TABLE 1 

Recovery of Radioactivity from Rats 12 hr after lntubation 
with [ 1,3Jac] MA or [ 1,2-]4C] Acetate 

14C_Aeetate t4C-Malonaldehyde 

% of total radioactivity recovered 

Rat no. 1 2 3 4 
14C02 82 68 70 60 
Urine 2 3 9 1 '7 
Feces l 2 5 15 
Plasma 0.1 0.1 0.1 0.1 

was essentially no utilization of MA by the 
postmitochondrial supernate. The rate of MA 
utilization by mitochondria exhibited pseudo- 
first order kinetics. After 70 rain, 50% of the 
MA present initially had been converted to a 
form which was not  TBA-reactive. This f'mding 
is in agreement with previous reports that MA 
is metabolized by the mitochondrial enzyme 
aldehyde dehydrogenase (AId-DH) (18,26). 
Background absorbance at 450 nm was % 0.02 
OD units. Lack of utilization of MA by the 
postmitochondrial supernate suggests that 
microsomes and soluble enzymes are not in- 
volved in the initial step(s) of MA utilization, 
but does not  exclude their possible participa- 
tion in subsequent reactions involving MA 
metabolites. 

The rates of substrate induced 02 uptake by 
rat liver mitochondria for "state 3" respiration 
(i.e., in the presence of ADP) (27) are plotted 
as a function of MA concentration in Figure 2A. 

This figure shows that the rate of 02 uptake 
increased with increasing MA concentrations up 
to ca. 3.5 mM, then progressively decreased. 
This apparent substrate inhibition of AId-DH 
also was observed when acetaldehyde or pyruv- 
aldehyde was used as substrate. Dietrich (28) 
reported a similar substrate inh ib i t ion  m rat 
liver homogenate metabolizing indole-3-acetal- 
dehyde. The incubation time and protein con- 
centrations used in the present study were 
within the linear range for measuring initial 
velocities (Fig. 3, A and B). 

The apparent K m and Vma x for MA-induced 
02 uptake by mitochondria, estimated from a 
Lineweaver-Burk plot (Fig. 2B), were 0.5 mM 
and 9.3 nmol/min/mg protein, respectively. 
The rate of '4CO2 production from [ 1,3J4C]- 
MA was measured over a range of MA concen- 
trations and the apparent K m and Vma x were 
estimated (Fig. 4). The corresponding values for 
~4CO2 production were 2.0 mM and 2.4 nmol/  
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FIG. 2. (A) Effect of substrate concentration on 
rate of MA-induced O 2 uptake by rat liver mitochon- 
dria. (B) Lineweaver-Burk plot of the rate of O 2 up- 
take by rat liver mitochondria oxidizing MA as sub- 
strate. Apparent K m = 0.5 raM; Vma x = 9.3 nmol/ 
min/mg protein. 

min/mg protein. 

I n t e r m e d i a r y  Matabol i tas  

Complete oxidation of MA to CO~ involves 
the overall reaction: 

O H C ' C H  2"CHO + 3 O 2 - -*  2 H 2 0  + 3 C O  2 

Because MA is a 3-carbon compound, 14CO 2 
production from 14C-MA may proceed either 
via oxidation and decarboxylation of  MA to a 
residual 2-carbon metabolite which is further 
oxidized through the tricarboxylic acid (TCA) 
cycle, or via carboxylation of  MA to form a 
4-carbon compound which can be oxidized to 
CO2 via the TCA cycle. Conversion of malonic 
semialdehyde (MSA) to succinyl-CoA via ~-hy- 
droxypropionate, propionyl-CoA and methyl- 
malonyl-CoA has been reported (29). These 2 
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FIG. 3. (A) 14CO2 production from [ 1,3-~4C] MA 
as a function of incubation time in rat liver mito- 
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possibilities were examined by adding malonic 
acid at concentrations which inhibit succinate 
dehydrogenase. A summary of the effect of 
malonic acid addition on MA-induced 02 up- 

14 take and CO2 production from C-MA is 
presented in Table 2. The lack of inhibition 
by malonic acid of MA oxidation indicates that, 
under the assay conditions used (10 min incu- 
bations), 02 uptake and CO2 production from 
MA occurred independently of the TCA cycle, 
and that the metabolism of MA proceeds via 
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TABLE 2 

Effect of Malonic Acid on Malonaldehyde-Induced O 2 Uptake 
and ~4CO2 Production from 14C-Malonaldehyde 

353 

Concentration Malonic acid O 2 uptake ~4CO2 production 
Substrate (raM) (mM) (% of control) (% of control) 

Succinate 3.0 - 1 0 0  - 
S u c c i n a t e  3.0 3.0 15 - 

Malonaldehyde 3.0 - I00 -- 
Malonaldehyde 3.0 3.0 111 -- 

14C-Malonaldehyde 2 X 10 -3 - -- 1 0 0  

14C-Malonaldehyde 2 • 10 -a 3.0 - 198 

o x i d a t i o n  and  d e c a r b o x y l a t i o n  to fo rm a 2- 
ca rbon  me tabo l i t e  which  is s ubs equen t l y  
me tabo l i zed  via the  cycle. 

The  increased  14CO2 p r o d u c t i o n  f rom 14C- 
MA associated with add i t ion  of  un labe led  
ma lon ic  acid c a n n o t  be adequa te ly  exp la ined  
on  the  basis o f  available data .  However ,  a pos-  
sible specu la t ion  is t h a t  th is  increase m ay  be  an 
ef fec t  of  ma lon ic  acid i n h i b i t i o n  of  o x i d a t i o n  
of  o t h e r  e n d o g e n o u s  subs t r a t e s  which  c o m p e t e  
for  available 0 2  and  o t h e r  cofac to rs  in the  
m e d i u m .  

Based on  these  data ,  i t  appea red  tha t ,  u n d e r  
the  in v i t ro  c o n d i t i o n s  used,  14C-MA m e t a b o -  
lism p r o b a b l y  involves o x i d a t i o n  to  ma lon ic  
semia ldehyde  (MSA)  and  d e c a r b o x y l a t i o n  to  
ace t a ldehyde  which  is rapidly conver t ed  to 
ace ta te  wi th  equ imo la r  a m o u n t s  of  02  con-  
sumed  and 14CO2 p roduced .  De t ec t i on  of  
accumula t i ng  me tabo l i t e s  was a t t e m p t e d  by  
f r ac t iona t ing  dep ro t e in i zed  m i t o c h o n d r i a l  incu-  
ba tes  and  e n z y m e  b lanks  on  an an ion  exchange  
co lumn .  F o u r  peaks  (A,  B, C and  D) were ob-  
t a ined  f rom the  m i t o c h o n d r i a l  i ncuba t e s  (Fig. 
5a), o f  which  3 (A, B and  D) were also p re sen t  
in the  e n z y m e  b l ank  i ncuba t e s  (Fig. 5b) .  F r o m  
c h r o m a t o g r a p h e d  radioac t ive  s tandards ,  peaks  
C and  D were iden t i f i ed  as ace ta te  and  malon-  
a ldehyde ,  respect ively .  

Because MA has  been  r epo r t ed  to po lymer -  
ize readily as well as to  be react ive  t o w a r d  
a m i n o  groups  (5 ,6) ,  peaks A and  B were sus- 
pec ted  of  be ing  p r o d u c t s  o f  MA p o l y m e r i z a t i o n  
or b ind ing  to a m i n o  groups  in ADP or  to  the  
a m i n o  m o i e t y  of  Tris. C o l u m n  separa t ion  of  
MA i n c u b a t e d  in H 2 0  in the  absence  mi to -  
c h o n d r i a  and  ADP revealed one  ma jo r  peak 
c o r r e s p o n d i n g  to the  MA s t anda rd  (Fig. 5c). 
A similar  e lu t ion  profi le  was observed  when  
14C-MA was i n c u b a t e d  in H 2 0  in the  absence  
o f  m i t o c h o n d r i a  bu t  wi th  added  ADP,  indi-  
ca t ing  t h a t  n e i t h e r  peak A n o r  peak  B is a p rod -  
uct  of  MA b ind ing  wi th  ADP. However ,  t he  
c h r o m a t o g r a p h  f rom incuba te s  of  14C-MA in 
Tris-HC1 m e d i u m  wi th  n o  added  m i t o c h o n d r i a  
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FIG. 5. Separation of ~*C-MA and metabolites by 
anion exchange chromatography. Column size 0.9 cm 
• 24 cm and elution rate ca. 2 ml/min. One-ml frac- 
tions were collected. (a) 14C-MA incubated for 2 hr 
in Tris HCI buffer in the presence of mitochondria and 
ADP. (b) ~4C-MA incubated for 2 hr in Tris-HCl buffer 
with equal volume of buffer added in place of mito- 
chondria and with added ADP. (c) 14C-MA incubated 
for 2 hr in H20 with no added mitochondria or ADP. 
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FIG. 6. Schematic representation of the possible routes of MA metabolism and sites of 14CO2 production 
from [ 1,3:4C] MA. Ald-DH-aldehyde dehydrogenase. 

or ADP showed the presence of 2 peaks corres- 
ponding to peaks B and D. Thus, peak B 
appears to be the product  of a reaction between 
MA and the amino group of  Tris. Peak A could 
not  be positively identified, but it may arise 
from incomplete hydrolysis of the parent com- 
pound TMP used to generate MA (30). 

Figure 6 shows schematically the possible 
routes of MA metabolism and sites of 14CO2 
product ion from [1,3J4C]MA. Based on the 
observations that the K m for 02 uptake was 
less than the K m for CO2 product ion,  and that 
substrate inhibition was observed for 02 uptake 
with MA concentrations greater than 3.5 mM 
whereas no substrate inhibition was observed 
for 14CO2 production from 14C-MA, it can be 
suggested that  substrate-induced O 2 uptake by 
MA is not  rate limiting for the production of  
CO2 from MA. Also, the apparent K m for 
acetaldehyde oxidation (0.1 raM) is less than 
the apparent K m for MA-induced oxidation 
(0.5 mM) and decarboxylat ion (2.0 mM), 
indicating that any acetaldehyde formed by 
route 1 (Fig. 6) would be converted rapidly 

to acetate. When 14C-malonic acid was used 
as substrate, the apparent K m for 14CO2 pro- 
duction (50.2 raM) was much greater than that 
for 14C02 product ion from 14C-MA, signifying 
that malonic acid is not  a major intermediate in 
the formation of 14C02 from 14C-MA (Fig. 6, 
routes 2 and 3). 

As the Vma x for 14CO,2 product ion was less 
than that for 02 uptake,  it is probable that 
MSA accumulates. Because of the structural 
similarity between MA and MSA, as well as the 
lack of available MSA standards, it could not  
be determined whether MSA was inadequately 
resolved from MA in the chromatographic sys- 
tem or whether no significant MSA accumula- 
tion occurred at the low substrate concentra- 
tions used. 

The isolation of acetate from the deprotein- 
ized incubates supports the contention that 
MA can be metabolized via oxidation to MSA 
followed by decarboxylat ion to acetaldehyde, 
which is readily oxidized to acetate. Under the 
in Vitro conditions used, acetate accumulated 
and was not  significantly oxidized via the TCA 
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cycle. However, in vivo acetate formed from 
MA would not  be expected to accumulate. This 
view is consistent with the observation that 
14C-MA can be extensively oxidized in vivo to 
14CO2 but  that  the rate of  14CO2 product ion 
from t4C-MA is initially slower than that from 
14C-acetate (Fig. 1). 

The difference between 14C-MA and 14C- 
acetate utilization in vivo, indicated by the 
difference in kinetics of 14CO2 production and 
in radioactivity recovered in the excreta, may 
be related to the readiness with which MA 
reacts with amino groups, as illustrated by the 
binding of  MA to Tris during the 2-hr in vitro 
incubations. The MA-amino reaction product(s)  
formed in vitro appear to be susceptible to acid- 
heat hydrolysis, because TBA assays on post- 
mitochondrial  supernates incubated with MA 
showed little loss of TBA-reactive material fol- 
lowing the 2-hr incubations. 
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Effect of Ethanol on Transport from Rat Intestine 
during High and Low Rates of Oleate Absorption 
D.R. SAUNDERS*, J. SILLERY and G.B. MCDONALD, Department of  Medicine, Univer- 
siW of  Washington, Seattle, WA 98195 

ABSTRACT 

Long-chain fatty acids (LCFA) are transported predominantly in the intestinal lymph when rates 
of LCFA absorption are high, and oral ethanol has been shown to enhance this lymphatic transport. A 
greater proportion of absorbed LCFA is transported via portal blood when rates of LCFA absorption 
ate low. We tested the hypothesis in unanesthetized lymph-fistula rats that ethanol might also enhance 
the mueosal absorption and lymphatic transport of oleic acid when oleate absorption rates were low. 
The results did not support this hypothesis. Ethanol enhanced oleate absorption and transport from 
the intestine when 360 tamol, but not when 8 ~mol of [14C] oleate was infused intraduodenally over 4 
hr. There were major differences in intestinal mucosal metabolism of high and low loads of oleic acid. 
After the high load, the proportion of intestinal [14C] phospholipid to [~4C] neutral lipid was 8:92. 
This ratio changed to 37:63, and the percentage of neutral '"C as triglyceride decreased from 87 to 
68% when the low load of oleate was infused. We suggest that a portion of absorbed LCFA is incor- 
porated into phospholipid and transported as high-density iipoproteins in portal blood. This portal 
pathway for LCFA was uninfluenced by ethanol in the present experiments. 
Lipids 17:356-360, 1982. 

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

Ethanol has profound effects on lipid me- 
tabolism throughout the body (1). The liver is 
consistently affected, but acute doses of ethan- 
ol alter the absorption of both dietary and en- 
dogenous lipids. Intraduodenal ethanol causes 
increased intestinal lymphatic output of endo- 
genous lipid (2,3), and of a simultaneously ad- 
ministered intraduodenal bolus of 25 umol of 
palmitic acid (3). 

We reexamined the effects of ethanol on in- 
testinal lipid transport because of recent work 
which suggests that an appreciable portion of 
unsaturated long-chain fatty acid (LCFA) is 
transported in portal venous blood rather than 
in intestinal lymph (4). Portal transport of 
LCFA was proportionally greater when LCFA 
was being absorbed at low rates. We tested the 
hypothesis, therefore, that ethanol might alter 
the transport of oleic acid when oleate was be- 
ing absorbed at such a rate that one-third of ab- 
sorbed oleate was being transported via portal 
blood. The experimental model was the thora- 
cic duct fistula rat. A feeding duodenostomy 
was used to avoid delays in gastric emptying 
caused by ethanol (5). Oleic acid was infused at 
high (360 /amol/4 hr) or at low (8/~mol/4 hr) 
rates. A concentration of 5 g of ethanol/100 ml 
was used because duodenol concentrations of 
1-5 g/100 ml are observed when a man drinks 4 
oz of 80-proof spirits (6). 

M E T H O D S  

Materials 

Sodium taurocholate was synthesized (7); 

the product contained a trace (<5%) of taurine. 
Its [ a ] ~  was 21.9 (c = 5 in water) (reported, 
21.7 -+ 3). Oleic acid and 2-monoolein (Serdary 
Research Lab., London, Ontario) were pure by 
thin layer chromatography (TLC). [I-"C] Oleic 
acid (New England Nuclear, Boston, MA) was 
purified by radiochromatography. Reference 
standards for thin layer chromatography were 
obtained from Supelco, Bellefonte, PA. 

Homogeneous mixtures of oleic acid (30 
mM, or 0.67 mM) and 2-monoolein (2:1 molar 
ratio) were prepared in 5 mM taurocholate, 118 
mM NaC1, 6 mM KC1, 10 mM NaHCO 3 , and 10 
mM glucose by sonication for 2 min at one- 
third of maximal output  (Biosonik III, BronwiU 
Scientific, Rochester, NY). Eighteen rats had 
ethanol, 5 g/100 ml, included in the infusion 
mixture, whereas 20 rats did not. 

Procedures 

Male Sprague-Dawley rats weighing 200-300 
g (Tyler Labs, Seattle, WA) were given free 
access overnight to a solution of glucose, 100 g, 
NaC1, 5 g, and KC1, 0.4 g/~ of water. The fol- 
lowing morning, thoracic duct cannulation and 
feeding duodenostomy were performed under 
pentobarbital sodium (50 mg/kg) and halothane 
anesthesia. Postoperatively, rats were placed in 
restraining cages, and they were infused intra- 
duodenally with an amino acid-carbohydrate 
mixture (Vivonex, 0.5 strength, Eaton Labora- 
tories, Norwich, NY) at 1 ml/hr (Gilson Mini- 
puls Pump, Middleton, WI). The next day, a 
lipid infusate was pumped intraduodenally at 3 
ml/hr for 4 hr. Animals whose lymph flow was 
<1 ml/hr were discarded. The rat was then 
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anesthetized, and clamps were placed at the 
gastro-esophageal junction,  the pylorus, the 
terminal ileum, and the distal rectum. The small 
intestine was removed and its contents flushed 
out with 30 ml of NaCI, 9 g/~ and air. Small in- 
testinal washings, stomach, large intestine, and 
feces were combined and homogenized (Poly- 
tron PT20ST, Brinkman Instruments, West- 
bury, NY). The remaining small intestine was 
analyzed separately. 

Homogenates and thoracic duct lymph were 
made up to volume and their ~'C was measured 
in 2 ways so that water-soluble, as weU as lipid- 
soluble, radioactivity could be known. [~C]  
lipid in portions of homogenate and lymph was 
extracted with chloroform/methanol (8). 
Water-soluble plus lipid-soluble t~C in 0.5-ml 
portions of unextracted homogenate were 
mixed with 1 ml of  Protosol (New England Nu- 
clear), bleached with benzoyl peroxide (1 g/10 
ml toluene), and counted in a toluene-based 
scintillant. [~ClTo luene  was used as an in- 
ternal standard. 

The recoveries of [~'Cll ipid as a percentage 
of [~'C]oleate infused were incomplete: 89% 
after 360 ~mol, 75% after 360 umol plus 
ethanol, 64% after 8 ~mol, 61% after 8 umol 
plus ethanol (Table 1). These incomplete 
recoveries were not because water-soluble t*C 
was being lost during the extraction procedures. 
No disparity existed in counting ~C from the 
small intestinal lumen in either chloroform 
methanol extractions or in total washings. Total 
homogenates contained 1.6% more small 
intestinal wall ~*C, and 2.2% more lymph t~C 
than did chloroform methanol extracts. We 
inferred that t h e  missing [~*C]oleate was 
transported from the intestine via portal 
venous blood. The validity of this inference was 
proven previously (4). 

[a*C]Lipid in chloroform was applied to a 
column of silica gel (CC-4, Mallinckrodt Inc., 
St. Louis, MO). Neutral lipids were eluted with 
chloroform/diethyl ether (5:1, vol/vol), phos- 
pholipids with methanol/chloro form/water 
(9:1:1). Recovery of [t+Cllipid from the col- 
umn was 101 + 2% for small intestinal wall lipid 
and 97 + 4% for lymph lipid. 

[~C]Neutra l  lipid was chromatographed on 
thin layers (250-t~m) of Silica Gel G (Analtech, 
Newark, DE) using the solvent system n- 
hexane/diethyl ether/acetic acid (5:1:0.1). Ref- 
erence standards were run in lateral lanes of the 
chromatoplate which was stained with iodine. 
Separated bands, after deiodinating, were 
scraped into vials so that ~C could be counted 
in 10 ml of Aquasol (New England Nuclear). 
Recovery of ~*C from chromatoplates was 92 _+ 
6% for small intestinal wall neutral lipid and 93 
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• 4% for lymph neutral lipid. 
[ 14C] Phospholipid was chromatographed on 

LK-5 silica gel plates (Whatman Co., Clifton, 
N J) using acetone[chloroform[methanol[acetic 
acid/water (4:3:1:1:0.5) .  Reference standards 
were run in lateral lanes of  the chromatoplate 
which was stained with Phospray (Supelco, 
BeUefonte, PA). The chromatoplate was then 
sprayed with distilled water and the separated 
bands were scraped into vials so that '4C could 
be counted in 10 ml of  Aquasol. Recovery of  
z4C from chromatoplates was 89 -* 5% for 
lymph phospholipid. 

Results are expressed as means • SD. Statis- 
tical significance of  mean differences among 
groups of  observations was assessed by Stu- 
dent 's  t-test. 

R ESU LTS 

Infusion of Oleate at 90/~mol/hr 

Without ethanol. Ninety percent of  the '4C 
was absorbed from the small intestinal lumen 
over the 4-hr infusion (Table 1). Of the '4C 
absorbed, 44% remained in the small intestinal 
wall, and 45% was recovered in the lymph; by 
subtraction, 11% was transported in portal ve- 
nous blood. 

Ninety-two percent of intestinal wall '4C 
was in neutral lipid (Table 1) o f  which 87% was 
in the triglyceride fraction (Table 2); 98% of 
[ ,4 C ] lymph lipid was in neutral lipid (Table 1) 
of  which 93% was in the triglyceride fraction 
(Table 3). 

With ethanol. Ethanol increased the absorp- 
tion of ['4C] oleate to 96% and it decreased the 
amount of  14C in the small intestinal wall to 
29% of  the '4C absorbed. Therefore, significant- 
ly more '4C was transported from the intestine 
during the ethanol infusion (Table 1), although 
the amount of '4C carried in the lymph was not 
significantly different from control animals 
without ethanol. 

Ethanol altered thedis tr ibut ion of '4C in 
intestinal wall lipids so that 85% was in the tri- 
glyceride fraction. The percentage of '4C in in- 
testinal wall phospholipids doubled to 15% 
compared with control animals (Table 1). 

No changes were observed in the distribution 
of  ['4C]neutral lipid or [ '*C]phospholipid in 
intestinal wall or in lymph with ethanol (Tables 
2 and 3). 

Infusion of Oleate at 2/~mol/hr 

Without ethanol. Ninety-nine percent of  the 
infused '4C was absorbed from the lumen of  
the small bowel. Of the 14C absorbed, 27% re- 
mained in the intestinal wall, and 37% appeared 
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in the lymph; by subtraction, 36% was trans- 
ported in portal venous blood (Table 1). 

The distribution of " C  in intestinal wall 
lipids was distinctly different from the distribu- 
tion after the high rate of oleate absorption: 
63% of ~'C was in neutral lipid, whereas 37% 
was in phospholipid after the low dose of ['4C] 
oleate (Table 1). 

The low rate of oleate absorption was asso- 
ciated with a change in the distribution of " C  
in the neutral lipids of the intestinal wall: 68% 
of ~*C was in triglyceride, 11% was in mono- 
glyceride, and 5% was in the cholesterol ester 
fraction (Table 2). 

In the lymph, there was relatively more 
[~4C]neutral lipid in cholesterol ester (6%) 
after the low rate of [~]o lea te  infusion than 
after the high rate of infusion (Table 3). 

With ethanol. Ethanol had no effect on the 
absorption or transport of [~4 ] oleate during in- 
fusions of 2 gmol/hr. As in the control animals, 
98% of the 8 gmol of [~4Cloleate infused was 
absorbed. Of the ~C absorbed, 23% remained 
in the intestinal wall, whereas 37% appeared in 
the lymph; by subtraction, 40% was trans- 
ported in portal venous blood (Table 1). 

The distribution of ~4C in intestinal wall 
lipids was also distinctly different from the dis- 
tr ibution after the high rate of oleate absorp- 
tion: 59% of ~4C was in neutral lipid, and 41% 
was in phospholipid after the low dose of 
[~'C] oleate (Table 1). 

The low rate of oleate absorption with 
ethanol was also associated with a change in the 
distribution of ~4C in the neutral lipids of the 
intestinal wall: 60% of ~4C was in triglyceride, 
13% was in monoglyceride, and 5% was in 
cholesteryl ester (Table 2). 

In the lymph, there was relatively more 
[~4C] neutral lipid in cholesteryl ester and rela- 
tively less in triglyceride compared to lymph 
lipid after the high dose of [~4C] oleate (Table 
3). 

DISCUSSION 

The small intestine of a 200-g rat may re- 
ceive 150 ~mol of dietary fatty acid/hr if the 
rat consumes 15 g of 4%-fat chow over a 10-12 
hr feeding period. The hourly load of oleic acid 
may be 50 umol because oleate is 35% of the 
fatty acid in laboratory chow (Allied Mills, Chi- 
cago, IL). We showed previously that the route 
of transport of absorbed LCFA is influenced by 
the rate of fatty acid absorption: proportional- 
ly more of absorbed LCFA is transported via 
portal venous blood, rather than via the intesti- 
nal lymph, when rates of absorption are low 
(4). 

There have been several studies on the effect 
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of ethanol on lipid metabolism in intestinal ab- 
sorptive cells and on the transfer of endogenous 
and exogenous lipid into lymph. Ethanol en- 
hances triglyceride synthesis in rat intestinal sli- 
ces (9) and increases transport of  endogenous 
triglycerides in lymph (2,3). When rats are fed 
with lipid, ethanol increases the lymphatic de- 
livery of [14Clpalmitic acid (3) and of  [14C] 
cholesterol (10). In the present study, we hy- 
pothesized that ethanol would increase the 
lymphatic transport of exogenous LCFA when 
the rate of LCFA absorption was low, and 
therefore, when a greater percentage of ab- 
sorbed LCFA was being transported via the por- 
tal vein (4). 

The data did not support the hypothesis, al- 
though ethanol enhanced the absorption and 
transport of the high load of oleic acid. Less 
oleic acid remained in the intestinal lumen, and  
in the small intestinal wall, and the distribution 
of intestinal wall lipids was changed when etha- 
nol was fed with 360 umol of oleic acid. 
Ethanol did not increase the absorption of the 
low load of oleic acid for which absorption was 
virtually complete without ethanol, and ethanol 
did not enhance the recovery of  absorbed oleic 
acid in lymph. 

The more interesting finding concerned dif- 
ferences in the processing of high and low loads 
of oleic acid by rat small intestinal mucosa. The 
proportion of [14C]phospholipid to [t4C]neu- 
tral lipid in the gut wall lipids changed from 
8:92 after the high oleate load to 37:63 after 
the low oleate load. Gut-wall neutral lipid con- 
sisted of monogly'cerides and cholesteryl esters 
in greater proportions at the expense of trigly- 
ceride after the lower load of oleate. Similarly, 
relatively more of absorbed linolenate was in- 
corporated into monoglycerides plus phospho- 
lipids than into triglycerides by the human 
small intestinal mucosa when linolenic acid was 
being absorbed at low ra t e s , ( l l ) .  These com- 
bined observations can be interpreted in the 
light of Wu and Windmueller's experiments in 
which portal blood and intestinal lymph were 
collected. The synthesis of  apolipoproteins A-I 
and A-IV by small intestine appeared to be con- 
stant during fasting and during fat absorption. 

When fat was not being absorbed, however, a 
greater proportion of the synthesized apopro- 
teins A-I and A-IV entered the portal blood 
rather than the intestinal lympth (12). These 
apoproteins could serve as vehicles for the small 
amounts of lipophilic substances exiting from 
the intestinal absorptive cells. Conceivably, 
some LCFA may exit from the intestine as 
phospholipid in a high density lipoprotein. 
Such a macromolecular structure originating 
from the small intestine has been identified in 
portal venous blood (13). 
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ABSTRACT 

In the absence of exogenous unsaturated fatty acids (UFA), Saccharomyces cerevisiae strain GL7 
synthesizes low levels of UFA and large amounts of decanoic, dodecanoic and tetradecanoic fatty 
acids. Supplementation with hemin leads to slightly higher levels of UFA, but synthesis of the medi- 
um-chain saturated fatty acids (SFA) continues. Under these conditions of limited UFA availability, 
strain GL7 incorporates most of its UFA into phosphatidylethanolamine (PE), whereas phosphatidyl- 
choline (PC) and phosphatidylserine + phosphatidylinositol (PS+PI) are enriched with the mediurrv 
chain SFA. The association of specific fatty acids with the various phospholipids is not accompanied 
by changes in the proportions of newly synthesized phospholipids, demonstrating that the fatty acid 
composition of PE can be modulated independently of the other phospholipids. The effect of sterol 
structure on the fatty acid composition of cells grown with limiting UFA was also examined. Yeast 
cells grown with either ergosterol or stigmasterol contained less UFA and more medium-chain SFA in 
their phospholipids than did cholesterol-grown cells, suggesting that the former sterols allow strain 
GL7 to grow with a lower UFA content. 
Lipids 17:361-366, 1982. 

INTRODUCTION 

Most organisms display considerable diver- 
sity in their membrane lipid composition. 
Eukaryotic membranes generally consist of sev- 
eral different phospholipids, a broad spectrum 
of fatty acids, and at least one type of sterol 
molecule. Although the reasons for this diversi- 
ty are not completely understood, recent stud- 
ies suggest that each particular lipid may per- 
form a specific function. For example, arachi- 
donic acid is used for prostaglandin synthesis 
(1), cholesterol modulates membrane fluidity 
(2), and PE induces membrane fusion (3). The 
specific roles of many other membrane lipids 
are less well defined, but their ubiquitous pres- 
ence in a wide variety of organisms implies that 
lipid molecules have been "phylogenetically tai- 
lored" to perform discrete, critical functions. 

The membranes of Saccharomyces cere- 
visiae, like those of other eukaryotic cells, con- 
tain sterols, several different phospholipids, and 
a variety of fatty acids. S. cerevisiae is particu- 
larly valuable for delineating the lipid require- 
ments of eukaryotic cells, because it can be 
made auxotrophic for specific lipids either by 
growing the organism anaerobically (4,5), or by 
readily induced mutations (6-8). As such, nu- 
merous workers have used either wild-type S. 

*To whom correspondence regarding this manu- 
script should be addressed. 

1portions of this paper were presented at the 
AOCS 72rid Annual Meeting, New Orleans, May 1981. 

Abbreviations used: UFA, unsaturated fatty acid; 
SFA, saturated fatty acid; PE, phosphatidylethanola- 
mine; PC phosphatidylcholine; PI, phosphatidylinosi- 
tol ; PA, phosphatidic acid. 

cerevisiae or lipid-deficient mutants to test the 
suitability of assorted fatty acids (9-14), sterols 
(15-19), and phospholipid precursors (17-22) as 
growth supplements for yeast. This approach 
has provided much useful information regarding 
the general lipid requirements of S. cerevisiae, 
but the specific functions of the individual lipid 
molecules are less well resolved. 

S. cerevisiae strain GL7, deficient in both 
3-oxidosqualene cyclase and heme biosynthe- 
sis, requires exogenous unsaturated fatty acids 
and sterols for growth (23). We have recently 
reported that strain GL7 alters its phospholipid 
fatty acid composition in response to different 
sterol supplements (24). Cells grown with cho- 
lesterol contained more unsaturated fatty acids 
in their phospholipids than did cells grown with 
ei ther  ergosterol or phytosterols. Further, the 
suitability of cholesterol as a growth supple- 
ment for strain GL7 was dependent on the spe- 
cific UFA provided in the medium (24). Based 
on those results, we proposed that an important 
relationship exists between membrane fatty 
acid composition and sterol structure in yeast. 
In order to examine this relationship in greater 
detail, we have now tested several sterols for 
their effects on the membrane fatty acid com- 
position of strain GL7 during growth in the 
absence of UFA supplements. 

MATERIALS AND METHODS 

S. cerevisiae strain GL7 (ergl2, herne3) was 
kindly provided by D.B. Sprinson (23). The 
mutant  was grown on a synthetic medium sup- 
plemented with methionine and a sterol supple- 
ment  (10 /ag/ml). Oleic acid, when added, was 
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present at a concentration of 100/zg/ml. Lipids 
were added to the medium as solutions in Brij 
58-ethanol (24). Where indicated, the medium 
was supplemented with heroin chloride at a 
concentration of  13/ag/ml (23). Cultures were 
grown aerobically at 30 C, and growth was 
monitored by measuring the absorbance at 540 
nm. Studies involving UFA deprivation were 
performed by growing yeast cells overnight 
with oleic acid to serve as an inoculum. The 
cells were coUected by centrifugation, washed 
twice with medium, and resuspended in medi- 
um minus UFA to the desired optical density�9 

The procedures for phospholipid extraction, 
separation of phospholipids, and fatty acid 
methylation have been described (24). Fatty 
acid analyses were performed using a Perkin- 
Elmer gas liquid chromatograph (series 3B) in- 
terfaced to a Sigma 10 data station�9 The fatty 
acid methyl esters were separated on a 6-ft col- 
umn of  10% SP-2330 on 100[120 Chromosorb 
W AW (Supelco), with a temperature program 
from 130 to 175 C, at 5 C/min. The effect of 
UFA depletion on phospholipid synthesis was 
determined by growing cells in the presence of 
aZp-Pi (1.25 /aCi/ml for 4 hr) at various times 
after the removal of  UFA supplements�9 Labeled 
phospholipids were separated by 2-dimension-  
al chromatography (25), localized by autoradi- 
ography, and quantitated by liquid scintillation 
counting. 

SteroIs, fatty acids, heroin chloride and Brij 
58 were obtained from the Sigma Chemical Co. 
[a~P]Orthophosphate was a product of New 
England Nuclear�9 

R ESU LTS 

We have recently reported that S. cerevisiae 
strain GL7 alters its fatty acid composition in 
response to sterol supplements (24). In order to 
eliminate differences in UFA uptake as the ba- 
sis for the sterol-induced fatty acid changes, 
strain GL7 was grown with heroin chloride in 
place of exogenous UFA. The medium was fur- 
ther supplemented with either cholesterol or 
stigmasterol, 2 sterols which differ only in their 
side chains. Under these conditions, the mutant 
grew with a doubling time of  about 4 hr. Table 
1 shows the fatty acid compositions of the indi- 
vidual phospholipids isolated from the heme- 
grown cells. Substantial amounts of  decanoic 
and dodecanoic acids were present in the phos- 
pholipids, and the UFA content was consider- 
ably lower than in cells grown with exogenous 
UFA (24). This suggests that the hemin chlor- 
ide was only partly restoring UFA synthesis, 
and that the heme-supplemented cells were 
compensating for the reduced supply of UFA 
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by synthesizing medium-chain SFA. Of addi- 
tional interest was the finding that PE main- 
tained a high level of UFA compared to PC and 
PS+PI which were more enriched with the me- 
dium-chain SFA. These results demonstrate a 
preferential utilization of UFA for PE biosyn- 
thesis. It is also apparent from Table 1 that 
heme-grown cells alter their phospholipid fatty 
acid composition in response to different sterol 
supplements. Growth with stigmasterol led to 
lower levels of UFA and increased levels of me- 
dium-chain SFA as compared to growth with 
cholesterol. 

In subsequent studies, it was found that 
strain GL7 was slightly leaky for UFA biosyn- 
thesis, which allowed the mutant to grow for 
extended periods of time in the absence of  
either heme or UFA supplements. The finding 
that strain GL7 is slightly leaky for unsaturated 
fatty acid synthesis implies that it contains cy- 
tochrome bs. This may explain the ability of 
the mutant to demethylate cholesterol precur- 
sors (19). The phospholipid fatty acid composi- 
tion of these UFA-starved cells was similar to 
that of the heine-grown cells, except that the 
former contained less UFA and more of  the 
long-chain SFA (Table 2). The UFA-starved 
ceils also displayed a preferential incorporation 
of UFA into PE as well as sterol-dependent 
fatty acid changes. Cells grown with ergosterol 
contained lower levels of  UFA in all phospho- 
lipids than did cholesterol-grown cells. These re- 
suits are analogous to the results shown in 
Table 1, and demonstrate that strain GL7 re- 
places a greater percentage of its UFA with me- 
dium-chain SFA when it is grown with either 
ergosterol or stigmasterol. This suggests that 
these 2 sterols allow the mutant to grow with a 
lower level of  UFA than is required for growth 
with cholesterol�9 

Figure 1 shows the fatty acid compositions 
of the individual phospholipids at various times 
after removal of  the UFA supplement. Little 
change was observed during the first 4 hr, a 
time equal to about one cell doubling. Between 
4 hr and 24 hr, however, there was a rapid de- 
cline in the UFA content of PC and PS+PI. The 
loss of UFA from these phosphoilpids was 
accompanied by increased levels of both medi- 
um- and long-chain SFA. This trend continued 
for up to 48 hr, at which time PC and PS+PI 
each contained about 5% UFA. By contrast, the 
UFA content of PE declined more slowly. After 
24 hr, PE still contained 35% UFA, as com- 
pared to 10 and 15% for PC and PS§ respec- 
tively. The slower rate of  UFA loss in PE led to 
a delayed incorporation of medium-chain SFA, 
but long-chain SFA accumulated at the same 
rate as in PC and PS+PI. Thus, PE differed from 
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FIG. 1. Effect of UFA starvation on the phospho- 
lipid fatty acid composition of strain GL7. Yeast cells 
were grown into log phase with oleic acid, collected by 
centrifugation and resuspended in media without 
UFA. At the indicated times, samples were removed 
and the phospholipid fatty acid compositions were de- 
termined, e, PC; o, PE; zx, PS+PI. 
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FIG. 2. Effect of UFA starvation on the incorpor- 
ation of naPi into total phospholipids of strain GL7. 
At various times (0, 4, 8, 12 hr), aliquots were re- 
moved and the cells were labeled for 4 hr with 32Pi 
(1.25 ~tCi/ml). Points on the graph represent the end 
of each 4-hr labeling period. (A), growth of strain 
GL7; (B), s2Pi incorporation into phospholipids, o, 
plus oleie acid; e, minus oleic acid. 

the other phospholipids only with regard to the 
incorporation of  UFA vs medium-chain SFA. It 
is worth noting that each phospholipid con- 
rained a maximum of 50-60% long-chain SFA. 

Our results clearly show that strain GL7 is 
able to regulate the fatty acid composition of 
PE independently of the other phospholipids. 
To determine if the preferential utilization of 
UFA for PE is accompanied by changes in phos- 
pholipid synthesis, strain GL7 was labeled for 4 
hr with S2Pi at various times after UFA remov- 
al. As shown in Figure 2, UFA-starved cells in- 
corporated less 32Pi into total phospholipids 
than UFA-supplemented cells. The growth rate 
of UFA-starved cells was also decreased, how- 
ever, which resulted in similar 32Pi/optical den- 
sity ratios for both populations. The labeled 
phospholipids were subsequently separated and 
quantitated as a function of time (Figure 3). Al- 
though there were some quantitative differ- 
ences between starved and supplemented ceils, 
in general, the phospholipid compositions of 
the 2 populations were similar. In repetitive ex- 
periments, the only diffei'ence consistently ob- 
served was increased PA and decreased PI in the 
UFA-starved ceils. These results demonstrate 
that the preferential incorporation of  UFA into 
PE is not due to major changes in phospholipid 
biosynthesis. 

D I S C U S S I O N  

The initial purpose of this study was to de- 
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FIG. 3. Effect of UFA starvation on the phospho- 
l ipid composition o f  strain GLT. Phospholipids were 
labeled as described in the legend to Fig. 2, and 
were separated by TLC. 

termine if strain GL7 displays sterol-induced 
fatty acid changes during growth in the absence 
of  exogenous unsaturated supplements. Previ- 
ous studies have shown that growth of strain 
GL7 with cholesterol leads to more UFA being 
incorporated into phospholipids than when 
cells are grown with either ergosterol or phyto- 
sterols (24). Our previous experiments, how- 
ever, were performed with UFA-supplemented 
cells and it was possible that the observed fatty 
acid changes reflected sterol effects on UFA up- 
take. To eliminate this possibility, we supple- 
mented strain GL7 with hemin cMoride to re- 
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store endogenous UFA biosynthesis, and ex- 
amined the ceils for sterol-induced fat ty acid 
changes. Under these conditions, as well, cho- 
lesterol-grown cells contained more UFA in 
their phospholipids than cells grown with stig- 
masterol. Based on these results, i t  seems un- 
likely that  the sterol-induced changes reported 
previously (24) were due to differences in UFA 
uptake.  We therefore conclude that membrane 
sterol composit ion directly affects phospholipid 
biosynthesis in S. cerevi$iae strain GL7. 

Our results also demonstrate  that  strain GL7 
synthesizes increased levels of decanoic, dodec- 
anoic and tetradecanoic acids when the supply 
of  UFA is limited. In this respect, strain GL7 is 
similar to anaerobically grown yeast (9,10) and 
to UFA auxotrophs (26). Meyer and Bloch have 
shown that  anaerobically grown yeast incorpor- 
ate the medium-chain SFA into the/~-position 
of  PC (10). Because this is the posit ion normal- 
ly occupied by UFA, the authors proposed that  
medium-length SFA could part ly replace olefin- 
ic acids as ~ l inked  phospholipid consti tuents 
(10). Although we have not  performed similar 
phospholipase analyses, our results with strain 
GL7 are nevertheless in good agreement with 
the findings of Meyer and Bloch. Assuming that  
tetradecanoic acid is evenly distributed between 
the a- and /3-positions (10), the level of long- 
chain SFA approaches 50 mol %, as does the 
sum of  medium-length SFA and UFA (Tables 1 
and 2; Fig. 1). Extrapolating from the results of  
Meyer and Bloch, it  therefore seems likely tha t  
the long-chain SFA are occupying the a-posi- 
t ion, whereas the medium-chain SFA and UFA 
are localized to the ~-position. 

By separating the phospholipids of  UFA- 
starved or heme-grown cells and analyzing their 
fa t ty  acid compositions, we have detected an 
addit ional degree of specificity in phospholipid 
biosynthesis. When the supply of UFA is 
limiting, strain GL7 esterifies UFA primarily 
into PE while incorporating medium-chain 
SFA into the other phospholipids. This trend is 
particularly noticeable 24 hr after removal of 
the UFA supplement. At  that time, PC and 
PS+PI contain 10-15% UFA and 35-40% 
medium-chain SFA whereas the situation is 
reversed in PE. This pat tern cannot merely be 
due to reduced turnover of PE for several 
reasons. First, hexadecanoic and octadecanoic 
fat ty  acids accumulate in PE at the same rate as 
in other phospholipids (Fig. 1). Second, the PE 
of  UFA-starved cells contains large amounts of 
palmitoleic acid despite the fact that the 
inoculum was grown with oleic acid (Tables 1 
and 2). Third, there were no major differences 
in phospholipid synthesis between UFA-sup- 
plemented and UFA-starved cells (Fig. 3). Thus, 

strain GL7 preserves the UFA composit ion of 
PE while maintaining a normal bulk phospho- 
lipid composition. "riffs could occur by the 
selective util ization of specific phospholipid 
biosynthet ic  pathways. In S. cerevisiae, PE 
may be formed via a decarboxylat ion of PS, or 
by the addition of CDP-ethanolamine to 
diacylglycerol (27). Similarly, PC can result 
from either the sequential methylat ion of PE, 
or by the addit ion of CDP-choline to diacylgly- 
cerol (27). It is therefore conceivable that strain 
GL7 could attain different fatty acid composi- 
tions in PE and PC by directing the flow of  
intermediates through specific biosynthetic 
pathways. Future studies with strain GL7 
should provide useful information regarding the 
regulation of phospholipid biosynthesis in S. 
cerevisiae. 

The preferential incorporat ion of  UFA into 
PE by strain GL7 suggests that PE performs a 
unique, critical function in this organism. Of 
particular interest is the possibility that during 
normal yeast growth, PE may function both as 
a bulk membrane component  and as a mem- 
brane fusogen (28). In S. cerevisiae, cell wall 
biosynthesis is believed to involve cytoplasmic 
vesicles which transport  enzymes and cell wall 
precursors from their site of synthesis (endo- 
plasmic reticulum or Golgi) t o - t h e  plasma 
membrane (29-31). After  the vesicles come in 
contact  with the plasma membrane,  it is likely 
that a fusion event must occur to transfer the 
contents of  the vesicle across the plasma mem- 
brane. In this process, PE could be required to 
initiate membrane fusion between the vesicles 
and the plasma membrane. Alternatively, PE 
may be required to initiate cell fusion during 
mating. Recent studies with a yeast mutant  
deficient in PS biosynthesis have correlated an 
absence of  PE or PS with an inabili ty to under- 
go cell fusion (21). This reduced capacity for 
fusion may either reflect a requirement for PE 
in the membrane to be fused, or it may be due 
to altered surface properties resulting from 
unbalanced cell wall biosynthesis. 

It has been suggested that the amount  of  PE 
required for membrane fusion may be quite 
small, on the order of  5-10% of  the total  
phospholipids (21). When the supply of  PE 
within the cell is limited (as in the PS mutants),  
the PE may be used primarily as a fusogen 
whereas other phospholipids are able to sub- 
st i tute for PE as a bulk membrane component .  
This would allow the organism to grow with a 
PE composit ion that was only 1[3 to 1/2 of  the 
level in wild-type cells. Molecules acting as 
fusogens appear to do so by promoting the 
formation of  hexagonal (HII) phases (3). The 
abil i ty of  PE to form this phase is related to its 
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acyl chain compos i t i on ;  PE molecules  conta in-  
ing U F A  will readily form a hexagonal  phase 
(28),  bu t  en r i chmen t  of  the  molecule  wi th  me- 
dium- or  long-chain SFA severely h inders  this 
t rans i t ion  (32-34).  If the  same s i tuat ion holds  
t rue  for yeast ,  t hen  at least 10% of  the  tota l  
phospho l ip id  compos i t i on  mus t  be UFA-con-  
ta ining PE, a level which closely agrees wi th  the  
level o f  unsa tura ted-PE preserved during U F A  
starvat ion (Table 2; Fig. 1). Thus,  by preferen-  
tially coupl ing U F A  synthes is  with PE biosyn-  
thesis,  S. cerevisiae may be able to ensure  an 
ample  supply of  unsa tura ted  PE for  use as a 
fusogen,  even when  the  supply  of  U F A  is extre-  
mely l imited.  
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Tissue Culture of Cocoa Beans (Theobroma cacao L.): 
Incorporation of Acetate and Laurate into Lipids 
of Cultured Cells 
C.H. TSAI and J.E. KINSELLA, Institute o f  Food Science, Cornell University, 
Ithaca, NY 14853 

ABSTRACT 

Suspension cultures of cocoa bean tissue readily incorporated exogenous acetate into lipids. The 
distribution of radioactivity from acetate in individual lipid classes after 48 hr was 20, 5, 1, 15, 25, 
and 35% in triglycerides, diglycerides, free fatty acids, sterol esters, sterols and polar lipids, respec- 
tively. The labeled acetate was rapidly incorporated into various fatty acids within 2 hr. The [1-t4C] 
saturated fatty acids declined slightly after 4 hr, whereas [1-a4C] oleate declined significantly after 2 
hr. There was a concomitant increase in [1J*Cllinoleate. The radioactivity associated with linolenale 
was relatively high up to 4 hr, declined by 24 hr, and then increased again. The kinetics of fatty acid 
labeling suggested that biosynthesis of linolenic acid in cocoa bean suspension culture may occur via 
the desaturation of linoleic acid and the chain elongation of dodecatrienoic acid. The patterns of fatty 
acid radiolabeling following incubation of cells with [1-14C] laurate was consistent with this mech- 
anism. 
Lipids 17:367-371, 1982. 

INTRODUCTION 

Because of their inherent advantages and the 
ease of control of experimental conditions, 
plant cell cultures have been exploited exten- 
sively for studies of plant cell metabolism (1-6). 
The fact that cell cultures often exhibit a char- 
acteristic fatty acid composition similar to that 
of the original plant (7,8) supports their use as 
a model system for studying plant lipid metab- 
olism. Investigations of lipid metabolism in 
plant suspension cultures have been reported 
(3,5,6,8,9). 

Tissue culture (callus and cell) has been ini- 
tiated from cocoa bean leaf (10-14) and re- 
cently, we established cell cultures of cocoa 
bean cotyledons (15) and studied the effect of 
culture conditions on lipid content and compo- 
sition of cultured ceils (16). A long-term objec- 
tive of this research is to study the control of 
lipid metabolism and determine if these cells 
can produce a fat typical of cocoa butter. In 
order to select optimal conditions for the syn- 
thesis of cocoa butter, information concerning 
the pathways of lipid biosynthesis is needed. 
This paper reports the use of acetate for fatty 
acid and lipid synthesis in cocoa bean suspen- 
sion cultures. 

EXPERIMENTAL PROCEDURES 

Materials 
[ 1-1'C] Sodium acetate (56.0 mCi/nmol) was 

purchased from New England Nuclear, Boston, 
MA, and [ 1J4C]lauric acid (32 mCi/mmol) was 
from Amersham, Arlington Heights, IL. PCS 
(Phase Combining System) liquid scintillant was 
obtained from Amersham, Chicago, IL. Pre- 

coated thin layer chromatography (TLC) plates 
(Silica Gel 60H) were purchased from Applied 
Science Labs (State College, PA). 

Cell Culture 

Suspension cultures of cocoa beans were in- 
itiated from cocoa bean calli as described previ- 
ously (16). Cultures were grown in 125-ml 
flasks containing 40 ml of MS basal medium 
(17,18) supplemented with 2,4-D (0.5 ppm) 
and kinetin (0.1 ppm). Cultures were grown in 
darkness on a Lab-Line Orbit Eviron shaker 
(Melrose, IL) shaking at 120 rpm at 28 C. Cul- 
tures were subcultured every 12-14 days. Cells 
were harvested by filtration using Miracloth 
(Calbiochem, San Diego, CA). The fresh weight 
of cells was obtained by blotting dry with Kim- 
wipes and weighing immediately. 

Incubation with [1J4C] Acetate 

Cells of the third subculture were grown for 
10 days in 40 ml to obtain a concentration of 
100 mg ceUs/ml. Then [ 1-~4C] acetate (1.0 mCi) 
was added to each flask and various concentra- 
tions (0-100 /aM) of unlabeled acetate were 
added to each flask. The cells were incubated at 
28 C for a given period of time. At the appro- 
priate time, 5-ml aliquots were removed from 
each flask. The reaction was terminated by 
immersing the test tube containing the cells in 
boiling water for I 0 min. The cell suspensions 
were then centrifuged in a Precision clinical 
centrifuge (Chicago, IL) at full speed for 1 min. 
The clear supernatant was removed, the pellet 
was washed with 5 ml of distilled water, and 
centrifuged again. Five ml of chloroform/meth- 
anol (2:1, v/v) was added to the pelleted cells 
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and the mixture was agitated for 30 min. One 
ml of distilled water was added, mixed, and 
then centrifuged 1 min to separate the 2 phases. 
The lower chloroform layer containing the 
lipids was removed and evaporated under N2 
gas. Lipid extract ion was repeated. The extrac- 
ted lipids were dissolved in 1 ml of chloroform/ 
methanol (2:1, v/v). The radioactivity in ali- 
quots (0. I ml) of the lipid extracts was deter- 
mined in a scintillation counter (Packard Tri- 
Carb, Downers Grove, IL). The remaining lipids 
were stored at -10 C and used for further ana- 
lysis of lipids. 

Lipid analyses. An aliquot (0.5-ml) of the 
lipid extract  was used for separation of lipid 
classes by TLC (15). Silica Gel 60H TLC plates 
were developed with a solvent system of  petro- 
leum ether/diethyl  ether/acetic acid (70:30:1,  
v/v/v). Spots corresponding to each lipid class 
(authentic lipid standards, phospholipids, 
monoglycerides, diglycerides, fatty acids, tri- 
glycerides, Nu-Chek-Prep, Elysian, M N ) w e r e  
located using a 2' ,7 '-dichlorofluorescein (0.2%) 
spray and viewing under ultraviolet 0dV) light or 
by exposure to I2 vapor. The appropriate zones 
were scraped into counting vials for determina- 
t ion of radioactivity in the lipid classes. 

Fatty acid analyses. An aliquot (0.3-ml) of 
the lipid solution was used for preparation of  
fatty acid methyl  esters using boron trifluoride 
as described previously (19). The methyl esters 
of  saturated, mono-, di- and trienoic fat ty acids 
were cochromatographed with authentic stan- 
dards of methyl  esters on Silica Gel 60H TLC 
plates impregnated with 5% AgNO3, The TLC 
plates were then developed using a solvent sys- 
tem of chloroform/ethanol/acet ic  acid 
(99:1:0.1,  v/v/v). The separated methyl esters 
of saturated, mono-, di- and trienoic acids were 
located following spraying with 2' ,7'-dichloro- 
fluorescein (0.2%) spray. The spots correspon- 
ding to the fatty acids were located, scraped 
into scintillation vials and the radioactivity was 
determined. 

Metabol ism of  [1-14C] Laurete 

The incubation system and conditions were 
the same as used for acetate except 100 nmol 
[ 1-14C]lauric acid (1 /aCi) was used. The radio- 
active lipids were extracted and analyzed as just 
described. The data presented are means from 
triplicate studies. 

R ESU L T S  

Suspension Cul ture  o f  Cocoa beans 

The growth rate of suspension cultures of 
cocoa beans was rapid, i.e., the fresh weight of 

200  

_~ 12o 

~ o 
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-~ aT 

BE 

0 - I I "1 I / t  I 
2 4 24 48 
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FIG. 1. Incorporation of ['4C] label into the 
various lipid classes of cocoa bean smpension cells fol- 
lowing incubation with [14C]aeetate (100 ~M; 1.0 
tJCi). Remits are given as nmol of ["C] acetate in indi- 
vidual lipids. TG = triglyeerides; DG = diglyeerides; SE 
= sterol esters; ST = sterols; PL = polar lipids. 

cells increased over 20-fold in 14 days. 
The total  lipid content  of  cell suspensions 

averaged 6.5% of the dry cell weight. The total  
lipids were composed of  triglyceride (12.6%), 
sterols (9.2%), phospholipids (22.0%), and gly- 
colipids (56.0%), respectively (15). Neither the 
lipid content nor composit ion changed during 
the incubation periods used in the studies des- 
cribed next. The total  lipids contained 28.3% 
palmitic, 2.4% stearic, 11.5% oleic, 48.6% lino- 
leic and 7.7% linolenic acid, respectively. The 
fat ty acid composit ion of the total  lipids resem- 
bled that of immature cocoa beans harvested 
at very early stages of maturation.  The lipid 
composit ion of cocoa bean suspension culture 
was similar to that  reported in our previous 
paper (15). 

I ncorporet ion o f  [ 14C ] Acetate  into Lipids 

Acetate was readily incorporated into cellu- 
lar lipids. Incorporat ion was linear with acetate 
concentration up to 25 /aM and leveled off 
above 50/aM. Thus, to ensure saturation levels 
of  acetate, a concentration of 100/aM was used 
in all subsequent studies. Acetate incorporat ion 
into lipids was maximal,  ca. 15% after 4 hr, and 
then declined slightly. 

Most of the radioactivity was initially associ- 
ated with the polar lipids, but after 4 hr, this 
declined (Fig. 1 ). The diglycerides reached max- 
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imal radioactivity after 2 hr and then declined. ~4 
The radioactivity associated with the triglycer- 
ides continued to increase over the experimen- 
tal period. A significant amount of the acetate 
was incorporated into the sterol and sterol ester 
components. 

The distribution of radiolabel after 48 hr 
was 34% in polar lipids, 25% in sterols, 20% in 
triglycerides, 15% in steryl esters, 5% in di- 
glycerides and 1% in free fatty acids. 

Labeling of Fatty Acids 
The incorporation and distribution of [14C] 

acetate in various fatty acids as a function of 
time is summarized in Figure 2. The radioactive 
acetate was rapidly incorporated into various 
fatty acids within 2 hr. Radiolabeled saturated 
fatty acids declined gradually after 2 hr whereas 
the monoenoic acids declined rapidly between 
2 and 4 hr and then graduaUy for the remaining 
time (Fig. 2). The [14Cldienoic acid progres- 
sively increased up to 24 hr and then declined. 
The [14C]trienoic fatty acids revealed a fluc- 
tuating pattern showing a maximum at 3 hr, de- 
clining to 24 hr and then increasing up to 48 hr. 

Analyses by GC indicated that the saturated, 
monounsaturated, diunsaturated and triunsa- 
turated fatty acids of these cocoa bean cell cul- 
tures were composed mostly of palmitic (25%), 
stearic (2.5%), palmitoleic (1.2%), oleic (15%), 2a 
linoleic (45%), and linolenic acid (10.5%), 
respectively (15). 

The pattern of the radiolabeling in trienoic a4 
fatty acids, predominantly linolenic acid, may 
have reflected the operation of a dual pathway "z. 20 

for the synthesis of linolenic acid in cocoa 
beans, i.e., from linoleic acid and from laurie o le 
acid, as reported in chloroplast (20). Therefore, 
we incubated the cells with [ Cllauric acid. 
There was a progressive uptake of [ 14C] laurate 12 
with time (Fig. 3). Most of the 14C was associ- 
ated with saturated fatty acids; however, there - a 

was a significant amount  of 14C in the trienoic 
species after 2 hr. This declined slightly by 4 hr 
and then remained constant. The patterns of 4 
radioactivity in the monoenoic and dienoic 
fatty acids were consistent with a precursor- ~ o 
product relationship. 

DISCUSSION 
The absorption and incorporation of acetate 

into total lipids of cocoa suspensions was rapid 
up to 2 hr and reached a maximum uptake of 
about 12% of the added acetate after 4 hr. 
Rapid uptake of [14C]acetate was observed in 
soybean suspensions by many investigators (3, 
8,9). The initial pattern of acetate incorpora- 
t ion into lipids of cocoa bean cell suspensions 

/r 

/ \ 

20 i / / ~  \ \  ~ a .% 

l e  / 

"O 

< 4 

O - -  ! I i/ I I/ I 0 2 4 24 441 
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FIG. 2. Incorporation of ['4C]acetate into fatty 
acids of cocoa bean suspension cells following incuba- 
tion with [t4C] acetate (100 pM; 1.0/zCi). Fatty acids 
were separated as methyl esters by argentation TLC. 
0 = saturated; 1 = monoenoic; 2 = dienoic; and 3 = 
trienoic fatty adds, respectively. 

t / /  " "1 1 
2 4 24  4 8  

Hours of Incubation 
FIG. 3. Distribution of radioactivity in fatty acids 

of cocoa bean suspension cells following incubation 
with [14C]lauric acid (20 pM; 1.0 pCi). 0 = saturated; 
1 = monoenoic; 2 = dienoic; and 3 = trienoic fatty 
adds, respectively. 

was similar to that observed in soybean cell sus- 
pensions (3,8,9). The slight drop in [14C] lipids 
after 4 hr was not  caused by depletion of [14C] 
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Acetate . 12:0 It 16:0 

J Desaturase I A9 Oesaturase 
12:3 (3,6,9) 16:1 (9) 

I 14:3 

I 
16:3 

11:3 

18:0 

A9 Desaturase 
18:1 (9) [ A12 Desaturase 

18:2 19,121 [ A15 De~tu rase 

18:3 (9,12,15) 

(9 ,12,15)  

FIG. 4. Scheme for showing proposed desaturation sequence of fatty acids in cocoa bean suspension cultures 
(adapted in part from Stumpf [20] and Harwood [23] ). 

acetate in the reaction mixture as this was still 
well above saturation level. 

A large proportion of [14C]acetate was in- 
corporated into polar lipids by cocoa suspen- 
sions. About 25, 18 and 45% of [14C]acetate 
was incorporated into sterols, triglycerides and 
,polar lipids, respectively. These data were com- 
parable to those reported for soybean suspen- 
sions (8). [14C] Diglycerides were relatively high 
early in the incubation and then declined. This 
decline was accompanied by a gradual increase 
in [ 14C] triglycerides. This relationship between 
DG and TG was compatible with a precursor- 
product relationship between DG and TG as 
reported by a number of investigators (21,22). 

The kinetics of conversion of acetate into 
fatty acids were consistent with those reported 
for soybean suspension cultures (8,9). The rela- 
tionship between saturated and monoene,  
monoene and diene, and diene and triene fatty 
acids in this study, as well as those reported by 
Stearns and Morton (9) was consistent with the 
sequential desaturation of 18:0 ~ 18:1 ~ 18:2 

18:3. 
However, the pattern of 14C labeling in the 

trienoic acid species, composed predominantly 
of linolenic acid, was consistent with the oper- 
ation of 2 pathways for linolenic acid synthe- 
sis. Thus the initial maximum in labeling of tri- 
enoic species (Fig. 2) may have reflected rapid 
desaturation and elongation of lauric acid. This 
is supported by the data from the [ 14C] laurate 
study where there was an early pulse of  14C 
from laurate in the trienoic species (Fig. 3). The 
second increase observed in 14C trienoate (Fig. 
2) probably reflects the pathway involving the 
sequential desaturation of stearic acid. This 
putative pathway has been consistently ob- 
served in cocoa bean cells in our studies using 
[ I-z4C] oleic and [ 1-14C] linoleic acid as pre- 
cursors (Tsai and KinseUa, 1981 manuscript). 

The dual pathway for the synthesis of  lino- 
lenic acid has been described for chloroplasts 

(20,23), though the elongation pathway for 
linolenic acid synthesis from hexadecatrienoic 
acid has been questioned recently (24). Our ob- 
servations tentatively indicate that it may exist 
in cocoa bean ceils. The relative importance of 
the 2 pathways may depend on the conditions 
of culture, such as illumination and concentra- 
tion of sugar, or mode of carbon supply (25). 
Studies are in progress to assess the effect of 
growing conditions on the relative importance 
of both pathways in the formation of linolenic 
acid in cocoa bean suspension cultures. 

This study shows that cocoa bean cell cul- 
tures can be useful for studying lipid synthesis 
in plant tissue. In a subsequent paper, the 
metabolism of the major fatty acids occurring 
in cocoa bean will be reported. 
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ABSTRACT 

A comprehensive statistical analysis had shown a significant correlation between the incidence of 
myocardial lesions in male albino rats and the concentration of certain dietary fatty acids. To test this 
result under controlled conditions, male rats were fed for 16 weeks diets containing 20% by weight 
soybean oil or a low emcie acid rapeseed (LEAR) oil. Both dietary oils contained substantial amounts 
of linolenie acid, and both groups developed a high incidence of myocardial necrosis. The addition of 
dietary saturated fatty acids to the oil in the form of cocoa butter significantly lowered the incidence 
of heart lesions in both groups. The addition of cocoa butler resulted in increased absorption of satu- 
rates and increased growth. Replacement of the cocoa butter by at least an equal amount of synthetic 
triolein resulted in no significant changes in the cardiopathogenic response compared to the original 
oils, thus ensuring that the reduction in heart lesions associated with the addition of cocoa butter was 
not due to dilution of cardiopathogenie compounds in the original vegetable oils. These remits support 
the hypothesis that myocardial lesions in male rats are related to the balance of dietary fatty acids and 
not to eardiotoxie contaminants in the oils. Changes in the dietary fatty acids did not appear to influ- 
ence the proportion of the cardiac phospholipids, but their fatty add composition was markedly 
influenced. Dietary linolenic acid affected the C22 polyunsaturated fatty adds (PUFA) and dietary 
saturates increased the level of saturates in cardiac phospholipid~ The level of arachidortic acid and 
total C22 PUFA did not appear to be affected by diet. 
Lipids 17:372-382, 1982. 

INTRODUCTION 

Evidence of necrosis affecting the heart 
muscle (myocardial necrosis) of  male rats after 
feeding diets rich in fat was first reported by 
Roine et al. (1) in 1960. These workers attrib- 
uted the pathological f'mding to erucic (cis-13- 
docosenoic) acid (22:1) which was present at 
high levels in the older varieties of  rapeseed 
oil. Subsequent studies showed that male rats 
fed either the new varieties of  rapeseed oils 
which are practically devoid of  22:1 ( 2 ) o r  
other vegetable oils (3) for at least 4 months 
also developed myocardial necrosis. The occur- 
rence of myocardial necrosis has been demon- 
strated repeatedly in male albino rats fed corn 
oil (4-7), coconut oil (8), olive oil (4,9-11), 
peanut oil (12-14), poppyseed oil (15), saf- 
flower oil (8,10), soybean oil (4,5,8,9,16-19), 
sunflower oil (11,15,20), lard (21), and lard- 
corn oil mixtures (9,15,22). 

The etiology of myocardial necrosis in male 
rats is still not  completely understood. Of t h e  
several hypotheses advanced to explain this 
phenomenon, the one suggesting solely the 
presence of  22:1 is not supported by experi- 
mental evidence (4,7,8,11,21). The one suggest- 
ing the presence of cardiotoxic compounds in 
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vegetable oils is highly improbable, because 
highly purified triglycerides from soybean oil 
(18) and low erucic acid rapeseed (LEAR) oil 
(10,18,23,24) are as cardiopathogenic as the 
corresponding vegetable oil. These findings led 
to a third hypothesis that the dietary fatty 
acids per se may give rise to myocardial necrosis 
in male rats (3,4,8,11,21). This hypothesis was 
strengthened by the results of a comprehensive 
statistical analysis of most published data on 
heart lesions which showed a significant correla- 
t ion between the level of certain dietary fatty 
acids and the incidence of myocardial necrosis 
in male rats (25). In this statistical study, most 
of  the variations in incidence of  heart lesions 
among diets within experiments (59.5%) was 
explained by the level of saturated fatty acids 
(16:0 and 18:0) and linolenic acid (18:3) ; the i r  
effect was similar in magnitude but opposite 
in sign (Table 1). 

The statistical analysis (25) suggests a model 
for the fatty acid imbalance hypothesis which 
was tested experimentally in this study. The 
present communication gives the results of  this 
study in which dietary oils were prepared con- 
taining different levels of specific fatty acids 
that were fed to male rats for 16 weeks. In 
addition to cardiopathology, growth measure- 
ments and cardiac lipid were investigated to 
determine if, and to what extent  they reflect 
changes in myocardial necrosis. Detailed nutri- 
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TABLE 1 

A Summary of  a Regression Analysis a of Aggregate Data Comparing Levels of Dietary Fatty Acids 
with Observed Incidence of Myocardial Lesions in Male Albino Rats 

373  

Fatty acids 

16 :0+  18:0 18:1 18:2 18:3 20:1 22:1 

Overall regression coefficient -0.013 0.002 0.001 0.016 -0.003 0.014 
Partial correlation -0.72 0.40 -0.23 0.61 0.45 0.42 

aThe regression coefficients and partial correlations were reported previously (25) except for the 
sum of 16:0 + 18:0 which was obtained by reevaluating the data set used in that publication. The 
regression coefficients are expressed as incidence of lesions/% by wt of  fatty acid in test oil. Incidence 
is defined as number of rats affected over number of rats examined. The correlations between inci- 
dence and dietary fatty acid levels take into account experimental differences. 

t i ona l  a spec t s  have  been  p u b l i s h e d  e l s ewhere  

(26) .  

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

Rationale for Test Oil Mixtures 

T w o  vege tab le  oils were  se lec ted  w h i c h  con-  
t a ined  s u b s t a n i a l  a m o u n t s  o f  18:3,  s o y b e a n  oil 
and  L E A R  oil (Table  2). T h e  p r e sence  o f  18:3 
in these  oils s h o u l d  p r o d u c e ,  based  on  the  s ta-  
t is t ical  eva lua t i on  (25) ,  a re la t ively  h igh  inci- 
dence  o f  m y o c a r d i a l  nec ros i s  in male  a lb ino  
rats.  Based on  t h e  m o d e l ,  an  increase  in t he  
level o f  s a t u r a t e d  f a t t y  acids  in these  oils s h o u l d  
l o w e r  t he  inc idence  o f  m y o c a r d i a l  necros is .  

This  increase  in s a t u r a t e d  f a t t y  acids  was  ac- 
c o m p l i s h e d  by  m i x i n g  the  vege tab le  oils w i t h  
c o c o a  b u t t e r  (56% s a t u r a t e d ;  26% 16 :0 ;  29% 
18:0 ;  1% 2 0 : 0 ;  0 .5% 16:1 ;  38 .5% 18 :1 ;  5% 
18:2)  in a r a t io  o f  16:4.  T o  g u a r a n t e e  t h a t  t he  
resu l t s  o f  c a r d i o p a t h o l o g y  were  n o t  due  to  dilu- 
t i on  o f  tox ic  s u b s t a n c e s  in the  2 vege tab le  oils, 
s y n t h e t i c  t r io le in  (91% 18:1; 6% 1 8 : 2 ; 2 %  18 :0 ;  
1% 16:0)  was  m i x e d  wi th  the  oils in at least  an  
equa l  p r o p o r t i o n  as was  the  s a t u r a t e d  fat.  Oleic 
acid was  se lec ted  be ca use  it s h o w e d  a relat ively 
l o w  c o r r e l a t i o n  to  m y o c a r d i a l  nec ros i s  in t he  
s ta t i s t ica l  ana lyses  (Tab le  1). S o y b e a n  oil was  
m i x e d  wi th  the  s y n t h e t i c  t r io le in  in a ra t io  o f  
1:1 be ca use  the  r e s u l t a n t  m i x t u r e  w o u l d  

TABLE 2 

C o m p o s i t i o n  of Dietary Oils and the Fatty Acid Analysis of  These Oils 

% by wt of  the diet 

LEAR oil (cv. Tower) 20 16 16 . . . .  
Soybean oil . . . .  20 16 9.6 9.5 
C o c o a  b u t t e r  - 4 - - 4 - - 
Triolein - - 4 - - 9.6 9.5 
Linseed oil . . . . . .  0.8 0.8 
X:I (20:1, 22:1 and 24:1) . . . . . .  0.2 

Fatty acids (% by wt) 

14:0 0.1 0.1 0.I 0.1 0.1 tr tr 
16:0 4.4 8.2 3.4 12.1 17.9 5.8 5.8 
18:0 1.5 7.5 1.2 3.5 9.2 2.6 2.7 
20:0 0.8 0.6 0.5 0.4 0.4 0.3 0.5 
22:0 0.3 0.2 0.2 0.1 tr tr 0.1 
24:0 0 . 1  tr tr tr 
Total saturates 7.2 16.6 5.4 16.2 27.6 8.7 9.1 

16:1 0.4 0.2 0.2 0.2 0.3 0.1 0.1 
18:1 57.5 55.8 66.9 24.6 26.9 56.1 55.3 
20:1 1.9 1.2 1.2 0.3 0.2 0.1 1.0 
22:1 0.6 0.4 0.4 0.1 tr tr 0.4 
24:1 0.1 tr tr tr 
Total monounsaturates 60.5 57.6 68.7 25.1 27.4 56.3 56.7 

18:2 22.0 17.8 17.9 51.9 40.1 28.3 27.5 
18:3 10.3 7.9 7.8 6.7 4.9 6.7 6.7 
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have a fatty acid composition similar to that of 
the  LEAR oil. The.addition of a small amount 
(14.9 g/kg test oil) of long-chain monounsatu- 
rated fatty acids (79% 20:1; 20% 22:1 and 1% 
24:1) to the latter mixture provided an even 
closer resemblance to LEAR oil. An oil that 
mimicked the fatty acid composition of a 
LEAR oil would be expected to give a similar 
incidence of heart lesions. The 18:3 content  of 
the 2 test oils containing the mixture of soy- 
bean oil and triolein was restored to that of the 
original soybean oil by the addition of an ap- 
propriate amount of linseed oil (49%, 18:3). 

Experimental Design 

The diets were formulated to contain 20% 
oil and 20% casein as described previously (3, 
10,26). All test oils were added to the diet at a 
level of 20% by weight (Table 2). The caloric 
content  of the diets was measured by bomb 
calorimetry (27). Male Sprague-Dawley rats 
(50-60 g) were randomly allocated among 7 
groups, each consisting of 50 animals, and fed 
ad iibitum the semisynthetic diets for 16 weeks. 
All rats were weighed individually at the begin- 
ning and at 2-week intervals throughout the 
experiment. Apparent digestibilities were calcu- 
lated from consumption, excretion, and com- 
position data measured at 4, 8, and 12 weeks 
(28,29). Consumption data were measured 
from 5 groups of 10 rats per diet for the period 
of the whole experiment. 

Analytical Procedures 

Six rats from each dietary group were killed 
after 16 weeks by exsanguination while under 
CO2 anesthesia. The hearts were removed im- 
mediately and the total lipids extracted accord- 
ing to a procedure intended to minimize lipol- 
ysis (30). 

The cardiac lipid classes were quantitated 
following separation on thin silica-coated 
quartz rods (Chromarod S) using an latroscan 
(Technical Marketing Associates, Mississauga, 
Ont.) equipped with a flame ionization detec- 
tor (H 2 flow rate, 175 ml/min; air flow rate, 
1,850 ml/min), a scanner (scanning speed, 
0.47 cm/sec), and an integrator and recorder 
(sensitivity, 10 mV; chart speed, 0.42 cm). 
The chromarods (type S) were successive- 
ly developed using the following solvents: 
(a) hexane/diethyl ether/formic acid (85:15: 
0.04), (b) acetone, and (c) CHC13/CH3OH/H20 
(67:29:4). After each development, the chrom- 
arods were partially burned (31) to determine, 
in turn, neutral lipids, cholesterol and polar 
lipids. The phospholipids were isolated by thin 
layer chromatography (TLC) according to 

Rouser et al. (32). The fatty acid composition 
of cardiac lipid classes was determined by gas 
chromatography as described previously (7). 

The hearts from the remaining 44 rats per 
diet group were removed and fixed in 10% 
neutral buffered formalin. Three histological 
sections were prepared from each heart as 
described previously (33). 

Statistical Methods 

The various measurements by the analytical 
procedures just described were analyzed usinj~ 
the analysis of variance. An approximate X" 
method, described by Fienberg (34), was used 
to analyze the incidence data, i.e., the fre- 
quency of rats showing evidence of myocardial 
lesions in any of their 3 heart sections. 

The data set and the statistical methods 
described by Trenholm et al. (25) were used 
to estimate a prediction equation involving 
levels of .saturates (16:0 and 18:0) and 18:3. 
The original study used levels of 16:0 or 18:0 
separately because they were highly correlated 
but, because cocoa butter contains considerable 
amounts of both fatty acids, it was felt that the 
sum of the saturate levels would be more appro- 
priate for the analysis of this paper. 

Dietary Test Oils 

The proportion of fats and oils in  the experi- 
mental diets and the corresponding fatty acid 
compositions are shown in Table 2. The addi- 
tion of cocoa butter increased the percentage of 
saturated fatty acids of both LEAR and soy- 
bean oils by ca. 10%. The addition of triolein 
to soybean oil resulted in a mixture with a fatty 
acid composition much like that of LEAR oil. 
The further addition to this mixture of small 
amounts of long-chain monounsaturated fatty 
acids (20:1, 22:1 and 24:1) provided an even 
closer resemblance. Linseed oil was added to 
the mixtures containing soybean oil and tri- 
olein (1:1) to restore the level of 18:3 close to 
that in the original soybean oil. All diets were 
found to be isocaloric as determined by bomb 
calorimetry. 

RESULTS 

Card iopathology 

A high incidence of myocardial necrosis was 
observed in male Sprague-Dawley rats fed diets 
containing both LEAR and soybean oils; the 
difference in lesion incidence between these 
diets was not significant (Table 3). A 10% in- 
crease in the level of dietary saturated fatty 
acids of these oils, achieved by the addition of 
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TABLE 3 

Myocardial Lesions in Male Rats Fed the Experimental  Diets for 16 Weeks 
and Lesion Incidence Predicted 

375 

Incidence (%)a SeverityC 

Observed 
(n = 44) Predicted b 1 2 3 4 > 4  

LEAR (co. Tower) 61 64 10 10 3 3 
LEAR + cocoa  butter 36 47 8 3 2 2 
LEAR + triolein 55 62 11 9 3 1 

Soybean 57 46 10 7 7 1 
Soybean + cocoa  butter 34 27 11 1 1 1 
Soybean + triolein 59 55 16 4 1 4 
Soybean + triolein + X: I d 55 55 16 3 2 2 

x2e 
Comparisons d.f. Incidence 

All diets 6 13.0* 
Diets with cocoa  butter vs original otis 1 10.2"* 
Diets with triolein vs original oils 1 0.1 

aThe incidence of  myocardial  lesions is the number o f  rats affected aver the number  of  rats exam- 
ined per diet (44  rats). 

bThe predicted incidence o f  heart lesions was calculated using the fo l lowing equation:  Z i = V 
- 0 .013  (Xd-] ( t )  + 0 .016  (X2i-X2) where Z i is the predicted incidence of  heart lesions, ~ the average 
observed incidence of  heart lesions for all diets (0 .51) ,  -0 .013  and 0 .016  the correlation coeff ic ients  of  
16:0 + 18:0 and 18:3,  respectively,  X i and X 2 the dietary concentrat ion of  16:0 + 18:0 and 18:3 in 
the ith diet, and X the overall mean concentrat ion  o f  the specific fatty acid(s) from all diets. 

CSeverity of  myocardial  necrosis represents the number  o f  rats wi th  1, 2, 3, 4 and > 4  lesions per 
heart (3 sections).  

d x : l  (20:1, 22:1, 24:1). 
eTh e • analysis was according to Fienberg (34);  d.f., degrees of  freedom,  and significance at the 

5% (*),  and 1% (**)  level. 

cocoa  bu t t e r ,  resu l ted  in a ma jo r  decrease  in 
the  inc idence  of  myoca rd ia l  necrosis .  On the  
o t h e r  hand ,  us ing t r io le in  in the  mix tu re ,  r a the r  
t h a n  cocoa  bu t t e r ,  gave levels of  inc idence  in 
hea r t  lesions no t  s igni f icant ly  d i f fe ren t  f rom 
those  of  the  or iginal  oils. 

The  severi ty  of  myoca rd i a l  necrosis ,  ex- 
pressed as the  to ta l  n u m b e r  o f  les ions pe r  set o f  
3 hea r t  sect ions ,  was relat ively low in this  s t udy  
for  rats  fed s o y b e a n  oil or L E A R  oil c o m p a r e d  
to  previous  resul ts  f rom this  l abo ra to ry  (4,7,  
18). Most  of  the  a f fec ted  rats  had  on ly  1 or 2 
lesions per  h e a r t ;  t hose  wi th  more  t han  4 
les ions per  hea r t  were very  few. Hence,  no  
a t t e m p t  was made  to ana lyze  the  sever i ty  data .  

Tab le  3 includes  the  inc idence  of  hea r t  
les ions  as p red ic ted  by  the  regression e q u a t i o n  
(Table  1) us ing the  f a t t y  acid c o m p o s i t i o n  o f  
the  tes t  oils (Table  2). I t  can be  seen t h a t  the  
observed  and  p red ic t ed  inc idence  of  myoca rd ia l  
necros is  is in fair ly close agreement .  

Growth Performance and Fat Consumption 

The rats  fed the  L E A R  diet  c o n s u m e d  less 

feed overal l  and  weighed less at  t he  end  of  the  
e x p e r i m e n t  t h a n  did rats  fed the  s o y b e a n  diet  
(Tab le  4). The  fac t  t ha t  on ly  the  weight  da ta  
showed  a s ignif icant  d i f fe rence  here  was per- 
haps  because  the  c o n s u m p t i o n  data ,  un l ike  the  
weight  data ,  were n o t  measu red  on  individuals .  
G r o w t h  and  feed c o n s u m p t i o n  increased wi th  
t he  add i t i on  of cocoa  b u t t e r  to  the  tes t  oils; t he  
increase  in g r o w t h  was s igni f icant  for  the  addi- 
t i on  o f  sa tu ra te s  to  L E A R  oil. S u b s t i t u t i o n  of  
t r io le in  for  the  cocoa  b u t t e r  in the  m i x t u r e  
wi th  the  L E A R  oil appeared  to  have l i t t le  in- 

" f luence  on  e i the r  variable.  The  d ie tary  oils 
f o r m u l a t e d  to mimic  L E A R  oils seemed  to 
reduce  b o d y  weight  and feed c o n s u m p t i o n ,  
relat ive to  s o y b e a n  oil, t he  d i f ferences  be ing  
apprec iab le  on ly  for  the  weight  data.  

Es t ima tes  o f  the  c o n s u m p t i o n  o f  16 :0  and  
18:0  by  the  d ie ta ry  groups  are also given in 
Table  4. Ra ts  fed soybean  oil c o n s u m e d  m u c h  
more  sa tu ra ted  fa t ty  acids t h a n  did those  fed 
L E A R  oil. The  c o n s u m p t i o n  of  16:0  and  18 :0  
increased marked ly  in ra ts  fed die ts  wi th  cocoa  
bu t t e r ,  whereas  the  add i t i on  of  t r io le in  r educed  
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TABLE 4 

Body Weight, Feed Consumed and Consumpt ion  of  Saturated Fatty Acids 

Consumpt ion  

Body weight Feed consumed (g/rat)C 
Diets (g)a (g/rat) b 16: 0 18: 0 

LEAR (cv. Tower) 416 1636 14 4 
LEAR + cocoa but ter  466 1684 24 17 
LEAR -~ triolein 427 1654 12 5 

Soybean 496 1709 34 10 
Soybean + cocoa but ter  508 1733 41 23 
Soybean + triolein 461 1712 19 8 
Soybean + triolein + X:I  d 464 1681 20 8 

LSD Co<0.01) e 26 70 

aBody weights are the mean of  50 rats per diet. 
bFeed consumpt ion  is the  total  feed consumed  by the rats over the entire exper imental  period (16 

weeks) divided by the n u m b e r  o f  rats per group. Five groups o f  10 rats were used for each diet. 
CThe total  amoun t  o f  16:0 and 18:0 consumed was calculated by:  average feed consumed (per 16 

weeks) X % oil in diet X % composi t ion  o f  fat ty  acid in off X apparent  digestibility of  fa t ty  acid (aver- 
age of  week 4, 8 and 12). 

d x : l ,  (20:1,  22:1 and 24:1).  
eLSD, least significant difference. 

TABLE 5 

Weight, Lipid Content  and Lipid Class Composi t ion 
of  the  Hearts o f  Rats Fed the Experimental  Diets for 16 Weeks 

Heart weight Lipid weight Lipid classes (mg/g wet heart)  a 
(g) (mg/heart)  CE TG C DPG PE PS & PI PC SP 

LEAR (cv. Tower) 1.02 31.9 0.4 8.9 2.1 2.6 6.0 0.8 9.0 0.7 
LEAR + cocoa but ter  1.03 34.5 0.3 11.2 2.0 2.4 6.0 0.9 8.9 0.8 
LEAR + triolein 1.18 43.3 0.3 14.2 2.3 2.5 5.7 0.9 9.0 0.9 

Soybean 1.09 36.1 0.3 9.3 2.2 2.7 6.6 0.8 9.8 0.7 
Soybean + cocoa but ter  1.25 41.2 0.4 8.9 2.2 2.7 7.1 0.9 9.3 0.8 
Soybean + triolein 1.07 36.2 0.3 9.0 2.3 3.0 6.9 0.9 9.8 0.8 
Soybean + triolein + X:I b 1.11 35.0 0.3 7.9 2.3 2.8 6.5 0.8 9.5 0.9 

LSD (p<0.01)  c 0.19 9.3 0.2 4.2 0.5 0.7 1.3 0.4 1.3 0.3 

aAIl values are the mean of  6 rats per diet. The lipid classes are: cholesterol ester (CE), triacylgiycerol (TG), 
cholesterol (C), diphosphatidylglycerol  (DPG), phosphat idyle thanolamine  (PE), phosphat idylser ine (PS), phos- 
phatidylinositol  (PI), phosphat idylchol ine (PC) and sphingomyel in  (SP). Trace amoun t s  o f  lysophosphat idylcho-  
line, cerebroside, diacylglycerol and free fat ty acid were found but  were not  included in the table. 

b x : l  (20:1,  22:1 and 24:1). 
CLSD, least significant difference. 

t h e  a b s o r p t i o n  o f  t h e s e  f a t t y  ac ids .  

Cardiac Lipid Changes 

T h e  h e a r t  a n d  l ip id  w e i g h t s ,  i n c l u d i n g  t h e  
c a r d i a c  l ip id  c lass  c o m p o s i t i o n ,  a re  s h o w n  in 
T a b l e  5. M i x i n g  e i t h e r  c o c o a  b u t t e r  o r  t r i o l e i n  
w i t h  L E A R  oil  r e s u l t e d  in  i n c r e a s e d  l eve l s  o f  
c a r d i a c  l i p ids  in  t h e  f o r m  o f  t r i a c y l g l y c e r o l  
c o m p a r e d  t o  r a t s  f e d  L E A R  oil .  T h e  a d d i t i o n  
o f  c o c o a  b u t t e r  o r  t r i o l e i n  t o  s o y b e a n  oi l  ap-  

p e a r e d  t o  h a v e  n o  e f f e c t  o n  t o t a l  c a r d i a c  l i p ids  
o r  i t s  c o m p o s i t i o n .  T h e  p h o s p h o l i p i d s  w e r e  
r e m a r k a b l y  s i m i l a r  a m o n g  all  d i e t s .  

T h e  f a t t y  ac id  c o m p o s i t i o n  o f  t h e  m a j o r  
c a r d i a c  p h o s p h o l i p i d s  a re  s u m m a r i z e d  in  T a b l e  
6. A n  a n a l y s i s  o f  v a r i a n c e  i n c o r p o r a t i n g  t h e  
d a t a  f r o m  3 p h o s p h o l i p i d s  w e r e  c a l c u l a t e d  a n d  
a re  i n c l u d e d  in T a b l e  6 ( d i p h o s p h a t i d y l g l y c e r o l  
w a s  e x c l u d e d  b e c a u s e  t h e  c o m p o s i t i o n  o f  t h i s  
p o l a r  l ip id  w a s  so  d i f f e r e n t ) .  I t  was  e v i d e n t  
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from the statistical analysis that rats fed soy- 
bean oil showed significantly higher levels of 
saturated and total PUFA, and significantly 
lower levels of monounsaturated fatty acids in 
all phospholipids compared to rats fed LEAR 
oil. In contrast to the significant differences 
between the soybean and LEAR oil groups, 
there was a remarkable similarity in the fatty 
acid composition of the phospholipids of rats 
fed LEAR and soybean + triolein mixtures (the 
latter intended to mimic LEAR), there being 
but one significant difference in fatty acid 
levels. Enrichment of dietary saturated fatty 
acids by the addition of cocoa butter resulted 
in a significant increase in cardiac saturated 
fatty acids, apparently at the expense of mono- 
unsaturated fatty acids and linoleic acid. The 
most  noticeable changes arising from the addi- 
tion of triolein were in the increased levels of 
the monounsaturated fatty acids and C22 (n-3) 
PUFA, and in the decreased levels of saturated 
and (n-6) PUFA. The differences here were 
more pronounced in those diets with the higher 
proportion of triolein. The level of cardiac 
arachidonic acid and the total C22 PUFA did 
not appear to be influenced by the modifica- 
tions to the dietary oils. 

It should be noted that the interactions 
between phospholipid classes and diets were 
significant for most fatty acids, except satu- 
rates. However, the interactions were generally 
of a much smaller magnitude than the overall 
differences. The trends among diets for the 
phospholipid classes were similar; the reason for 
the interactions seemed to be the differences 
in degree of change. Transformations of the 
data did not remove these interactions. 

Cardiac sphingomyelin consisted almost 
exclusively of saturated and monounsaturated 
fatty acids (Table 7). Rats fed soybean oil 
showed significantly more saturated (particu- 
larly 18:0, 22:0 and 24:0) and less monoun-  
saturated (particularly 18:1 and 24:1) fatty 
acids than did rats fed LEAR oil. The addition 
of cocoa butter to the 2 oils had little effect on 
the relative proportion of saturates to monoun-  
saturates; however, there was an increase of the 
C18 fatty acids at the expense of the longer 
chain fatty acids. The addition of triolein to 
LEAR oil resulted only in minor changes. On 
the other hand, the composition in rats fed 
the soybean oil triolein mixtures approached 
the composition of rats fed LEAR oil in the 
proportion of saturates and unsaturates, but 
there were significant differences between the 
kind of fatty acids within each group. 

DISCUSSION 

An earlier study (25) showed a relationship 

between levels of certain dietary fatty acids and 
the incidence of myocardial necrosis in male 
albino rats. In particular, in the presence of 
appreciable amounts of dietary 18:3, increases 
in the levels of dietary saturates were associated 
with a lower incidence of lesions. The nature of 
the study, however, precluded conclusions 
relating to cause and effect. The lower inci- 
dence of lesions might, e.g., be due to the type 
of oil, the fatty acid levels characteristic of that 
oil, or some other related factors. To test the 
"cause-effect" hypothesis properly, one must 
control the levels of the dietary fatty acids 
specifically. To this end, in this study, the level 
of saturated fatty acids in 2 vegetable oils, viz., 
soybean and LEAR oils, were increased by the 
addition of cocoa butter. It might still be 
argued that any observed change in incidence 
was due, not to the addition of the saturates, 
but to the dilution of other fatty acids or even 
some cardiotoxic compounds. Hence, addi- 
tional mixtures were included with a synthetic 
triacylglycerol replacing the cocoa butter. This 
material was composed almost entirely of oleic 
acid, a fatty acid which the original study 
suggested was not closely related to the inci- 
dence of lesions (Table 1). 

The results from this study provide convin- 
cing experimental evidence to support the hy- 
pothesis suggested by the earlier study (25). 
Addition of the saturates to both vegetable oils 
led to similar reductions (about 25%) in inci- 
dence of lesions. Furthermore, the addition of 
oleic acid had no discernible effect whatsoever. 
The fact that there are some discrepancies be- 
tween the observed and predicted incidence of 
heart lesions (Table 3) is, indeed, not surprising. 
It is well established that differences in lesion 
incidence will occur between (35) and within 
(18) experiments even though all parameters 
were kept as nearly identical as possible. The 
fact is, the results of this study fit remarkably 
well into the continuum of points derived from 
the regression equations of the aggregate data 
of heart lesions and dietary fatty acids (25) as 
seen in Figure 1. Although the etiology may 
not be clear, it seems apparent that the manipu- 
lation of the saturate levels in the dietary oils 
will lead to changes in the incidence of myocar- 
dial necrosis. 

The improved growth observed in rats fed 
the diets enriched with saturated fatty acids 
provided additional evidence that myocardial 
necrosis may be related to an improper balance 
of dietary fatty acids. In fact, some earlier stud- 
ies had established a maximal growth in rats, 
provided the level of saturated fatty acids was 
20-40% (36-38). It may, therefore, not  be coin- 
cidental that when the level of saturates in 
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LEAR and soybean oils was increased to the 
levels suggested, it was accompanied by a 
marked reduction in heart lesions. This appears 
to be consistent with the results of Hulan et al. 
(21) who showed that diets rich in saturates are 
associated with a low'incidence of heart lesions 
in male rats. Conversely, the lack of  sufficient 
amount of  saturates may explain why previous 
studies (9) failed to conclude (39) any amelio- 
rating effects when the level of  saturates was 
raised from 6.7 or 7.7% to 11% (9). 

The reasons for the limited addition of  sat- 
urates to the dietary oil in a previous study (9) 
to test for the effect of saturates (LEAR oil to 
palm oil, 18 to 2) was based in part on the as- 
sumption that LEAR oils contain cardiopatho- 
genic compounds, the effect of  which would be 
diluted by the addition of supposedly noncar- 
diopathogenic oil or fat. This assumption, how- 
ever, is no longer tenable, as extensive studies 
provided no experimental evidence of the pres- 
ence of  cardiotoxic compounds in soybean oil 
(18), LEAR oils (10,18,24) or rapeseed oils 
high in erucic acid (24). The highly purified tri- 
glycerides from soybean oil (18) and LEAR oils 
(10,18) retained their cardiopathogenic proper- 
ties. Furthermore, the results of this study pro- 
vide additional evidence that the heart lesions 
were not  caused by trace contaminants in the 
oils. Mixing either LEAR or soybean oils with 
cocoa butter or triolein did not  result in a simi- 
lar response in heart lesions as would have been 
expected by dilution of a toxin. From this new 
perspective, the data presented in Tables 3 and 
4 of reference (9) can be interpreted in a differ- 
ent manner, i.e., LEAR oils were mixed with 
different proportions of saturated fat or fat-oil 
mixtures. If the data are thus viewed together, 
the results show a remarkable similarity with 
thosepresented in the present study, the corre- 
lation between levels of saturates and incidence 
of  heart lesions being -0.76, as opposed to -0.72 
in Table 1. 

If dietary fatty acids are related in some way 
to myocardial necrosis, one might expect differ- 
ences in cardiac hpid classes and/or their fatty 
acid composition to reflect the cardiopatholog- 
ical state�9 In general, the cardiac lipid class 
composition was not found to be affected by 
the different diets tested for heart lesions ex- 
cept triacylglycerol. However, the changes in 
the level of  triacylglycerol could not be used as 
an indicator of cardiopathogenicity because the 
response to the addition of cocoa butter or trio- 
lein was unique to each oil and unlike the direc- 
tional changes observed with heart lesions. Pre- 
vious attempts to relate cardiac triacylglycerol 
levels resulting from erucic acid to heart lesions 
(40) were equally unsuccessful�9 A level of di- 
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FIG. 1 Observed vs predicted incidence of myocardial lesions in male rats. The observed 
incidence of heart lesions was taken from published data for which regression coefficients 
were calculated and used to determine the predicted incidence of lesions (25). The results of 
each of the 7 diets of the present study (@) are included in the previous plot (e) (25). 

etary erucic acid which gave a positive cardiac 
triacylglycerol response (3,41) did not result in 
a corresponding increase in heart lesions (4,21). 
Furthermore, despite a similar accumulation of 
cardiac triacylglycerols between sexes (3) and 
strains (7) of rats, the lesion response was wide- 
ly different. 

In contrast to the cardiac lipid class compo- 
sition, marked changes were observed in the 
fatty acid composition of the lipid classes. 
There was a consistent increase in the level of 
saturates in cardiac phospholipids with the ad- 
dition of saturates to either soybean or LEAR 
oils. This increase parallels an increase in the 
consumption of saturates (Table 4) and a de- 
crease in incidence of heart lesions (Table 3). 
The addition of triolein marked an increase in 
the level of monoenoic fatty acid as expected, 
as 18:1 is readily incorporated into cardiac 
phospholipids (42,43). "llae consumption of sat- 
urates was only slightly reduced by mixing trio- 
lein with LEAR oil, but  a major reduction in 
the consumption of saturates occurred by feed- 
ing the triolein-soybean oil mixtures. The inci- 
dence in heart lesions, however, showed no sig- 
nificant change. Little change in heart lesion in- 
cidence was expected with the addition of trio- 
lein to LEAR oil because the level of dietary 
saturates was not greatly affected and 18:1 
showed a low correlation to heart lesions (Table 
I). On the other hand, the addition of triolein 
to soybean oil was expected to increase the 
incidence of heart lesions because the level of 

dietary saturates was significantly lowered. The 
results of this study suggest that the observed 
incidence of heart lesions in rats fed the soy- 
bean oil diet was relatively high-higher than 
expected based on previous studies (4,18). In 
fact, anaverage incidence of about 44% (4,18) 
would be consistent with both the consumption 
and fatty acid composition data. As stated pre- 
viously in the discussion, the incidence of heart 
lesions is known to vary both  within (18) and 
between (35) experiments, and the present 
value of soybean oil (57%) is within the ob- 
served variation (Fig. 1). 

Dietary 18:3 resulted in a relatively high 
level of C22 PUFA of the linolenic acid (n-3) 
family with virtual exclusion of the C22 PUFA 
of the linoleic acid (n-6) family as seen in Table 
6 and as observed previously (15,42,44). The 
level of (n-3) family acids appeared to be little 
influenced by the addition of saturates in the 
diet, despite the observed significant decrease in 
lesion incidence by the addition of saturates. 
This suggests that saturates are not  undoing the 
cardiopathogenic effect of 18:3, but  appear to 
act independently. Therefore, dietary fats or 
oils which contain at least 20-25% saturates, ir- 
respective of dietary 18:3, will be associated 
with a low incidence of heart lesions in male 
rats. 

It should be noted, however, that the appar- 
ent requirement of a balance of dietary fatty 
acids for the male albino rat is critical only 
when the level of fat in the diet is high, i.e., 15 

LIPIDS, VOL. 17, NO. 5 (1982) 



382 J.K.G. KRAMER, E.R. FARN'WORTH, B.K. THOMPSON AND A.H. CORNER 

or  20%. Myocardial  necrosis  was observed to 
decrease significantly in male rats when  the  
same oil was fed at a lower  level, i.e., at 5 or 
10% o f  the diet  (13 ,14 ,45 ,46) .  This would  no t  
seem unreasonable ,  because the  de novo syn the-  
sis o f  saturates  by  the  rat would be significantly 
reduced  when  a diet  rich in fat was fed (47,48).  
Therefore ,  the  rat might  be u n d e r  a nut r i t iona l  
stress to synthes ize  the required a m o u n t  o f  sat- 
urates  for  its phosphol ip ids .  Proper  m e m b r a n e  
func t ion  and stabil i ty may well r equ i re  a fa t ty  
acid c o m p o s i t i o n  wi thin  a cer tain range. 
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Studies on the Biosynthesis of the Oogoniols 
SUSAN E. BARROW and TREMOR C. MCMORRIS*, Department of Chemistry D-O06, 
Univerxity of  California-San Diego, La Jo//a, CA 92093 

ABSTRACT 

In feeding experiments with Achlya heterosexualis, [3-3H] fucosterol was efficiently incorporated 
into oogoniols possessing an unsaturated side chain as well as those with a saturated side chain (clio- 
nasterol skeleton). [23,25-3H]-29-Hydroxyfucosterol was also efficiently incorporated into the oogo- 
Idols and its role as an intermediate in the biosynthesis was confirmed by a trapping experiment. This 
indicated the presence of a small pool of endogenous 29-hydroxyfucosterol in the mycelium. 123,25- 
3H] -29-Oxofucosterol was also well incorporated into the oogoniols and it is probably an intermediate 
in the biosynthesis. It was found to be converted to 29-hydroxyfucosterol in a trapping experiment. 
Reduction of the C-24(28) double bond make take place after all the functional groups have been 
introduced, at C7, C-I 1 and C-15, in the tetracyclic structure. 
Lipids 17:383-389, 1982. 

INTRODUCTION 

Several years ago, we undertook an investiga- 
tion of the biosynthesis of the oogoniols, a 
group of steroid hormones which are involved 
in sexual reproduction in the water mold 
Achlya (1). These compounds are secreted by 
hermaphroditic strains of Achlya, e.g., A. 
heterosexualis, or by the male strain A. ambi- 
sexualis E87, when stimulated by the male- 
activating steroid antheridiol. The oogoniols 
induce the formation of oogonial initials or 
female sex organs in the mold (2). 

The investigation revealed that the major 
sterol in Achlya was fucosterol (1, Fig. 1) and 
that it was a precursor of the oogoniols. In the 
transformation of fucosterol to the oogoniols, 
oxidation at C-29 appeared to proceed to the 
level of aldehyde. Thus, when Achlya was 
grown in the presence of [CD3]methionine, 
fucosterol containing 4 deuterium atoms (at 
C-28, C-29) could be isolated. However, oogo- 
niols produced in this experiment contained 
only 2 deuterium atoms, one at C-28 and the 
other at C-29 (3). 

At the time this work was done, it was 
believed that only oogoniols possessing a satu- 
rated side chain existed. Subsequently, it was 
discovered that oogoniol-1 wasactually a mix- 
ture of the saturated side-chain steroid 7 (R = 
[CH3] 2CHCO) and its C-24(28)-dehydro analog 
6 (R = [CH3] 2CHCO) which chould be sepa- 
rated only by high pressure liquid chromatog- 
raphy (HPLC). Oogoniol-2 (7, R = CH3CH2CO) 
and oogoniol (5) consisted, similarly, of mix- 
tures of saturated and unsaturated side-chain 
steroids (4). 

Dehydrooogoniol-1 was found to induce 
formation of oogonial initials in A. ambisexu- 
alis 734 (9) at a concentration of 50 ng/ml 
whereas oogoniol-I was inactive at concentra- 
tions lower than 5 /~g/ml (4). Thus, the pres- 
ence of the double bond On the side chain is 

an important condition for high biological 
activity. 

This study was undertaken in an attempt to 
demonstrate that both saturated and unsatu- 
rated side-chain oogoniols are derived from 
fucosterol. Information was also sought about 
the sequence in which the various functional 
groups are introduced on the fucosterol skele- 
ton, and the timing of the reduction of the 
C-24,C-28 double bond. 

RESULTS AND DISCUSSION 

Demonstration of precursor-product rela- 
tionships with/ag quantifies of difficultly sepa- 
rable polar metabolites would not  have been 
possible without the availability of HPLC. Base- 
line separation of, e.g., oogoniol-1 and 24(28)- 
dehydrooogoniol-1, oogoniol-2 and 24(28)- 
dehydrooogoniol-2, was achieved and/ag quan- 
tities of individual steroids could be accurately 
collected for measurements of radioactivity. 

A. heterosexualis 8-6 was found to be the 
best producer of oogoniols and was used in all 
the feeding experiments. [3-3H] Fucosterol 
(sp act 7.33 x l09 dpm/mmol)  prepared as 
described earlier was added to sterile produc- 
tion medium (5 s which was then inoculated 
with the organism. After 5 days' growth at 25 
C with aeration, the culture medium was sepa- 
rated from the mycelium and the steroids were 
isolated by preparative thin layer chromatog- 
raphy (TLC) followed by HPLC. The results 
are summarized in Table I. About 5% of the 
radioactivity was recovered in the fucosterol 
whose specific activity indicated that the added 
substrate had been diluted considerably by 
endogenous fucosterol. The pool of labeled 
fucosterol plus endogenous fucosterol appeared 
to be the source of all the oogoniols because 
the specific activities of the oogoniols were the 
same and equal to that of the recovered fuco- 
sterol (within experimental error). 
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In the biosynthesis of  antheridiol,  evidence 
has been reported which indicates that fuco- 
sterol is first converted to  the C-22,23 dehydro- 
derivative, which is then oxidized at C-29 (5). 
The possibility that  similar oxidat ion at C-29 is 
an early event in the formation of  the oogoniols 
has been investigated by feeding experiments 
with labeled 29-hydroxy fucosterol (2). Tritium 
atoms were introduced at C-23 and C-25 in this 
compound in the following way. Phosphorus 
pentachloride was added to 3H20 (sp act 4.0 • 

101~ dpm/mmol)  followed by a solution of 
24-oxocholesterol acetate in tetrahydrofuran.  
The product  (sp act 4.44 • 10 l~ dpm/mmol)  
was reacetylated, then subjected to a Wittig 
reaction with the anion of diethyl cyanometh- 
ylphosphonate to give 3~-hydroxy stigmasta- 
5, 24(28)-dien-29-nitrile 3~-acetate as a mixture 
of C-28 isomers (ratio of  E:Z, 3:1). Reduction 
of the mixture (after diluting 10 times with 
unlabeled nitrile) with diisobutylahiminum hy- 
dride (Dibal) gave the corresponding aldehyde 

LIPIDS, VOL. 17, NO. 5 (1982) 



BIOSYNTHESIS OF THE OOGONIOLS 

TABLE 1 

"Sterols Isolated after Incubat ion of  A. heterosexualts with Fucosterol 
(1.14 mg; sp act = 7.33 X 109 dpm/mmol )  

385 

k a Wt Activity Sp act 
(HPLC) 0~g) (dpm) (dpm/mmol)  

Fraction of  
total  act ivi ty 

(%) 

Fucosterol 7.0 b 16300 
Oogonioi 9.2  c 3 S.O 
Dehydrooogoniol  8.2 c 10.4 
Oogoniol- 1 14.1  d 7 . 6  
Dehydrooogoniol-  1 12.2 d tr e 
Oogoniol-2 10.9 d 4.2 
Dehydrooogoniol-2 9.2 d tr 
Unknown 8.7 d 142.2 

1.0 X 10 s 2.6 X 107 5.000 
2.1 X 1 0  3 2 . 8  X 1 0  7 0.015 
5.0 X 102 2.3 • 107 0.003 
4.2 X 102 3.0 X 107 0.002 

2.3 X 102 2.9 X 107 0.001 

7.9 X 10 a 0.040 

ak = exclusion volume of  column. 
bSoivent system, methanol  (100%). 

cSolvent system, methanol /water  (70%:30%). 

dSolvent system, methanol /water  (75%:25%). 
eta" = t r a c e .  

TABLE 2 

Sterols Isolated after Incubation of  A. hetero~exuaiis with 29-Hydroxyfucosterol  
(1.07 rag; sp act = 4.92 X 109 dpm/mmol )  

Fraction of  
k a Wt Activi ty Sp act  total  activity 

(HPLC) 0~g) (dpm) (dpm/mmol)  (%) 

29-Oxofucosterol  - None - - - 
29-Hydroxyfucosterol  - None - - - 
Fucosterol 7.0 b 3700 None None None 
Oogoniol 9.2 c 115 1.9 X 105 7.6 X l 0  s 1.6 
Dehydrooogoniol  8.2 c 110 1.8 • lO s 7.6 X 10 a 1.5 
Oogonio l -1  14.1 d 19 3.4 X 104 9.8 X 10 a 0.3 
Dehydrooogoniol-I  12.2 d 16 2.6 X I04 8.7 X 10 a 0.2 
Oogoniol-2 10.9 d 21 3.6 X 104 9.0 X l 0  s 0.3 
Dehydrooogoniol-2 9.2 d 20 3.0 X 104 8.0 X l 0  s 0.2 

ak = exclusion volume of  the column. 
bSolvent system, methanol  (100%). 

CSolvent system, methanol /water  (75%:25%). 
dSolvent system, methanol /water  (70%:30%). 

(3, mixture of  C-28 isomers) but  the acetate 
group was lost. The product  was reacetylated 
and the C-28 isomers could then be readily 
separated by chromatography.  The pure E- 
aldehyde (3, sp act 5.67 x 109 dpm/mmol)  was 
further reduced with dibal to give 29-hydroxy- 
fueosterol (2, sp act 4.92 x 109 dpm/mmol) .  

The results of  a feeding experiment with 29- 
hydroxyfucosterol  are given in Table 2. Al- 
though the growth of  mycelium was not  good 
(as reflected in the small amount  of fucosterol 
isolated), more of  the oogoniols could be iso- 
lated than in the previous experiment.  They all 
possessed similar specific activity (~8  • 10 a 

dpm/mmol) ,  which was about  16% that  of  the 
substrate. Therefore, 29-hydroxyfucosterol  can 
clearly be readily converted to the oogoniols 
by the mold. The conversion does not  proceed 
via fucosterol because the fucosterol isolated in 
this experiment was not  radioactive. The ratios 
of oogoniol: dehydrooogoniol ,  oogoniol- l :dehy- 
drooogoniol-1 and oogoniol-2:dehydrooogo- 
niol-2 were about the same, i.e., ~ 1:1, but  
differed from the ratio obtained in the experi- 
ment with labeled fucosterol as substrate.  

Evidence confirming the intermediacy of  
29ohydroxyfucosterol in the biosynthesis of  the 
oogoniols was obtained by repeating the feed- 
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ing experiment with [3-aH]fucosterol. Un- 
labeled 29-hydroxyfucosterol (10 mg) was 
added to the mycelial extract to act as carrier 
for endogenous 29-hydroxyfucosterol which 
would be expected to contain a tritium label. 
It was reisolated after the usual saponification 
procedure and rigorously purified. Only 10% of 
the 29-hydroxyfucosterol was recovered and it 
had sp act 3.9 x 104 dpm/mmol.  Fucosterol 
isolated in this experiment had sp act 5.8 x 107 
dpm/mmol.  If one assumes that endogenous 
29-hydroxyfucosterol had the same specific 
activity as the recovered fucosterol, then the 
amount of  the 29-hydroxyfucosterol which was 
present in the mycelial extract was only about 
66/Jg.  As most of this would have been lost in 
the saponification step, it is not  surprising that 
we have been unable to detect 29-hydroxyfuco- 
sterol in the mycelium of Achlya by methods 
not involving radioactive labeling. 

We next addressed the question of  the role 
of 29-oxofucosterol in the biosynthesis. As 
mentioned earlier, 2 de.uteriums were lost from 
C-29 of [28,29-2H4]fucosterol during the 
conversion to the oogoniols. This might be 
explained if an enzyme system is present which 
will permit reversible oxidation of  alcohol to 
aldehyde. When labeled 29-oxofucosterol (sp 
act 5.67 x 109 dpm/mmol)  was used as sub- 
strate in a feeding experiment, incorporation of  
radioactivity into the oogoniols was observed 
(Table 3). As in previous cases, the level of  
radioactivity was the same in all the oogoniols 
isolated. The specific activity was about 1.5% 
that of  the substrate. Thus, the aldehyde was 
not as good a substrate as 29-hydroxyfuco- 

sterol. To check the possibility that the lower 
sp act might be the result of a bigger pool of  
endogenous aldehyde than alcohol, extracts of 
the mycelium (and also the culture medium) 
were examined carefully for the presence of the 
aldehyde, but none was found. The analytical 
method was capable of detecting as little as 
10 /ag of the aldehyde so the amount, if  any, 
of endogenous aldehyde cannot be greater than 
that of 29-hydroxyfucosterol. 

If 29-oxofucosterol is, indeed, a biosynthetic 
intermediate, reduction at C-29 to give back an 
alcohol may occur before or after other func- 
tional groups are introduced, at C-1 I, C-I 5 and 
C-7, Evidence about the timing of  the reduction 
was obtained from an experiment with the 
labeled aldehyde as substrate (0.72 rag, sp act 
5.67 • 109 dpm/mmol) .  Unlabeled 29-hydroxy- 
fucosterol (10 mg) was added to the crude 
mycelial extract and, after re-isolation, it was 
found to be radioactive (sp act 9.4 x 106 dpm/ 
mmol),  indicating that the aldehyde is con- 
verted to 29-hydroxyfucosterol in the mold. 
The results of experiments with 29-oxofuco- 
sterol (taken together with the result of the 
[CD3] methionine experiment) suggest that this 
compound is a biosynthetic intermediate and 
that it is reduced to the corresponding alcohol 
which is then further metabolized to give the 
oogoniols. 

Another interesting question about the bio- 
synthesis is the timing of the reduction of the 
C-24(28) double bond. From the data in the 
tables, it appears that this reduction may occur 
after all the functional groups (at C-7, C-11, 
C-15, C-29) have been introduced because 

TABLE 3 

Sterols  I so la ted  after  Incubat ion  o f  A. he terosexual i s  with  2 9 - O x o f u e o s t e r o l  
(0.72 mg; sp act = 5.67 X 109 dpm/mmol) 

k a Wt Act iv i ty  Sp act  
(HPLC) (/~g) (dpm) (dpm/mmol) 

Fract ion  o f  
total act iv i ty  

(%) 

2 9 - O x o f u c o s t e r o l  - N o n e  - - 
2 9 - H y d r o x y f u c o s t e r o l  - N o n e  -- -- 
Fucosterol 7.0 b 31700 None None 
Oogoniol 9.2 c 950 1.9 X l0 s 9.5 X 107 
Dehydrooogoniol 8.2 c 113 2.4 X l04 9.9 X 107 
O o g o n i o l - I  14.1 d 43 8.2 X l0 s 10.4 X 107 
Dehydrooogoniol-I 12.2 d 5 9.0 X 102 9.8 X 107 
O o g o n i o l - 2  10.9 d 155 3.2 X l04 11.2 X 107 
D e h y d r o o o g o n i o l - 2  9 .2  d 2 0  4 . 6  X 103 11.1 X 10 s 
Unknown-I 8.7 d 10 2.1 X 103 -- 

m 

m 

None 
2.00 
0.25 
0.08 
0.01 
0.33 
0.05 
0 . 0 2  

ak  = exc l us ion  v o l u m e  o f  HPLC c o t u m n .  
b S o l v e n t  s y s t e m ,  m e t h a n o l  ( 1 0 0 % ) .  

CSolvent s y s t e m ,  m e t h a n o l / w a t e r  (70%:30%). 
dSo lvent  s y s t e m ,  m e t h a n o l / w a t e r  ( 7 5 % : 2 5 % ) .  
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oogoniol and dehydrooogortiol possess similar 
specific activities. If reduction occurs at an 
earlier stage, this requires subsequent reactions 
to take place on 2 substrates, one with a fuco- 
sterol skeleton and the other with a clionasterol 
skeleton implying parallel pathways. Taking 
into consideration the likelihood of different 
pool sizes for intermediates in that event, one 
would not  expect the end products to have the 
similar specific activities as were actually found. 

If oogoniol is a metabolite of 24(28)-dehy- 
drooogoniol, it seemed possible that the reduc- 
tion might be the way in which the hormone 
is "deactivated" in the process of exercising its 
function in the mold. To test this idea, the 
heterothallic strain A. ambisexualis E87 (d) was 
grown in the presence of antheridiol. This 
"strong" male secretes oogoniols only after 
simulation bY antheridiol. We reasoned that, 
if our idea was correct, only dehydrooogoniols 
would be produced because no female would 
be present to metabolize dehydrooogoniols to 
oogoniols. Analysis of the culture extracts 
indicated, however, the presence of both types 
of steroid, in a ratio of 13:16, so we still do 
not understand why the saturated side-chain 
steroid is elaborated in the organism. 

The ratio of oogoniol to dehydrooogoniol 
was approximately the same as that of oogo- 
niol-1 to dehydrooogoniol-I and oogoniol-2 to 
dehydrooogoniol-2 in each experiment, al- 
though the actual value differed from one 
experiment to another. This observation may 
be interpreted in 2 ways. Either dehydrooogo- 
niol is first partly esterified to the propionate 
and isobutyrate derivatives and each is then 
reduced at C-24(28) to the same extent, or 
dehydrooogoniol is first partly reduced at 
C-24(28) and the unsaturated steroid plus satu- 
rated steroid are partly esterified in the same 
way. Both alternatives require the occurrence 
of enzyme reactions which are not structure- 
specific. The esterification step presumably 
involves participation of isobutyryl- and pro- 
pionyl-coenzyme A. The significance of this 
step is unknown at present. It should be noted 
that the biological activity of dehydrooogoniol 
is about the same as that of dehydrooogoniol-1. 

EXPERIMENTAL 

Melting points were determined on a Kofler 
hot-stage microscope and are uncorrected. 
Spectra were obtained on the following instru- 
ments: Varian EM 390 (IH NMR), Perkin-Elmer 
spectrophotometer 550 (UV), Beckman IR 
18-X (IR), LKB 9000 (low-resolution mass 
spectra). Nuclear magnetic resonance (NMR) 
spectra were taken in CDC13 with Me4Si as 

internal standard. Ionizing voltage for mass 
spectra (MS) was 70 eV. Infrared (IR) spectra 
were taken of KBr pellets. 

Column chromatography was done with 
Silica Gel G (E. Merck, Darmstadt, Germany) 
and TLC with Silica Gel 60 F254. Final purifi- 
cation of steroids was achieved by HPLC with a 
reverse-phase pBondapak C-18 semipreparative 
column (300 x 7.8 mm id). Methanol/water 
systems were used (isocratic elution) and a flow 
rate of 2.0 ml/min. For radioactivity measure- 
ments, samples of known weight were dissolved 
in toluene (10 ml) containing 2,5-diphenyl 
oxazole (5 g/l~) and 2,2-phenylene bis-(5- 
phenyl)oxazole (100 mg/s Counts obtained 
on the scintillation counter were corrected for 
quenching, by means of a calibration curve, and 
for background activity. 

[3-3H] Fucosterol 

This compound was prepared as described 
earlier (1). The specifi c activity of the newly 
prepared sample which was purified by HPLC 
with methanol/water (95:5) and ultraviolet 
(UV) detector, 215 nm, was 7.33 x 109 dpm/ 
mmol. 

[23,25-aH]-24-Oxocholesterol 3~-acetate 

The method was adapted from a general 
exchange procedure described in Methods in 
Enzymology (6). A solution of [3HI+ was made 
by carefully adding phosphorus pentachloride 
(225 mg) to 3H20 (1 ml, sp act 4.0 x 101~ 
dpm/mmol)  in a dry, screw-capped test tube 
under nitrogen and was cooled in ice. A solu- 
tion of 24-oxocholesterol 3O-acetate (5) (440 
mg, 1 mmol) in anhyd tetrahydrofuran (THF) 
(5 ml) was added, the tube was tightly capped, 
the contents thoroughly mixed (vortex mixer) 
then stored in the dark at room temperature for 
72 hr. The contents of the test tube, after 
removal of the THF in a stream of N2, were 
extracted with ethyl acetate (3 • 10 m l ) a n d  
the extract was washed with saturated sodium 
chloride solution (2 x 15 ml), and dried 
(K2CO3). The solution was filtered through a 
short column of K2COa and the solvent was 
removed, leaving a crystalline residue. Analysis 
of the residue by gas chromatography indicated 
that partial hydrolysis of the acetate group had 
occurred. The mixture (358 mg) was therefore 
dissolved in pyridine (10 ml) and acetic anhy- 
dride (5 ml) and stored at 5 C for 24 hr. The 
solution was added to ice-water and the acet- 
ylated product was extracted into ethyl acetate. 
The ethyl acetate solution was washed with 1 N 
hydrochloric acid, saturated sodium bicarbo- 
nate solution, saturated sodium chloride solu- 
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tion and dried (MgSO4). Removal of the solvent 
gave the crystalline acetate (339 mg) which was 
100% pure as indicated by gas chromatography 
(1% SE 30, 200 C), sp act 4.3 x l0  l~ dpm/  
mmol. 

[23,25-3H] -3~-Hydroxystigmasta-5,24( 28)-dien- 
2r 3~-acetate 

About  227 mg (8.1 mmol) 57% Nail/oil  
dispersion was added to a solution of  diethyl- 
cyanomethyl  phosphonate (1.6 g, 13.9 mmol) 
in 2 ml of  dry THF (N 2 atmosphere).  After  stir- 
ring for 30 min, the temperature was lowered 
to -78 C and a solution of  [23,25-aH]-24-oxo - 
cholesterol-3~acetate (330 mg, 0.8 r e t o o l ) i n  
THF (3 ml) was added. The mixture was 
allowed to warm to room temperature,  was 
then stirred for 3 hr; water was added and the 
mixture was extracted with ether. The com- 
bined extracts were washed with saturated 
sodium chloride solution, dried over MgSO4 
and the solvent was removed, yielding an oil 
which crystallized upon standing. Chromatog- 
raphy with hexane/ethyl  acetate (5:1) gave the 
nitrile (282 rag, 81%) mp 103-105 C (mixture 
of E and Z isomers). Upon gas chromatography,  
1% SE 30, 200 C (2 C/min program), n-alkanes 
standard, 2 peaks MU 37.3 and 37.7 (E and Z 
isomers) were  obtained. The estimated puri ty 
was 99% and the ratio of E isomer:Z isomer 
was 71:29. This material was diluted with un- 
labeled nitfile to give a sample with sp act 5.5 x 
109 dpm/mmol.  

[23,25-aH] -3~-Hydroxystigmasta-5,24 ( 28)-dkm- 
29-aldehyde 

To a solution of  the above nitrile (100 mg, 
0.22 retool) in 4 ml of dry toluene was added 
0.67 ml of 20% diisobutyl aluminum hydride 
in hexane solution (0.89 mmol).  The mixture 
was stirred at room temperature for 150 min 
then cooled to 0 C and a mixture o f  7% aq 
acetic ac id/THF/methanol  (1: 1 : I ,  15 ml) was 
added by drops over a period of  20 rain with 
vigorous stirring. The mixture was then allowed 
to warm to room temperature and chloroform 
(2 ml) was added; stirring was continued over- 
night. Two clear phases formed. Water (20 ml) 
was added and the product  was extracted with 
chloroform (3 x 20 ml). The combined extract  
was washed with sodium bicarbonate solution, 
saturated sodium chloride solution and dried 
(MgSO4). Removal of  the solvent gave crystal- 
line aldehyde (95 mg, 94%)mp 89-91 C; NMR 
8 0.69 (s, 3), 0.98 (s, 3), 1.11 (d J = 7 Hz, 6), 
1.15 (d J = 7 Hz, 3), 3.2-3.8 (m, 1), 5.34 (m, 1), 
5.77 (d J = 8.4 Hz, Z isomer, 0.25 H), 5.81 
(d J = 8.4 Hz, E isomer, 0.75 H), 9.97 (d J = 
8 Hz, E isomer, 0.75 H), 10.06 (d ] = 8 Hz, Z 

isomer, 0.25 H); sp act 5.1 x 109 dpm/mmol .  
Acetylation of the aldehyde with acetic 

anhydride/pyridine at room temperature over- 
night gave the crystalline acetate in almost 
quantitative yield, mp 117-121 C. Upon TLC 
with hexane/ethyl  acetate (4:1), the E isomer 
had Rf = 0.33 and Z isomer had Rf = 0.30. 
Separation by preparative TLC gave pure E 
isomer, mp 124.5-125.5 C, and pure Z isomer, 
mp 122.5-124 C, in a ratio of about  3:1. 

For  feeding experiments,  the free alcohol, 
rather than acetate, was used. Deacetylation 
was effected by adding a few drops of 10% 
potassium carbonate solution to the E isomer 
(13.2 rag) in methanol /THF.  After  4 hr, the 
organic solvent was removed in a stream of 
nitrogen and water was added to the residue 
followed by chloroform. The chloroform layer 
was dried (MgSO4) and the solvent was re- 
moved leaving the product  which was purified 
by preparative TLC with ethyl  acetate/hexane 
(1:2); sp act 5.67 x 109 dpm/mmol .  

[23~5-~H ] -3~,29-1)ihydroxyst igmasta- 
5,24(28)E-diene, (29-hydroxyfucosterol) 

To a cooled (0  C) solution of the above 
aldehyde (E isomer, 3/3-acetate, 29 mg, 0.06 
mmol) in dry toluene (1 ml) was added diiso- 
butylaluminum hydride (400 pl, 0.54 mmol,  
20% solution in hexane). The solution was 
stirred for 1 hr, then water was added and the 
product  was extracted with chloroform. Work- 
up in the usual way followed by preparative 
TLC with hexane/ethyl  acetate (1 : 1) gave 29- 
hydroxyfucosterol  (15 mg, 60%), mp 138-141 
C; sp act 4.92 x 109 dpm/mmol ;  NMR 5 0.68 
(s, 3), 0.98 (d, J = 7 Hz, 3), 1.00 (s, 3), 1.01 
(d, J = 7.5 Hz, 6), 3.3-3.8 (m, I) ,  4.15 (broad d, 
J = 7.5 Hz, 2), 5.31 (m + t, J = 7.5 Hz, 2); MS 
m/z (rel. intensity) 428 (M § 15), 410 (19), 384 
(16), 314 (100), 299 (36), 271 (67). 

Procedure for Feeding Experiments 

For  feeding experiments,  Achlya hetero- 
sexualis 8-6 was found to be the most suitable 
strain. It was used to inoculate petri  dishes 90 
mm in diameter containing agar in Barksdale's 
medium A 25 ml (1). After  4 days '  growth at 
25 C, the mycelium from 2 plates was cut into 
4-mm squares and was distributed aseptically 
between four 250-ml Erlenmeyer flasks, each 
containing 100 ml of  Barksdale's sporulation 
medium. Sporulation was induced by shaking 
the flasks gently for 3 days at 25 C, The result- 
ing suspension of  zoospores and agar plugs was 
transferred aseptically to a 6-~ Erlenmeyer flask 
containing 5 J~ of  production medium. This 
consisted of Barksdale's production medium 
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with 2 additional ingredients: edamin (hydro- 
lyzed lactalbumin, 400 mg/s and calcium 
glycerophosphate (80 mg/12). 

Radioactive sterols were dissolved in acetone 
(2 ml) and added to the production medium at 
the time of inoculation. The medium was 
aerated with sterile air for 5 days and the result- 
hag mycelium was then separated from the cul- 
ture liquid by filtration and air-dried. The cul- 
ture liquid was extracted with dichloromethane 
(1 s  a continuous liquid-liquid extractor for 
3 days. The extract was first chromatographed 
on a short column of silica gel with ethyl 
acetate/hexane (2:1) to elute oogoniol-I and 
oogoniol-2 with their dehydro analogs, fol- 
lowed by ethyl acetate alone to elute oogoniol 
and dehydrooogoniol. Fractions containing 
oogoniol-I and -2 were subjected to preparative 
TLC with ethyl acetate/hexane (2: 1) whereas 
those containing oogoniol were chromato- 
graphed with ethyl acetate. Bands correspond- 
ing to the different oogoniols were collected 
and the steroids were eluted with ethyl acetate. 
After removal of the solvent, the residues were 
each dissolved in methanol (100/al). Separation 
of the oogoniols from dehydrooogoniols was 
effected by HPLC. Oogoniol-1, oogoniol-2 and 
their dehydro analogs were chromatographed 
with methanol/water (3: 1) and the more polar 
oogoniol and dehydrooogoniol with methanol/  
water (7:3). Compounds were detected with a 
UV absorbance detector at 254 rim. As a check 
of the identity of each peak, an aliquot (1% of 
the sample) was combined with an appropriate 
known steroid and reinjected onto the column 
t o  see if the compounds would cochromato- 
graph. The remainder of the sample (99%) was 
then injected onto the column for quantitation. 
The sample was collected from the column and 
blank samples were collected, in each case, 
before and after elution of the steroid to check 
for background radioactivity. The weights of 
the steroids were determined by measuring 
peak areas on the chromatograms and compar- 
ing them with a calibration curve which had 
been constructed for each steroid. 

After solvent removal, each steroid collected 
from the column and the blank samples were 
used for radioactivity measurements. Back- 
ground activity was usually 50-70 dpm. 

The mycelium from each feeding experiment 
was ground to a fine powder in a mortar con- 
talning liquid nitrogen, mixed with an equal 
weight of anhyd Na2SO4 and the mixture was 
extracted with chloroform in a Soxhlet appa- 
ratus for 6-8 hr. After removal of the solvent, 
a solution of potassium hydroxide (5 g ) i n  
methanol (75 ml) was added and the mixture 
was refluxed for 5 h r .  Water (100 m l ) w a s  
added and most of the methanol was removed 
under reduced pressure. Sterols were then ex- 
tracted from the aqueous solution with hexane 
in a continuous liquid-liquid extractor for 6 hr. 
The hexane phase was dried (Na2SO4) and the 
solvent was removed under reduced pressure. 
The residue was chromatographed (TLC) with 
ethyl acetate/hexane (1:2), individual bands 
were collected and organic material was eluted 
with chloroform. Each sample (in methanol, 
I00 bd) was subjected to HPLC. Fucosterol and 
29-hydroxyfucosterol were detected by their 
UV absorbance at 215 nm and 29-oxofuco- 
sterol by its absorbance at 254 nm. 
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COMMUNICATIONS 

Hepta-and Nonadecene from Marine Fish 
NOBUHIKO HOSHITA* and YOUTARO KODAMA, Division of Chemistry, Hiroshirna 
Prefectural Institute of Public Health. I-5-70 Ujinakanda, Minamiku, Hiroshima 734, 
Japan 

ABSTRACT 

Two monoalkenes were detected in gizzard shad (Clupanodon punctatus) and sardine (Sardinops 
melanosticta) by gas chromatography and were identified by combined gas chromatography-mass 
spectrometry of their cyclic boronate and dioxolane derivatives as cis45-n-heptadecene and cis-Sea- 
nonadecene. 
Lipids 17:390-392, 1982. 

INTRODUCTION 

Since squalene was identified from shark 
liver oil (1), hydrocarbons have been found in 
various animals and plants. It is now clear that 
hydrocarbons are ubiquitous in nature and their 
occurrence has been recently reviewed (2,3). 
Most marine organisms contain a hydrocarbon 
series ranging in chain length from C13 to C33 
with odd-chain predominance. In fish, the 
n-Cls, n-ClT, n-C19 alkanes and pristane are 
generally the major hydrocarbons (4-6). On the 
other hand, polyunsaturated hydrocarbons, 
particularly 21:6, are dominant  in many marine 
algae (7,8). The other alkanes containing be- 
tween 1 and 5 double bonds have been identi- 
fied in marine animals and algae (8-12), but 
the alkenes in f'tsh are little known except for 
the isoprenoids squalene and zamene (2,15). 

Lambertsen and Holman (4) and Nagy et al. 
(16) assumed that paraffinic hydrocarbons 
might originate from decarboxylation of fatty 
acids because a homologous series of predomi- 
nantly odd-numbered n-alkanes has been 
observed in living organisms. This assumption 
was supported by the fact that labeled palmi- 
tare and stearate were mainly converted into 
n-Cls and n-C17 in a culture of blue-green algae 
(17). Even-numbered unsaturated fatty acids, 
as well as saturated fatty acids, occur widely 
in living organisms, and therefore, alkenes could 
also result during production of hydrocarbons. 

The results of this investigation show that 
cis-6-n-heptadecene and cis-8-n-nonadecene are 
included in the hydrocarbons of gizzard shad 
(Clupanodon punctutas) and sardine (Sardinops 
melanosticta ). 

EXPERIMENTAl. PROCEDURES 

Extraction and Isolation of the Hydrocarbon Fraction 

Minced samples of fresh fish muscle (10 g) 
were refluxed with 30 ml of ethanolic 2 N KOH 
for 2 hr: The mixture was extracted with 100 
ml of hexane 3 times. The combined hexane 
phases were washed twice with 50 ml of water 
and dried over anhyd Na2SO4. The solution was 
evaporated to a volume of ca. 1 ml under 
reduced pressure at 50 C. The hydrocarbon 
fraction was obtained by column chromatog- 
raphy on silica gel (60[80 mesh). The eluent 
was hexane and the ratio of silica gel to sample 
was about 50:1. The alkanes and alkenes 
(except polyenes) were completely eluted 
within the first 10 column volumes. 

Identification of Hydrocarbons 

Hydrocarbons were analyzed by gas chroma- 
tography on a 3 m x 3 mm id glass column 
packed with 30% eutectic salts (18) on Chromo- 
sorb-WAW (60/80 mesh) programmed from 90 
to 300 C at a rate of 7 C/min, with nitrogen as 
carder gas at a flow rate of 10 ml[min. The 
flame ionization detector (FID) and injector 
were kept at 300 C. Identifications were 
achieved by comparison with a standard mix- 
ture of alkanes and alkenes (n-C12 to n-Cao). 
Mass spectra were obtained by GC-MS using a 
JEOL JMS D-300 double focusing mass spec- 
trometer, operating at an ionization energy of 
70 eV, accelerating voltage 3.0 kV, ion source 
and separator temperature 250 C. The gas 
chromatographic conditions were the same as 
those just described, using helium as the carrier 
gas. 

Derivative Formation 

2-Methyl-4,5-dialkyl-I ,3-dioxolane (2MD) 
and O-isopropylidene (OIP) derivatives were 
prepared by oxidation of alkenes with OsO4 
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and condensation with acetaldehyde and ace- 
tone as described by Wolff et al. (19). Cyclic 
n-butylboronates were synthesized according 
to the methods of Brooks and Maclean (20) by 
reacting the diols derived from oxidation of 
alkenes with n-butylboronic acid. Analyses 
were done by GLC on a 1.5% SE-30 column 
programmed from 150 to 250 C at 10 C/min, 
with a carrier gas flow rate of 30 ml/min. The 
detector and the injector temperature were 
kept at 250 C. GC-MS conditions were the same 
as those already described. 

Synthesis of Alkenes 

6-n-Hepta- and 8-n-nonadecene were synthe- 
sized by the Wittig reaction between n-undecyl- 
triphenyl phosphonium bromide and n-hexanal 
and n-octanal, respectively (21), and were puri- 
fied by silica gel column chromatography. The 
isomers were separated into cis and trans frac- 
tions according to the procedure of Chapman 
and Kuemmel (22). 

RESULTS AND DISCUSSION 

Paraffinic hydrocarbons in gizzard shad (CI. 
punctatus)  and sardine (S. melanost icta)  were 
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FIG. 1. Gas chromatograms of the hydrocarbon 
fraction in gizzard shad and sardine. For conditions, 
see Experimental Procedures. 

identified by retention times and GC-MS anal- 
ysis. The chromatograms illustrated in Figure 1 
show some complexity in the area correspond- 
ing to n-Cl7 and n-Cx9, and 2 interesting peaks, 
designated A and B, were found in both sam- 
pies; they showed a retention time slightly 
longer than that of n-Cl7 and n-Cl9, respective- 
ly. These components were inseparable from 
n-C17 and n-Cl9 on SE-30, OV-17 and Dexsil 
400 GC columns. MS of the components A and 
B showed molecular ions at m/z 238 and 266 
with larger intensities than those of n-alkanes, 
and these spectra consisted almost exclusively 
of 2 series of alkyl and alkenyl ions. Further- 
more, A and B disappeared on the chromato- 
grams after oxidation with KMnO4 or hydro- 
genation catalyzed with palladium carbon. 
These results suggested that A and B were 
mono-n-alkenes. 

MS of the cyclic boronate derivatives showed 
molecular ions at m/z 388(A) and 366(B). The 
fragmentation gave significant peaks at m/z 267 
(M-71), 197(M-141)(A) and at m/z 267(M-99), 
255(M-141)(B) attributable to a-cleavage of 
alkyl side-chain (CsHll , C10H21, CTHls and 
C10H21, respectively). These fragments appeared 
to be more predominant than the correspond- 
ing ions from acetaldehyde and acetone con- 
densation products. Mass spectral examination 
of boronate esters that were derived from diols 
showed that component A was 6-n-heptadecene 
and B was 8-n-nonadecene. However, the frag- 
mentations of n-butylboronates of cis and trans 
isomers were not  clearly distinguishable. In the 
mass spectra of 2MD and OIP derivatives, the 
molecular ions were indicated at m/z 297 for 
the A and at m/z 325 for the B due to loss of 
a proton (2MD) and a methyl group (OIP). The 
mass spectral fragmentations of both derivatives 
showed significant peaks at m/z 255(A) and 
283(B) by further elimination of ketene, and 
that of 2MD derivatives at m/z 238(A) and 
311(B) due to loss of a methyl group. More- 
over, the spectra gave the peaks attributable to 
a-cleavage of alkyl side-chain similar to those of 
the boronate esters. The influence of stereo- 
chemistry is evident from a comparison of 
spectra derived from cis and trans isomers, 
which are characterized by the loss of a methyl 
group and a ketene from the dioxolane ring 
attributable to c~-deavage of alkyl side-chain as 
mentioned by Wolff et al. (19). The ratios 
[M-431/ [M-15] of 2MD and [M-57]/[M-15] 
of OIP of both components were 0.40:0.50, 
which were almost the same as those reported 
for cis isomers. These ratios were very different 
for cis and trans isomers, which when derived 
from cis structures were 0.40:0.46, or 3- to 
5-fold greater than when derived from trans 
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structures (0 .09:0 .14) .  In the case o f  2MD 
derivatives o f  bo th  componen t s ,  the  %~  of  
[M-15] ion were 1.8%(A) and 2.1%(B), and 
they  were one-third lower  than those o f  trans. 
On the o ther  hand,  in the  case of  OIP of  cis 
isomers,  the peaks a t t r ibutable  to el-cleavage o f  
the alkyl side chain were 2-fold greater  than  
those  o f  trans isomers.  These results conf i rm 
tha t  c o m p o n e n t  A is cis-6-n-heptadecene and 
that  B is cis-8-n-nonadecene. It  is known  that  
some marine organisms such as algae, fungi  
and urchins conta in  m o n o ~ - a l k e n e s  in which 
double  bond is located in odd -number  posi- 
t ions (2,8,9,11-13).  The present  result  is 
the first evidence for the occurrence  o f  n-alk- 
enes with double  bonds in even-numbered  
posit ions in fish. Recent ly ,  C2o hydrocarbons  
with a double  bond in the  6-posit ion were 
de tec ted  in the hydroca rbon  por t ions  o f  
ap lasmomycin  isolated f rom a marine Act ino-  
mycetes  (23). They have interest ing s t ructural  
characteristics,  being mul t ib ranched  and non-  
isoprenoid and this dissimilar to isoprenoids  
such as pristane, phy tane  and phy tene ,  but  
their  origin is as ye t  unproved.  

The enzymat ic  decarboxyla t ion  o f  fa t ty  
acids has been previously found in a cul ture  o f  
algae; labeled palmi ta te  and stearate were main- 
ly conver ted  into  n-Cls and n-Cl~ in blue-green 
algae (17), and n-C17 was synthesized f rom 
[ 14C] acetate via stearate in Anacystis nidulans 
(24). Murray et  al. (25)  repor ted  that  n-ClT:l  
was synthesized in marine algae g rown on 
med ium containing Na214CO3. Some p roduced  
n-C17:1 as the  major  hydroca rbon  c o m p o n e n t .  
n-ALkenes wi th  cis conf igura t ion  of  the  double  
bonds  were also de tec ted  in cultures o f  some 
bacteria  (26). These results suggested that  n- 
alkenes, as well as n-alkanes, are specifically 
b iosynthes ized f rom fa t ty  acids by enzymat ic  
decarboxyla t ion  in living organisms. Defini te  
conclusions as to the  origin o f  hydrocarbons  in 
f'mh mus t  await  fur ther  exper imenta t ion .  
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ABSTRACT 

The antioxidant effect of diethyl maleate and reduced glutathione was studied in an in vitro 
peroxidizing system. Linoleate peroxidation, measured as conjugated diene formation, was not altered 
by diethyl maleate (2 or 4 raM), whereas the addition of reduced glutathione (1, 2 or 4 mM) elicited 
a marked and progressive reduction. This effect of glutathione is not modified by diethyl maieate. 
]'he inhibition of linoleate peroxidation by glutathione was found concomitantly with a decrease in 
the concentration of its reduced form and a corresponding increase in glutathione disulfide levels, so 
that the total equivalents of reduced glutathione in the system remained constant. It is concluded 
that diethyl maleate does not have antioxidant properties in a peroxidizing system, as found for 
reduced glutathione. 
Lipids 17:393-395, 1982. 

Recently, a metabolic interrelationship be- 
tween reduction in the concentration of re- 
duced glutathione (GSH) and the stimulation of 
lipoperoxidative processes in the liver cell was 
observed following acute ethanol intoxication 
in rats (1). The lipoperoxidative pressure in- 
duced by ethanol was suggested to be a conse- 
quence of both an increased generation of 
oxygen-related free radicals (2) and the low 
GSH levels (1), thus impairing the protective 
systems of the hepatocyte against peroxide 
toxicity. 

Diethyl maleate is known to be a powerful 
GSH-depleting agent in the cell (3). Its mecha- 
nism of action has been proposed to be exerted 
by a conjugation with the tripeptide, forming 
a complex that is released to the extracellular 
medium (3). Studies carried out in rats have 
revealed that the administration of diethyl 
maleate in vivo produces a faster and greater 
effect of liver GSH levels than ethanol ingestion 
(4) without a concomitant enhancement of 
lipid peroxidation (4-6). It is known that 
unsaturated compounds such as polyunsatu- 
rated fatty acids are susceptible to hydrogen 
abstration by free radicals, leading to the 
production of fatty aeyl radicals and to an 
autoxidation reaction in the presence of oxygen 
(7). Thus, it is conceivable that the lack of 
effect of diethyl maleate on hepatic lipid 
peroxidation (4-6) may be a consequence, in 
part, of an antioxidant action related to its 
unsaturated structure that could scavenge the 
free radicals involved in the stimulation of 
lipid peroxidation. In view of these observa- 
tions, the possible antioxidant effects of diethyl 
maleate were evaluated in an in vitro peroxidiz- 
ing system formed by linoleic acid and Fe ~+ (8), 
and were compared to those elicited by GSH. 

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

The peroxidizing system was prepared by 
emulsifying 1 ml of linoleic acid with 10 ml of 
distilled water containing 0.5 ml of Tween-60 
(90% w/v) with agitation. The emulsion ob- 
tained was neutralized with 1 N KOH, resus- 
pended in 100 ml of 0.05 M potassium phos- 
phate buffer, pH 7.0, and made up to a final 
volume of 150 ml with dis-tilled water. This 
system was incubated at 37 C and peroxidation 
was initiated in all experiments by adding 
FeSO4 to a final concentration of 500 /~M 
Fe 2+ (8). In the nonperoxidizing system, lino- 
leic acid was replaced by water. Diethyl maleate 
and/or GSH were added at time zero as indi- 
cated in Figure 1. 

Linoleate peroxidation was assessed by 
conjugated diene formation. Aliquots of 0.2 ml 
of the incubation medium were taken every 30 
min and were added to 7.8 ml of 50% v/v 
ethanol at room temperature. Conjugated 
dienes were measured at 233 nm according to 
Hasse and Dunkley (8). Results were expressed 
as mmol of peroxide/ml of incubation medium 
by using t h e e =  2.52 x I04 M -1 x cm -1 (9). 

Glutathione measurements were done enzy- 
maritally in aliquots of 40/zl  of the incubation 
medium taken every hour. GSH was measured 
using methylglyoxal and glyoxalase I at 240 nm 
and glutathione disulfide (GSSG) was deter- 
mined with NADPH and glutathione reductase 
at 340 nm in the same aliquots (10). 

All the reagents used were obtained from 
Sigma (St. Louis) except for diethyl maleate 
(Aldrich, Milwaukee, WI). 

RESULTS A N D  DISCUSSION 

Data presented in Figure 1 show that the 
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addition of Fe 2§ to a final concentration of 
500 pM induces the peroxidation of linoleate 
as evidenced by the enhancement of conjugated 
diene formation during the incubation period 
of 4 hr. A similar lipoperoxidative response is 
obtained when diethyl maleate is added to the 
peroxidizing system at a final concentration of 
2 or 4 mM (Fig. 1A). This indicates that the 
GSH-depleting agent diethyl maleate does not 

FIG. 1. (A) Effect of diethyl maleate (DEM) on 
linoleate peroxidation induced in vitro by Fe 2+. 
Control (e) peroxidizing system with no addition. 
Addition of (o) 2 mM or (zx) 4 mM DEM. Each point 
represents the mean +- SEM for values obtained in 
duplicate from 5 separate experiments. (B) Effect of 
reduced glutathione (GSH) on linoleate peroxidation 
induced in vitro by Fe ~2. Control (o) peroxidizing 
system with no addition. Addition of (o) 1 raM; 
(z~) 2 mM or (A) 4 mM GSH. Each point represents 
the mean • SEM for values obtained in duplicate 
from 5 separate experiments. (C) Effect of diethyl 
maleate (DEM) and reduced glutathione (GSH) on 
linoleate peroxidation induced by Fe +2. Control (e) 
peroxidizing system with no additions. Addition of 
(o) 2 mM DEM; (A) 2 mM GSH and (zx) 2 mM DEM 
+ 2 mM GSH. Each point represents the mean -+ SEM 
for values obtained in duplicate from 5 separate 
experiments. 

have any protective effect on linoleate peroxi- 
dation induced by Fe 2+ in the in vitro condi- 
tions used. These results suggest that the lack 
of stimulation of  hepatic lipid peroxidation by 
diethyl maleate when given in vivo (4,6) or 
added to isolated rat liver cells ( 5 ) d o e s  not 
seem to be related to an antioxidant property 
of the agent due to its unsaturated structure. 

The extent of lipoperoxidative processes in 
the cell depends on the balance between peroxi- 
dant and antioxidant systems (11,12). Among 
the antioxidant systems, GSH has been postu- 
lated as the most important one (13). The 
antioxidant actions of GSH can be visualized 
in its participation with either the catabolism 
of cellular peroxides formed by free-radical- 
induced lipid peroxidation (11,12) or with the 
direct interception of free radical species (14). 
In both mechanisms, GSSG is formed (11,12, 
14). 

The addition of GSII to the peroxidizing 
system elicited a drastic and progressive inhibi- 
tion of linoleate peroxidation when added to a 
final concentration of  1, 2 or 4 raM, respective- 
ly (Fig. 1B). This antioxidant effect of GSH 
was observed concomitantly with a decrease in 
its concentration in the peroxidizing system as 
a function of time (Fig. 2A), suggesting an 
interaction between GSH and the free radicals 
generated in this condition that could form 
glutathionyl radicals (GS ~ and GSSG by 
homologous binding (14). This view is further 
supported by the fact that the decrease in GSH 
concentration is accompanied by a correspond- 
ing increase in GSSG levels (Fig. 2A), so that 
the concentration of total GSH equivalents 
(GSH + 2GSSG) of the peroxidizing system 
remains constant throughout the incubation 
period (Fig. 2A). The possibility of  a sponta- 
neous oxidation of GSH in the in vitro condi- 
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FIG. 2. (A) Time course of the changes in the 
concentration of reduced glutathione (GSH), gluta- 
thione disulfide (GSSG) and total GSH equivalents 
(GSH + 2GSSG) in the peroxidizing system. (B) Time 
course of the changes in GSH concentration in the 
nonperoxidizing system. Each point represents the 
mean -+ SEM for values obtained in duplicate from 5 
separate experiments. 

t.ions used can be discarded as its concen t r a t i on  
is no t  al tered when added  to  a nonperox id iz ing  
sys tem (Fig. 2B). 

Diethyl  maleate  was unable to  mod i fy  the  
an t iox idan t  ef fect  of  GSH in the in vitro 
peroxidiz ing sys tem (Fig. 1C), indicat ing 
that  an in terac t ion  be tween  die thyl  maleate  
and GSH does  no t  seem to occur  in this situa- 
t ion.  In the  cell, however ,  this in te rac t ion  s e e m s  
to  occur  med ia ted  by an enzymat i c  conjugat ion  
catalyzed by the  g luta th ione-S-alkenetransfer-  
ase sys tem (15). 
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ERRATA 

Please note the following correction to the 
article "Reactivity of Key Metabolic Sterols in 
Standard Colorimetric Assays for Cholesterol," 
by C.P. Sarkar and R.J. Cenedella (Lipids 17: 
46-49 [1982]). On page 49, second column, 
line 1, "but only with the FeSO4 method of 
Zlatkis et. al. (4)." should read "but only with 
the FeSO4 method of Searcy and Bergquist 
(8)." 

Please note the following addition to the 
article "Effects of Dietary 9-trans, 12-trans Lin- 
oleate on Arachidonic Acid Metabolism in Rat 
Platelets," by D.H. Hwang, P. Chanmugam and 
R. Anding (Lipids 17:307 [1982]). On page 
310, Table 4, the first line of numbers in the 
last column should have an asterisk to denote 
p < 0.05 (3.9 + 0.9*). 
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StearoyI-Coenzyme A Desaturase Activity 
in the Mammary Gland and Liver of Lactating Rats 
MICHAEL A. CALABRO, M. RENUKA PRASAD, SALIH J. WAKIL and VASUDEV C. 
JOSHI*, Marrs McLean Department of Biochemistry, Bay/or College of Medicine, 
Houston, TX 77030 

ABSTRACT 

Stearoyl-CoA desaturase activity in microsomes from lactating rat mammary gland is very low 
(0.05-0.15 nmol/min/mg of protein) regardless of lactating time. In such microsomes, reductase activi- 
ties and content of cytochrome b s are several-fold lower than in normal rat liver microsomes. Pre- 
incubation of the mammary microsomes with purified terminal desaturase gives a 55-fold stimulation 
of stearoyl-CoA desaturase activity, whereas preincubation with cytochrome b 5 has no effect. How- 
ever, preincubation of mammary microsomes with both cytochrome bs and terminal desaturase results 
in a 200-fold stimulation of overall desaturation. These observations suggest that negligible stearoyl- 
CoA desaturase activity in lactating rat mammary microsomes is due to a low cytochrome bs content 
and the absence of terminal enzyme. The hepatic stearoyl-CoA desaturase activity increases 9-fold 
during lactation. There is little or no change in the NADH-cytochrome c reductase activity or in the 
concentration of cytochrome b s during this period, but the activity of the terminal desaturase in- 
creases with the increase of overall desaturation. These results suggest that liver is one of the more 
important sources of oleic acid for milk triglycerides. 
Lipids 17:397-402, 1982. 

The conversion of stearoyl-CoA to oleoyl- 
CoA is catalyzed by the stearoyl-CoA desatu- 
rase system in the presence of NADH and 
oxygen. This system is located in the endo- 
plasmic reticulum of the cell, and consists of 
3 membrane-bound proteins: NADH-cyto- 
chrome bs reductase (flavoprotein), cyto- 
chrome bs, and a terminal desaturase enzyme 
(1-8). In addition to these protein components, 
the desaturase activity is dependent on the 
presence of lipids (9). 

Stearoyl-CoA desaturase activity is high in 
the lactating mammary glands of many species. 
For example, the enzyme activity in the glands 
of cows (10,11), sheep (12), and mice (13) is 
comparable to that in normal rat liver (14-16). 
On the other hand, stearoyl-CoA desaturase 
activity in the mammary gland microsomes of 
lactating goats and sows is low, but can be 
stimulated by glycerol-3-phosphate and the 
particle-free supernatant cell fraction (17). 
In the special cases of the lactating rat and 
rabbit mammary glands, however, such desatu- 
rase activity has been reported to be low or 
absent (11,17-20) and is not affected by 
glycerol-3-phosphate (20). Despite the absence 
of desaturase activity in rat mammary gland, 
oleic acid is one of the major fatty acids of 
milk triglycerides (21,22). In the rabbit, oleic 
acid for milk triglycerides is absorbed by the 
mammary gland from the serum (23). 

Because the stearoyl-CoA desaturase is 
mult icomponent  in nature, absence of mam- 
mary desaturase activity may be due to lack of 
one or more components. The present results 

indicate that the absence of stearoyl-CoA 
desaturase activity in lactating rat mammary 
glands is due to a low cytochrome b s content 
and an absence of the terminal desaturase 
protein. We also find a 9-fold induction of 
stearoyl-CoA desaturation in the liver during 
the lactation period, which suggests that the 
liver may serve as one of the important  sources 
of oleic acid for milk triglycerides. In the liver, 
the major cause of the increase in stearoyl-CoA 
desaturation is an increase in the activity of 
the terminal enzyme. 

MATERIALS AND METHODS 

Preparation of Microsomes 

In our experiments, Sprague-Dawley female 
rats (170 g) are bred, and are fed a diet ad 
iibitum of water and Lab-blox rat pellets 
(Allied Mills, Inc., Chicago). The first full day 
after parturition is termed day-one of lactation. 
At the indicated lactation times, the nursing 
dam is separated from her pups and killed by 
decapitation. The 2 abdominal mammary 
glands and the liver are removed, washed 
repeatedly in cold 0.25 M sucrose, minced and 
homogenized in 3 times their weight of 0.25 
M sucrose using seven 15-sec bursts of a Poly- 
tron PT-10 homogenizer. Preparation of the 
microsomal fraction by differential centrifuga- 
tion is done according to an earlier report (17). 
The microsomal pellets are resuspended in fresh 
sucrose solution by Dounce homogenization 
(Teflon pestle) and then stored at -50 C up to 
several days. Under these conditions, the 
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stearoyl-CoA desaturase activity is stable for 
at least 6 months.  

Enzyme Assays 

Desaturase activity is assayed by the method 
of Jones et al. (9). Microsomes (0.10-0.50 mg 
protein) are incubated in a final volume of  0.5 
ml with [ 1J4C] stearoyl-CoA (10-15 nmol)  and 
NADH (100 nmol)  in 160 mM potassium phos- 
phate buffer, pH 7.2 for 10 rain at 37 C. The 
methyl esters of [1J4C]olea te  and [1J4C]-  
stearate are isolated by thin layer chromatog- 
raphy and the radioactivity is quanti tated using 
a liquid scintillation counter.  The NADH-ferri- 
cyanide reductase and NADH-cytochrome c 
reductase activities are determined as described 
previously (24) using a Gilford Model 240 
recording spectrophotometer .  Cytochrome bs 
contents are measured from the NADH-reduced 
minus oxidized spectra between 424 and 409 
nm (6,24) using an Aminco DW-2 spectropho- 
tometer.  Because cytochrome bs content  in 
mammary microsomes is low, a full-scale cali- 
bration of  0.02 absorbance is used. The termi- 
nal component  of  the liver desaturase system is 
assayed spectrophotometr ical ly  (6,24) at 25 C, 
and the rate of oxidation of reduced cyto- 
chrome bs is calculated from the extrapolated 
linear rates as described by Str i t tmat ter  et al. 
(25). 

Raconstitution of Desaturase Activity 

Purified cytochrome bs (detergent-extracted 
from rabbit liver) was a gift from Dr. B.S.S. 
Masters. Terminal desaturase protein is isolated 
by the method of  Str i t tmatter  et al. (25) from 
starved-refed rat liver and the purification pro- 
cedure is followed up to the DEAE-cellulose 
column step (fraction 8). 

Reconsti tution of desaturase activity using 
microsomes of  lactating rat mammary glands 
or liver and purified cytochrome bs and termi- 
nal desaturase is accomplished according to the 
procedure of Joshi et al. (26). Thus, cyto- 
chrome bs and/or  terminal enzyme is added to 
microsomes (400 pg protein)  in a final volume 
of  50 bd containing 1% Triton X-100 and 0.06% 
sodium deoxycholate.  These components  are 
preincubated for 10 min at room temperature.  
The desaturation is then assayed using NADH 
(100 nmol)  and [ 1-14C] stearoyl-CoA (15 nmol)  
and the mixture is incubated for either 2 or 10 
min in a final volume of  0.5 ml. The rate of  
desaturation is unaffected by increasing the 
preincubation time from 10 to 60 min, so the 
shortest t ime is chosen for use in our experi- 
ments .  The reaction time is determined by the 
ability of the particular assay mixture to re- 

spond in a linear fashion. 

RESULTS 

Stearoyl-CoA Desaturase Activity of Rat Mammary 
Gland and Liver during Lactation and Weaning 

Desaturase activity of lactating rat mammary 
gland microsomes is found to be low during 
early lactat ion (about 120 pmol/min/mg pro- 
tein) and further decreases as the lactation 
continues. This is in contrast to the case of 
corresponding liver microsomes wherein the 
desaturase activity is low during early lactation 
(about 150 pmol/min/mg) but  increases about 
9-fold during later lactation (Table 1 ). 

The desaturase activity of mammary gland 
is very high 10 days after weaning (1.9 nmol/  
min/mg), presumably because of  the increase 
in the fat cell content  of the tissue. This may 
indicate that the very low desaturase activity 
found in the mammary gland during lactat ion 
may even be attr ibutable to a small amount  of  
invasive fatty tissue. In the corresponding 
weaned rat liver, the desaturase activity de- 
creases slightly (to 1.0 nmol/min/mg) from 
opt imum levels due to the end of  demand for 
milk fat production.  

NADH-ferricyanide and NADHr c 
Reductase Activities and Cytochroma b s Content 
of Lactating Mammary Gland and Liver 

The NADH-ferricyanide reductase activity 
is a measure of  the activity of  the flavoprotein,  
NADH-cytochrome bs reductase, whereas the 
NADH-cytochrome c reductase activity is a 
measure of  the flavoprotein and cytochrome b s 
(27). Although the NADH-ferricyanide reduc- 
tase activity in the mammary gland increases by 
about 2-fold during lactat ion,  the activity of  
NADH-cytochrome c reductase and the content  
of cytochrome bs remain almost the same 
regardless of the lactation t ime (Table 1). The 
increase in NADH-ferricyanide reductase activ- 
i ty does not  seem to play any role in the regu- 
lation of stearoyl-CoA desaturation, as during 
the lactation time no increase in overall desatu- 
ration was observed. Although the average 
activity of  mammary gland NADH-ferricyanide 
reductase is about 9 times lower than that 
reported for normal rat liver (15), the reductase 
activity cannot be rate-limiting because its 
activity is 3 to 4 orders of magnitude greater 
than the desaturase activity (Table I). However, 
th activity of the NADH-cytochrome c reduc- 
tase and the content of cytochrome bs are 
about 15-fold lower than those of  normal rat 
liver microsomes (15). These results suggested 
that  the low activity of  stearoyl-CoA desatura- 
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tion in mammary microsomes may be due to 
the low content  of  cytochrome bs. In addit ion,  
the activity of  the terminal desaturase in micro- 
somes from lactating mammary glartd was 
negligible (data not  shown) which is consistent 
with the low overall stearoyl-CoA desaturation. 

The measurement of  component  activities 
in liver show that,  on days 1 and 15 of lacta- 
t ion, there is li t t le or no change either in the 
content  of  cytochrome bs or in the activities of  
reductases. These results indicate that  the 
increase in hepatic microsomal stearoyl-CoA 
desaturation during lactation is not  due to the 
regulation of  the activity of the first 2 electron- 
transfer components,  and that the terminal 
desaturase may be involved in the induction of  
overall stearoyl-CoA desaturation. Direct sup- 
port  for the lat ter  suggestion is obtained by 
measuring the terminal component  activity as 
reflected in the rate of stearoyl-CoA stimulated 
ox ida t ion  of NADH-reduced cytochrome bs 
(6,24). The rate of stearoyl-CoA-dependent 
oxidation of cytochrome bs in liver micro- 
somes of  1-day lactat ing rats is not  detectable 
(i.e., less than 15 pmol /min/mg protein), 
whereas that in microsomes of 15-day lactating 
rats is 172 pmol /min/mg protein. The rate of  
stearoyl-CoA-stimulated oxidation of  reduced 
cytochrome b s in liver microsomes is propor-  
tional to the activity of  the A 9 terminal desatu- 
rase (6,14,15,24). The results lead us to con- 
elude that  the increase of hepatic stearoyl-CoA 
desaturation during lactation is due to an 
increase in the activity of  the terminal desatu- 
rase component .  

Recon.stitution of Stearoyl-eoA Desaturase Activity 

The mammary gland microsomes are supple- 
mented with either cytochrome bs or terminal 
desaturase, or both,  to determine which of  
these components  may be lacking and thereby 
responsible for the lack of  overall stearoyl-CoA 
desaturation. Active desaturation comparable 
to liver microsomes is generated only by the 
addition of  both  cytochrome bs and terminal 
desaturase, suggesting that the low levels of 
NADH-cytochrome bs reductase are not  limit- 
ing the system (Table 2). Addit ion of  cyto- 
chrome bs alone causes a negligible increase in 
stearoyl-CoA desaturation indicating that mam- 
mary microsomes have insignificant terminal 
desaturase activity. On the other hand, addit ion 
of purified terminal desaturase by itself could 
increase desaturation, demonstrat ing that some 
endogenous, functional cytochrome bs is 
present. Because this activity can be f u r t h e r .  
increased 4-fold by simultaneous supplementa- 
tion of microsomes with terminal desaturase 
and cytochrome bs, this suggests that the 
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TABLE 2 

Reconstitution of Stearoyl-CoA Desaturation by Cytochrome b s and Terminal Desaturase Enzyme 

Component added 

Cytochrome  b s Terminal desaturase Oleate formed 
Microsomes a (nmol) (~)  ( n m o l / m i n )  

1) Lactating rat mammary b 

2) I-Day lactating rat liver c 

3) 12-Day lactating rat liver d 

0 0 0.01 
0 .14  0 0.01 
0 10.4 0 .55  
0 .14  10.4 2.01 

0 0 0 .02  
0 2 0 .36  
0 6 1.26 
0 10 2 .20  
0 15 2 .50  

o o 0 .79  e 
0 2 1.37 
0 4 2.13 
0 6 2 .38  

aIn each assay, 400 /~g of  microsomal  protein was reconst i tuted wi th  other  c o m p o n e n t s  o f  the 
desaturation system as described in Methods. 

bMicrosomes were prepared from 14-15.day lactating rats and their cytochrome b s content was 
23-37 pmol/mg protein. 

CMicrosomes were prepared from l-day lactating rat livers which contained 215 pm(d of  cyto-  
chrome bs/mg. 

dMicrosomes were  prepared from 15-day lactating rat livers which contained 358  pmol  o f  cy to -  
chrome bs/mg. 

eBecause Triton X-IO0 in the  reconst i tuted system inhibits stearoyl-CoA desaturation, the value 
is 40% of  that observed in the absence of Triton X-IO0. 

endogenous level of mammary cytoclirome b s 
is low compared to liver, and that this also is 
partly responsible for the low stearoyl-CoA 
desaturase activity in mammary microsomes. 

It has been shown earlier that neither 
NADH-cytochrome bs reductase nor the 
content of  cytochrome bs limits the hepatic 
stearoyl-CoA desaturase activity in various 
other physiological conditions (6,14,15,24,28, 
29). Because the liver microsomes from lac- 
tating rats contain similar amounts of  NADH- 
ferricyanide reductase activity and cytochrome 
bs as compared to rats under various other 
physiological conditions, it is likely that the 
observed overall stearoyl-CoA desaturation in 
lactating rat liver reflects the activity of  the 
terminal enzyme. Indeed, supplementation of 
liver microsomes from rats early or late in 
lactation with increasing amounts of  terminal 
desaturase results in a progressive increase in 
overall desaturation (Table 2). Furthermore, 
the microsomcs from I-day lactating rat liver 
require much higher amounts of  the exogenous 
terminal enzyme than microsomes from 12- 
day lactating rat liver to attain the same level 
of  stearoyl-CoA desaturation. The 2 prepara- 
tions of hepatic microsomes contain equal 
amounts of cytochrome bs and NADH-ferri- 

cyanide reductase activities and, therefore, 
identical maximal stearoyl-CoA desaturation 
representing the same amount of  functional 
complex is attained in the presence of  satu- 
rating amounts of  terminal desaturase in the 
2 preparations of microsomes. As t h e  micro- 
seines from 12-day lactating rat liver require 
much lower amounts of exogenous terminal 
enzyme than microsomes from l-day lactating 
rat liver to reach the same saturating stearoyl- 
CoA desaturation activity, the results indicate 
that the late lactating rat liver has more of  the 
endogenous terminal desaturase than that of  
early lactating rat liver. 

DISCUSSION 

This study examined the reasons for the lack 
of stearoyl-CoA desaturase activity in lactating 
rat mammary gland microsomes. Changes in 
stearoyl-CoA desaturation activity can be 
effected, in principle, by modulation of any 
one of the individual components of  the 
desaturase system. These results show that the 
lack of  stearoyl-CoA desaturase activity in the 
mammary gland microsomes is mainly due to 
the lack of activity of the terminal enzyme. 
Furthermore, we observe that the terminal 
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desaturase activity is involved in the induction 
of hepatic desaturase activity during lactation. 
This report, then, provides 2 new examples 
demonstrating the general regulatory role of 
the terminal enzyme in the overall desaturase 
system. This is consistent with earlier reports 
studying the chicken and rat hepatic desaturase 
system under various dietary and hormonal 
conditions (6,14,15,28-30) and during the 
development of  neonatal chicks (24) where it 
is also found that the overall desaturase system 
is regulated by the activity of the terminal 
enzyme. 

In the liver immediately after parturition, 
desaturase activity is depressed below even 
normal levels. Stearoyl-CoA desaturase activity 
of normal rat hver has been found in our labo- 
ratory (15) to be about 0.59 nmol/min/mg. 
Shortly after the onset of lactation, however, 
hepatic activity rises rapidly, suggesting that the 
liver may serve as one of  the important sources 
of oleic acid for the milk triglycerides via the 
blood lipoproteins. This induction of the 
hepatic terminal desaturase activity during 
lactation may result from the increased produc- 
tion of  insulin during lactation (31 ). A role for 
insulin (15,29) and other supportive hormones, 
such as triiodothyronine and hydrocortisone 
(29,30), in the induction of hepatic A 9 termi- 
nal desaturase has been demonstrated in our 
laboratory. 

It is notable that the rat mammary gland is 
responsive to hormonal induction of other hpo- 
genic enzymes. For example, during pregnancy, 
in vitro studies have shown that prolactin i n  
the presence of insulin and a glucocorticoid 
raises the overall rate of  lipogenesis in rat 
mammary gland explants as measured by [ 14C] - 
acetate incorporation into total fatty acids 
(32). In addition, under similar hormonal 
conditions, short- and medium-chain-length 
fatty acids are produced in preference to 
longer-chain-length fatty acids. Such effects 
have been confirmed in our own laboratory. We 
find, however, that such hormonal manipula- 
tions in the presence of [14C]acetate do not 
induce stearoyl-CoA desaturase activity as mea- 
sured by appearance of labeled oleate in mid- 
pregnant rat mammary gland explant culture 
during several days (data not  shown). 

There have been proposals for why the rat 
mammary gland shows no desaturase activity. 
One suggestion was that, in comparison to 
ruminants, the fatty acids found in circulating 
plasma are already sufficiently unsaturated and 
can be used directly to produce the necessary 
fluid (33) and highly digestible (12) milk fat, 
so that an active desaturase is unnecessary. It 
has been suggested that the presence of  such 

polyunsaturated fatty acids may inhibit the 
desaturase (12). Our mconsti tution experiments 
indicate that there is not  a large amount of  
inhibition present in the mammary microsomes, 
because the activity can be restored by the 
addition of cytochrome bs and terminal 
desaturase. Thus, it is likely that any inhibitory 
effect of polyunsaturated fatty acids on the 
stearoyl-CoA desaturase is mediated by changes 
in the amount of  terminal desaturase (34). 
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Autoxidation of Phosphatidylcholine Liposomes 
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ABSTRACT 

Autoxidation of pure soybean phosphatidylcholine liposomes at 40 C was found to proceed with- 
out an observed induction period, but otherwise, the rates of disappearance of the linoleic acid (70% 
of total) and linolenic acid (6% of total) followed typical autocatalytic kinetics. Incorporation of 0.05 
mol % of tocopherol into the liposomes produced an induction period of about 7 hr under the condi- 
tion used for the incubation. The products formed from the autoxidation of pure soybean phospha- 
tidylcholine liposomes were mostly 9- and 13.hydroperoxyoctadeeadienoates (isolated as hydroxy 
esters). The yield of hydroperoxides with cis,trans configuration was about the same as those with 
trans,trans configuration throughout incubation period. After extensive autoxidation, a large quantity 
of trihydroxyoctadecenoate was also produced. When a large quantity of dipalmitoyl phosphatidyl- 
choline was incorporated into soybean phosphatidylcholine liposomes, the rate of autoxidation de- 
creased and was found to conform to apparent first-order kinetics. In this system, the yield of trans, 
trans hydroperoxides was much greater than that of cis,trans isomers at all stages of autoxidation. Late 
in the autoxidation of the mixed liposomes, both trihydroxyoctadecenoate and hydroxyepoxyocta- 
decenoate were produced in substantial quantities. 
Lipids 17:403-413, 1982. 

INTRODUCTION 

The oxidation of membrane phospholipid 
h'as been recognized to be one of the primary 
events leading eventually to the destruction of 
cell membranes. For example, an increase in 
permeability (1) and hemolysis of erythrocytes 
(2) were found to be direct consequences of 
pliospholipid oxidation. Clinically, the results 
of phospholipid oxidation have been observed 
in degenerative and other diseases. 

In light of  the po ten t ia l  importance of phos- 
pholipid peroxidation, it seems surprising that 
little effort has been expended in this area. 
There is only scattered information available on 
the autoxidative reactions of phospholipid 
either in a neat film, in an aqueous emulsion or 
in an ordered arrangement, as in liposomes. 
Moreover, the available reports seem to deal 
mainly with the rates and infrequently with the 
products of the reaction. In an emulsified sys- 
tem, phosphatidylethanolamine isolated from 
egg and soybean lipids was found to oxidize at 
a greater rate than did phosphatidylcholine 
(PC) from the same sources (3). Using both 
vitamin-E-deficient erythrocyte membranes and 
a phospholipid micellar system, arachidonic 
acid was found to be the most susceptible fatty 
acid to peroxidation induced by glucose oxi- 
dase-glucose or dialuric acid (4). The extent of 
autoxidation of phospholipids in liposomes 
under different conditions of sonication has 
been investigated (5,6). PC liposomes have been 
autoxidized using various heme compounds as 
initiators. Among many heme compounds 

tested, hematin appears to be most active for 
this purpose (7). Other peroxide-splitting metal 
ions have also been effectively used as initiators 
in ox brain phospholipid liposomes ( 8 ) a n d  in 
lyophilized red blood cell bilayer membranes 
(9). Recently, the autoxidation products from 
synthetic l-palmitoyl-2-1inoleoyl PC and 1- 
stearoyl-2-arachidonoyl PC in neat film have 
been isolated and characterized. The major 
products were found to be a mixture of  hydro- 
peroxides (10). 

Previously in our laboratory, we have stu- 
died extensively the autoxidation of membrane 
lipids using a simple model system, unsaturated 
fatty acid monolayers supported on silica gel 
(11-14). We found that unsaturated fatty acids 
in a monolayer arrangement oxidize at a con- 
siderably greater rate than in neat films and 
that the major products are not hydroperox- 
ides, but epoxides and other more polar mater- 
ial (12). When the surface coverage was reduced 
to only 5% of the available adsorption sites, or 
saturated fatty acid was incorporated into lino- 
leic acid monolayers, the rate decreased and 
the major products formed were hydroxy- 
epoxyoctadecenoic acids. 

In extending our investigation of  autoxida- 
tion of model membrane systems, we under- 
took a study using a more complex system, 
phospholipid liposomes. The close structural 
similarities between biomembranes and micro- 
vesicles have been demonstrated by numerous 
studies of the physical properties of  these 2 
structures. In the research reported here, we in- 
vestigated primarily the rates and major prod- 
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ucts of autoxidation of soybean PC liposomes 
to see whether the findings in monolayers pre- 
vail in this system. Soybean PC was initially 
chosen for this purpose because the possible 
product pattern would be derived mostly from 
linoleic acid (soybean PC contains up to 70% of 
linoleic acid). The amount of linolenic acid is 
small compared to linoleic acid, and oleic acid 
is known to autoxidize slowly. We also investi- 
gated the autoxidation of liposomes contain- 
ing soybean PC intermixed with a large quanti- 
ty of dipalmitoyl PC. This particular system 
was designed to simulate to some extent the 
known composition of pulmonary surfactant 
lipid which contains dipalmitoyl PC (15). 

EXPERIMENTAL PROCEDURES 

Materials and Methods 

Pure soybean PC was isolated from crude 
vegetable lecithin (Mann Research Laboratories, 
Inc.) by chromatography on alumina (Mathe- 
son, Coleman and Bell, chromatographic grade) 
(16). After less polar material was removed by 
chloroform, PC was eluted with chloroform/ 
methanol (9:1, v/v). Thin layer chromatog- 
raphy (TLC) showed that the PC was pure ex- 
cept for contamination by a small amount  of 
column material, which was subsequently re- 
moved by passing PC through a silicic acid col- 
umn (J.T. Baker Chemical Co., Phillipsburg, 
N J). The fatty acid content determined after 
hydrolysis was as follows: 16:0, 7.9%; 18:0, 
4.4%; 18:1, 11.9%; 18:2, 69.8% and 18:3, 
6.0%. The principal molecular species of soy- 
bean PC has been determined by Terao and co- 
workers to contain 16:0-18:2, 25.2%; 18:1- 
18:2, 13.2% and di-18:2, 31.3% (17). Dipalmi- 
toyl PC purchased from Sigma Chemical Co. 
(St. Louis, MO) is 99% pure PC as determined 
by TLC and was used directly. After hydrolysis, 
the fatty acid content was found to be 14:0, 
1.2%; 16:0, 95.5% and 18:0, 3.3%. D-a-Toco- 
pherol (Mann Research Laboratories, Inc.) was 
found to be pure on TLC and gave ultraviolet 
(UV) absorption maxima at 292 nm (e 3,430). 

Gas liquid chromatography (GLC) was done 
using a Hewlett Packard Gas Chromatograph 
Model 5830A. Methyl esters were separated on 
a 0.20 • 300 cm metal coiled column packed 
with 10% Silar 10C on 100/120 mesh Gas 
Chrom Q, and the autoxidation products were 
chromatographed on a 0.20 x 180 cm glass col- 
umn packed with 3% OV-101 on 1001120 mesh 
Gas Chrom Q. For the quantitation of the 
autoxidized products, GLC (OV-101 column) 
was run with temperature programmed starting 
at 175 C to elute the unchanged methyl esters 
and then raising the temperature quickly to 190 

C to elute other oxygenated methyl esters. The 
relative yield of the product was expressed as 
the ratio of the product peak area vs that of 
either methyl stearate or methyl palmitate pres- 
ent in the mixture. TLC was done using pre- 
coated Silica Gel G plates (0.25 mm thick, 
Analtech, Inc., Newark, DE). The purity of PC 
was checked with the solvent system chloro- 
form[methanol/water (65:25:4,  v/v/v) and the 
analyses of methyl esterified autoxidation prod- 
ucts were done using the solvent system petro- 
leum ether/diethyl ether/acetic acid (80:20:1 
or 60:40: 1, v/v/v). The spots on the plates were 
revealed by dipping in a solution of 3% cupric 
acetate in 8.5% phosphoric acid and subse- 
quently charring at 140 C. For preparative 
TLC, samples were spotted on prescored plates, 
one segment of the plate was broken off for 
dipping and charring to locate the spots, and 
the adsorbent on corresponding areas on the 
other part of the plate was scraped off and ex- 
tracted with ether. UV spectra were recorded 
using 1-cm path quartz cells in a Cary Model 14 
spectrophotometer. Mass spectroscopic analyses 

were  performed on a Finnigan Model 300 qua- 
drupole spectrometer coupled with a Varian 
Aerograph Series 1400 gas chromatograph. The 
column used was a 0.20 x 180 cm metal coiled 
column packed with 3% OV-1 on 100/120 
mesh Chromosorb WHP. The trimethylsilyl 
(TMS) derivatives were prepared by treating the 
hydroxy compounds with the silylating reagent, 
TRI-SIL (Pierce Chemical Co., Rockford, IL). 
High pressure liquid chromatography (HPLC) 
was done on a LiChrosorb RP-18 column (4.6 
mm x 25 cm) (Unimetric, Anaheim, CA)using 
methanol as eluting solvent for a-tocopherol 
and soybean PC. For separation of the hydroxy 
esters, a Partisil 10 column (4.6 mm x 25 cm) 
(Whatman, Inc., Clifton, N J) with solvent sys- 
tem 2-propanol/hexane (0.75:100, v/v) and 
flow rate of 80 ml/hr was used. Equipment for 
HPLC was a Varian Model 8500, a Varian 
Fluorichrom and a Hewlett Packard Model 
3380A Integrator. 

Preparation and Autoxidation of PC Liposomas 

The established methods of forming small 
unilamellar vesicles have been followed with 
slight modifications (18,19). In a typical prep- 
aration, 0.136 g of pure soybean PC dissolved 
in a small quantity of chloroform was dried 
down to a very thin film on the walls of a soni- 
cation tube. The lipid was suspended by adding 
20 ml of buffer solution (0.1 M KC1 in a 0.01 M 
Tris buffer adjusted to pH 7.4), and then soni- 
cated with a Branson Sonifier (Model S110) at 
power level 2. During sonication, nitrogen was 
flushed over the surface of the solution, and the 
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temperature was kept he, low 35 C by immersing 
in a cold water bath. It usually required 15-20 
min of sonication for the original milky suspen- 
sion to become translucent. After sonication, 
the titanium fragments released from the probe 
and any undispersed multilamellar vesicles were 
removed by centrifugation at 105,00 x g for 60 
rain. The resulting supernatant was divided into 
portions and was usually used immediately for 
the subsequent incubation. Autoxidation was 
done at 40 C by exposing the samples to air in 
an incubator-shaker for the desired length of 
time. 

After autoxidation, the liposome samples 
were extracted twice with chloroform]metha- 
nol (2:1, v/v), the solvent evaporated under ni- 
trogen and the residual PC, usually 10-15 mg in 
weight, was saponified using 4 ml of diethyl 
ether and 0.6 ml of KOH solution (3 g of KOH 
in 10 ml of methanol). The saponification mix- 
ture was stirred vigorously at room temperature 
for 3 hr, neutralized with acetic acid/water 
(1:3, v/v), and the ether layer was washed sev- 
eral times with water. (Methyl 9,10-epoxystear- 
ate was used to test the method to insure the 
complete preservation of the epoxide ring dur- 
ing hydrolysis.) The resulting fatty acids were 
then esterified with diazomethane. The methyl 
esters were quantitated by GLC. 

Purity of PC before and after sonication 
were checked both by TLC and HPLC, and 
after hydrolysis, the methyl esters were 
checked by GLC and TLC. The separation of 
pure and oxidized PC has also been done by 
others (20). It was found that, with sonication 
under nitrogen atmosphere and at a low power 
level, the losses of both linoleic and linolenic 
acid due to oxidation were usually below 1% of 
the total amount.  Only a small amount of phos- 
phatidic acid was detected on TLC as the result 
of degradation by sonication, bu t  no lyso PC or 
free fatty acid was detected as previously re- 
ported by others (6). 

Preparation of Soybean PC-Dipalmitoyl PC Liposomes 
and Soybean PC-a-Tocopherol Liposomes 

Dipalmitoyl PC, 0.073 g (9.099 mmol), and 
soybean PC, 0.020 g (0.026 mmol), were co- 
dissolved in a small amount of chloroform. 
After thorough mixing, the solvent was re- 
moved. The mixture was sonicated in 14 ml of 
0.1 M KC1 in 0.01 M Tris buffer at 45 C. 

Soybean PC, 0.217 g (0.278 mmol), was dis- 
solved in 1 ml of a-tocopherol solution (0.0139 
mmol of t~-tocopherol in 50 ml of chloroform). 
The concentration of 0t-tocopherol incorpo- 
rated in the liposomes is 0.05 mol % of total 
fatty acid. 

The procedures used for the preparation, 

autox, idation and work-up of soybean PC- 
dipalmitoyl PC and soybean PC-~-tocopherol 
liposomes were exactly the same as those des- 
cribed for the pure soybean PC liposomes. 

Preparation of Trihydroxyoctadecenoates 

A mixture of hydroxyepoxyoctadecenoates 
(about 1 rag) (13) was stirred with 1 ml of 7% 
perchloric acid in tetrahydrofuran/water (4:1, 
v/v) at room temperature for 21 hr. After the 
reaction, the mixture was evaporated down to 
a small volume and was then extracted 3 times 
with ether. The ether layer was washed with 
water several times before the ether was re- 
moved. Diazomethane was added to the resi- 
due. GLC revealed that the conversion was 
nearly quantitative under the condition used. 

RESULTS 

The rate of autoxidation of pure soybean PC 
liposomes at 40 C is shown in Figure 1. In this 
figure, the remaining quantity of each substrate 
expressed as a percentage of the contro l  was 
plotted against the incubation period. The 
autoxidation of both linoleic and linolenic acids 
commenced immediately without a detectable 
induction period. For oleic acid, however, there 
seemed to exist an induction period which con- 
tinued for about 17 hr of incubation. As expec- 
ted, the rate of disappearance of linolenic acid 
was faster than that of linoleic acid. At the end 
of the 22 hr incubation period, the remaining 
linoleic and linolenic acids were 46 and 23%, 
respectively. The loss of oleic acid to autoxida- 
tion eventually reached 30% at the end of the 
68-hr incubation period. 

The autoxidation of liposomes which con- 
tained 0.05 mol% of a-tocopherol resulted in an 
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FIG. 1. Rate of autoxidation of unsaturated fatty 
acids in soybean PC liposomes. _--A-_., Disappearance 
of oleic acid; - - e - - ,  disappearance of linoleic acid; 
_4 .  --m- - ,  disappearance of linolenic acid. 
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induction period for both linoleic acid and lino- 
lenic acid as shown in Figure 2. The end of the 
induction period is defined as the time at which 
the straight line drawn for the early oxidation 
curve intercepts the straight line drawn to 
represent the succeeding rapid oxidation curve. 
The induction periods for linoleic and linolenic 
acid are both ca. 7 hr, with more loss of linolen- 
ic acid than linoleic acid to autoxidation (7 vs 
2%) during the induction period. The induction 
period for oleic acid is not obvious, as the over- 
all loss for the entire 28-hr incubation period 
measured is only about 10%. At the end of the 
induction period, the rates of autoxidation for 
both linoleic and linolenic acids seem to be 
slightly faster than those from the liposomes 
without added tocopherol. 

Several attempts to determine the amount  of 
remaining cz-tocopherol at various stages of the 
induction period were unsuccessful. Without 
prior isolation, the routine methods of assaying 
tocopherols were found to be unsuitable in 
quantitating small amounts of ot-tocopherol in 
a mass of lipid and its autoxidized product. In 
Emmerie and Engle's method using ferric chlor- 
ide and bathophenanthroline (21), the presence 
of both PC and tris(hydroxymethyl)amino- 
methane in the mixture interferes with the 
color reaction. HPLC equipped with spectro- 
fluorometer can be successfully used for the 
determination of ~x-tocopherol present in the 
control sample. However, as the incubation pro- 
ceeds, the oxidized PC formed in the sample 
interferes progressively with the tocopherol de- 
termination. 

Soybean PC can be successfully hydrolyzed 
with a mild 2-phase system, methanolic potas- 
sium hydroxide and ether, a procedure specially 
developed in this laboratory to preserve epox- 
ides and hydroxyepoxides, during hydrolysis. 
The conditions used for the hydrolysis of PC 
also convert the hydroperoxide to alcohol, pre- 
sumably through a nucleophilic, substitution- 
type reaction reported previously (22). Similar 
conversion has been observed in saponification 
of fatty ester hydroperoxides (23). 

OOH 
I 

CH3(CH2)4CH=CHCH=CHCH(CH2)7COOCH3 [I] 

OOH 
I 

CH3(CH2)4CH-CH=CHCH=CH (CH2)7COOCH3 [ I I ]  

OH 
I 

CH3(CH2)4CH=CHCH=CHCH(CH2)7COOCH3 [I11] 

OH 
I 

CH3(CH2)4CHCH=CHCH=CH(CH2)7COOCH3 [IV] 

O 
/ \ 

CH3(CH214CH=CHCH2CH-CH(CH2) 7COOCH 3 [V] 

O 
/ \ 

CH3(CH2)4CH-CHCH2CH--CH(CH 2) 7COOCH 3 [VII 

OH O 
I / \ 

CH3(CH2)4CH=CHCHCH-CH(CH2)7COOCH 3 [ VIII 

O OH 
/ \ 1  

CH3(CH2)4CH-CHCHCH=CH(CH2)7COOCH 3 [V i i i ]  

OH O 
I / \ 

CH3(CH2)4CHCH=CHCH-CH(CH2)7COOCH 3 [IX] 

O OH 
/ \ I 

CH3(CH2)4CH-CHCH=CHCH(CH2)7COOCH 3 [ X] 

OHOH 
I I 

CH3(CH2)4CH=CHCH2CH-CH (CH2) 7COOCH 3 [XI] 

OHOH 
I I 

CH3(CH2)4CH-CHCH2CH=CH (CH2)7COOCH 3 [X]I] 

OHOHOH 
I I I 

CH3(CH2)4CH=CHCH-CH-.CH(CH2)7COOCH 3 [XII I ]  

OH OH OH 
I I I 

CH3(CH2)4CH-CH-CH-CH=CH(CH2)7COOCH3I XIV ] 

OH OHOH 
I I I 

CH3(CH2)4CH-CH=CHCH-CH(CH2) 7COOCH 3 [XV] 

OHOH OH 
I I I 

CH3(CH2)4CH-CHCH--CH-CH(CH2)7COOCH 3 [XVI] 

With the exposure of soybean PC liposomes 
to air at 40 C for 22 hr or less, the major prod- 
uct observed on TLC, after hydrolysis and es- 
terification, was a mixture of 9- and 13-hy- 
droxyoctadecadienoates (III and IV). On GLC, 
without derivatization, the major products were 
resolved into 3 components with retention 
times 14.02, 14.83 and 17.06 min. On conver- 
sion to the TMS ether, as shown in Figure 3, a 
partial resolution is now seen for the slow-mov- 
ing compound (Fig. 3, peaks C and D). The 
faster-moving twin peak in the underivatized 
compound, after silylation, coalesced to form 
peak B. The major products obtained from au- 
toxidation of neat methyl linoleate behaved 
similarly on TLC and GLC. 

The mass spectra of the TMS ether of both 
III and IV have been reported (24). The major 
fragmentation ions obtained from III are shown 
in Table 1, A. In this case, however, the same 

LIPIDS, VOL. 17, NO. 6 (t982) 



AUTOXIDATION OF LIPOSOMES 407 

Ig 

t I I I t | 

t i l l  ( | | | | $ )  

FIG. 2. Effect of 0.05 mol % ~-tocopherol on autoxidation of soybean PC liposomes at 
40 C. . . . . . . .  A- , Disappearance of oleic acid; �9 , disappearance of linoleic acid; 
- - , - - - ~ - - - ,  disappearance of linolertic acid. 
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FIG. 3. Gas chromatography of silylated autoxidized products from soybean PC lipo- 
somes at high level of conversion. A, mixture of V and VI; B, mixture of III (10-trans,12- 
c/s) and IV (9-cis,11-trans); C and D, mixture of III (10-trans,12-trans) and IV (9-trans, l l-  
l-fans); E, mixture of VII and VIII; F, mixture of XI and XII; G, unidentified product; H 
and I, mixture of trihydroxyoctadecenoates. 

set of major ions is also obtained from IV as 
shown in Table 1, B, with differences only in 
the intensities of 2 major ions. Therefore, gas 
chromatography/mass spectroscopy (GC/MS)is 
not entirely suitable for distinguishing between 
the positional isomers of these hydroxy fatty 
acids. 

With HPLC, the 4 isomers of hydroxy ester, 
III (lO-trans,12-cis), III (lO-trans,12-trans), IV 
(9-cis,11-trans) and IV (9-trans, 11-trans)can 
be successfully separated on a micro-silica col- 
umn (25,26). A typical HPLC chromatogram of 
these 4 hydroxy esters obtained from soybean 
PC liposomes is presented in Figure 4. The iden- 
tity of these 4 peaks on HPLC chromatograms 
has been well established in the past (25,26), 

IV  (9-cis,11-tram) being the least polar, fol- 
lowed by IV (9-trans, l l-trans), III (lO-trans, 
12-c/s) and III (10-tram,l  2-trans) (correspond- 
ing to peaks A, B, C and D in that order in Fig. 
4). For the identification of the hydroxy ester 
GLC peaks (peaks B, C and D in Fig. 3), all 4 
isomers (peaks A, B, C and D in Fig. 4) were 
collected separately from the HPLC runs and 
were injected into GLC. By this method, the 
peak B ~Fig. 3 )  is positively identified as a mix- 
ture of III (lO-trans,12-cis) and IV (9-cis,11- 
trans) and peak C and D as a mixture of III (10- 
trans,12-trans) and IV (9-trans, l l-trans). This 
confirms the assignment of GLC peaks of 
monohydroxy esters published earlier by other 
workers using different methods of identifica- 
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TABLE 1 

Mass Spectral Data on Major Autoxidation Products 

R"-~CH=CHCH=CHCH(OTM S ~ , - R '  (A) 

t,l~ 311 225-.a-.J 
M+, 382 

R- -~CH(OTM S)CH=CHCH=CH-~R' (B) 

t-~311 2 2 5 - ~ d  

M+, 382 

RCH= CHCH 2 - ' ~ C H ( O T M  S ) ' ~ H ( O T M S ) R '  

L 3 6 1  a2~ 3-'a--J--,4~2 $ 9 (C) 

271 (361-90) 

RCH(OTM S)--~CH(OTM S ~ . - - C H : t  CH=CH R' 

173 =275and299 11 [ (D) 

185 ( 2 75 -90 )  

RCH=CHCH(OTMS~-~CH(OTMS~--CH(OTMS)R' 

1 9 ~ ~ i  ~ /  L259 (E) 

271 (361-90) 

RCH(OTM S)-T--CH(OTMS)-~-CH(OTM S)CH=CH S' 

172 = - -  ~t 387  and I (F)  
297 (3i7-90) 

275 and ~- 2- 285  
185 (275-90) 

R=CH3(CHa) 4, R'=(CH2)TCOOCH 3 

e ~  

TIME (rain] 

FIG. 4. HPLC elution pattern of hydroxy fatty es- 
ters from autoxidation of soybean PC liposomes. A, 
IV (9-cis, ll-trans); B, IV (9-trans, ll-trans); C, III 
(10-trans, 12-c/s) and D, III ( 1 O-tram, 12-trans). 
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FIG. 5. Rate of autoxidation of linoleic and lino- 
lenic acid in soybean PC-dipalmitoyl PC mixed lipo- 
some, (1:4). - - e - - a - - ,  Disappeaxance of linoleic 
acid; - - s -_ - i - - ,  disappearance of finolenie acid. 

tion (27,28). No attempt was made to charac- 
terize the small amount of  autoxidized prod- 
ucts formed from linolenic and oleic acids. 

When liposomes containing 4 tool of dipal- 
mitoyl PC and 1 mol of  soybean PC were 
autoxidized, the rate of the reaction at 40 C 
was decreased considerably and the shape of 
the disappearance curve was changed (Fig. 5). 
After 23 hr of incubation, the loss of linoleic 
acid was only 30% and that of linolenic acid 
was 51%. The conversion of  a large proportion 
of  substrate was accomplished after close to 70 
hr of incubation. Throughout the entire incu- 
bation period, the disappearance of oleic acid 
was negligible. 

Both liposome systems, pure soybean PC 
and soybean PC-dipalmitoyl PC, at a high level 
of  conversion, produce considerable amounts of  
other products in addition to the hydroxy fatty 
acids derived from hydroperoxides. On TLC, 
these more polar products are seen as a series of 

spots ranging in Rf values from 0.13 to the 
origin. Gas chromatograms of hydrolyzed, 
esterified (diazomethane) and silylated total 
autoxidation product from both pure soybean 
PC and soybean PC-dipalmitoyl PC liposomes 
are shown in Figures 3 and 6, respectively. 
Small quantities of  relatively pure substances 
corresponding to peaks A, E, F, G, H and I 
(Figs. 3 and 6) were isolated individually by 
preparative TLC for identification. According 
to the behaviors in GLC, TLC and GC/MS, the 
structures of these products in both Figures 3 
and 6 were identified as peak A, epoxides V 
and VI; peak E, hydroxyepoxides VII and VIII;  
peak F, dihydroxy esters XI and XII; peak G, 
an unidentified compound and peaks H and I, 
a mixture of trihydroxy esters. Peaks B, C and 
D are geometrical isomers of  III and IV as des- 
cribed earlier. 

The structures of epoxides V and VI and 
hydroxyepoxides VII and VIII from liposomes 
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FIG. 6. Gas chromatography of silylated autoxidized products from soybean PC-dipalmi- 
toyl PC mixed liposomes (1:4). A, mixture of V and VI; B, mixture oflIl  (lO-trans,12-cis) 
and IV (9-cis, 11-trans); C and D, mixture of IIl (1 O-tram, 12-trans) and IV 9-trans, 11-trans); 
E, mixture of VII and VIII; F, mixture of XI and XII; G, unidentified product; H and I, 
mixture of trihydroxyoctadecenoates. 

were confirmed by comparing GLC retention 
times and mass spectra with those of authentic 
samples isolated from monolayer autoxidation 
(12,13). The details of the mass spectra of 
methoxy trimethylsilyloxy derivatives obtained 
from epoxides V and VI (12) and epoxy tri- 
methylsilyloxy compounds obtained from 
hydroxyepoxides VII and VIII have been re- 
ported (13). 

The isomeric dihydroxy esters XI and XII 
are inseparable on TLC and gave an Rf value 
identical to that of methyl 9,10-dihydroxy- 
stearate. On GLC, the mixture appears as 2 over- 
lapping peaks (Fig. 6, peak F) and the retention 
time (25.29 min) is close to that of dihydroxy- 
stearate (25.53 min). Mass spectra of a vicinal 
dihydroxy fatty acid with similar structural 
features have been reported (29). Compound 
XI, as the TMS derivative, cleaved as shown in 
Table 1, C, and similarly, XII gave ions shown 
in Table 1, D. Sampling of different areas of the 
2 peaks (Fig. 6, peak F) gave all the ions expec- 
ted from both structures XI and XII and there 
is no indication of the partial resolution of the 
positional isomers. 

Samples of trihydroxy esters were prepared 
from hydroxyepoxides VII and VIII isolated 
from monolayer autoxidation of linoleic acid 
(13). The products (Fig. 6, peaks H and I) from 
liposome oxidation were found to be similar to 
the mixture of trihydroxy ester obtained from 
VII and VIII in GLC, TLC and GC/MS beha- 
vior. The fragmentation pattern of 1,2,3-tri- 
hydroxy fatty acids in MS has been reported in 
the past (30). The major cleavage occurs 

between 2 adjacent carbon atoms bearing tri- 
methylsilyloxy groups. The TMS derivative of 
compound XIII cleaved in the manner shown in 
Table 1, E. Similarly, XIV cleaved as shown in 
Table 1, F. From GC/MS data alone, however, 
it was not possible to exclude the presence of 
1,2,5-trihydroxy esters XV and XVI. The mix- 
ture of TMS derivatives of XV and XVI give 
major ions, 301, 259, 387 and 173, cleaving 
between 2 trimethylsilyloxy groups, and 387, 
173 and 259, cleaving between the trimethyl- 
silyloxy group and the double bond (31). All 
of these ions are also present in the 1,2,3-tri- 
hydroxy ester XIII and XVI. In the case of 
hydroxyepoxides, we were able to exclude the 
presence of isomeric compounds IX and X. In 
GC/MS, compounds IX and X give a series of 
major ions, 327, 259, 241, 199 and 173 (31), 
which are distinguishable from the fragments 
obtained from compounds VII and VIII. 

The structure of peak G (Fig. 6) is not yet 
identified. On TLC, this compound has an Rf 
value ranging between dihydroxy esters XI and 
Xll and trihydroxy esters XIII and XIV. The 
overall features of the mass spectrum of this 
compound are similar to those of XI and XII, 
except that the ions from cleavage between the 
trimethylsilyloxy group and the adjacent meth- 
ylene group, i.e., 361 and 275, are much more 
intense than those from Xl and XII. The pres- 
ence of a third type of functional group, such 
as a keto group in the molecule might make this 
bond more labile, but none of the major ions 
obtained could account for the presence of 
such a functional group. 
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The production of the 4 major products in- 
cluding the combined yield of  III (lO-trans,12- 
cis) and IV (9-cis,11-trans), the combined yield 
of  Ill  (lO-trans,12-trans) and IV (9-trans,ll- 
trans), hydroxyepoxy ester VII and VIII and 
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ture of III (lO-trans,12-trans) and IV (9-trans, ll- 
tranr); - - ~ - - , - - ,  mixture of VII and VIII and 
- - a - - - . - - ,  mixture of trihydroxyoctadecenoates. 
Yield of the product is expressed as the ratio of GLC 
peak area vs that of methyl stearate present in the 
mixture. (Methyl stearate amounts to 6.3% of methyl 
linoleate.) 

trihydroxy ester at different stages of autoxi- 
dation in soybean PC liposomes without and 
with added dipalmitoyl PC are shown in Figures 
7 and 8, respectively. In both figures, the yield 
of each product is expressed as theratio of 
GLC peak area of the product vs that of 
methyl stearate present in the mixture. There- 
fore, the yields of the products shown in both 
figures are on a comparable scale. Similarly, the 
estimation of yields using methyl palmitate as 
the internal standard (corrected for the amount 
added in the soybean PC-dipalmitoyl PC lipo- 
somes) gave the same results. 

In the autoxidation of pure soybean PC lipo- 
somes, the production of hydroperoxide (ana- 
lyzed as hydroxy esters) rose rapidly and 
reached the maximum when about 55% of linc~ 
leic acid was consumed (at 22-hr incubation). 
After the maximum, the yields of hydroxy es- 
ters fell quickly to a low level after 45 hr of in- 
cubation. In soybean PC-dipalmitoyl PC lipo- 
somes, both the rise and fall in the production 
of hydroxy esters were more gradual than with 
soybean PC, and the yield also reached the 
maximum when about half of the linoleic acid 
was consumed. In pure soybean PC liposomes, 
the combined yield of the 2 trans,trans 
hydroxy esters at some stages was slightly lower 
than that of the 2 cis,trans isomers, but gener- 
ally the yields of 2 geometric isomers were fair- 
ly close. However, in soybean PC-dipalmitoyl 
PC liposomes, the yields of the 2 trans,trans iso- 
mers greatly exceeded that of cis,trans isomers 
at all incubation periods measured. This differ- 
ence was largest when the yield of the hydroxy 
esters was at its maximum. Similar quantitative 
differences in the yields of geometrical isomers 
in 2 systems were also obtained from HPLC, 
after the peak areas of 4 hydroxy esters, III 
(lO-trans,12-cis and lO-trans,12-trans) and IV 
(9-cis,ll-trans and 9-trans,ll-trans) were cor- 
rected by the corresponding molar extinction 
coefficient (25). 

The production of tr ihydroxy esters in pure 
soybean PC liposomes appears to accelerate rap- 
idly after the level of hydroxy esters reaches 
the maximum, whereas in the soybean PC-di- 
palmitoyl PC system, the production of  trihy- 
droxy esters started earlier and eventually 
reached a level that was slightly higher than 
that in the pure soybean PC system. A consider- 
able amount of hydroxyepoxides VII and VIII 
was also formed in the mixed liposome system, 
but only a very low level persisted throughout 
the entire incubation period in the pure soy- 
bean PC system. As shown in Figures 7 and 8, 
the combined yield of all major monomeric 
products in pure soybean PC liposomes is much 
smaller than that in the soybean PC-dipalmi- 
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toyl PC liposomes, presumably because of the 
increasing possibility of radical addition and/or 
termination reactions in the pure soybean sys- 
tem leading eventually to dimers and polymers 
which were not  observable by GLC. 

DISCUSSION 

The autoxidation of linoleic and linolenic 
acids in pure soybean PC liposomes at 40 C is 
reasonably fast and the rate curve (Fig. I) is 
similar to those of autocatalytic reactions pre- 
viously reported for the autoxidation of linoleic 
acid in solution (32). The induction period seen 
in the neat autoxidation is either nonexistent 
or too short to be detected for both linoleic 
and linolenic acid. For oleic acid, however, 
there is a visible discontinuity in the disappear- 
ance curve which can be taken as an induction 
period at the early stage of autoxidation. The 
point  of inflection here lies at about 17 hr of 
incubation. The reason for the existence of an 
induction period for oleic acid specifically 
could be that the autoxidation of oleic acid can 
be effective only after accumulation of a cer- 
tain amount of linoleic acid hydroper0xide. 
Pure oleic acid itself is known to be relatively 
resistant to autoxidation. 

The incorporation of 0.05 mol % of a-toco- 
pherol into soybean PC liposomes produced an 
induction period of about 7 hr for both linoleic 
and linolenic acid. The similar concentration of 
a-tocopherol in linoleic acid monolayers pro- 
duced about 5 hr of induction period at 60 C 
(14). Efficient protection by a-tocopherol has 
also been reported for blood components (9, 
33) and isolated microsomal and mitochondrial 
membranes (34). As was encountered in the 
case of monolayers, the efficient protection by 
a small number  of molecules of a-tocopherol in 
a highly ordered system is not  explainable 
without ascribing some kind of mobility to 
either a-tocopherol, the substrate (35) or a 
chain carrier. Further experiments are needed 
to substantiate this assumption. Unlike the case 
with the monolayers, however, in a-tocopherol- 
containing PC liposomes, at the termination of 
the induction period, the oxidation for both 
linoleic and linolenic acids occurs with rates 
significantly faster than those for PC liposomes 
without added ot-tocopherol. Because the over- 
all rate of an autocatalytic oxidation is propor- 
tional to the amount of hydroperoxide gener- 
ated during the earlier stages of the reaction, it 
seems likely that the accelerated rate is due to 
an accumulation of hydroperoxide or other ini- 
tiators during the time the a-tocopherol is de- 
creasing. When the a-tocopherol is depleted, the 
reaction is accelerated by the increased concen- 

tration of initiators to a greater extent than 
would have occurred if a-tocopherol had not  
been present originally. 

When a large quanti ty of dipalmitoyl PC was 
incorporated into soybean PC liposomes, the 
rate of autoxidation of linoleic and linolenic 
acids at 40 C was decreased considerably and 
the kinetics of the disappearance of both sub- 
strates changed to an apparent first order in 
substrate concentration. The loss of oleic acid 
to the autoxidation was found to be negligible 
throughout the entire incubation period. 

As shown in Figure 7, in pure soybean PC 
liposomes, the production of hydroperoxides 
(isolated as hydroxy esters) increases rapidly 
and after a narrow maximum drops sharply. 
The interspersing of a large number of saturated 
acyl chains in the liposomes slows effectively 
both the formation and degradation of hydro- 
peroxides (Fig. 8); a broad maximum of hy- 
droxy esters in soybean PC-dipalmitoyl PC lipo- 
somes is now centered at about 40 hr of incu- 
bation instead of 20 hr. However, in both cases, 
the maximal yield in hydroxy esters was 
reached when about half of the linoleic acid 
was consumed. 

The point of interest in considering the for- 
mation of hydroxy esters in the 2 systems is the 
striking difference in the yields of geometrical 
isomers (cis,trans vs trans,trans) isolated. A dif- 
ference in the cis,trans/trans,trans hydroperox- 
ide ratio at the initial stages of oxidation 
(smaller than 2% conversion) has been deter- 
mined for the following systems (26). In the 
autoxidation of linoleic acid in benzene solu- 
tion, the concentration of linoleic acid and the 
ratio of the diene configuration of hydroperox- 
ides, cis, trans/trans, trans, are proportional, 
whereas an increase in temperature lowers the 
ratio. In dipalmitoyl PC-dilinoleoyl PC mixed 
aqueous emulsion, the ratio of cis,trans/trans, 
trans hydroperoxide decreased as the molar 
ratio of dipalmitoyl PC in the system increased. 
The rationale for these observations has been 
well elaborated by Porter et al. (26). 

Our observation suggests that, because the 
palmitate is a poor hydrogen atom donor, the 
dilution of soybean PC with dipalmitoyl PC 
suppresses the hydrogen atom abstraction by 
the peroxy radical which would result in yield- 
ing mostly the cis,trans isomer, and instead, 
favors an alternative reaction,/3-scission of the 
peroxy radical to regenerate the pentadienyl 
system. One of the possible configurations of 
the pentadienyl radical leads to the formation 
of the trans, trans isomer. The details of these 2 
pathways have been presented schematically by 
Porter and coworkers (26). The Porter et al. re- 
sults (26) were for the initial stages of autoxi- 
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dation (less than 2% of  conversion) only. Our 
observations indicate that the ~-scission path- 
way that occurs in the presence of palmitate 
is the primary course of the reaction until more 
than 70% of the substrate has reacted. There is 
good evidence that the yields of  cis,trans and 
trans,trans isomers shown in Figure 8 represent 
the kinetic control  of  the process and do not  
represent any significant isomerization of 
hydroperoxides (36). It has been shown recent- 
ly that the rate of interconversion of hydro-  
peroxide isomers decreases as the polari ty of 
the solvent increases, and no significant inter- 
conversion was noted in ethanol after heating 
for 16 hr at 40 C (37). 

The major products from decomposit ion of 
hydroperoxides I and II under various condi- 
tions have been studied recently. The anaero- 
bic thermal decomposit ion of II at 100 C yields 
at least 4 major products. One of the major 
products was identified as hydroxyepoxide  
VIII. From experiments using tsO-labeled 
hydroperoxide and toO-enriched water, it  was 
concluded that the epoxy oxygen in VIII came 
from hydroperoxide and the hydroxy group 
came from the solvent (38). At a lower temper- 
ature (37 C) and with catalysis by hemoglobin, 
II decomposed to 5 major compounds including 
IV, 2 stereoisomers of VIII, X and 13-keto-9, 
11-octadecadienoic acid (39). Aerobic decom- 
position of  II with ferrous ion in aq ethanol was 
found to give a complex series of products,  in- 
cluding keto,  ke toepoxy,  ke tohydroxy,  dihy- 
droxyethoxy,  VIII, X and XVI (40-42). Among 
these products formed, X and 9-oxo-12,13- 
epoxy-10-octadecenoic acid are postulated to 
arise from a common intermediate,  12,13- 
epoxy-9-hydroperoxy-  10-octadecenoic acid 
(41). Recently, the major products from 
decomposit ion of II in the presence of cysteine- 
FeC13 have been quantitated to give 23% iso- 
meric 12,13-epoxy-9-oxo-octadecenoate,  7% X 
and 7% VIII (43). Thus, the decomposit ion of 
hydroperoxides in solution invariably gave a 
complex mixture of  products,  including simple 
or bifunctional keto fat ty acids among major 
products.  

In the PC liposome system, the major prod- 
ucts formed from the degradation of hydro- 
peroxides are extremely simple, including only 
t r ihydroxy esters from pure soybean PC and tri- 
hydroxy  esters and hydroxyepoxides  (VII and 
VIII)  from the soybean PC-dipalmitoyl PC 
mixed system. The epoxides V and VI and pre- 
sumably their hydrolysis products XI and XII 
are formed only in very small quantities in both 
systems. These findings suggest that a matrix or 
solvent-oriented course of the reaction is re- 
sponsible for the differences in these cases. The 

conversion of II to VIII (in solution) in partic- 
ular has been studied in detail recently (43). 
The hydroxyepoxide  VIII has been postulated 
to arise from an intramolecular cyclization of 
alkoxy radicals formed by the decomposit ion 
of II. The resulting epoxyallylic radical is con- 
verted to VII1 by undergoing a sequence of 
steps involving a second peroxidat ion,  a clea- 
vage of  the hydroperoxide group and a dispro- 
port ionat ion of the resulting alkoxy radical. In 
our liposome system, the fact that the incorpor- 
ation of saturated PC into the soybean PC lipo- 
somes apparently facilitates the formation of 
hydroxyepoxy  ester suggests that when the 
intermolecular reactions are blocked, the 
hydroperoxides or peroxy radicals proceed 
eventually to the intramolecular reactions. A 
similar increase in the production of VII and 
VIII has been observed in the fatty acid mono- 
layers in which linoleic acid molecules are sep- 
arated by the interspersed palmitic acids (13). 
The hydroxyepoxy  fatty esters formed in soy- 
bean PC-dipalmitoyl PC liposomes were found 
to be exclusively VII and VIII;  no significant 
intensity of fragment ions originating from the 
structures IX and X were noted in the mass 
spectra. The hydroxyepoxy  ester X, in partic- 
ular, has been demonstrated to undergo a facile 
transformation to 13-oxo-9-hydroxy-octade- 
cenoate with a Lewis acid, BF3-etherate (42). 
The same rearrangement can also be brought 
about,  but  to a lesser extent  (about  20% yield), 
by t reatment  of X with cysteine-FeC13 in meth- 
anol/water  (30%) (43). In our case, no signifi- 
cant amount of the presumed rearranged prod- 
uct, 13-oxo-9-hydroxy- or 9-oxo-13-hydroxy- 
octadecenoate was found. Therefore, the evi- 
dence at hand, although inconclusive, suggests 
that the formation of hydroxyepoxides  VII and 
VIII  (particularly the origin of the hydroxy 
group) arises from a pathway different from 
those 2 processes previously reported. It has 
been shown that  the hydroxy group can come 
from solvent (38) or from molecular oxygen 
in the atmosphere (43,44). 

The formation of t r ihydroxy esters in the 
autoxidat ion was thought previously to result 
from hydrolysis of the corresponding hydroxy-  
epoxy esters (32,42). For  example, the hy- 
drolysis of X in methanol/water  with FeCI~- 
cysteine as catalyst gives 3 major products of 
comparable yields, d ihydroxymethoxy,  tri- 
hydroxy and ke tohydroxy  esters (42). How- 
ever, we have been forced to abandon the poss- 
ibility of the hydrolysis route as the major 
pathway because of the following two reasons: 
(a) in the pure soybean PC liposomes, the 
amount  of the presumed precursor VII and VIII 
was extremely small compared to that of the 
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t r i h y d r o x y  esters  at all i ncuba t ion  per iods ;  and 
(b) even in the soybean  PC-dipalmitoyl  PC lipo- 
somes,  in which  the  combined  yield o f  VII and 
VIII is larger, there  is no  ind ica t ion  tha t  the  
onset  o f  the fo rma t ion  of  the t r i h y d r o x y  ester  
is tr iggered by the  accumula t ion  o f  VII and 
VIII.  Therefore ,  a l though some of  the  tr ihy- 
d r o x y  ester  might  arise by the  hydro lys is  route ,  
ano the r  pa thw ay  p robab ly  exists  to  which  the  
major  part  o f  the t r i hyd roxy  ester  p roduc t i on  
can be ascribed. 

The s t ruc tures  XIII and XIV that  were ten- 
tat ively assigned to  t r i h y d r o x y  esters were 
based on  the  behaviors  ident ical  to a mix tu re  
of  t r i h y d r o x y  es ter  prepared  f rom the reac t ion  
o f  a mix ture  o f  VII and VIII with perchlor ic  
acid. We did no t ,  however ,  exclude  the  possi- 
bili ty that  the r ing-opening reac t ion  wi th  
perchlor ic  acid could also result  in a rearrange- 
m e n t  of  VII and VIII;  therefoTe, the  p roduc t s  
f rom this react ion might  n o t  be l imited to  the  
t r i h y d r o x y  esters of  s t ruc tures  XIII and XIV. 
The f ragmenta t ion  pa t t e rn  in GC/MS does n o t  
dist inguish b e t w e e n  2 sets of  the s t ruc tures  
XIII,  XIV and XV, XVI. It will no t  be possible 
to  consider  the  mechan i sm of  the  fo rma t ion  of  
t r i h y d r o x y  esters  unti l  the  pos i t ion  of  the  3 hy- 
d roxy  groups  has been de t e rmined  unequivocal-  
ly. This task is being done  in this l abora to ry  
using chemical  degradat ion  me thods .  
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Cyclic Fatty Esters: Synthesis and Characterization 
of Methyl 60 -(6-Alkyl-3-Cyclohexenyl) Alkenoates 1 
R.A. AWL and E.N. FRANKEL, Northern Regional Research Center, Agricultural Research 
Service, U.S. Department of Agriculture, Peoria, IL 61604. 

ABSTRACT 

Diunsaturated Cts cyclic fatty acid methyl esters of known structure and configuration were syn- 
thesized as model derivatives of cyclic fatty acids formed in heat-abused vegetable oils for characteri- 
zation and further biological evaluation. The Wittlg reaction was used to prepare 5 pure methyl esters: 
(a) 12-(3-cydohexenyl)-ll-dodeeenoate, (b) ll-(6-methyl-3-eyelohexenyl)-10-undeeenoate, (e) 10-(6- 
ethyl-3-eyelohexenyl)-9-deeenoate, (d) 9-(6-propyl-3-eyelohexenyl)-8-nonenoate and (e) 8-(6-butyl-3- 
cyclohexenyl)-7-oetenoate. DieD-Alder eyeloaddition reactions between 1,3-butadiene and appropriate 
(E)-2-alkenals produced 3-cyelohexenal intermediates. The appropriate methyl to~bromoesters and 
thek triphenylphosphonium bromides were made and converted to their respective ylids with 
NaOCH a in DMF. The appropriate 3-eyclohexenals and phospho-ylids were reacted, and the desired 
cyclic ester products were isolated in crude yields of 30-83% as liquids and fractionally distilled. The 
crude cyclic esters were purified either by preparative TLC or by saponifieation-esterifieation. Double 
bonds in purified cyclic esters were trans-isomerized and hydrogenated. Each derivative was character- 
ized by IR, t H-NMR, tsC-NMR, capillary GLC and GC-MS. On the basis of these analyses, no pOsition- 
al isomers were detected, Z-unsaturated isomers were produced in better than 90% purity, and the 
alkyl and ester ring substituents were predominantly trans to each other. 
Lipids 17:414-426, 1982. 

The formation of cyclic fatty acids in ther- 
maily abused cooking oils has been well docu- 
mented, and investigations concerning their 
toxicity and that of heat-abused vegetable oils 
have been reviewed (1-3). According to pre- 
vious investigations, monomeric cyclic acids 
caused quick deaths of experimental animals. 
The monomeric cyclic acids, unlike the dimeric 
or polymeric, have the greatest potential for 
harm because they are absorbed more readily 
by the digestive and lymphatic systems (4) and 
may be included in body fat along with natural 
fatty acids. 

During the last 20 years, many studies indi- 
cated that 1,2-disubstituted, 6-membered ring 
compounds were the principal, cyclic compon- 
ents of heat-abused oils (1-3). Even with the 
most,abused oils, however, the concentration of 
cyclic acids was too low and the isomeric distri- 
bution too large to permit practical isolation of 
any pure compound for direct characterization 
and definitive feeding studies (2,3). 

The specific structures of the toxic, mono- 
meric cyclic acids found in heat-abused vege- 
table otis are still unknown.  On the basis of gas 
chromatographic studies, Mclnnes et al. (5) pro- 
posed the generalized cyclohexene structure, 
which included a complicated mixture of iso- 
mers: 

lpreaented in part at the AOCS meeting, New 
Orleans, LA, May 1981. 

~ =  = = = = 

CH 2--OH 2-CH2--CH 2--CH 2--CH 2 

CH213H --(CH212COOH. 

Possible double bond positions are indicated by 
arrows. The unsaturation in the ring and the 
chain was not conjugated, according to Mc- 
Innes. Later investigators (3,6,7) noted that the 
6-membered ring was not  formed exclusively, 
and the respective length of the substituent 
chains and position of the double bonds varied. 
Other questions that remain unanswered in- 
elude: what biological effects are produced by 
the pure cyclic compounds, and can specific, 
unsaturated cyclic acids or esters be determined 
in heated oils. A synthetic program was initia- 
ted to address these questions. This paper re- 
ports the synthesis and characterization of a 
family of diunsaturated, Cls fatty esters having 
the 1,6-disubstituted-3-cyclohexenyl ring. 
These synthetic compounds will be evaluated 
biologically later. 

RESULTS AND DISCUSSION 

Synthesis and Stereochemistry 

One monosubstituted- and four 1,6-disubsti- 
tuted-3-cyclohexenyl methyl esters ( ln ,  where 
n = 0 to 4) with unsaturation tx to the ring on 
the ester substituent were prepared as new com- 
pounds according to Scheme 1. The chain 
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/ CHO 
.+ 

3n 
H(CH2)n 

(1,3-Butadiene) 

b 
c ~ , = - -  CHO 

e ~(CH2)n H 

BrCH2(CH2)mCOOCH 3 6m 

�9 1 
Br [PIPh)3CH2(CH2)mCOOCH 31 5m 

,~ [ 
~ Ph3P=CH(CH2)mCOOCH3 4m 

b jCH=CH(CH2)mCOOCH3 

d f 

e ~ (CH2)nH I n (where m+n=9, and n=0 to 41 

SCHEME 1. Subscript n refers to a specific cyclic ester (1 n) or cyclohexenal (211); e.g., 
10 has no alkyl substituent. 

lengths of the ester and alkyl substituents were 
varied to determine their effect on physico- 
chemical properties and analytical separations. 
Although the monosubsti tuted cyclohexenyl 
ester 10 is not expected in heated fats, it was 
synthesized as a reference compound. 

Methyl 9-(6-propyl-3-cyclohexenyl)-8-non- 
enoate (cyclic ester 13) was our principal syn- 
thetic target for later feeding studies because 
previous work (3) indicated the ester with (n 
= 3) to be the most abundant  isomer. The cor- 
responding monounsaturated cyclohexenyl 
ester was another synthetic target. A monoun-  
saturated cyclic ester was recently synthesized 
by Graille et al. (8) by a different route, which 
included a Diels-Alder cycloaddition step. 
According to the "Alder rules," the cycloaddi- 
tion of E-unsaturated aldehydes 3n with buta- 
diene will give a trans-adduct (9). Therefore, 
the cyclic esters expected from our synthesis 
have ring substituents trans to each other 
(Scheme 2). To avoid confusion in this paper, 
cis and trans refer to the disubstituted cyclo- 
hexene ring isomers and the geometric double 
bond isomers are called Z (cis) or E (trans) 
isomer. After the final Wittig reaction step, 
the double bond in the side chain would be 
predominantly Z configuration under our 
reaction conditions, and the ring substituents 
would retain their trans relationship as indi- 
cated in Scheme 2. 

Diels-Alder cyeloaddition (9) of butadiene 
and (E)-2-alkenals gave the cyclohexenal inter- 

mediates 2n, which were reacted with the 
appropriate phospho-ylid 4m in a Wittig reac- 
tion (10) to produce Z-unsaturated cyclic esters 
I n predominantly (Scheme 1). Both reactions 
as used are stereoselective. By using NaOEt in 
dimethylformamide (DMF) to generate the ylid 
from its phosphonium halide and then adding 
an appropriate aldehyde, Bergelson et al. (11) 
previously showed that the Wittig reaction 
formed Z-unsaturated isomers of fatty acids in 
better than 90% isomeric purity. 

Those co-bromoacids or -bromoesters 6 m 
(Scheme 1) that were not commercially avai- 
able were made according to Scheme 3. The 
phosphoninm bromides 5 m were prepared in 
better than 97% yields by refiuxing an acetoni- 
trile solution of Ph3P and bromoester 6m for 
ca. 36 hr. The phospho-ylids 4 m generated 
from their phosphonium bromides 5 m were re- 
acted directly with the cyclohexenals 2 n by the 
method of Bergelson et al. (11). 

When crude, cyclic ester 10 (Scheme 1) was 
isolated by the method of Bergelson et al. (11), 
which called for treatment with A1203, the 
product was still contaminated with Ph3P or 
similar P-containing compound. This P impurity 
was removed completely by saponification- 
esterification (17), but the yield was reduced 
considerably. The colored, purified product 10 
became clear after a short-path distillation. Gas 
chxomatography-mass spectrometry (GC-MS) 
and capillary GLC indicated that it was com- 
posed of 2 isomers (M +, m/z 292.3) in the ratio 
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Cycloaddition [4+2] (8,9): 

O 
U 

H A h N  "/I C~ H 

Wittig reaction (cf. Scheme 1): 

(1) NaOCH3, DMF 
4m 

(2) 2 n 

A 

d V f .  
e " " "R2 

In 

SCHEME 2 

~ a f c H O  

Vee f . . . .  (CH2) n H 

2. 

where 
R I=CH=CH(CH2)mCOOCH 3 
and R2=-(CH2)nH are tran$ 

to each other 

H2C=CH(CH2) 8COOH 

Esterification 

H2C=CHICH2)8COOCH 3 

Reductive 
ozonolysis 1121 

HOCH2(CH2) 8COOCH 3 

I Substitution (13) 

BrCH2ICH218COOCH 3 

68 

CH(CH2)7CH 3 

CH(CH2) 7COOCH 3 

Reductive 
ozonolysis ( 121 

HOCH2(CH2) 7COOCH 3 

Substitution (13) 

BrCH2(CH2) 7COOCH 3 

67 

Cydooctene 

Ozonolysis (14) 

OHC(CH2)6COOH 

Reduction (15) 

HOCH2(CH2)6COOH 

Esterification 

HOCH2ICH216COOCH 3 

Substitution (13) 

BrCH2(CH2)6COOCH 3 

66 

SCHEME 3 

BrCH2(CH2) 5CH=CH 2 

Oxidative 
ozonolysis (161 

BrCH2(CH2)5COOH 

Esterification 

BrCH2ICH215COOCH 3 

65 

93.2:6.2 (Fig. 1, curve I). IR showed only Z 
couble bonds. To confLrm this double bond 
configuration, cyclic ester 10 was trans-isomer- 
ized with p-toluenesulfinic acid (p-TSIA) cata- 
lyst (18). This t reatment  changed the GLC peak 
ratio to 21.6:77.2 (Fig. 1, curve II). Therefore, 
the predominant  isomer of 10 had Z unsatura- 
tion. After  hydrogenat ion of 10, capillary GLC 
indicated 96% saturated cyclic ester and ca. 2% 
of  10 remaining (Fig. 1, curve III). The results 
were confirmed by IR, NMR and GC-MS. 

Cyclic esters 11-4 were adequately purified 
by TLC or on a larger scale by saponification- 
esterification, and the resulting products 
showed no evidence of isomerization by spec- 
troscopic or chromatographic analyses. In con- 
trast, when GraiUe et al. (8) purified their inter- 
mediate keto ester by saponification with KOR 
and re-esterification, they reported positional 
isomerization. Apparently,  their keto  ester was 
susceptible to isomerization under their condi- 
tions. 
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~ CH~CH(C H2)gCOOCH 3 

96.0% (m) 

a~ H~mpm~ 

I. Ini~i 
I ! 

2O 3O 
rue, mn 

93.2 (I) 

77.2% (H) 

21.6% 
(11) - "  

0.6% 1.Pk 
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4O 

FIG. 1. Capillary GLC of c y c l i c  fatty ester 10. 

Capi l lary G LC Character izat ion 

An equivalent chain length (ECL) for each 
cyclic ester was determined by the capillary 
GLC method of Scholfield (19) to determine 
how they would be resolved from other fatty 
.acids in heated fats. On the basis of ECL (Table 
1), cyclic isomers 10 and 11 corresponded to 
conjugated methyl octadecadienoates (E,E- or 
E,Z-9,11-; E,Z- or E,E-10,12- or E,E-I 1,13-); 
cyclic isomers 13 corresponded to methyl 9,12, 
15-octadecatrienoates, and cyclic isomers 14 
corresponded to nonconjugated E,E-I 2,15- and 
E,Z-12,15-octadecadienoates in 2 instances and 
to a Z,E,E,-9,12,15-octadecatrienoate in the 
other instance (19). The cyclic isomers 12 were 
intermediate between the nonconjugated octa- 
decatrienoates and the conjugated octadecadie- 
noates. For the monosubsti tuted cyclic ester 
10, the E unsaturated ester had longer retention 
than the Z, but with the disubstituted ester 13 
this order was reversed. As expected with a 
polar Silar 10C column, the saturated deriva- 
tives had lower retention times than the unsa- 
turated cyclic esters. Also, for both the satur- 
ated and unsaturated cyclic esters, retention in- 
creased as the length of alkyl chain decreased. 

Spectral Character izat ion 

IR spectra of the cyclohexenals 2 n and cy- 
clic esters 1 n displayed absorption bands consis- 
tent  with the expected structures (Scheme 1): 
Z unsaturation at 1660 and 660 cm -1 (5,20); 
aldehyde (1728 cm - t )  or methyl ester (1747 
cm -1 ), respectively; and chain methylenes (725 

cm -1). An absorption band for E CH=CH (965 
cm -1) was observed only after cyclic esters 10 
and 13 were isomerized with p-toluenesulfinic 
acid (18). Although the conversion of methyl 
oleate into methyl elaidate with this reagent 
was ca. 80%, the isomerization of cyclic ester 
13 from Z to E unsaturation under the same 
conditions was only ca. 12%, according to ca- 
pillary GLC (Fig. 2, curves I and II). The 
double bond in the side chain of 13 would be 
expected to isomerize with much difficulty be- 
cause of steric hindrance by the (x-alkyl substi- 
tuent. This steric hindrance is confirmed by the 
greater degree of isomerization (ca. 77%) ob- 
served under the same conditions for the mono- 
substituted cyclic ester 10 (Fig. 1, curves I and 
lI). 

1H-NMR data (Table 2) were consistent with 
those expected from structures of cyclohexe- 
nals 2 n and cyclic esters 1 n (Scheme 1). Our 
assignments for the diunsaturated cyclic ester 
13 were in good agreement with those of 
Graille et al. (8) for their monounsaturated 
cyclic ester. 1H-NMR of cyclohexenals 21. 3 
(Table 2) showed evidence for mixtures of con- 
formational isomers, e.g., 2 d i f fe ren t -CHO 
resonances (5 9.66 and 9.74) for 21 in a ratio 
of 2:1 (axial:equatorial). Apparently, the lon- 
ger the alkyl branch, the more favored was the 
axial -CHO conformation. Examination of a 
molecular model of 21 demonstrated that the 
trans configuration can exist either as a half- 
chair form (conformer) with axial-axial (acH O 
a R) and equatorial-equatorial (eCH O e R) sub- 
stituents, or as a boat form with aCH o e R and 
eCH O a R substituents. Similarly, the cis con- 
figuration can assume either a half-chair form 
with aCH O eR and eCH O a R ,  or a boat form 
with aCH O a R and eCH O e R substituents. With 
either trans or cis configuration, the axial and 
equatorial CHO substituent would seem equally 
probable if conformational interconversions 
were purely random and not influenced by 
other factors. Thermodynamic considerations 
(21) and NMR data (8) strongly suggest that 
the half-chair form is much preferred over the 
boat form. The literature is controversial regar- 
ding the stability and preference of an axial 
CHO over an equatorial CHO in the half-chair 
conformation. For example, Kugatova-Shemya- 
kina et al. (22,23) concluded from reactivity 
and spectral studies that axial CHO interacts 
with the ring double bond (a "supra-annualar 
effect") forming an intramolecular pi-complex 
that favors axial CHO. However, Zefirov et al. 
(24) concluded from heteronuclear double res- 
onance studies that the equatorial CHO is fa- 
vored. 

13C-NMR data for the cyclohexenals 2 n and 
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TABLE 1 

Capillary Gas Liquid C h r o m a t o g r a p h y  a 

Peak Relative area 
Compound b (stereoisomer) (%)c ECL 

10 1 (Z) 93.2 21.50 
2 (E) 6.2 21.57 

11 1 2.1u 20.60 
2 61 . lu 20.66 
3 2.8 20.75 
4 3 0 . 5  2 1 . 1 1  

12 1 3.3 20.49 
2 70.5 20.59 
3 24.3 20.89 

13 1 0.8 19.94 
2 77.1 20.07 
3 21.1 20.42 

14 1 O.8 19.67 
2 75.2 19.81 
3 20.8 20.13 

trans-lsomerized 10 1 (Z) 21.6 21.48 
2 (E) 77.2 21.58 

Hydrogenated 10 1 96.0 20.09 
2 0 . 6  - 
3 0 . 6  2 1 . 4 6  
4 1 .7  21.55 

Hydrogenated 11 1 1.6u 19.44 
2 61.5u 19.55 
3 28.0 20.10 
4 1.9 20.19 
5 1.4u 20.34 

trans-lsomerized 13 1 (E) 12.9 19.94 
2 (z) 77.7 20.08 
3 (Z) 9.4 20.37 

Hydrogenated 13 1 0.9u 18.76 
2 13.6 18.82 
3 60.9u 19.04 
4 0.8u 19.26 
5 21.6u 19.35 
6 0.9 19.53 

aRef. 19. 
bSee Scheme 1. 
Cu = unresolved. 

the  cyclic esters I n are given in Tables 3 and 4. 
Only  cyc lohexena l  21 gave a s p e c t r u m  wi th  res- 
onances  a t t r i b u t a b l e  to  a cis r ing  i somer  (desig- 
n a t e d  by [c] in Table  3) showing  a m i x t u r e  of  
the  cis and  trans r ing isomers.  The  c o m m e r c i a l  
source  of  cyc lohexena l  21 could  expla in  this  
i somer ic  mix tu re .  Reac t i on  c o n d i t i o n s  differ-  
en t  t han  ours,  such  as acid catalysis ,  h igher  
t e m p e r a t u r e s  or  longer  r eac t ion  t imes,  genera-  
ted  m i x t u r e s  o f  the  cis- and  trans-disubstituted- 
3-cyc lohexene  i somers  (27 ,28) .  In the  p re sen t  
work ,  all cyc lohexena l s  showed  one  peak  o n  
GLC, e x c e p t  the  commerc i a l  cyc l ohexena l  21 
wh ich  gave 2 peaks  in the  ra t io  of  2:1.  As ex- 

pec ted ,  a m i x t u r e  o f  cis and  trans r ing i somers  
was also ind ica ted  by  13C-NMR for  cyclic es ter  
1 1 der ived f rom 21 ; more  r ing r e sonances  were 
observed  for  11 t h a n  for  the  o t h e r  cyclic esters.  
The  re sonances  for  the  cis r ing  were n o t  ob- 
served in the  spec t ra  of  the  o t h e r  cyc lohexena l s  
and  cyclic es ters  and,  t he re fo re ,  s u p p o r t e d  ou r  
prev ious  assessment  t h a t  the  trans r ing i somer  
was f o r m e d  b y  the  Diels-Alder  c y c l o a d d i t i o n  
( Scheme  2). 

Chemica l  shi f t  a s s ignments  for the  es ter  
cha in  m o i e t y  A and  the  alkyl  m o i e t y  D in Table  
4 are based o n  the  l i t e ra tu re  (29) .  The  assign- 
m e n t s  for  m o i e t y  B and  r ing m o i e t y  C are ten-  
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FIG. 2. Capillary GLC of cyclic fatty ester 13. 

tative and based on comparisons with similarly 
substi tuted cyclic compounds (25,26), and our 
cyclohexenals 2 n. The assignments for E double 
bond in moieties B and C are based on its 
appearance after the cyclic esters were isomer- 
ized with p-TSIA. 

GC-MS Characterization 

After  hydrogenation,  cyclic esters 10, 11 
and 13 showed characteristic MS fragments 
(Fig. 3 and Table 5) conforming to those repor- 
ted in the literature (30,31). The skeletal struc- 
tures of 10, 11 and 13 were thus confirmed. In 
addit ion to the fragments listed in Table 5, 
characteristic aliphatic methyl  ester fragments 
(m/z 59, 74 and 87) and chain/ring fragments 
(m/z 41, 43, 55, 69, 83 and 97) were recorded 
with relative intensities exceeding 10% (32). 

The diunsaturated cyclic esters 1 n gave more 
intense molecular ion (M +) peaks than their sa- 
turated derivatives. Because of the double bond 
alpha to the cyclohexenyl ring in cyclic esters 
In, the B-type fragmentation of Figure 3 was 
very weak or absent as would be expected be- 
tween a saturated and unsaturated carbon. 
Otherwise, the characteristic A-D fragmenta- 
tions were observed (Table 6). However, 
several new relatively intense fragmentations 
(m/z 238, 206 and 164) were characteristic 
of the diunsaturates In. The fragment at 
m/z 238 and one at m/z 54 were at tr ibuted to a 
homolyt ic ,  retro Diels-Alder reaction, as illus- 
trated in Figure 3, characteristic of cyclic ole- 
fins (32). Loss of  CH3OH (m/z 32) from m/z 
238 would account for m/z 206. A McLafferty 

rearrangement on m/z 238 and resulting loss of  
m/z 74 would explain the m/z 164 fragment. In 
addit ion to the characteristic aLiphatic methyl  
ester fragments and alkyl fragments, relatively 
intense peaks due to m/z 79-82 were noted due 
to fragmentation of the cyclohexenyl  ring. 
Moderately intense peaks at m/z 107-110 were 
at t r ibuted to the 

~ CH=CH- 

fragment and its rearrangements. 
The cyclic esters 10-4 and cyclohexenals 

22. 4 are new compounds.  The study of their 
selective reactions (e.g., isomerizations and 
hydrogenations),  isolation and identification of 
specific geometric or stereoisomers is the sub- 
ject  of  another paper. 

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

Materials and Methods 

Commercial products included: 6-methyl-3- 
cyclohexene carboxaldehyde (cyclohexenal 21: 
bp, 77 C/25 mm; lit. [33] 75 C/22 mm) (K&K 
labs, Plainview, NY), 1,2,3,6-tetrahydrobenzal- 
dehyde (cyclohexenal 20; 99%: bp, 63.5-65.5 
C/23 mm; lit. [34] 58 C/17 mm), (E)-2-hexenal 
(33; 99%: bp, 54 C/23 mm; lit. [35] ,  50.5- 
51.5/20 mm), 11-bromoundecanoic acid 
(99+%), undecylenic acid (99%), cyclooctene 
(95%),. t r iphenylphosphine (99%) and sodium 
methoxide (anhydrous powder) (Aldrich Chem- 
ical Co., Milwaukee, WI); (E)-2-1~entenal (32: 
bp, 50-51 C/23 mm; lit. [36] ,  56 C/65 mm), 
(E)-2-heptenal (34: bp, 71-72 C/21 mm; lit. 
[37] ,  61-62 C/15 mm), 8-bromo-l-octene,  so- 
dium borohydride (98%) and 6-bromohexanoic 
acid (Alfa Products, Danvers, MA); 1,3-buta- 
diene (99.5% min) (Matheson, East Rutherford,  
N J) and bromine (J.T. Baker Chem. Co., Phil- 
lipsburg, N J). All aldehydes were kept  under 
N 2 and freshly distilled before use. Carboxylic 
acids were esterified in methanol containing 
conc. H2SO 4 or HCI. The cyclic esters 10, 11 
and 13 (ca. 50 mg) were hydrogenated with 
PrO2 in 2-5% EtOH solution under ambient 
conditions. The cyclic esters 10 and 13 (ca. 250 
mg) were isomerized with p-TSIA catalyst (18). 

IR spectra were recorded on a Perkin-Elmer 
621 spectrometer.  I H-NMR spectra were deter- 
mined on a Varian XL-100 Spectrometer  using 
CDCI 3 as the solvent with Me4Si as internal 
standard. 13C-NMR was run on a Bruker WH-90 
Fourier  Transform spectrometer  at 22.63 MHz, 
and CDC13served as the internal deuterium lock 
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TABLE 3 

IaC-NMR Chemical Shifts (ppm, reL TMS) for 3-Cyclohexenals 211 (Scheme 1), in CDCI a 

421 

Carbon n = 0  n= I a n=2 n = 3  n =4 

-CHO 203.7 204.6 204.9 204.6 204.9 

SO.0 (e) 
a 46 .1  52.5  (t)  50 .4  50 .8  50.7  

22.8 (c)  
b 23.9 b 23.9 (t) 23.3 23.3 23.2 

124.1 (c)  
e 125.0 124.6 (t) 124.0 124.1 124.0 

126.0 (c)  
d 127.3 126.4 (t) 126.3 126.3 126.3 

32.1 (c) b 
e 24.6 b 32.2 (t) b 34.3 32.4 32.5 

27.8 (c) 
f 22.4 28.1 (t) 28.3 28.8 28.8 

-CH~- -- -- 26 .5  36.1 33 .5  
_CH 2 . . . .  20.0 29.0 
_CH 2 . . . . .  22.8 

16.2 (c)  
-CH a -- 19.'/(t) 11.2 14.2 14.0 

aResonances attributed to either: (c) = cis-l,6-disubstituted, -3-eyelohexene ring or (t) = 
trans-l,6-disubstituted-3-cyclohexene ring (eL refs. 25,26 and text). 

bThese assignments are tentative and may be reversed. 

with Me4 Si as internal reference. 
Analyses by GLC were run on a Hewlett- 

Packard Model 5710A gas chromatograph (FID, 
300 C; injection port 260 C or on-column) with 
a 6 ft X 1/8 in. s.s. column of 10% SP2330 
(Supelco, Inc. Bellefonte, PA) on 100-120 mesh 
Chromosorb WAW. Methyl cyclic fatty esters, 
~-hydroxyesters  and 6o-bromoesters were ana- 

l yzed  isothermally at 190 C, and the t~-alde- 
hyde esters at 150 C. For other aldehydes, how- 
ever, the column temperature was held at 80 C 
for 16 rain and then programmed at 8 C[min to 
130 C. The procedure for capillary GLC of the 
fatty methyl  esters was described by Scholfield 
(19). 

GC-MS was run on a Nuclide 12-90 DF mass 
spectrometer with 70 eV impact ionization and 
equipped with an all-glass jet  separator (source 
temperature, 200 C). Output of the MS was to 
a Finnigan INCOS 2000 computer system re- 
peatedly scanning masses 15-370 every 8 see. 
A Bendix 2600 gas chromatograph interfaced 
with the MS was used with a 6 ft x 2 mm glass 
column packed with 3% JXR on Gas Chrom Q, 
100-120 mesh. The column was held at 190 C 
for 4 rain, then programmed at 2 C/rnin to 250 
C, with a 20 ml/min flow of carrier gas (He); 
injection temperature was 210 C and detector 
temperature was 235 C. 

Precoated plates of  silica gel with fluorescent 

indicator, 0.25 mm thick, were used for analy- 
tical TLC. For preparative TLC, plates of silica 
gel, 0.50 mm thick, with fluorescent indicator 
but no binder, were used. The developing sol- 
vent was either 1:5 (v/v) ether/hexane for the 
cyclic fatty esters or 1:2 (v/v) ether/hexane for 
the intermediates. Developed spots were gener- 
ally visualized by charring with 50% H2SO4 
after UV detection for phenylphosphine impur- 
ities. 

Methyl lO-Hydoxydecanoate 
Methyl 10-undecenoate was prepared by 

conventional esterification of undecylenic acid. 
The distilled ester (99.9% by GLC) was ozo- 
nized in MeOH and the products were reduced 
with NaBH 4 ( 1 2 ) t o  give 145.3 g (68% y ie ld )o f  
the crude hydroxyester (93.7% by GLC), which 
was distilled through a Vigreux column (bp 
152-156 C/I1 ram, lit. [38],  154 C/17 mm). 
The distillate (96-97% purity by GLC) was puri- 
fied further by low-temperature crystallization 
to yield clear, colorless liquid (99+% hydroxy- 
ester by GLC). IR (KBr neat): 3650-3100 
(-OH), 1742 (ester C=O), (1250, 1197 and 
1170 [Me ester C-O-C]) and 720 (-[CH2]n-) 
cm -1 . 

Methyl 9-Hydroxynonanoato 

Methyl oleate (99% by GLC, 40.0 g, 0.1439 
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TABLE 4 

]3C-NMR Chemical Shifts (6, ppm) for Cyclic Fatty Methyl Esters In  (cf. Scheme 1) in CDCI 3 

Corn pound Assignments 

10-4 

A. 

B . ~ C H  a 

10 27.5 
32.6 (E) b 

11 27.6 

12 27.5 

13 27.5 
32.4 (E) b 

14 27.4 

C. Ring Carbons: 

a b 

10 32.2 30.0 
36.7 b 

11 35.2 c 
38.9 30.0 

12 37.2 30.1 

13 37.5 30.7 
42.8 b 

14 37.5 30.7 

D . - -C H  2 = CH= 

1 0  - _ 

I I  

b 

IO 
aICH:C"(C"2)mCOOC"  

f 1 n (where m+n=9; n=0 to 4) 

e ~ ( C H 2 ) n  H 
C H  3 O O C  C H  2 C H  2 

51.3 174.2 34.2 25.0 

CH "CH 

128.9 135.2 
128.6 (E) b 135.4 (E) b 

129.5 134.3 

1 2 9 . 2  1 3 4 . 4  

1 2 9 . 2  1 3 4 . 6  
129.8 (E) b 134.9 (E) b 

129.0 134.7 

12 - _ 

13 - 36.7 

14 37.4 _a 

Unassigned resonances: 

11 31.3, 32.9, 33.9 

12 29.9, 39.2, 125.5, 126.5, 130.3 

13 27.7, 30.5 b, 31.1, 32.0, I25.6, 126.5, 130.6 

14 29.6, 31.9, 32.6, 36.8, 130.1,130.6 

(CH 2)m-3" 

(28.9-29.5) a 

c d e f 

126.4 126.9 24.8 31.9 

125.4 c 126.7 c _a 
126.3 130.9 32.4 

126.0 126.6 32.3 _a 

126.0 126.7 32.3 _a 
126.6 b 129.2 b 

125.9 126.6 32.3 _a 

CH 2 'CH 3 

17.3 c 

-- 20.2 

26.8 11.0 

19.8 14.4 

23.0 14.1 

aAssignment to chain methylenes. Individual assignments are not  possible. 

bResonances observed only after reaction with p-toluenesulfinic acid (conversion of  acyclic [ Z]-CH:CH to 
[EI-CH=CH) (18). 

CThe eis ring isomer (i.e., eis-l,6-disubstituted-3-cyciohexene) was indicated by these resonances. 
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I. Hydrogenated Cyclic Esters l~n. 265 

209p 223~ 237p~ 

HIC H 2 ) . , ~ _ _ ~ (  C H 2 ).~'C H2TC H2TcToc "3 
I ~ I I I I 

,,,,"( ) ' ,  187 .73 159 I.-im.. 31 

~,,,- D C - ~  

Characteristic FrmgmenlS 

M* (mlz = 296) D - 3 2  

M - 3 1  0 - 3 2 - 1 8  

D 9+1 

O. Cyclic Ester ln. 

B CycLohexyL Ring In = 01: 

55 ~ 69' 83 

281 
i 205 2191 233t0~1 

x - . , -  ~ - , - e  , ' ' ' I I  ' / I I I I I 
H ( C H 2 }  . . /  ~.~ C H ~ . C H ~  - CFt  2 m _ 2 ' ~ ' C H 2 " * - C H 2 " I ' C - * - O C H 3  , . . . .  

M r  / \ I I I I I 
�9 , ~ ~87 173 159L~"31 

Im/z = 2921 / /  ~,.,,~__// ~ 
~,--0 t / C  ~*-~ 

I 
I Retro Dials-Aider Cleavage 

M-54  H(CH2) .C~CH--CH~CH--(CH2lm-2-CH2~CH~--C--OCH3 
(mlz = 236) + 

1,3-B~tediene (rn/z = 54i 

FIG. 3. Characteristic mass f ragmentat ions  o f  hydrogenated  (I) and nonhydrogena ted  
(II) cyclic esters In  (Scheme 1). 

TABLE 5 

GC-MS Fragmentat ions  of  Hydrogenated Cyclic Fat ty  Methyl Esters I n (Scheme 1) 

423 

Ion fragment  (cf. Fig. 3) :m/z  (% rel. in tensi ty)  

C o m p o u n d  M+ M-31 D D-32 D-32-18 B+I B C A (Base) 

l 0 296 265 296 264 246 214 213 83 - 74 
(27) (4) (27) (<3)  (<1)  (<S) (<5)  (41) -- (100) 

11 296 265 281 249 231 200 199 97 15 55 
(19) (5) (0) (0) (01 (17) (141 (97) N.D. (100) 

13 296 265 253 221 203 172 171 125 43 69 
(11) (3) (22) (17) (11) (16) (3) (43) (29) (100) 

TABLE 6 

GC-MS Fragmentat ions  of Diunsaturated Cyclic Fatty Methyl Esters I n (Scheme 1) 

Ion fragment  (ef. Fig. 3 ) :m/z  (% rel. in tensi ty)  

Compound  M+ M-31 D I)-32 D-32-18 B+I B C A (Base) M-54 

10 292 261 292 260 242 212 211 81 -- 94 238 
(32) ( 1 8 )  (32) (3) -- -- -- (67) -- (100) (11) 

11 292 261 277 245 227 197 196 96 15 94 238 
(46) (5) (1) -- -- -- (2) (31) -- (100) (45) 

12 292 261 263 231 213 183 182 110 29 67/79 238 
(33) (9) (14) (13) (2) (1) (5) (32) -- (100) (72) 

13 292 261 249 217 199 169 168 124 43 67 238 
(16) (3) (5) (5) -- -- (3) (7) (29) (100) (38) 

14 292 261 235 203 185 lS5 154 138 57 67 238 
(39) (3) (6) (6) (3) (1) (3) (3) (11) (100) (83) 
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tool) was reductively ozonized (12) to yield a 
mixture (39.70 g) of crude hydroxyester and 
nonanol. Vacuum distillation (28.77 g) through 
a Vigreux column gave the hydroxyester ( 17.71 
g; bp 89-95 C/0.05 mm) in 95.4% purity (<3% 
nonanol by GLC); lit. (39); bp 82-95 C/0.05 
rnm (90% purity). IR (KBr neat): 3650-3100 
(-OH), 1742 (ester C=O), (1242, 1198 and 
1172 [Me ester C-O-CI) and 722 (-[CH2]n-) 
cm -1 . 

Methyl 8-Hydroxyoctanoate 

Cyclooctene (99.0 g, 0.853 mol) was ozo- 
nized in cyclohexane (1150 g) and glacial 
HOAc (145 g), and the ozonide was treated 
with acetic anhydride and sodium acetate (14) 
to obtain crude 8-oxooctanoic acid, 114.9 g. 
The fractionally distilled aldehydic acid (bp 
125-127 C/0.08 mm; 97+%), 41.3 g (0.261 
tool), was selectively reduced with NaHCO3 
and NaBH4 (15) to give 27.3 g of crude 8- 
hydroxyoctanoic acid as white solid. The hy- 
droxyacid was then esterified (CH3OH+H 2- 
SO4) and distilled to give a clear, colorless 
liquid (bp 93-95 C/0.22 mm; 98+%); lit. (40), 
bp 137-138 C/8 mm. IR (KBr neat): 3650- 
3100 (-OH), 1742 (ester C=O), (1250, 1200 
and 1172 [Me ester C-O-C]) and 727 
(-[CH2 ] n-) cm-1- 

Methyl ~J-Bromoalkanoates (6m) 

11-Bromoundecanoic acid was converted to 
its methyl ester 69 by conventional esterifica- 
tion. Methyl 10-bromodecanoate (68), methyl 
9-bromononanoate (67) and methyl 8-bromo- 
octanoate (66) were prepared from their respec- 
tive co-hydroxyesters by bromination of the 
-OH group, using Ph3P-Br 2 reagent (13). 

An oxidative ozonolysis procedure for ole- 
fins (17) was adapted to synthesize methyl 7- 
bromoheptanoate (65). 8-Bromo-l-octene 
(13.37 g, 0.070 mol) in MeOH (450 ml) was 
ozonized at 5-10 C; then N 2 was bubbled 
through the stirred solution as it warmed to 
room temperature (RT). After removing the 
MeOH, the residue was transferred with 91% 
formic acid (225 ml) and cooled to 15 C. Cold 
30% H202 (35 ml) was added by drops to the 
stirred solution, which was then allowed to 
warm to RT and heated gradually in 3 hr to 75 
C. The cooled reaction mixture was extracted 
with petroleum ether, washed, dried, filtered 
and stripped of solvent. Esterification with 
MeOH and H2SO4 gave the crude bromoester 
65 (5.0 g). Short-path distillation with dimethyl 
sebacate as chaser gave the bromoester (bp 65- 
71 C/0.19 mm;lit .  [41], bp 112 C/5 mm) in 
92.4% purity. 

Boiling points for the other methyl w- 
bromoesters were (11-) 106-108 C/0.10 mm; 
( I S )  104-114 C/0.20 mm; (9-) 92 C/0.25 mm; 
and (8-) 83-84 C/0.20 mm. Literature boiling 
points (41): 176 C/14 mm, 165 C/12 mm, 131 
C/2 mm and 124 C/6 mm, respectively. 

IR (KBr, neat): 1742 (ester C=O), (ca. 1250, 
1200 and 1172 [Me ester C-O-C]), 725 
(-[CH2]m-), 641 (C-Br) and 560 (C-Br) cm -1. 
A mixture of these homologous C6-Cll co- 
bromo-esters showed on GLC the expected 
linear relationship between carbon number and 
log of retention time. 

(to-Carbomethoxyalkyl)t riphenylphosphoniu m 
Bromides (5 m) 

The following procedure for 10-methoxy- 
carbonyldecyl)triphenylphosphonium bromide 
(50) is generally representative of that used for 
the other phosphonium bromides (58-5). How- 
ever, phosphonium bromides (57-5) could not 
be crystallized and were isolated as viscous, 
transparent gums. 

A mixture of Ph3P (82.8 g, 0.316 mol), 
bromoester 60 (75.4 g, 0.270 mol) and CH3CN 
(300 ml) was stirred magnetically and heated 
under N2. After 36 hr reflux, the solution was 
concentrated on a rotary evaporator and crys- 
taUized from ether after 4 repetitive extractions 
by kneading it in the ether (10 vol) and decan- 
ting. Final weight of 59 was 139.9 g (95.9% 
yield). IR (KBr disc): 1740 (ester C=O), (1248, 
1190 and 1170 [Me ester C-O-C]), 725 
(-[CH2 ] 9-), 691 (C-Br) cm -1 . 

By the same procedure, bromide 58 (144.3 
g; 92% yield) was obtained from bromoester 68 
(85.6 g); bromide 57 (13.60 g, 98.1% yield) 
from bromoester 67 (8.00 g); bromide 56 
(40.1 g, 100.3% yield) from bromoester 66 
(18.8 g) and bromide 55 (12.4 g, 95.0% yield) 
from bromoester 65 (6.00 g). 

6-Alkyl-3-Cyclohexenals (22.4). 

The following procedure for 6-propyl-3- 
cyclohexenal (23) from 1,3-butadiene and (E)- 
2-hexenal (33) was typical. 

A 250-ml HasteUoy autoclave (rocker type) 
was evacuated and charged with (E)-2-hexenal 
(18.3 g, 0.186 mol) through the inlet tube and 
attached syringe needle. The autoclave was then 
chilled in Dry Ice/acetone and re-evacuated. 
The inlet tube needle was inserted through a 2- 
hole, crown cap and gasket into a tared pressure 
bottle (Lab Glass, Inc., Vineland, N J) contain- 
ing liquefied 1,3-butadiene (cooled in Dry Ice/ 
CC14). The valve on the inlet tube was opened, 
and the butadiene (33.6 g, 0.521 mol)was 
transferred into the autoclave. After standing 
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overnight at RT, the autoclave was agitated and 
heated to 165 C for 5 hr. The cooled contents 
were transferred with ether, and the solution 
was concentrated on a rotary evaporator to a 
clear, pale-yellow liquid (39.4 g; 61% cyclohex- 
enal, 33% hexenal, and 6% unknown byprod- 
ucts by GLC). Distillation of the concentrate 
(28.3 g) with a Vigreux column (4.5 x 0.5 in.) 
afforded a main fraction 11.6 g;bp 94-97 C/13 
mm; 94+% cyclohexenal 23 by GLC. 

Similarly prepared were: 6-butyl-3-cyclo- 
hexenal (24, 5.21 g, bp 47-54 C/0.04 mm, 98% 
purity by GLC; crude yield, 43.7%) from (E)- 
2-heptenal; and 6-ethyl-3-cyclohexenal (22, 
11.03 g, bp 33-40 C/0.24-0.20 mm, 96+% by 
GLC) from (E)-2-pentenal. Cyclohexenals 
22. 4 are new compounds. 

IR (neat) for cyclohexenals 2n: 3025 (CH= 
CH), 1728 (aldehyde C=O), 1660 and 660 
(Z CH-CH); except 20, 1650 and 652 (Z CH = 
CH) cm -1 . NMR (cf. Table 2). All commercial 
E-2-alkenals were freshly distilled before use 
and showed high E-purity by GLC and IR. Any 
isomerization would not be expected before 
cycloaddition because no thermal isomerization 
of E-crotonaldehyde was observed even at 240 
C (27). 

Methyl c~-(6-Alkyl-2-Cyclohexenyl) Alkenoates (ln) 

The preparation of methyl 9-(6-propyl-3- 
cyclohexenyl)-8-nonenoate (13) was typical of 
the other cyclic ester I n syntheses. 

Phosphonium bromide 56 (39.5 g, 0.0791 
reel) in dry DMF (100 ml) was stirred magne- 
tically under N2, cooled (ca. 5 C) in an ice 
bath, and NaOCH3 (4.83 g, 0.0894 mol) was 
added quickly. The initially colorless solution 
turned orange-brown. After 45 min, a solution 
of cyclohexenal 23 (10.59 g, 0.0695 mol) in 
DMF (20 ml) was added by drops (ca. 10 rain). 
The color of the reaction became light tan or 
cream, and the mixture was stirred overnight 
under N 2 after removing the ice bath. The mix- 
ture was concentrated (at 40 C/1.0-0.5 mm) on 
a rotary evaporator to a brown residue (56.3 g), 
which was slurried in ether (100 ml), filtered 
and concentrated. The resulting brown residue 
was chromatographed through neutral alumina 
(48 g) in hexane (100 ml) followed by ether 
(I 00 ml). GLC indicated that the hexane eluate 
contained mainly cyclic ester 13 (96+% pure; 
crude yield, 79.8%), and the ether eluate con- 
tained mostly cyclohexenal 23 (ca. 83% pure). 
A short-path distillation gave a clear, nearly 
colorless fraction (10.80 g; bp 126-133 C/0.04 
mm; 98.5% 13 by GLC), which was still con- 
taminated will PHaP according to NMR and 
TLC. The impurity was completely removed by 

preparative TLC. The saponification-csterifica- 
tion procedure of Bergelson et al. (17) was used 
to purify larger quantities of 13. From 3.0 g of 
distilled 13, we obtained by the saponification- 
esterification a clear, pale-yellow liquid (13, 
2.12 g; 98+% by GLC), free of phenylphos- 
phines according to TLC. Boiling points of the 
purified cyclic esters were: 10, 125-128 C/0.02 
mm; 11, 127-132 C/0.05 mm; 12, 125-127 C/ 
0.04 mm; 13, 125-129 C/0.05 mm; 14, 124-130 
C/0.09 mm. 

IR (KBr, neat) for cyclic esters In :  3020 
(CH=CH), 1748 (ester C=O), 1660 (Z CH=CH), 
(1250-1255, 1198 and 1172 [Me ester C-OR]),  
725 (-[CH214-) and 660 (Z CH=CH) cm -1 ;ex- 
cept 10, which had 1653 and 655 cm -1 for Z 
CH=CH. 
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Effects of Phosphatidylcholines on de novo Synthesis 
and Excretion of Sterol by L-929 Fibroblasts 
GEORGIOS THOMAIDIS and CHESTER E. HOLMLUND*,  Department of Chemistry, 
University of Maryland, College Park. MD 20742  

ABSTRACT 

The effects on [ 14C] sterol synthesis and excretion by exposure of L-929 cells to several phospha- 
tidylcholines (PC) has been examined. No significant effects were noted on either parameter during a 
6-hr period if exposure of ceils to the phospholipid preceded the addition of [1-14C] acetate by just 30 
rain. However, if cultures were grown in media containing delipidized serum and 2 • 10 -s M PC 
through 2 or more subculturings prior to adding [ 1-a4C] acetate, the amount of [ ~4C] sterol increased 
in both cells and medium by 70-200% when saturated or monounsaturated PC were used. Dilinoleyl- 
phosphatidylcholine (18:2 PC) at the same concentration did not stimulate synthesis or excretion of 
newly synthesized sterol. Total cellular sterol was determined by gas chromatography, and was only 
marginally affected by long-term exposure to dipalmitylphosphatidylcholine (16:0 PC), whereas 
the total sterol of the medium increased by 4-fold over a 19-hr period. Cultures which had been 
exposed to 16:0 PC through 3 subculturings continued to display enhanced de novo sterol synthesis, 
but not excretion, for up to 5 hr after replacement with fresh medium lacking 16:0 PC. The disparity 
in response to 2 X I0 -s M levels of 16:0 PC and 18:2 PC may relate to differences in metabolism of 
the PC. Exposure to 18:2 PC resulted in about 3-fold increases in the 18:2-to-18:0 plus 18 :! ratio of 
cellular fatty acids, whereas relatively small changes in the cellular fatty acid composition were noted 
with 16:0 Pc-treated cells. The results indicate that extracellular PC can promote sterol synthesis and 
excretion by L-929 cells, and that the magnitude of this response is influenced by the time of expo- 
sure to the phospholipid and by its fatty acid composition. 
Lipids 17:427-433, 1982. 

INTRODUCTION 

Numerous studies have indicated that plasma 
lipoproteins play an important role in regu- 
lating cellular sterol synthesis and flux (1-6). 
Exogenous sterol may be assimilated by cells, 
resulting in a decrease in the rate of endogenous 
sterol synthesis (5,9,12,14). Conversely, it has 
been demonstrated that cellular sterol can be 
excreted into the cellular medium, and that this 
process is stimulated by the presence in the 
medium of  apolipoproteins and phospholipids 
(5,9,12). The type of apolipoprotein and phos- 
pholipid affected the extent of  sterol excretion 
(6). Concomitantly,  endogenous sterol synthe- 
sis is stimulated as a result of  the enhanced 
sterol excretion (5,9,12). 

This study was conducted to compare the 
influence of saturated and unsaturated phos- 
phatidylcholine (PC) on sterol synthesis and 
excretion as a function of 2 extremes in the 
length of  time the cells were exposed to delipid- 
ized serum to which phospholipid had been 
added. 

MATERIALS AND METHODS 

Materials 

Phospholipids were purchased from Supelco 
(Bellefonte, PA) and were 98-99% pure, with 
the exception of 1,2-dilinoleoyl PC (%90% 
pure). Coprostanol and desmosterol (%92% 

pure) were also from Supelco. Cholesterol 
(%98% pure) was purchased from Sigma (St. 
Louis, MO). All lipids were tested for purity 
by thin layer chromatography (TLC) on What- 
man analytical TLC precoated plates (LK5DF 
Linear-I silica gel). The solvent system, hexane/ 
diethyl ether/glacial acetic acid (70:30:1 by 
vol) was used for the sterols, and the system 
chloroform/methanol/glacial acetic acid/water 
(150:28:8:4)  was used for the phospholipids. 
All tested lipids appeared as single spots with- 
out tailing. 

[ 1J4C] Acetate (2.4 mCi/mmol) and [ la,2a 
(n)-aHlcholesterol (58 Ci/mmol) were pur- 
chased from New England Nuclear (Boston, 
MA) and Amersham (Arlington Heights, IL), 
respectively. 

All solvents were distilled prior to use. 

Cell Cultures 

A culture of  L-929 cells was kindly provided 
by Dr. Frank Hetrick, University of  Maryland, 
and was maintained on L-15 medium (Flow 
Labs, Rockville, MD)supplemented  with 10% 
calf serum (Flow Labs), delipidized, after heat- 
ing to inactivate any lecithin-cholesterol acyl 
transferase present (17), by the method of 
Cham and Knowles (18). Less than 1% of the 
cholesterol content of  serum remained in the 
delipidized serum (DLS). Penicillin and strepto- 
mycin also were added to the medium at 
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50,000 units/ml. Cultures were grown to 60- 
80% confluency (about 3 x 106 cells/flask) in 
25 cm 2 Coming flasks before subculturing, 
replacement of  medium, or init iation of  an 
experiment.  PC were dissolved in ethanol,  
diluted with delipidized serum (DLS) to a 
maximal ethanol concentration of  5% (v/v), 
and were shaken at 37 C for 1 hr before addi- 
t ion to cultures. The medium for control  was 
treated similarly, but  lacked any added phos- 
pholipid. The physical state of  the added phos- 
pholipid was not  determined. 

"Shor t - term" studies were conducted by 
rinsing monolayer  cultures with 2 ml buffered 
salt solution (BSS) (19), followed by addit ion 
of 3 ml of  fresh medium containing 10% DLS 
supplemented with the test lipid. Cultures 
were incubated for 30 rain prior to addition 
of  4 x l 0  -4 M [1)4C]aceta te  (2.4/~Ci/#mol).  
Incorporation of label into digitonin-precipi- 
table sterol (20) was linear for at least 4 hr  and 
is an accurate measure of sterol synthesis in 
this system (19). The amount  of  labeled sterol 
in the cells and medium reflected sterol synthe- 
sis, whereas the amount  in the medium repre- 
sented the excreted sterol. 

In the "long-term" studies, the cells were 
subcultured 3 times (1 : 2) in the presence of  
the PC prior to the addit ion of [1-Z4C]acetate 
in fresh medium. Experiments were terminated 
after 2 hr incubation by transferring the media 
to other tubes and by removal of cells with a 
l-min t reatment  with 1 ml of  0.25% trypsin 

�9 (Gibco), followed by the addit ion of  1 ml fresh 
0.25% trypsin solution and incubation with 
shaking for 3-4 min. The cell suspension was 
then diluted with 4 ml L-I 5 medium and the 
cells were pelleted by centrifugation at 1,000 
x g. The pelleted cells were rinsed twice with 
BSS and were resuspended in 0.8 ml of 1 N 
NaOH. 

Atmlyms 
Extract ion and determination of  medium 

and cellular sterol was performed essentially as 
described by Bates and Rothblat  (12). After  
alkaline digestion of  the cells, 0.1 ml of  the cell 
lysate was used for determination of protein 
(21). To the remaining cell lysate, 30-60 gl of  
[ la,2a(n)-aH] cholesterol in hexane (2 #Ci/ml) 
was added as an internal standard for experi- 
ments wherein de novo synthesis of  sterol was 
to be followed, whereas 5" btg coprostanol was 
added to lysates which were to be analyzed for 
total sterol by gas liquid chromatography 
(GLC). Lipids were extracted from the alkali- 
digested cell pellet by the method of  Bligh and 
Dyer (22) and, after saponification (23), the 
nonsaponifiables were either subjected to digi- 

tonin precipitat ion (20) subsequent to the addi- 
t ion of  0.4 mg cholesterol as a carrier, or were 
analyzed by GLC. The digitonin precipitate was 
washed, dissolved in methanol  and  counted in 
5 ml scintillation fluid consisting of 2,5-di- 
phenyloxazole (4.0 g/~), bis-(0-methyl styryl)- 
benzene (1.1 g/s 660 ml toluene and 340 ml 
Cellosolve. Double label counting was effected 
with an Intertechnique SL30 liquid scintillation 
spectrometer.  Losses were corrected for by the 
recovery of  the added [aH] cholesterol. 

Analysis of total  sterol in the nonsaponffi- 
ables was conducted with a Hewlett-Packard 
5830 gas liquid chromatograph equipped with 
a hydrogen flame ionization detector  and an 
electronic integrator. A 6 f t x  1/8 in. glass 
column packed with 100-120 mesh Gas Chrom 
Q, coated with 1.4% S ta r  10-C, was used. The 
column was maintained at 250 C and an N2 
carrier gas flow rate of  22 ml/min was used. 
These conditions readily resolved coprostan01 
(internal standard) from desmosterol,  the major 
sterol produced by L-929 cells (24), and traces 
of  cholesterol occasionally present from the 
DLS. 

Cellular fat ty acid composit ion was deter- 
mined by preparation of  the methyl  esters (25) 
from the dry lipid residue obtained from the 
Bligh and Dyer extract .  The fatty acid me thy l  
esters were resolved and quantified with the 
chromatograph just  described containing a 6 ft 
• I /8  in. glass column packed with 100-120 
mesh Gas Chrom Q coated with 15% DEGS and 
operated at 160 C with an N 2 carrier gas flow 
rate of  20-22 ml/min.  An internal standard of  
nonadecanoic acid methyl  ester was included 
with each sample. 

Analysis of  medium sterol (1 ml) was per- 
formed as described by Bates and Rothblat  
(12), and involves essentially the same sequence 
of steps already outlined for cellular sterol sub- 
sequent to, and including, the addition of  an 
internal standard and extract ion of lipid by the 
Bligh-Dyer procedure (22). 

RESULTS 

Figures 1 and 2 reveal the effects of  4 PC, 
each at 2 x l0  -s M concentrat ion,  on the 
amount  of  de ne ro  synthesized sterol in cells 
and medium over a 5-hr period. These experi- 
ments are considered to represent short-term 
exposure to the phospholipids,  because only a 
30-rain preincubation to the phospholipid 
occurred before addit ion of  [1-t4C]acetate.  
Although there appeared to be a decrease of  
incorporat ion of  label into the sterol of  ceils 
and medium when phospholipid was present, 
these results are not  significant at the 5% level. 
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FIG. 1. Effect of "short-term" exposure to PC on 
[IJ4C]acetate  incorporation into digitonin-precipi- 
table sterol extracted from cells. Cultures were grown 
to 60-80% confluency on L-15 medium, supplemented 
with 10% delipidized calf serum. At this rime, the 
spent medium was removed, the cell monolayer was 
rinsed with 2 ml BSS, and 3 ml fresh medium was 
added containing delipidized serum with or without 
the indicated PC at 2 X 10 -s M. After 30 min preincu- 
bation in the fresh medium, [ 1J4CI acetate was added 
and the incorporation of label over a 5-hr period into 
digitonin-precipitable sterol obtained by extraction of 
cells was determined. Each point represents the mean 
of duplicate samples. 

However ,  w h e n  cells were exposed  to  p h o s p h o -  
l ip id -con ta in ing  m e d i u m  for  2-3 subcu l tu r ings  
p r io r  to  the  add i t i on  o f  [ 1 J 4 C ] a c e t a t e ,  i t  is 
ev iden t  t h a t  the  presence  o f  p h o s p h o l i p i d s  
caused e n h a n c e d  s te ro l  syn thes i s  and  e x c r e t i o n  
i n t o  the  m e d i u m  c o m p a r e d  to  the  c o n t r o l  
cond i t i ons .  The  e f fec t  was m o r e  p r o n o u n c e d  
in  the  p resence  o f  PC c o n t a i n i n g  s a tu r a t ed  and  
m o n o u n s a t u r a t e d  f a t t y  acids t han  wi th  d iun-  
s a tu r a t ed  f a t t y  acids (Figs. 3 and  4) .  

The  in f luence  o f  c o n c e n t r a t i o n  of  dipalmi-  
t y l p h o s p h a t i d y l c h o l i n e  ( 1 6 : 0  PC) on  s terol  
syn thes i s  and  e x c r e t i o n  is s h o w n  in Table  1. 
The  s t i m u l a t o r y  e f fec t  o f  16 :0  PC c o n t i n u e d  
to  increase  over  the  c o n c e n t r a t i o n  7 • 10 -6 M 
to  8 x 10 -s  M. On the  o t h e r  h a n d ,  di l inoleyl-  
p h o s p h a t i d y l c h o l i n e  ( 1 8 : 2  PC), which  was 
c o m p a r a b l e  to  the  con t r o l  f r o m  2 x 10 -s  M 
to  8 x I 0  -s  M, s h o w e d  progressively g rea te r  
s t imu la to ry  e f fec ts  o n  syn thes i s  and  e x c r e t i o n  
o f  s terol  as the  c o n c e n t r a t i o n  o f  the  PC de- 
creased to  7 x 10 -6 M. This  u n e x p e c t e d  f ind ing  
was n o t  observed  u n d e r  a l te red  c o n d i t i o n s  o f  
i n c u b a t i o n  (Y.S. Sun and  C.E. H o l m l u n d ,  un-  
pub l i shed  da ta) ,  and  is be ing  exp lo red  fu r the r .  

The  e f fec t  o f  16 :0  PC on  the  t o t a l  cel lular  
and  m e d i u m  s te ro l  c o n t e n t  was d e t e r m i n e d  b y  
GLC, and  the  resul ts  are p r e sen t ed  in Table  2. 

FIG. 2. Effect of "short-term" exposure to PC on 
the excretion of digitonin-precipitable sterols by 
L-929 cells. The procedure described in Fig. 1 was 
followed. At the indicated analysis times, the medium 
was removed from the cell culture and 1 ml was ex- 
tracted by the Bligh-Dyer method (22) and analyzed 
for its content of digitonin-precipitable sterol. Each 
point represents the mean of duplicate samples. 
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FIG. 3. Effect of "long-term" exposure to PC on 
[1-14C]acetate incorporation into digitonin-precipi- 
table sterols by L-929 cells. Cells were subcultured 
(1:2) times in the presence or absence of the added 
PC (2 • 10 -5 M). After the third subculture, replace- 
merit media were added and the culture were incu- 
bated for 30 min before adding [ l -"C]aceta te .  
Incorporation of label into the digitonin-precipitable 
sterol extracted from cells was determined over a 5-hr 
period. Each point represents the mean of duplicate 
samples. 

It  is ev iden t  t h a t  the  m e d i u m  w i t h d r a w n  f rom 
cell cu l tu res  which  h a d  b e e n  exposed  to 16 :0  
PC-con ta in ing  m e d i u m  had  over  4 t imes  as 
m u c h  s terol  as m e d i u m  f rom con t ro l  cells. 
Af te r  add i t i on  of  r e p l a c e m e n t  media ,  s terol  
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analyses were s u b s e q u e n t l y  made  at 3, 7 and  19 
h r  on  b o t h  cells and  media .  The  resul ts  reveal  
a progressive increase  in m e d i u m  s terol  c o n t e n t  
wi th  t ime,  wi th  l i t t le  change  in the  cellular 
s terol  c o n t e n t  f rom the  c o n t r o l  over  the  19-hr  
per iod.  

It  was of  in te res t  to  d e t e r m i n e  w h e t h e r  the  
s t i m u l a t i o n  of  16 :0  PC on  syn thes i s  and  excre-  
t ion  of  newly  syn thes ized  s terol  wou ld  pers is t  
a f te r  r emova l  o f  16 :0  PC f rom the  m e d i u m .  
Table  3 p resen t s  the  resul ts  o f  an e x p e r i m e n t  
des igned to  p rov ide  a response  to  th is  ques t ion .  
It  appears  t ha t  cells wh ich  have  u n d e r g o n e  a 
long- te rm exposure  to  16 :0  PC c o n t i n u e  to  
display e n h a n c e d  de n o v o  s terol  syn thes i s  (com-  
pared  to  t he  c o n t r o l )  i r respect ive  o f  w h e t h e r  
t he  16 :0  PC c o n t i n u e s  to  be  p re sen t  in  the  
m e d i u m  for  up  to  5 h r  a f t e r  add ing  the  replace- 
m e n t  m e d i u m .  However ,  t he  m e d i u m  c o n t e n t  
of  newly  syn thes i zed  s terol  is e levated on ly  
wi th  cells which  r ema in  in c o n t a c t  wi th  16 :0  
PC-con ta in ing  m e d i u m .  

The  in f luence  of  long- te rm exposure  to  
media  c o n t a i n i n g  PC on  cellular f a t ty  acid 
c o m p o s i t i o n  is s h o w n  in Table  4. Only  small  
changes  were n o t e d  wi th  cu l tu res  exposed  to  
16 :0  PC, whereas  exposu re  to  18:2 PC caused  
a b o u t  a 3-fold increase  in the  relat ive cel lular  
c o n t e n t  of  l inoleic  acid,  a 40 -50% increase  in 
the  relat ive a m o u n t  of  s tear ic  acid,  and  a de- 
crease in the  relat ive a m o u n t  o f  oleic acid. 

DISCUSSION 

The resul ts  o f  this  s t udy  ind ica te  t h a t  the  
e x t e n t  o f  t he  e f fec t  o f  ex t e rna l  PC on  de n o v o  
syn thes i s  and exc re t ion  of  s terol  by  L-cells 
g r o w n  in del ip idized m e d i u m  is d e p e n d e n t  on  
the  l eng th  o f  exposu re  o f  the  cells to  the  PC- 
con ta in ing  m e d i u m  and  o n  the  c o n c e n t r a t i o n  
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FIG. 4. Effect of "long-term" exposure to PC on 
the excretion of digitonin-precipitable sterols by 
L-929 cells as a function of time. The protocol for 
Fig. 3 was followed. At each time point, one ml of 
the medium was extracted by the Bligh-Dyer method 
and analyzed for labeled sterol that was precipitable 
by digitonin. Each point represents the mean of 
duplicate samples. 

and  fa t ty  acid c o m p o s i t i o n  of  the  PC. B u m s  
and  R o t h b l a t  (6)  f o u n d  t h a t  L-cells t h a t  were 
g rown  in a m e d i u m  s u p p l e m e n t e d  wi th  del ipid-  
ized se rum and  pre labe led  by  g r o w t h  in 
m e d i u m  con ta in ing  [ 2 - t 4 C ] a c e t a t e  exc re t ed  
s terol  du r ing  a 6-hr  i n c u b a t i o n  per iod .  This  
process  was s t imu la t ed  by  e i t he r  del ip id ized 
calf  se rum,  egg lec i th in  or  whole  calf  se rum.  
The  c o m b i n a t i o n  o f  egg lec i th in  and  del ip id ized 
calf  s e r u m  p r o m o t e d  more  release o f  s terol  t h a n  
was observed  wi th  e i t he r  c o m p o n e n t  alone.  In 
the  same s tudy  (6) ,  Burns  and  R o t h b l a t  also 
used L-51784  cells wh ich  were pre labeled  b y  
exposu re  to  [ 4 J 4 C ] c h o l e s t e r o l  by  overn igh t  

TABLE 1 

"Long-Term" Effects on  Sterol  Metabolism by L-929 Cells 
as a Funct ion  o f  16:0 PC Co ncentra t io n  

dpm [ 14C 1Sterol/mg 
16:0 PC cell  p r o t e i n / 2  hr • SD a 

Treatment concentration (M) Cells b Mediumb 

Control - 39587 • 1507 2062 • 14 
16:0 PC 7 X 10 -6 60756+ 756 3966-+ 198 

2 X l 0  -s 7 0 1 3 0  + 2208 4634 + l 0  
4 X 10 -s 76976 + 940 6133 +428 
8 X 10 -s 90290 + 2787 8311 + 166 

aTwo samples were analyzed for each treatment. 
bCells were subcultured (1:2) 3 times in the presence of the indicated concentration of 

16:0 PC. After the third subculture, replacement media were added with the above c o n c e n -  
trat ion of 16:0 PC and the cultures were incubated for 30 rain before adding [ 1-14C ] acetate. 
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TABLE 2 

Effect of "Long-Term" Exposure to 16:0 PC on Sterol Cellular Content 
and Excretion into the Medium 

431 

Treatment a 

Incubation time Sterol (/~g)/mg cell prot. • SD c 
0tr) b Cells Medium 

Control 

16:0 PC 

0 -- 3.20 + 0.78 
3 14.34 • 0.08 2.04 • 0.26 
7 16.04 +- 0.23 3.00 + 0.00 

19 14.28 • 0.36 2.90 + 0.13 

0 -- 12.95 + 0.31 d 
3 12.33 ~ 0.41 d 4.79 -+ 0.59 d 
7 1 4 . 0 0  • 0.40 d 8.55 e 

19 16.60 • 0.28 d 14.16 + 1.19 d 

aCells were subcultured (1:2) 3 times in the presence of 16:0 PC (2 X 10 -s M). After the 
third subculture, replacement media were added and the cultures were incubated from 3 to 
19 hr. Sterols were extracted and quantified by GLC. 

bTbe 0-hr values represent the amount  of  sterol excreted between the initiation of  the 
third subculture and addition of replacement medium (a period of 36 hr). 

eTwo samples were analyzed for each treatment. 
dStatistically significant (p < 0.05). 
eMissing value. 

TABLE 3 

Persistence of  the Effect of  16:0 PC on Sterol Metabolism in L-929 Cells 

dpm [ 14C] Sterol/mcg 
Treatment a cell prof./2 hr • SD o 

Three Replacement m e d i u m -  Incubation 
subcultures addition of 16:0 PC time (hr) Cells c Medium 

Control No 2.5 20478 -+ 229 776 +- 5 
5 21380 + 768 674 + 58 

24 7640 + 577 854 -+ 28 

16:0 PC Yes 2.5 37156+- 388 1646 + 385 
5 37566 + 921 1868+ 704 

24 2366+- 323 3250 + 1772 

16:0 PC No 2.5 31889+ 847 842•  54 
5 36450 • 1002 994 -+ 9 

24 1823 + 24 682 • 42 

aCells were subcultured 3 times in the presence (2 X 10 -s M) or absence of  16:0 PC. 
After the third subculture, replacement media (with or without I6 :0  PC) were added and 
the cultures were incubated for 0.5 to 22 hr before adding [ 1-14C]acetate. 

bTwo replicates were analyzed for each treatment. 
CAll the lipid treatments were statistically significant (p < 0.05). 

g r o w t h  in 5% hea t - i nac t i va t ed  fetal  bov i ne  
s e r u m  c o n t a i n i n g  the  [4-14C] cho le s t e ro l .  S u c h  

cells also readi ly  re leased  the  p re l abe led  s t e ro l  
u p o n  e x p o s u r e  t o  de l ip id ized  s e r u m  o r  t o  mix -  

t u r e s  o f  del ip idized s e r u m  and  p h o s p h o l i p i d .  
The  a p p a r e n t  d i f f e rence  b e t w e e n  o u r  r e su l t s  
and  t hose  o f  B u r n s  and  R o t h b l a t  c o n c e r n i n g  
the  t i m e  o f  e x p o s u r e  o f  P C - c o n t a i n i n g  m e d i u m  
r equ i r ed  be fo r e  e n h a n c e d  s te ro l  e x c r e t i o n  is 

obse r ved  m a y  ind ica te  the  i n v o l v e m e n t  o f  dif-  
f e r en t  s t e ro l  poo l s .  O u r  s t u d y  f o l l o w e d  the  fa te  
o f  n e w l y  s y n t h e s i z e d  s te ro l ,  w h e r e a s  B u m s  a n d  
R o t h b l a t  m e a s u r e d  the  e x c r e t i o n  o f  p re l abe led  
s te ro l s .  

More  r e ce n t l y  (Y.S.  Sun  and  C.E.  H o l m l u n d ,  
u n p u b l i s h e d  da ta ) ,  we have  f o l l o w e d  b y  G L C  
the  e f f ec t  o f  16 :0  PC o n  e x c r e t i o n  o f  ce l lu lar  
s t e ro l  as a f u n c t i o n  o f  t i m e  a n d  have  obse r ved  
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TABLE 4 

Effec t s  o f  " L o n g - T e r m "  E x p o s u r e  to 1 6 : 0  PC and 1 8 : 2  PC on  Cel lular Tota l  Fat ty  Acid  C o m p o s i t i o n  

Fat ty  acid 

T r e a t m e n t  a 14:0 16:0 16:1 18:0 18:1 18:2 

Control -  
% •  2.15• 20.69• 4.72• 24.40• 43.26+ 1 . 2 2  4.76+0.02 

16:0 PC- 
%• 1.37• 18.70• 3.38 • 0.11 b 27.41 • b 45.20• 3.94+0.49 

18:2 PC- 
% • SD i . 8 0  • 0 . 2 8  1 9 . 2 6  • 0 . 3 6  1 .23  • 0 . 0 7  b 3 5 . 9 6  + 0 . 1 6  b 2 7 . 8 4  • 0 . 1 5  b 1 3 . 9 0  • 0 . 2 6  b 

a c e l l s  were  s ubcu l tured  ( 1 : 2 )  3 t i m e s  in the  presence  or  absence  o f  the  added  PC at 2 • 10  -s M. A f t e r  the  
third s ubcu l ture ,  the  cu l tures  w e r e  a l l o w e d  to  g r o w  to  50-60% c o n f l u e n c y ,  and  the  ce l lu lar  fa t ty  acids  w e r e  
a n a l y z e d  by GLC. Dupl i ca te  sample s  were  a n a l y z e d  for e a c h  t r e a t m e n t .  

bStat i s t ica l ly  s igni f icant  (p < 0 .05 ) .  

a significant increase after just 30 min exposure 
to 16:0 PC. It appears, therefore, that, although 
enhanced sterol excretion is rapidly initiated by 
exposure to a medium containing 16:0 PC in 
addition to delipidized serum, stimulation o f  
sterol synthesis and of the excretion of newly 
synthesized sterol requires several hours '  expo- 
sure to the 16:0 PC-containing medium. This 
conclusion is supported by the work of 
Edwards et al. (26), who found that cholesterol 
losses from rat hepatocytes as a result of expo- 
sure to media containing albumin and egg leci- 
thin were followed by increases in O-hydroxy-~- 
methylglutaryl CoA reductase (HMG-CoA 
reductase). In each instance, sterol loss pre- 
ceded the increase in enzyme activity. Because 
HMG-CoA reductase is considered to be the 
rate-limiting enzyme in sterol synthesis (27), 
increases in its activity can be presumed to lead 
to increases in the rate of sterol synthesis. 

From the data of Figures 3 and 4, together 
with the analyses of total cellular and  medium 
sterol shown in Table 2, it appears that the 
addition of 16:0 PC to medium containing 
delipidized serum stimulates the excretion and 
synthesis of sterol by L-cells in such a fashion 
as to maintain a fairly constant level of cellular 
sterol, even though sterol excretion continues 
over a 19-hr period. However, the data of "Fable 
3 suggest that the stimulatory effect of external 
16:0 PC on the rate of de novo synthesis by 
L-ceils continues for at least an additional 5 
hr after replacement of 16:0 PC-containing 
medium with fresh medium lacking the phos- 
pholipid. Under these circumstances, the 
enhanced rate of synthesis occurs in the ab- 
sence of any increase in sterol secretion. This 
finding is also supported by Edwards et al. (26). 
They exposed hepatocytes to varying concen- 
trations of lecithin for 45 min, after which the 

cells were washed and resuspended in fresh 
standard medium for an additional 2.25 hr. It 
was found that, although the sterol excretion 
rate dropped to control levels after removal of 
lecithin from the medium, the level of HMG- 
CoA reductase continued to rise. 

Burns and Rothblat (6) compared the effect 
of several phospholipids on cholesterol excre- 
tion by L-51784 cells. Excretion was dependent 
on the concentration and type of phospholipid 
mixed with the delipidized serum. Egg PC was 
more effective in causing excretion of sterol 
than was egg phosphatidylethanolamine when 
both were compared at equivalent pg]ml con- 
centrations. No attention was given, however, 
to possible affects of differences in fatty acyl 
composition of the phospholipids. Jackson et 
al. (13) have reported on the removal of cellular 
lipids from Lanschutz ascites ceils by mixtures 
of various PC and apoproteins, and by isolated 
PC-apoprotein complexes. In agreement with 
our observations, they found that, in the mix- 
ture experiments, the disaturated PC caused a 
greater removal of cholesterol than did the 
mono- or diunsaturated phospholipids. Our 
finding (Table 4) that the fatty acid composi- 
tion of the cells is more drastically altered upon 
exposure to 18:2 PC than to 16:0PC probably 
bears on the different degree of sterol excretion 
caused by these PC. Because we do not have 
quantitative information 'regarding whether 
either 16:0 PC or 18:2 PC is taken up by the 
cells as the initial phospholipid or merely 
undergoes fatty acyl group exchange processes, 
we cannot distinguish between explanations 
which invoke differences in membrane fluidity 
or differences in extracellular apolipoprotein- 
phospholipid composition. Such studies are 
now in progress. 

Two mechanisms have been proposed to 

LIPIDS, VOL. 17, NO. 6 (1982) 



PHOSPHATIDYLCHOLINES AND STEROL EFFLUX 433 

a c c o u n t  for  the  t r ans fe r  of  cel lular  s terol  to  
m e d i u m  cons t i t uen t s .  One  involves a col l is ion 
m e c h a n s i m  and  has  been  discussed by  Gurd  
(28) .  The o the r ,  first suggested by  Hage rman  
and  Gould  (29) ,  pos tu la t e s  the  f o r m a t i o n  o f  
a water -soluble  i n t e rmed ia t e .  Phil l ips et  al. 
(30 )  and  Backer  and  Davidowicz  (31)  have  
conv inc ing ly  d e m o n s t r a t e d  t h a t  cho les t e ro l  
exchange  be tween  p h o s p h o l i p i d  vesicles does  
n o t  requi re  a col l is ion process  b e t w e e n  vesicles. 
In add i t i on ,  Phi l l ips  et  al. (30)  s tud ied  choles-  
te ro l  exchange  in cell-vesicle sys tems,  and  pro-  
posed  a mode l  which  involves deso rp t ion  of  
cho les te ro l  f rom the  cell m e m b r a n e  as the  rate-  
l imi t ing  s tep fo l lowed by collision wi th  ac- 
c e p t o r  vesicles. An add i t iona l  f ac to r  suggested 
b y  these  au tho r s  is d i f fus ion  of  the  deso rbed  
cho les te ro l  t h r o u g h  an uns t i r r ed  wa te r  l ayer  
s u r r o u n d i n g  cells wh ich  adhere  as a m o n o l a y e r .  
I n t e r a c t i o n  be tween  accep to r  and  cell wou ld  
in f luence  the  p e n e t r a t i o n  of  the  a c c e p t o r  i n t o  
the  uns t i r r ed  wa te r  l ayer  and  t hus  in f luence  the  
ra te  of  cho les t e ro l  t ransfer .  The  fa t ty  acid com-  
pos i t ion  o f  the  p h o s p h o l i p i d  c o m p o u n d  of  the  
accep to r  may  affec t  the  e x t e n t  to  which  th is  
process  occurs.  

B a r t h o l o w  and  Geyer  (J.  Biol. Chem.  [1982]  
257,  3 1 2 6 - 3 1 3 0 )  have  r e p o r t e d  t h a t  the  syner-  
gistic e f fec t  o f  s a tu r a t ed  PC on  s terol  release in 
the  presence  of  h u m a n  se rum a l bum i n  was 
grea ter  t h a n  t h a t  of  u n s a t u r a t e d  PC. 
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Development of the Diurnal Rhythm of Chick 
3-Hydroxy-3-methylglutaryI-CoA Reductase 
H. RAMIREZ, M.J. ALEJANDRE and E. GARCIA-PEREGRIN*, Department of Biochem- 
istry, University of Granada, Granada, Spain 

ABSTRACT 

Chick liver and intestine 3-hydroxy-3-methylglutaryl-CoA reductase did not show diurnal rhythm 
at hatching. Differences in activiW between fight and dark periods appeared during the first week and 
remained more or less constant between 10-14 days after hatching. Hepatic and intestinal reductase 
activities were maximal during the light period and minimal during the dark period. Amplitude of the 
rhythm was practically similar in both tissues (about 3-fold) although specific activities and differences 
between peak and nadir values were always higher in liver. Chick brain reductase did not show signif- 
icant diurnal variations in the age range assayed. 
Lipids 17:434-436, 1982. 

INTRODUCTION 

Neonatal manipulation of cholesterol me- 
tabolism has recently been postulated as a way 
of improving cholesterol handling capacity dur- 
ing the adult life (1). Reiser and Sidelman (2) 
proposed a hypothesis suggesting that choles- 
terol intake during the suckling period could 
determine the developmental feature of en- 
zymes concerned with cholesterol synthesis and 
degradation. 

The perinatal development of 3-hydroxy-3- 
methylglutaryl-CoA (IIMG-CoA) reductase (EC 
1.1.1.34) has been studied in mouse brain (3), 
rat liver (4) and rat lung, liver and brain (5). 
Recently (6), we have studied the develop- 
mental pattern of the enzyme in liver, intestine 
and brain of neonatal chicks, showing that hep- 
atic reductase sharply increased between 5 and 
9 days after hatching, whereas intestinal reduc- 
tase increased immediately after hatching and 
brain reductase did not  change within the age 
assayed (1-15 days). 

The rate of cholesterol biosynthesis in rat 
liver has been shown to possess a diurnal rhy- 
thm (7). Similarly, cholesterol synthesis from 
acetate in intestinal mucosa of the rat has a di- 
urnal rhythm that parallels that of the liver, but 
has a lower amplitude (8). These rhythmic 
changes are associated with changes in the 
amount  of HMG-CoA reductase, the rate-limit- 
ing enzyme for sterol synthesis in developing 
(9) as well as in adult rat (10). The existence of 
the diurnal rhythm in HMG-CoA reductase 
from different rodent tissues has been demon- 
strated in many laboratories (11). However, the 
developmental pattern of these rhythmic chan- 
ges has been less studied and their existence in 
other species has not  yet been properly estab- 
lished. 

In view of these considerations, we have stu- 
died the existence of diurnal variations in dif- 

ferent neonatal chick tissues and the changes in 
the amplitude of these variations throughout 
postnatal development. 

MATERIALS AND METHODS 

Newborn white Leghorn male chicks were 
obtained from a commercial hatchery and main- 
tained fed ad libitum on a commercial diet in 
a chamber with a light cycle from 0700 to 1900 
hr and controlled temperature. The chicks were 
killed by decapitation and tissues rapidly 
removed, weighed, minced and then homogen- 
ized with a motor-driven, all-glass Potter- 
Elvehjem homogenizer in 3 vol of 50 mM phos- 
phate buffer, pH 7.4, containing 30 mM EDTA,  
250 mM NaCI and 1 mM DTT. Microsomes 
were obtained as previously described (12). Pro- 
tein concentration was determined by the 
method of Lowry et al. (13), using albumin as a 
standard. 

HMG-CoA reductase activity was measured 
essentially as described by Shapiro et al. (14). 
This method measured the formation of radio- 
active mevalonate from [14C]HMG-CoA using 
[3HI mevalonate as an internal standard. Reduc- 
tase activity was expressed as pmol of mevalon- 
ic acid (MVA) synthesized/min/mg protein. 

R ESU LTS 

One- to 14-day-old chicks were killed at the 
middle of dark and light periods (0100 and 
1300 hr, respectively). Liver, brain and intes- 
tine were assayed for HMG-CoA reductase ac- 
tivity. The reductase from I-day-old chicks did 
not  exhibit significant variations (Table 1). 
However, some differences were observed be- 
tween 0100 and 1300 hr in hepatic and intesti- 
nal reductase activity from 4 days on. The 
magnitude of these differences increased during 
the first week after hatching, remaining more or 
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S p e c i f i c  activity 
(pmol/min/mg protein) 

Liver Brain I n t e s t i n e  

Age Time of day Time of day Time of day 
(days) 0100 1300 O100 1300 0100 1300 

1 2 0 . 9 +  3 .8  2 2 . 5  + 1.7 3 9 8 . 3 +  2 9 . 5  3 4 8 . 6 +  5 1 . 0  14.6+_ 2 .4  1 5 . 3 +  0 .5  
4 14 .7  + 1 .3  2 3 . 4  + 0 .5  3 5 4 . 6  + 3 1 . 2  3 3 2 . 4  + 8 .8  2 4 . 8  + 8 .8  5 0 . 3  + 7 . 2  
7 1 2 1 . 1  + 3 .0  4 2 6 . 4 +  19 .5  3 0 8 . 5  + 18 .7  3 2 6 . 1  + 3 .9  1 1 8 . 4  + 2 . 4  1 4 5 . 6 + 4 . 3  

10  5 2 7 . 5  + 4 .1  1 0 6 4 . 7  + 1 4 . 3  3 9 0 . 5  + 9 . 8  2 9 6 . 5  + 4 9 . 5  1 7 6 . 3  + 3 .7  2 6 4 . 0  + 5 .9  
14  5 7 7 . 2 + 1 2 . 5  1 1 5 2 . 7 + 3 6 . 3  3 2 8 . 2 + 1 7 . 6  3 1 1 . 0 + 2 4 . 4  1 0 1 . 5 + 2 2 . 7  1 7 3 . 7 + 4 . 4  

aMicrosomal HMG-CoA reductase activity was m e a s u r e d  at t h e  i n d i c a t e d  t i m e .  Resu l t s  are g iven as m e a n s  + 
SEM of 4 experiments with pools of 5 animals. 

less constant between 10 and 14 days. No sig- 
nificant diurnal differences were observed in 
brain reductase in the age range assayed. 

In order to pinpoint the diurnal variations in 
the neonatal chick HMG-CoA reductase, liver, 
brain and intestine of  9-day-old chicks fed ad 
libitum were assa~yed for reductase activity at 
3-hr intervals. Figure 1 shows the diurnal rhy- 
thm of the microsomal reductase of  liver and 
intestine. In both tissues, maximal HMG-CoA 
reductase was observed ca. 5-6 hr after the start 
of  the light period. The amplitude of the rhy- 
thm was similar in both tissues (about 3-fold), 
although specific activities and differences be- 
tween peak and nadir values were always higher 
in liver. On the other hand, in intestine, a slight 
increase seemed to appear between 3 and 6 hr 
after the start of  the dark period, although its 
magnitude was smaller than that observed dur- 

ing the light period. 
Figure 1 also shows that HMG-CoA reduc- 

tase from 9-day-old chick brain did not  show 
significant diurnal variations in its activity. The 
levels of cerebral activity were always higher 
than those obtained in intestine and were simi- 
lar to those found in the dark period for the 
hepatic reductase. 

Age-related changes of the microsomal re- 
ductase activity in the whole liver were studied 
at the middle of  dark and light periods. Both 
total microsomal activity and differences in this 
activity between peak and nadir increased be- 
tween 4 and 14 days (Fig. 2). The peak total 
activity 14 days after hatching was about 90- 
fold that obtained at 4 days whereas peak 
specific activity was about 50-fold. 

Table 2 shows that microsomal activity in 
the whole brain, measured at the middle of  

TIME OFDAY 

I o , ,~  ] r io . ,  I o , ,~ I 
_ l  i 

4 7 10 14 

AGE (days.)  

FIG. I. Diurnal variations of microsomal HMG- 
CoA reductase of 9-day-old chick liver (e), brain (*) 
and intestine (a). Each point represents the mean of 6 
experiments + SEM. 

4o 

30 

v ~  

w 
,=: .E 20 

E 

o 

DIURNAL RHYTHM OF HMG-CoA REDUCTASE 

TABLE 1 

Diurnal Differences of HMG-CoA Reductase from Neonatal Chick Liver, Brain and Intestine a 

FIG. 2. Microsomal HMG-CoA reductase activity 
per liver at 1300 hr (*) and 0100 hr (o) as a function 
of age. Each point represents the mean of 4 experi- 
ments + SEM. 
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TABLE 2 

HMG-CoA Reductase Activity in the Whole Chick 
Brain as a Function of Age a 

Total activity 
(pmol/min/brain) 

Age 
(days) 0100 1300 

1 756.7 • 63.2 631.9 • 125.1 
4 780.1 + 81.5 687.7 • 69.7 
7 660.2• 51.3 770.7 • 93.3 

10 741.9 + 29.7 768.4 • 89.5 
14 600.7 • 77.0 726.2 • 53.5 

aReductase activity was measured at the indicated 
time. Results are given as means • SEM of 4 experi- 
ments with pools of 5 animals. 

dark  and  l ight  per iods ,  did n o t  change  wi th  age. 
C o m p a r i s o n  of  da ta  in Table  2 and  those  in 
Figure  2 also shows  t h a t  the  mic rosoma l  activ- 
i ty  in the  who le  o rgan  was h igher  in  b r a in  t h a n  
in l iver o n l y  dur ing  the  f a s t  days  a f t e r  ha t ch ing ,  
and  was clear ly lower  a f te rwards .  

DISCUSSION 

E x o g e n o u s  factors ,  such as l ight ing pe r iod  
and  food  i n t a k e  t ime,  shou ld  be  cons ide red  as 
s y n c h r o n i z i n g  agents  of  the  r h y t h m ,  a l t h o u g h  
the  food  i n t a k e  pa rame te r ,  nor rna l iy  in f luenced  
by  t he  l ight ing,  is t h e  m a i n  e x o g e n o u s  synch ro -  
n izer  of  the  d iu rna l  r h y t h m  of  l iver HMG-CoA 
reduc tase  (15 ,16) .  In ra t ,  th is  r h y t h m  in  t he  
hepa t i c  ac t iv i ty  was de t ec t ed  as ear ly as 6 days  
of  age, b u t  was inver ted  re la t ive  to  t h a t  o f  the  
adul t ,  pe rhaps  ref lec t ing  the  fact  t h a t  suckl ing 
pups  ingest  m o s t  of  t he i r  food  dur ing  t he  day 
(4) .  

No i n f o r m a t i o n  is avai lable o n  the  ex is tence  
o f  a s imilar  r h y t h m  in n o n m a m m a l i a n  species. 
Var i a t ions  observed  in ch ick  liver HMG-CoA 
reduc tase  as a f u n c t i o n  of  t ime  of  day are in 
ag reemen t  w i th  feeding cond i t ions .  Chicks  feed 
ma in ly  dur ing  day t ime ,  whereas  ra ts  are reluc- 
t a n t  to  feed dur ing  the  day.  Thus ,  r educ tase  
act iv i ty  in ch ick  liver was m i n i m a l  dur ing  the  
dark  phase,  in  con t r a s t  to  the  resul ts  r epo r t ed  
in ra t  l iver for  wh ich  reduc tase  ac t iv i ty  was 
m a x i m a l  dur ing  the  dark  per iod  and  m i n i m a l  
dur ing  the  l ight  pe r iod  (10 ,17) .  However ,  dur-  
ing the  first  days a f te r  ha t ch ing ,  energy  in the  
ch ick  is suppl ied  b y  b o t h  the  diet  and  the  yo lk  
sac, for  wh ich  regress ion occurs  at  a b o u t  5 days  
o f  age. These  facts  m a y  exp la in  the  develop-  
m e n t a l  p a t t e r n  of  d iurnal  r h y t h m  in the  hepa-  
t ic reductase .  

Likewise,  d iurna l  va r i a t ions  of  H MG - C oA  re- 

duc tase  in  ch ick  in t e s t ine  co inc ided  w i th  t he  
d iu rna l  r h y t h m  of  the  hepa t i c  reductase .  How- 
ever, d i f fe rences  b e t w e e n  peak  and  nad i r  activ- 
i t ies o f  in t e s t ina l  r educ tase  were f o u n d  a l ready 
be fo re  t he  regress ion o f  yo lk  sac. O n  the  o t h e r  
h a n d ,  t he  small  increase  f o u n d  in t he  da rk  
pe r iod  in in t e s t ina l  r educ tase  may  be  also re- 
l a t ed  to feeding.  In  fact ,  the  food  c o n t e n t  was 
large in the  ch ick  c rop  at  the  begif ining o f  the  
dark  per iod  and  d i sappeared  dur ing  the  f a s t  
h o u r s  o f  th is  phase ,  so t h a t  the  food  i n t a k e  
f r o m  the  c rop  m a y  be  respons ib le  for  th is  small  
increase  in t he  in t e s t ina l  HMG-CoA reduc tase .  
T he  absence  of  r h y t h m  in b ra in  r educ tase  
agrees w i th  t he  lack of  response  in b ra in  to  the  
d ie ta ry  fac tors  t h a t  ope ra te  in o t h e r  tissues. 
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Positional Distribution of Fatty Acids,in Triglycerides 
from Milk of Several Species of Mammals 
PETER W. PARODI, Fats Research Laboratory, The Burter Marketing Board, 
Hamilton C~ntral. 4007, Queensland, Australia 

ABSTRACT 

Milk triglycerides from the echidna, koala, Tammar wallaby, guinea pig, dog, cat, Weddell seal, 
horse, pig and cow were subjected to fatty acid and stereospecific analysis to determine the positional 
distribution of the fatty acids in the triglycerides. The samples presented a wide range of fatty acids, 
most of which varied in content among species. The compositions of the acids at the 3 positions also 
varied among species, reflecting the content of these acids in the triglyceddes. However, there was a 
general similarity in fatty acid positional distribution patterns for all the species with the exception of 
the echidna. The echidna exhibited a completely different fatty acid positional distribution pattern. 
~llae saturated acids were preferentially esterified at the sn-l-position whereas the unsaturated acids 
were selectively esterified at the sn-2-position. The triglyceride carbon number distribution of milk 
from the above species (with the exception of the Weddell seal) was determined by gas liquid chroma- 
tography and compared to that predicted by the l-randorn-2-random-3-random fatty acid distribution 
hypothesis, Agreement was excellent between observed and predicted composition for echidna, koala, 
Tammar wallaby, guinea pig and pig milk, and agreement was reasonable for dog, cat, horse and cow 
milk. Results are discussed in relation to biochemical mechanisms. 
Lipids 17:437-442, 1982. 

Milk triglycerides are synthesized from fatty 
acids derived from plasma triglycerides (TG) and 
from de novo synthesis in the mammary gland 
(1). While the sn-glycerol-3-phosphate pathway 
is considered to be the major synthetic path- 
way, others, such as the monoglyeeride path- 
way, may also make a significant contribution 
(2). The positional distribution of fatty acids in 
milk triglycerides has been determined for the 
cow (3), sheep (4), goat (4), human (5), pig (6) 
and rat (7). These studies indicate that milk 
triglycerides are asymmetrical with the short- 
chain fatty acids preferentially esterified at the 
sn-3-position. 

To determine if the positional distribution 
of fatty acids in milk triglycerides from all 
species followed a uniform pattern, 8 other 
species, representing 5 different orders, were 
studied. The pig and cow, species which have 
been examined previously, were included in the 
study. The TG carbon number  distribution of 
the milks was compared with that c~culated 
from the 1-random-2-random-3-random fatty 
acid distribution hypothesis. 

MATERIALS AND METHODS 

Samples 

Milk samples were obtained from the koala 
(Phascolarctus vinereus), guinea pig (Cavia 
porcellus), dog (Canis familiaris), cat (Fells 
domesticus), Weddell seal (Leptonychotes 
weddelli), horse (Equus caballus), pig (Sus 
scrofa) and cow (Bos taurus). Lipids were 

extracted with diethyl ether and petroleum 
ether (boiling range 30-60 C) by the Roese- 
Gotflieb method (8). Milk lipids from the 
echidna (Tachyglossus aculeatus) and Tammar 
wallaby (Macropus eugenii) were extracted 
from milk using chloroform and methanol by 
CSIRO, Division of Wildlife Research. Samples 
were stored under nitrogen at -20 C until they 
were required for analysis. Triglycerides were 
obtained from milk lipid by column chromatog- 
raphy using 7% hydrated Florisil (9). 

Stereosl0.zcific Analysis 

The sn-l,2( 2,3 )-diglyceride method of 
Brockerhoff (10), adapted for mg quantities by 
Christie and Moore (11) was used with modifi- 
cation. This method, together with the pan- 
creatic lipase deacylation procedure used to 
obtain monoglycerides, was reported by Parodi 
(12). In the current study, diglycerides for 
stereospecific analysis were generated by the 
Grignard reagent, ethyl magnesium bromide. In 
the case of cow milk, diglycerides were ob- 
tained using a pancreatic lipase deacylation. A 
sample of interesterified cow milk fat was used 
to obtain optimal conditions for pancreatic 
lipase deacylation. Results for the sn-l-position 
were obtained by analysis of the lysophospha- 
tide, those for the sn-2-position were obtained 
from monoglycerides by pancreatic lipase 
deacylation and those for the sn-3-position 
were calculated by difference from the known 
triglyceride composition. The composition of 
the sn-2,3-diacyl-l-phosphatidyl phenols pro- 
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vided a check for the sn-3-position. 

Fatty Acid and Triglyceride Analysis 

Triglycerides and partial glycerides were 
transesterified to methyl esters (13). Phospho- 
lipids were transesterified by the addition of 
5 pl of 2.0 N methanolic sodium methoxide 
and 50 pl of hexane. Methyl esters and TG car- 
bon number distribution were analyzed by gas 
liquid chromatography (GLC) as previously 
reported (12,14). 

RESULTS 

Triglyceride fatty acid composition and the 
positional distribution of the fatty acids in the 
triglycerides from the milk of the 10 species of 
mammals is given in Table 1. The milk that was 
studied presented a wide range of fatty acids, 
most of which varied in content among species. 
The compositions of the acids at the 3 positions 
also varied among species, reflecting the con- 
tent of these acids in the triglycerides. How- 
ever, there was a general similarity in fatty acid 
positional distribution patterns for all the 
species with the exception of the echidna. The 
4:0 and 6:0 acids were exclusively esterified at 
the sn-3-position whereas 8:0 was preferentially 
esterified at this position. For the horse, 10:0 
was selectively associated with the sn-3-position 
buf, in the cow, there was slightly more of this 
acid at the sn-2-position than at the sn-3- 
position. The 12:0, 14:0 and 16:0 acids were 
preferentially associated with the sn-2-position 
except in the cow, where there was a little more 
16:0 at the sn-l-position than at the sn-2- 
position. In all species, 18:0 was selectively 
esterified at the sn-l-position. For the seal and 
horse, 18:1 was preferentially associated with 
the sn-l-position but, for the other species, it 
was preferentially associated with the sn-3- 
position. The 18:2 and 18:3 acids were always 
preferentially esterified at the sn-3-position. 

The echidna exhibited a completely differ- 
ent fatty acid positional distribution pattern. 
The 14:0, 16:0 and 18:0 acids were preferen- 
tially esterified at the sn-l-position whereas the 
unsaturated acids 18:1, 18:2 and 18:3 were 
selectively esterified at the sn-2-position. 

A computer program was devised to calcu- 
late the amounts of the triglycerides predicted 
by the 1-random-2-random-3-random fatty acid 
distribution hypothesis. The program also 
allowed for the predicted triglycerides to be 
summed into groups according to their carbon 
number. Data from the stereospecific analysis 
of echidna, koala, Tammar wallaby, guinea pig, 
dog, cat, horse, pig and cow milk triglycerides 

were used to generate the TG carbon number 
distribution predicted by the l-random-2-ran- 
dom-3-random fatty acid distribution hypothe- 
sis. This was compared to carbon number distri- 
bution determined experimentally by GLC. The 
difference between the observed and calculated 
composition for each carbon number  distribu- 
tion was determined. As the specificity in 
utilization of particular fatty acids in certain 
triglycerides must be balanced by discrimina- 
tion in others, the sum of either the positive 
or negative differences (D mol %) was used to 
test deviation from the l-random-2-random-3- 
random fatty acid distribution hypothesis. 

Results for the 9 species of mammals are 
presented in Table 2. Agreement was excellent 
between TG carbon number  distribution, calcu- 
lated by the 1-random-2-random-3-random 
fatty acid distribution hypothesis, and that 
determined experimentally for echidna, koala, 
Tammar wallaby, guinea pig and pig milk. For 
these animals, the value of D was less than 5 
mol %. It was difficult to assess the effect of 
experimental error from TG carbon number 
distribution and stereospecific analyses on the 
value of D. A subjective estimate considered 
that D values above 5 mol % may indicate 
deviation from the distribution hypothesis. 
Dog, cat, horse and cow milk had D values 
between 5 and 7.5 tool % and it may be con- 
sidered that there was reasonable agreement for 
TG carbon number distribution determined 
experimentally and that calculated from the 
l-ran dom-2-rand om-3-ran dora hypothesis. 

The major triglycerides in most milk samples 
were C 50, C 52 and C 54. In general, C 54 was 
present in amounts greater than that predicted 
by the fatty acid distribution hypothesis where- 
as the C 52 and C 50 triglycerides occurred in 
less-than-predicted amounts. 

DISCUSSION 

The species of mammals selected for study 
provided a wide range of fatty acid types and 
compositions for a comparison of fatty acid 
positional distributions in triglycerides. There 
has been a number of stereospecific analyses of 
bovine milk triglycerides from butter  or individ- 
ual cows (3,12,15-17). The results show that 
4:0 and 6:0 are always almost exclusively ester- 
ified at the sn-3-position. The 12:0 and 14:0 
acids are always preferentially esterified at the 
sn-2-position whereas 18:0 is always preferen- 
tially associated with the sn-l-position. In some 
samples, 18:1 is selectively esterified at the 
sn-l-position and in others at the sn-3-position. 
The 8:0 and 10:0 acids are selectively esterified 
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at either the sn-2- or the sn-3-position. In many 
samples, there is little difference in fatty acid 
composition at the 2 positions competing for 
preferential esterification. The interspecies 
differences in fatty acid positional distribution 
noted in Table 1 are of the same nature as the 
intraspecies differences noted for the cow. 

Stereospecific analysis of  triglycerides from 
the sheep and goat (4,18), human (5) and rat 
(7) show that these species also exhibit a similar 
fatty acid distribution pattern to that just out- 
lined. In human and rat triglycerides, 12:0 is 
preferentially esterified at the sn-3-position 
rather than at the sn-2-position. 

Factors which influence the specific fatty 
acid distribution pattern in milk triglycerides 
include: acyl-CoA concentrations, acyltrans- 
ferase specificity and activity and the biochem- 
ical pathways used for triglyceride synthesis. 

J 

Studies with the bovine (19-22) and with the 
rat (7,23,24) demonstrate that the fatty acid 
specificities of  mammary sn-glycerol-3-phos- 
phate acyltransferases and 1-acyl-sn-glycerol-3- 
phosphate acyltransferases are related to the 
fatty acid composition at the s n - 1 - a n d  sn-2- 
positions of  milk triglycerides. The fatty acid 
composition at the sn-3-position is not deter- 
mined to any great extent by the specificities 
of  bovine mammary diacylglycerol acyltrans- 
ferases (25). 

Gross and Kinsella (20) and Kinsella (21) 
found that the specific activity of palmi- 
toyl-CoA ~n-glyeerol-3-phosphate acyltransfer- 
ase from the mammary tissue of  different cows 
varied widely. It can be assumed that the 
activities of other acyltransferases will also 
vary among animals and this may explain why a 
particular fatty acid is preferentially esterified 
at different positions in some samples. 

It is now generally accepted that milk tri- 
glycerides are mainly synthesized by the sn- 
glycerol-3-phosphate pathway, however, in the 
pig, Bickerstaffe and Annison (2) showed that 
a monoglyceride pathway was as active as the 
sn-glycerol-3-phosphate pathway. The posi- 
tional distribution of fatty acids in pig milk 
triglycerides reported in Table 1 and by Christie 
and Moore (6) is similar to other species, in- 
eluding the cow, in which the sn-glycerol-3- 
phosphate pathway is known to be the major, 
if not  the only, synthetic pathway. The sn- 
glycerol-3-phosphate pathway is also the major 
pathway for adipose tissue triglyceride synthe- 
sis (26). These triglyeerides have a fatty acid 
distribution pattern different from milk trigly- 
cerides, indicating that other factors such as 
acyltransferase specificity are more important 
than the synthetic pathway in determining 
fatty acid distribution. 

The positional distribution of  fatty acids in 
echidna milk triglycerides is different from the 
distribution in other species. Grigor (27) also 
has recently shown, by pancreatic lipase deacyl- 
ation, that the proportional distribution of 
fatty acids at the sn-2-position of  milk trigly- 
cerides from this species is different from other 
animals. His results are comparable to data in 
Table 1. The echidna, along with the platypus, 
is the most primitive surviving mammal. Al- 
though the structure of  monotreme mammary 
glands is similar to those of  marsupials and 
eutherians (28), the glands may be unspecial- 
ized (29). 

Of the various animal tissues, the depot fat 
of mammals most closely resembles echidna 
milk triglycerides in the positional distribution 
of  fatty acids (30). However, the symmetrical 
nature of echidna milk triglycerides is more 
akin to those of  common vegetable oils (31). 
Tissue and organ microsomal fractions may 
contain sn-glycerol-3-phosphate and 1-acyl-sn- 
glycerol-3-phosphate acyltransferases with dif- 
ferent fatty acid specificities from those of  the 
mammary gland (24). For the diacylglycerol 
acyltransferases, this may not be the case (25). 
It is thus possible that echidna mammary tissue 
contains acyltransferases with different specifi- 
cities than those of  other mammals, although 
other factors may be involved. Stokes and Tove 
(32) presented evidence that pig adipose tissue 
contained a specifier factor which, by interact- 
ing with acyltransferases, appeared to direct the 
acylation of  16:0 to the sn-2-position. 

Most past studies, as reviewed by Litchfield 
(33), used triglyceride dass composition to 
evaluate 1,3-random-2-random or 1-random-2- 
random-3-random fatty acid distribution hy- 
potheses. Although this approach allows for the 
chain length of the fatty acids, it does not dis- 
tinguish between type and degree of  unsatura- 
tion. Recently, Managanaro et al. (34) have 
applied a more sophisticated approach to deter- 
mining enantiomeric structures of  peanut oil 
triglycerides. Using chromatographic techniques 
and stereospecific analysis detailed analyses of  
the molecular species of generated sn-l ,2- ,  
sn-2,3- and sn-1,3-diglycerides led these workers 
to conclude that the fatty acids in the 3 posi- 
tions of  the glycerol molecule were combined 
with each other solely on the basis of  their 
relative molar concentrations. As a result, it 
was possible to calculate the composition of 
the molecular species of  the peanut oil trigly- 
cerides using the 1-random-2-random-3-random 
hypothesis. 

For pig milk, Christie and Moore (6) found 
excellent agreement between tdglyceride class 
composition and that calculated by a 1-random- 
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2 - r a n d o m - 3 - r a n d o m  d i s t r i bu t i on  hypo t he s i s .  In  
the  cu r r en t  s tudy ,  a g r e e m e n t  was also exce l l en t  
for  pig mi lk  when  T G  c a r b o n  n u m b e r  d i s t r ibu-  
t ion  was c o m p a r e d  to  t h a t  expec t ed  b y  t he  1- 
r a n d o m - 2 - r a n d o m - 3 - r a n d o m  h y p o t h e s i s .  In 
Table  2, the  mi lks  w i th  the  h ighes t  D values 
were those  wi th  the  largest  range o f  f a t t y  acids 
(Tab le  1). The  m a g n i t u d e  o f  D in these  mi lks  
m a y  be  re la ted  to specif ic i ty  due  to  the  chain  
l eng th  o f  the  f a t t y  acids.  

B iochemica l  ev idence  to  s u p p o r t  a 1-random- 
2 - r a n d o m - 3 - r a n d o m  fa t ty  acid d i s t r i bu t i on  in 
mi lk  t r iglycerides  is very l imi ted .  F o r  the  
bov ine ,  Marshal l  and  K n u d s e n  (22)  f o u n d  t h a t  
the  c h a i n 4 e n g t h  specif ic i ty  o f  t he  acy l t rans fe r -  
ases was u n a f f e c t e d  by  t he  n a t u r e  of  t he  f a t ty  
acid (pa lmi t i c  or  oleic acid)  at  t he  s n - l - p o s i t i o n  
of  1-acyl-sn-glycerol-3-phosphate .  This  is an 
example  of  noneor re l a t i ve  acy la t ion  (35) .  Lin 
e t  al. (7)  f o u n d ,  w i th  l ac t a t ing  ra t  m a m m a r y  
gland,  t ha t  acyl-CoA specif ic i ty  was a f fec ted  
by  t he  t ype  o f  1,2-diglyceride accep to r  o f fe red .  
However ,  a l t h o u g h  di laur in  was t he  bes t  ac- 
c e p t e r  and  sn - l , 2 -d i l au r in  > s n - l , 2 - d i m y r i s t i n  
> sn-l,2-dipalmitin > sn-l,2-distearin, t he  
au tho r s  cou ld  n o t  say unequ ivoca l ly  t h a t  the  
a p p a r e n t  p re fe rence  for  sho r t e r - cha in  diglycer-  
ides did n o t  resul t  a t  least  par t ia l ly  f rom the  
grea te r  so lub i l i ty  o f  these  subs t ra tes .  

T G  c a r b o n  n u m b e r  d i s t r i bu t i on  is a neces-  
sary, p u t  pe rhaps  insuf f ic ien t ,  tes t  o f  t he  1-ran- 
d o m - 2 - r a n d o m - 3 - r a n d o m  fa t ty  acid d i s t r i b u t i o n  
hypo the s i s .  A l t h o u g h  care m u s t  be  exerc ised  
w h e n  using the  h y p o t h e s i s  to  calcula te  trigly- 
ceride c o m p o s i t i o n ,  t he  p r o c e d u r e  does  p rov ide  
i n f o r m a t i o n  quickly .  This  i n f o r m a t i o n  would  
pe rhaps  take  years  t o  o b t a i n  us ing  o t h e r  ana ly t -  
ical t echn iques .  Kuksis (36) ,  however ,  has  
c a u t i o n e d  t h a t  o b t a i n i n g  da ta  f r o m  d i s t r i b u t i o n  
h y p o t h e s e s  shou ld  n o t  st if le the  d e v e l o p m e n t  
of  ana ly t ica l  p rocedures  which  will p rovide  
such da ta  w i t h o u t  m a k i n g  a pr ior i  h y p o t h e s e s .  
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Digitonide Precipitable Sterols: A Reevaluation 
with Special Attention to Lanosterol 
RICHARD J. CENEDELLA*,  Department of Biochemistry, Kirksville College of Osteo- 
pathic Medicine, Kirksville, MO 63501 

ABSTRACT 

The ability of digitonin to precipitate lanosterol from prepared mixtures and biological sources was 
evaluated. Commercially available lanosterol was determined to be composed of about 60% lanosterol 
and 40% dihydrolanosterol. Both sterols were only partially precipitated by digitonin under all condi- 
tions examined. The presence of cholesterol increased the precipitation of lanosterol, but never to 
completion. About 40% of the lanosterols from saponitied sheep's-wool fat was not precipitated by 
digitonin. Also 14Cqabeled lanosterol recovered from rat brain following intracerebral injection of 2- 
["C] mevalonate was only 70% precipitated by digitonin. Steric hinderance by the methyl groups at 
carbon -4 is suggested to explain the poor precipitability of this sterol. In conclusion, lanosterol can 
not be considered to be a digitonide-precipitable sterol equivalent to cholesterol. Caution should be 
exercised in situations where digitonin-preeipitable sterols are being prepared from sources containing 
signiticant concentrations of lanosterol (i.e., mass and/or radiolabel). 
Lipids 17:443-447, 1982. 

INTRODUCTION 

Measurement of incorporation of 14C-labeled 
precursors or tritiated water into digitonin- 
precipitable sterols (DPS) is a standard method 
for assessing cholesterol biosynthesis (1-3). 
Cholesterol is assumed to be the main sterol re- 
covered; however, cholesterol precursors pos- 
sessing a 3~-hydroxy group are also assumed to 
be precipitated. As explained by Lakshmanan 
and Veech (1), precipitation of methylated ster- 
ols such as lanosterol can compficate the calcu- 
lation of cholesterol biosynthesis from Z4C- 
labeled substrates. They state that "lanosterol 
which also has a 3/~-hydroxy group is precipi- 
tated along with cholesterol by digitonin." An 
earlier observation in our laboratory that lano- 
sterol gave no reaction with digitonin prompted 
us to examine critically the precipitability of 
lanosterol by digitonin. In this study, we com- 
pare the precipitation of lanosterol from pre- 
pared mixtures and biological sources. The re- 
suits show that, in contrast to cholesterol, 7- 
dehydrocholesterol and desmosterol, lanosterol 
is only partially, and often poorly, precipitated 
by digitonin. 

MATERIALS AND METHODS 

Chemicals 

Cholesterol, desmosterol, 5-a-cholestane and 
squalene were purchased from Sigma Chemical 

Co., St. Louis; 7-dehydrocholesterol was from 
Aldrich Chemical Co., Milwaukee, and lano- 
sterol was from Sigma Chem. Co. and Serdary 
Research Labs, London, Ontario, Canada. J.T. 
Baker, Phillipsburg, NJ, was the source of digi- 
tonin. All sterol standards except lanosterol 
gave a single peak when analyzed by gas chrom- 
atography (GC). Lanosterol from both sources 
was composed of 2 distinct substances. The 
substance that eluted first in the GC analysis 
comprised about 40% of the total and was iden- 
tified by GC-mass spectrometry (GC-MS) as 
dihydrolanosterol (see Appendix). 

Formation of Digitonide Precipitates 

Digitonide precipitates were usually formed 
as described by Sperry and Webb (4). With this 
method, the sterols were dissolved in 3 or 4 ml 
of acetone/ethanol (1 : 1, v/v), the solution was 
acidified with 50 #1 of 10% acetic acid and the 
sterols were precipitated by addition of 1 or 2 
ml of 1% digitonin (1 g/100 ml ethanol/H20, 
1 : 1 ). These amounts of digitonin were in exces- 
ses of that required for complete precipitation 
of several mg of sterol. Precipitates were 
allowed to form for 20-24 hr at 5 C. In an ini- 
tim experiment, the recovery of digitonides fol- 
lowing reaction overnight at 22 C was also mea- 
sured, as markedly different conditions of pre- 
cipitation are reported in the literature. For ex- 
ample, Igarashi and Suzuki (5) precipitated 
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cholesterol by reaction with digitonin for only 
1 hr  presumably at room temperature,  whereas 
Sperry and Webb (4) conducted their reaction 
overnight at 5 C. Precipitates were quant i ta ted 
gravimetrically after being washed twice with 
acetone and once with diethyl  ether. Precipi- 
tates were then dried at room temperature to 
constant weight. Treatment  of  the supernatant  
recovered from the digitonin precipitates with 
addit ional  digitonin resulted in no addit ional 
precipitate being formed. In some  cases, un- 
precipitated sterols were quanti tated in aliquots 
of  supernatant separated from the digitonide 
precipitates by low-speed centrifugation (2,000 
rpm for 10 min). One- or 2-ml aliquots of the 
supernatant were evaporated to dryness under 
nitrogen at 40 C and 200/al  of  CS2 containing 
20/ag of 5-~-cholestane (internal standard) was 
added to the residue. Sterols that  were soluble 
in the carbon disulfide were separated at 265 C 
on a 6-ft coiled glass column (2 mm id) packed 
with 3% OV-17 on 100/120 Gas-Chrom Q using 
a Packard  Model 417 gas chromatograph and 
flame ionization detection. This procedure is 
identical to that  detailed before (6) except  that  
the column was packed with 3% OV-17 rather 
than 3% QF-1. The OV-17 appeared to yield 
bet ter  resolution of the sterols. The approxi- 
mate retent ion time of  5-~-cholestane, choles- 
terol, 7-dehydrocholesterol,  desmosterol,  
dihydrolanosterol  and lanosterol were 3, 8, 9.5, 
9.5, 11.5 and 14 rain, respectively. The area 
under the peaks was estimated by triangulation 
and the concentrat ion of sterols was deter- 
mined by comparison with the area produced 
by known amounts  of  5-~-cholestane. The area 
under the peaks obtained with equal masses of 
5-~-cholestane, cholesterol and lanosterol (dihy- 
drolanosterol  plus lanosterol) were 1.0 to about 
0.8 and 0.5, respectively. The response ratios 
were determined with each GC run and were 
used to correct the measured apparent  concen- 
trations to the true concentrations. Lanosterol 
and dihydrolanosterol  were assumed to give 
equal signals per unit  weight in flame ionization 
detection. 

Precipitation of Lanosterol from Biological Sources 

Sheep's wool The precipitabil i ty of lano- 
sterol from 2 natural  sources, sheep's wool  and 
rat brain, was evaluated. Total  lipid from a 2-g 
sample of fresh unwashed wool was extracted 
overnight into 70 ml of  chloroform/methanol  
(2:1, v/v). Aliquots (1[23 or 1/92) of t h e t o t a l  
lipid was saponified in alcoholic KOH (7). Wool 
fat was saponified because a major sterol ester 
band was present in thin layer chromatography 
(TLC) of samples of this fat (Silica Gel G was 

used with a solvent of n-hexane/diethyl  ether/  
glacial acetic acid, 73:25:2,  v/v/v.) One-half of  
the recovered nonsaponifiable fraction was re- 
acted with digitonin at 5 C. Sterols in the other 
half of the nonsaponifiable fraction (not  
treated with digitonin) and those recovered 
from the supernatant of the digitonide precipi- 
tates were quanti tated by  the GC procedures as 
already described. 

Rat brain. Cholesterol and cholesterol pre- 
cursors in rat (130-g, Sprague-Dawley)bra in  
were radiolabeled by intracerebral  injection of  
2.2 /~Ci of 2-[14C]DL-mevalonate (New Eng- 
land Nuclear  Corp.) dissolved in 40/~1 of saline. 
The [ 14C] mevalonate as the dibenzylethylene 
diamine salt was diluted to a specific activity of 
0.5 mCi/mmol and then converted to the free 
acid by  treatment  with bicarbonate immed- 
iately prior to injection. One hr after injection, 
the rat was, sacrificed by decapi ta t ion; the  brain 
was removed, weighed and homogenized in 20 
vol of  chloroform/methanol  as described before 
(8). Aliquots of the whole brain total  lipids 
containing ca. 400 /ag  of  cholesterol were pre= 
cipitated with d ig i tonin  in the cold. Because 
sterol esters are only trace components  of  rat 
brain (9,10) and only trace amounts of [14C] 
mevalonate are incorporated into sterol esters 
by  rat brain (11), saponification of brain total  
lipids prior to t reatment  with digitonin was un- 
necessary. The digltonide precipitates were cen- 
trifuged and the supernatants were recovered. 
The precipitates were washed consecutively 
with two 5-ml port ions of  acetone and once 
with diethyl ether. The precipitates were air- 
dried, dissolved in 2 ml of  methanol  and the 
14C content  of the solutions measured by scin- 
t i l lation counting using a Beckman LS 7000 in- 
s t rument  with internal standardization. Maxi- 
mal counting error (a) was about  4%. The 
supernatant plus the combined washes of  the 
precipitates were evaporated to dryness under 
nitrogen, the residue was suspended in chloro- 
form, the suspension was filtered through a 
fri t ted glass funnel and the chloroform extract  
(containing unprecipitated sterol) was evapora- 
ted. This extract ,  plus aliquots of the brain 
total  lipid that were identical to those precipi- 
tated with digitonin, were analyzed for [14C] 

14 14, squalene, [ C] cholesterol, [ C]desmosterol  
and [ X'tc] lanosterol contents. After  addit ion of 
unlabeled squalene and sterol carriers, the lipids 
were fractionated by 2 consecutive TLC runs, 
the second using Silica Gel G containing 7% sil- 
ver nitrate (11). The TLC zones containing the 
separated lipids were extracted with diethyl  
ether and the recovered sterol fractions were 
prepared for scintillation counting as we have 
recently described in detail (11 ). 
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Sterol p r e c i p i t a t e d  
with digitonin (mg) 

Sterol 
Sterol b added (rag) Room temp. 5 C 

Cholesterol 1 1.00 + 0.04 1.14 (1.13,1.16) 
Cholesterol 2 2.13 + 0.05 - 
7-Dehydrocholesterol 1 0.88 • 0.03 0.98 (0.99,0.96) 
7-Dehydrocholesterol 2 1.85 + 0.05 - -  
D e s m o s t e r o l  1 1.13 + 0.06 1.08 (1.08,1.08) 
Desmosterol 2 2.15 • 0 . 0 3  - -  
L a n o s t e r o l  c 1 0-tr 0-tr 
Lanosterol c 2 1.01 • 0.04 1.11 + 0.04 

aOne or 2 ml of 1% digitonin in ethanol/water (1:1)was added to the stated amount of 
sterol dissolved in 3 or 4 ml of acetone/ethanol (1:1). After 20-24 hr at room temperature 
or 5 C, the digitonide precipitates were washed twice with acetone and once with diethyl 
ether and dried to "constant weights. The weights of the precipitates were determined gravi- 
metrically. Values are the mean �9 SEM of 3 or 4 separate assays or the average of 2 deter- 
minations (individual values in parentheses). 

bAnalysis of the supernatants from the digitonide precipitates of cholesterol, 7-dehydro- 
cholesterol and desmosterol revealed no unpreeipitated sterol. In contrast, lanosterol re- 
mained in the supernatant after reaction of this sterol with digitonin. 

Cprecipitates were allowed to react for 2 days~ 

RESULTS AND DISCUSSION 

Choles tero l ,  7 -dehydrocho les t e ro l  and des- 
mos te ro l  at a level o f  1 or 2 mg were precipi ta-  
ted  by r e a c t i o n  wi th  digi tonln overnight  e i ther  
at r o o m  t empera tu r e  or at 5 C (Table 1). No 
clear d i f ferences  were apparen t  b e t w e e n  the  re- 
coveries o f  these  sterols at the 2 t empera tu res .  
Examina t i on  of  the  superna tan t s  f rom the  pre- 
c ipi ta tes  f o rm ed  at 22 C by GC analysis 
revealed no  unprec ip i t a ted  sterols.  Choles terol  
at all concen t r a t i ons  examined  ( to as low as 50 
/ag) was comple t e ly  prec ip i ta ted .  By cont ras t ,  
1 mg o f  lanos tero l  fo rmed  lit t le or no  precipi-  
ta te  wi th  digi tonin,  even af ter  s tanding for  2 
days,  and only  abou t  50% of  the 2-mg samples 
f o rmed  a recoverable digi tonide prec ip i ta te  af- 
ter  this t ime e i ther  at r o o m  t empera tu r e  or  at 5 
C (Table 1). Digitonin prec ip i ta t ion  o f  lanoster-  
ol, part icularly at low concen t ra t ions  o f  lano- 
sterol ,  was increased by conduc t ing  the reac t ion  
in the presence  o f  1 mg of  choles terol  (Fig. 
1A). Increasing the  choles terol  concen t r a t i on  to 
above 1 mg had li t t le addi t ional  e f fec t  on the  
a m o u n t  of  free lanosterol  remaining  in so lu t ion  
f rom reac t ion  of  a given a m o u n t  of  lanos tero l  
wi th  digi tonin (Fig. 1B). On the basis o f  these 
studies,  it seems clear tha t  lanosterol  is, at best ,  
only  partial ly p rec ip i ta ted  by digi tonin.  The ex- 
t en t  to which  these  results wi th  artificial mix-  
tures  apply to  lanos tero l  present  in natural  l ipid 
mix tu res  was invest igated by  measur ing the pre- 
c ip i ta t ion  of  lanosterol  present  in sheep ' s -wool  

% of  L A N O S T E R O L  N O T  P R E C I P I T A T E D  

t i i I ~ .  

tO00 

t i 1 

1~ ,oo / 
t ~  

r "  ~ 

I I i 

FIG. 1 (A) Precipitation of  varying concentrations 
of lanosterol in the presence and absence of cholester- 
oL Varying amounts of lanosterol (from Serdary Labs) 
were dissolved in 3 ml of acetone/ethanol (1 : 1) either 
in the absence ( ) or presence (- . . . .  ) of 1000 #g of 
cholesterol. After acidification with 50 ~tl of 10% ace- 
tie acid, 2 ml of 1% digitonin was added and the sam- 
pies were precipitated overnight at 5 C. Aliquots of 
the supernatant that were recovered following centri- 
fugation of the precipitates were evaporated, dissolved 
in CS 2 and the CS 2 was analyzed for free sterol con- 
tent by gas liquid chromatography. Each point repre- 
sents one determination or the average of 2. (B) Pre- 
cipitation of 1000/=g of lanosterol overnight at 5 C in 
the presence of varying amounts of cholesterol. 
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TABLE 2 

Precipitation o f  Sheep's Wool Sterols with Digitonin 

mg Sterol/g wool (fresh wt) 
In supernatant o f  

Sterol Total a digitonin precipitate b 

Cholesterol 10.4 • 0.6 0 
7-Dehydrocholesterol-desmosterol  0.4 • 0.16 0 
Dihydrolanostero| 6.66 • 0.26 3.36, 3.08 
Lanosterol 1.84 + 0.27 0.74, 0.51 

aAliquots of  freshly extracted sheep's wool  fat were saponified and the total nonsaponi-  
fiable lipids recovered. Individual sterols were quantitated by gas chromatography.  Values 
are means • SEM of  3 determinations.  

bAliquots o f  sheep's woo l  fat, containing either 0.08 or 1.59 mg o f  sterol, were dissolved 
in 3 ml o f  acetone/ethanol  (1:1),  and precipitated with digitonin overnight at 5 C fol lowing 
acidification. Sterols remaining in the supernatant after exposure to digitonin were quanti- 
tared by GC assay. 

fat and of radiolabeled lanosterol recovered 
from rat brain following injection of 2-[14C] 
mevalonate. 

Sheep's wool was found to contain about 20 
mg of total sterol per g of fresh wool, of which 
55% was cholesterol and 44% was lanosterols 
(Table 2). About 0.5% of the total sterol pos- 
sessed a GC retention time equal to 7-dehydro- 
cholesterol and desmosterol; both sterols elute 
at the same time on the GC column. Lanoster- 
ols were identified as dihydrolanosterol and 
lanosterol by comparison of column retention 
times with those of the standard lanosterol mix- 
ture that was subjected to MS analysis. The 
cholesterol and 7-dehydrocholesterol/desmo- 
sterol in nonsaponifiable wool fat completely 
precipitated when treated with digitonin. On 
the other hand, between 40-50% of the lano- 
sterols were not precipitated. 

When [14C]mevalonate is used to follow 
synthesis of brain sterols in vitro, lanosterol can 
account for about one-quarter of the total ~4C 
label incorporated into sterols (11). Intracere- 
bral injection of 2-[14C]mevalonate at low 
specific activity can also result in significant in- 
corporation of radioisotope into precursors of 
cholesterol, in addition to cholesterol itself. For 
example, Ramsey and Fredericks (12) found 
that lanosterol contained about one-third of t h e  
total 14C label in free sterols of brain following 
intracerebral injection of 2-[14C]mevalonate. 

Aliquots of the total lipid extracted from 
whole brain were directly separated by TLC 
into squalene, lanosterol, cholesterol and des- 
mosterol fractions. Other aliquots were treated 
with digitonin and the lipid present in the 
supernatant of the digitonide precipitates was 
recovered and identically fractionated. Ramsey 
and Fredericks (12) demonstrated that 14C 

label recovered from the lanosterol region on 
t h e  silver nitrate TLC plates was about 80% 
[14C]lanosterol and the remainder was radio- 
labeled 4a-methyl-5 a-cholesta-8,24-dien-3~-ol. 
Prior to treatment with digitonin, the squalene 
and lanosterol zones of the TLC plates con- 
tained similar amounts of radiolabel, both pos- 
ses~ng about 3 times the level found in choles- 
terol (Table 3). Radioactivity essentially dis- 
appeared from the cholesterol zone following 
reaction with digitonin and 80-95% of the 14C 
in squalene was recovered; however, between 
25 and 30% of the t4C label originally present 
in the lanosterol region of the TLC plate was 
retained in this area after treatment with digi- 
tonin. Therefore, the radiolabeled lanosterol or 
a closely related 14C-labeled, methylated sterol 
in brain appeared to be only partially precipi- 
tated by digitonin. It is notable that the com- 
bined radiolabel in lanosterol, cholesterol and 
desmosterol which disappeared upon treatment 
with digitonin accounted for only about one- 
half of the total 14C label recovered in the DPS. 
Possibly other sterols besides those examined 
contributed significantly to the total t4C label 
in the DPS of rat brain radiolabeled by this pro- 
cedure. 

In conclusion, our results indicate that lano- 
sterol is not a digitonin-precipitable sterol com- 
parable to cholesterol. The precipitability of 
lanosterol is only partial, is variable and is affec- 
ted by the presence of other sterols. One can 
speculate that the poor reactivity of digitonin 
with lanosterol could be due to structural hin- 
drance of the 3~hydroxy group by the pres- 
ence of methyl groups at position 4. We 
recommend caution when interpreting results 
in situations where sterols are to be quantita- 
tively isolated as DPS and where lanosterol is 
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TABLE 3 

Digitonin Precipitation of Brain Sterols Labeled in vivo from 2-1~4C] Mevalonate a 
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dpm/Aliquot (l/16th of whole brain) 

Lipid In supernatant of 
fraction Total lipid digitonin precipitate 

Assay 1 Assay 2 Assay 1 Assay 2 
Squalene 1089 1081 867 1028 
Lanosterol 1037 1081 346 270 
Cholesterol 337 325 ~ 11 11 b 
Desmosterol 55 49 f 21 b 
Digitonide ppt. - - 2247 2127 

aTotal lipids were extracted from the intact brain of a rat (130-g, Sprague-Dawley) in- 
jected intracerebrally with 2-[14C]mevalonate (2.2 /~Ci, 0.5 mCi/mmol) l hr earlier. Ali- 
quots of the recovered total lipid were either directly fraetionated by 2 separate thin layer 
chromatographies (the second using AgNOa-impregnated plates) into squalene and individ- 
ual sterols or precipitated with digitonin overnight at 5 C. Aliquots of the supernatant re- 
covered from the digitonide precipitates were evaporated and identically fractionated by 
TLC. Radioactivity values are dpm above background (about 40 dpm). 

bEstimate 25% low due to a loss during recovery. 

l ikely to comprise  a significant  f rac t ion  of  the  
to ta l  sterols (as e i ther  mass or radiolabel) .  

APPENDIX  

Lanos te ro l  ob ta ined  f rom Serdary Labora-  
tor ies  was sub jec ted  to GC-MS analysis. The 
lanosterol  sample showed  2 well separated 
peaks in the  GC trace,  the first  peak represen-  
t ing abou t  40% of  the to ta l  sample and the  
second  60%. The MS spectra  for  b o t h  peaks 
gave a base ion of  m/E  76. The first peak had a 
high mass ion  at m / E  395 and m / E  410,  where-  
as t he  second  peak had high mass ions at m / E  
393, 408,  424 and 426. This pa t t e rn  was con- 
s is tent  wi th  lanosterol  and d ihydro lanos te ro l ,  
losing water  at the  GC/MS interface.  A direct  
p robe  spec t rum of  the  lanosterol  sample gave 
the  expec ted  ioniza t ion  pa t t e rns  which  were:  
m / E  428 molecular  ion d ihydro lanos t e ro l ;  m/  
E 413 molecu la r  ion -methy l  group;  m/E  395 
molecular  i on -me thy l  group-water ;  m / E  426 
molecular  ion  lanos tero l ;  m / E  411 molecular  
i on -me thy l  group;  m / E  393 molecular  ion-  
me thy l  group-water .  GC-MS and di rect  p robe  
spec t ra  o f  pur i f ied d ihydro lanos te ro l  and lano- 
s terol  conf i rmed  our  iden t i f ica t ion  of  the  first 
peak as d ihydro lanos te ro l  and the  second  peak 
as lanosterol .  
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ABSTRACT 

Radiolabeled hexadecyl cholesteryl ether can serve as an effective marker for liposomes in a variety 
of studies. This paper demonstrates the use of a cholesteryl ether marker in the assay of phospholipid 
transfer protein activity and in assessing phospholipid vesicle-cell interactions. The cholesteryl ether 
has the advantages of ease of synthesis, metabolic inertness, lipid solubility and nonexchangeability. 
Lipids 17:448-452, 1982. 

I N T R O D U C T I O N  MATERIALS A N D  METHODS 

Phospholipid bilayers have been used as 
model membranes in a variety of  systems (1). 
They have the advantage of  providing a well- 
defined structure that can be used to investigate 
a number of  membrane dynamics, including 
phospholipid exchange and transfer (2), phos- 
pholipid hydrolysis (3), asymmetry and flip- 
flop (4,5), and phospholipid-cell interactions 
(6,7). Closed phospholipid bilayer vesicles are 
also finding increasing use as a vehicle to trans- 
port  substances targeted to certain cell types in 
vivo (8). In many of  these investigations, i t  is 
essential to use a metabolically inert marker  to 
provide information about l iposome interac- 
tions and recovery. Radiolabeled triolein and 
cholesteryl esters have been used as lipid 
markers (9,10) but have the major difficulty of 
being substrates for naturally occurring hydro-  
lytic enzymes; the products released on hydrol-  
ysis may spontaneously equilibrate between 
membranes and lead to uninterpretable results. 
The use of  water-soluble, trapped markers has 
also received favor in some investigations but  
this approach suffers from the low trapping 
volumes of  liposomes and the tendency for 
leakage ( l  1,12). We describe here the use of  
radiolabeled hexadecyl cholesteryl ether as a 
nonexchanged, nonhydrolyzed marker that is 
readily synthesized and provides reliable infor- 
mation about l iposome behavior. We demon- 
strate the use of hexadecyl [3H]eholesteryl  
ether in determining protein-catalyzed transfer 
of  phosphatidylcholine (PC) between micro- 
somes and phospholipid vesicles and in deter- 
mining the interactions between phospholipid 
vesicles and V-79 cells in tissue culture. While 
this work was in progress, Stein et al. (13) 
reported the use of cholesteryl ether as an 
in vivo marker for very low density l ipopro- 
teins in the rat. 

Synthesis of Hexadecyl [ 3H ] Cholesteryl Ether 

Hexadecylmethane sulfonate was prepared 
from hexadecanol by the procedure of Bau- 
mann and Marigold (14). Infrared analysis 
showed the loss of  the O-H stretch in the 3300 
cm -1 region and the appearance of  bands at 
1325 cm -1 and 1160 cm -1 characteristic of  
covalent sulfonates. 

Hexadecyl cholesteryl ether was synthesized 
by a modification of  the Paltauf procedure (15) 
from [7-3H(N)]cholesterol (21.6 Ci/mmol, 
New England Nuclear Corp., Boston, MA). 
Hexadecylmethane sulfonate, [3H] cholesterol, 
and potassium metal in dry benzene were 
heated at 70 C overnight in a 2-ml sealable 
reaction vial. The crude product  was purified 
by chromatographing on a silicic acid column 
successively eluted with petroleum ether, 
petroleum ether/benzene (9:1),  petroleum 
ether/benzene (8:2)  and chloroform/methanol  
(3:1); the hexadecyl  cholesteryl ether eluted 
in the 8:2 fraction. This step removes the 
majori ty of the unreacted hexadecylmethane 
sulfonate and dihexadecyl  ether by-product .  
Final purification was effected by preparative 
thin layer chromatography (TLC) on silica gel 
plates developed in hexane/diethyl  ether/acetic 
acid (80:20:1);  the ether product  migrated 
slightly ahead of  cholesteryl oleate. The overall 
product  yield was typically 60-80% of  theo- 
retical. The product  was routinely greater than 
95% pure by radioactivity and was resistant to 
acid hydrolysis in 7% HC1 in methanol  for 4 hr 
at 60 C, condit ions that  resulted in 93% hydrol-  
ysis of  cholesteryl oleate. 

Assay of Phospholipid Transfer Protein 

Transfer of [14C]PC from rat liver micro- 
somes to unilamellar phospholipid vesicles was 
assayed according to Kamp and Wirtz (16). 
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Sheep lung soluble fraction prepared according 
to Robinson et al. (17) was the source of  trans- 
fer protein activity. Unilamellar phospholipid 
vesicles were prepared by sonicating 98 reel % 
egg PC, 2 mol % dicetylphosphate and a trace 
of  [3H]cholesteryl  ether (0.01 /tCi//amol of  
phospholipid)  or [3H]cholesteryl  ester for 30 
rain in 0.25 M sucrose, 1 mM EDTA, and 10 
mM Tris/HCl, pH 7.4. Transfer of  PC was cal- 
culated from the 14C/3H ratio of  the recovered 
liposomes. 

Assay of Vesicle-Cell Interactions 

Transfer of [ 14C] PC from phospholipid 
vesicles to V-79 cells and the fusion of  the 
vesicles with the cells were assayed according 
to Huang et al. (7). Unilamellar vesicles were 
prepared by sonicating egg PC, [ 14C] dioleoyl- 
phosphatidylcholine (Applied Science, State 
College, PA), hexadecyl  [3HI cholesteryl ether 
and [131I]lysozyme (18) in Ca-Mg free Gey's 
medium (6). The sonicate was chromate-  
graphed on a Sephadex G75 column (1.5 cm 
x 34 cm) eluted with Ca-Mg free C-ey's medium 
to separate the untrapped [131I]lysozyme. The 
void volume peak containing the vesicles was 
pooled,  diluted to 12 ml and the divalent cation 
concentration was restored. This preparation 
was immediately incubated with V-79 cells 
(107 cells/dish) in 60-mm dishes. After 60 min 
at 4 C or 37 C, the cells were washed 3 times 
with the C, ey 's  medium, trypsinized for 15 rain 
at 37 C and harvested. The cells were washed 
twice with the Gey's medium by centrifugation 
and the final pellet was dissolved in 1.5 ml 1% 
Triton X-100 containing 10 mM Tris/HC1, pH 
7.8. This solution was transferred to a liquid 
scintillation vial and radioactivity was deter- 
mined; raw counts for the 3 labels were cor- 
rected for background and channel efficiencies. 

Miscellaneous Methods 

For  some experiments,  1-acyl-2-[t4C]lino - 
leoyl-sn-glycero-3-phosphocholine was prepared 
by the method of  Waite and van I)eenen (19). 
Hydrolysis of cholesteryl ether and ester was 
monitored on thin layer chromatograms and by 
determining radioactivity in the cholesteryl 
ester and free cholesterol regions. Total protein 
was determined by the procedure of  Lowry et 
al. (20) using bovine serum albumin as a stan- 
dard. Experimental details are given in the 
figure legend and in the footnotes to the tables. 

RESULTS AND DISCUSSION 

In many of  the types of  investigations which 
utilize lipid vesicles, it  is essential to include a 
vesicle marker which will incorporate randomly 
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FIG. 1. Chromatography of sonicated liposomes on 
a Sepharose 4B column (1.0 cm X 32 era). Liposomes 
were prepared with 98 mol % [~4C] phosphatidyleho- 
line, 2 mol % dicetylphosphate and a trace (0.01/~Ci/ 
/~mol phospholipid) of [aH]hexadecyl cholesteryl 
ether by sonieation for 5 min (panel A) or 30 min 
(panel B) in 0.25 M sucrose, 1 mM EDTA and 10 mM 
Tds/HCI, pH 7.4, and were eluted from the column 
with the same solvent. (X-X ), [~'C] phosphatidyicho- 
line; (o-o), [sH] cholesteryl ether. 

into the lipid layer(s), will remain metabolically 
inert under the conditions of  the experiment,  
will not  freely exchange between membranes 
and thus will report  the disposition of the 
vesicles and not  behavior unique to individual 
vesicle constituents. 

Chromatography of vesicles containing 
[14CIPC and [~r,Hlcholesteryl ether on Sepha- 
rose 4B (Fig. 1) results in coelution of  the 2 
labeled lipids as evidenced by the constant 14C/ 
aH ratio of the eluent. Sonication for 5 min 
(panel A) shows most of  the radioactivity in the 
void volume (multilamellar l iposomes) whereas, 
after 30 min of  sonication, a significant port ion 
of  both labels enters the column as single bi- 
layer liposomes. This demonstrates the homo- 
geneous distribution of the cholesteryl ether 
throughout  the range of  vesicle sizes, paralleling 
the PC and showing that  the ether is effectively 
reporting the distribution of  vesicle sizes. 

In another set of  experiments,  vesicles pre- 
pared by sonication were incubated with vary- 
ing amounts of rat liver microsomes and the 
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TABLE 1 

Effect of Increasing Microsome Concentration on Recovery of Vesicle Lipids a 

Microsomal Phosphatidylcholine Cholesteryl ester Cholesteryl ether 
protein (rag) recovery (%) recovery (%) recovery (%) 

1.25 83 77 77 
2.50 73 67 70 
3.75 69 63  66 

aUnlabeled rat liver microsomes were incubated with 1 ~moi vesicle phospholipid (98 
tool % [ 14C] phosphatidylcholine, 2 mol % dicetylphosphate and 0.01 #Ci of either [ 3H]- 
cholesteryl ester or [ 3H]cholesteryl ether). Incubation was in 0.25 M sucrose, 1 mM EDTA, 
10 mM Tris/HCI, pH 7.4, at a total volume of 2.5 ml for 30 rain at 37 C. The incubation was 
stopped by the addition of 0.5 ml of 0.2 M sodium acetate, pH 5.0, containing 0.25 M 
sucrose and centrifugation at 15,000 X g for 10 rain to pellet the microsomes. Vesicle lipids 
were recovered from the supernatants by Bligh and Dyer extraction (23) and radioactivity 
was determined. 

TABLE 2 

Protein-Catalyzed Transfer of [ 14C ] Phosphatidylcholine 
from Rat Liver Microsomes to Sonicated Liposomes Containing [ 3H] Cholesteryl Ether 

or [ 3H] Cholesteryl Ester Markers a 

Apparent % of microsomal % of vesicle marker 
Vesicle phosphatidyicholine recovered as 
marker transferred b free cholesterol c 

[ 3H] cholesteryl ether 36.3 1.0 
[ 3H ] cholesteryl ester 45.3 17.5 

aAasay system consisted of phosphatidyl[N-methyl-14Clcholine-labeled rat liver micro- 
somes (1.25 mg protein), 1 /~mol vesicle phospholipid (98 tool % egg phosphatidylcholine, 
2 tool % dicetylphosphate and 0.01 /~Ci of either [ 3H]eholesteryl ether or ester)and sheep 
lung soluble fraction (2.3 mg protein). Incubation was in 2.5 ml containing 0.25 M sucrose, 
1 mM EDTA and 10 mM Tris/HCI pH 7.4 for 30 min at 37 C. Incubation was stopped with 
the addition of 0.5 mi of 0.2 M acetate buffer pH 5.0 containing 0.25 M sucrose and centri- 
fugation at 15,000 X g to pellet the microsomes. Vesicle lipids were extracted from the 
superuatants by the method of Bligh and Dyer (23) and radioactivity was determined. 

bThe apparent percentage of microsomal phosphatidylcholine transferred from micro- 
somes to acceptor vesicles corrected for controls run in the absence of soluble fraction was 
calculated according to Kamp and Wirtz (16): 

:4C dpm 3H dpm original vesicles 
% T -  - -  s a m p l e  • X 100. 

3H dpm ~4C dpm original microsomes 

CDetermined by thin layer chromatography as described in Materials and Methods. 

recoveries o f  the  [ 14C] PC and [3H] choles tery l  
e the r  or  es ter  in the  vesicle f rac t ion were moni-  
to red  and results are shown  in Table 1. The 
parallel recoveries of  all 3 l ipids demons t r a t e s  
the  lack o f  selective exchange or  t ransfer  of  any 
one o f  the  lipids f rom the  vesicles to the  micro-  
somes  unde r  these condi t ions .  This shows tha t  
the  e ther  is n o t  subjec t  to  selective diffusional  
or con tac t  exchange with the  mic rosomes ;  the  
modes t  loss o f  vesicles ref lec ted  in the  incom-  
plete  recovery o f  all labels can be a t t r ibu ted  to  
an apparen t  coprec ip i ta t ion  of  in tac t  vesicles 
wi th  mic rosomes .  

Table 2 shows  the  results ob ta ined  for  the  
pro te in-ca ta lyzed  t ransfer  o f  [14C]PC f rom 
microsomes  to unilamellar  vesicles by sheep 
lung soluble f rac t ion using e i ther  [3H]choles -  
teryl  e the r  or  es ter  as the  vesicle marker .  Unde r  
these  condi t ions ,  TLC showed  tha t  17.5% o f  
the  choles teryl  es ter  was h y d r o l y z e d  to  free 
choles terol  and fa t ty  acid, whereas  the  choles- 
teryl  e the r  marker  was n o t  a l tered u p o n  incuba-  
t ion .  The larger calculated percentage  t ransfer  
o f  PC for  the  choles tery l -es te r -marked incuba-  
t ion is cons is ten t  wi th  the observed hydro lys i s  
o f  the ester  and the subsequen t  dif fusional  
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TABLE 3 

Uptake of Radiolabeled Vesicle Markers by V-79 Cells a 

451 

Temperature Theoretical uptake (%)b 
(C) ['3tI] [3HI ['4C] 

37 100 (3.9) 111 (24.2) 94 (3.2) 
4 100 (0.73) 102 (4.14) 192 (1.21) 

aConfluent monolayer cultures (about 107 cells/dish) of Chinese hampster cells were 
incubated with sonicated liposomes (1.46 mg[ t4C] phosphatidylcholine, [ t31i] lysozyme, 
and [ 3H]cholesteryl ether) by gentle rocking for 60 rain. Cells were washed, trypsinized and 
harvested as described in Methods. 

bpereentage theoretical uptake was determined by comparison of radiolabels recovered 
in the ceils with the radiolabels in the applied vesicles and using the [ t3tl]lysozyme trapped 
marker as reference (t4C/131 I=0.87 and 3H]1311=5.58 in applied vesicles). Numbers in paren- 
theses are the actual cpm X 10 -3. 

14C cells/1311 cells 
% theoretical uptake t4C = X 100 

0.87 
3H cells/t3t I cells 

% theoretical uptake 3H = • 100. 
5.58 

redistribution of free labeled cholesterol to the 
microsomes (21). This redistribution of marker 
label results in a lower recovery of the radio- 
labeled marker in the vesicle fraction, giving an 
erroneously lower calculated recovery and, 
consequently, an elevated apparent transfer of 
PC. This effect becomes of even greater conse- 
quence in transfer experiments involving incu- 
bations for longer periods of time or requiring 
greater concentrations of soluble fraction. 

The suitability of the cholesteryl ether as an 
inert marker for lipid vesicles in studies of the 
uptake of intact vesicles during interaction with 
whole cells was also assessed. The use of water- 
soluble radioactive markers trapped in the 
included volume of the vesicles is an alternative; 
however, the small trapping volume of llpo- 
somes necessitates the use of markers of high 
specific radioactivity and the leakage of the 
trapped marker during incubation with cells 
complicates the interpretation of the experi- 
mental results (11,12). The results of a triple- 
label experiment are shown in Table 3. Single 
bilayer vesicles containing [t3tl]lysozyme as 
trapped marker with [14C]PC and [3H]choles- 
teryl ether as two independent lipid markers 
were incubated with V-79 cells at 37 C and the 
uptakes of both lipid markers were very close 
to that of the trapped marker, as indicated by 
the near theoretical values of the predicted 
uptake. This result is in complete agreement 
with those reported previously, in that the 
predominant mechanism of uptake at 37 C of 
small, sonicated liposomes by V-79 cells is 
fusion (7,22). At 4 C, however, the uptake of 
[14C]PC was almost twice that of the trapped 
marker, whereas the uptake of the [3H]choles- 

teryl ether was still the same as the trapped 
marker. It has been shown previously that the 
uptake of liposomal PC by cells at low tempera- 
ture is predominantly by lipid exchange, 
whereas neither fusion nor endocytosis of 
intact liposomes occurs (7,22). The residual 
uptake of vesicles by cells at low temperature 
probably is due to adsorption of intact vesicles 
to the cell. The ability of the [3H]hexadecyl 
cholesteryl ether to report the fusion events at 
37 C and its lack of exchange with cellular 
lipids at 4 C directly indicate the suitability of 
the ether as a faithful marker for vesicles with 
advantages over the trapped markers. 

The variety of data presented here demon- 
strates that radiolabeled cholesteryl ether can 
serve as an effective liposomal marker. It is 
readily synthesized from radiolabeled choles- 
terol and a stable stock of hexadecylmethane 
sulfonate or other desired sulfonates. Because 
cholesterol of high specific radioactivity (3H or 
14C) is commercially available, the specific 
activity of the synthesized cholesteryl ether can 
be adjusted to the requirements of the particu- 
lar investigation. The cholesteryl ether has the 
advantages of metabolic inertness, lipid solubil- 
ity and nonexchangeability; these ensure an 
efficient and faithful representation of the 
llposomes, and it therefore has potential use in 
a variety of both in vivo and in vitro investiga- 
tions. 
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An Improved Procedure for the Synthesis of Choline 
Phospholipids via 2-Bromoethyl Dichlorophosphate 1 
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WOLFGANG J. BAUMANN*,  Section of Bio-Organic Chemistry, 
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ABSTRACT 

Choline phospholipids can be conveniently synthesized by reaction of a lipophilic alcohol, such as 
diaeylglycerol, with 2-bromoethyl dichlorophosphate followed by nucleophilic displacement of the 
bromine with trimethylamine. We found that the low yields often encountered in the initial phos- 
phorylation step are particularly due to exchange of both chlorines for alkoxy functions (triester for- 
mation) and to chlorination of the alcohol by 2-bromoethyl dichlorophosphate. However, these draw- 
backs can be overcome by proper choice of the reaction medium and by optimizing other reaction 
eonditlons~ The procedure described is efficient and most versatile, and it lends itself to the prepara- 
tion of a wide range of choline phospholipids containing a glycerol, diol, or long-chain alkyl backbone 
and bearing various aliphatic function~ Proton and carbon-13 nuclear magnetic resonance spectro- 
scopy proved useful in establishing the homogeneity and structures of the synthetic intermediates and 
byproducts and of the choline phospholipids synthesized. 
Lipids 17:453-459, 1982. 

Studies on the structures, interactions and 
dynamics in biological and model membranes 
are of much current interest and have created 
considerable demand for defined synthetic 
phospholipids. Phosphatidylcholines (PC; 1,2- 
di -O-acyl -sn-g lycero-3-phosphochol ine)  are 
often prepared semisynthetically by reacylation 
(1-10) of sn-glycero-3-phosphocholine (11-15) 
whereas the synthesis of specific ether analogs 
of PC (16-22) or of choline phospholipids con- 
raining a long-chain alkyl group or a substituted 
diol (23-29) as backbone usually require total 
chemical synthesis. This also holds true for in- 
sertion of specific labels into the polyol back- 
bone or into the polar headgroup of choline 
phospholipids. 

In this study, we have reinvestigated the 
choline phospholipid synthesis via 2-bromo- 
ethyl dichlorophosphate as originally outlined 
by Hirt and Berchtold (30). The procedure in- 
volves phosphorylation of a lipophilic alcohol, 
such as diacylglycerol, with 2-bromoethyl di- 
chlorophosphate, followed by exchange of the 
2-halogen function with trimethylamine (20-22, 
28-31). In principle, this procedure is conven- 
ient and most versatile. Yet, we found that 
phosphorylation of the backbone alcohol with 
bromoethyl dichlorophosphate, which us0ally 
is done in chloroform (20,28,30) in the pres- 
ence of a base, tends to lead to triester forma- 
tion, i.e., nucleophllic substitution of both 
chlorines by alkoxy functions. We observed, in 
fact, that triester formation is actually favored 

Ipreliminary data were presented at the ISF/AOCS 
World Congress, New York, NY 1980; Baumann, W.J., 
Parthasarathy, S., Wedmid, Y., and Murari, R. (1980) 
J. Am. Oil Chem. Soc., 57 (2), abstract no. 292. 

unless the reaction is sterically hindered by the 
bulkiness of the lipophilic backbone alcohol. 
We also found that the excess amount  of phos- 
phorylating reagent required and the elevated 
temperatures and long reaction times common- 
ly used to bring the condensation to comple- 
tion do cause chlorination of the backbone al- 
cohol unless certain precautions are taken. 

The synthesis presented here avoids triester 
formation as well as chlorination through prop- 
er choice of reaction conditions. The method 
is convenient and versatile and permits the 
efficient synthesis of a wide variety of choline 
phospholipids bearing 1 or 2 long-chain moie- 
ties. Proton and, in particular, carbon-13 nu- 
clear magnetic resonance (NMR) spectroscopy 
of the synthetic phospholipids in solution 
proved useful for verifying structural assign- 
ments (32,33) and to ascertain the homogen- 
eity of preparations. Assignments of ~3C NMR 
signals were aided by specific deuteration, and 
by measuring 13C-14N and laC-3tP couplings 
(33). 

RESULTS AND DISCUSSION 

Condensation of various lipophilic alcohols 
( l a - ld )  with 2-bromoethyl dichlorophosphate 
(2) and subsequent hydrolytic cleavage of the 
remaining phosphochloride bond affords the re- 
spective 2-bromoethyl phosphate intermediates 
3a-3d which, in turn, are reacted with trimeth- 
ylamine to form choline phospholipids 4a-4d 
(see Scheme 1). 

We found that the condensation proceeds 
smoothly when the alcohol (1) is reacted in the 
presence of pyridine with three equivalents of 
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SCHEME 1 

the phosphorylat ing reagent 2 using absolute 
diethyl ether as solvent. With O-hexadecanoyl 
ethanediol ( l a ) ,  1,2-di-O-hexadecanoyl glycerol 
( l b )  or hexadecanol ( ld ) ,  the reaction is essen- 
tiaUy quantitative (as judged by thin layer 
chromatography [TLC])  after 4 hr at reflux 
temperature (isolated yields, 76-85%). How- 
ever, the condensation of the sterically hin- 
dered secondary alcohol 1,3-di-O-hexadecanoyl 
glycerol ( I t )  produced only 18% of  3c under 
these conditions; a longer reaction time (45 hr) 
was required to afford acceptable yields (62%). 

Condensations of this type usually have been 
done in chloroform (20,28,30) which adequate- 
ly dissolves the reaction components  1 and 2, as 
well as the reaction product.  We observed, how- 
ever, that use of chloroform as a reaction me- 
dium not  only required 3-4 times longer reac- 
tion times (20,30) but, more important ly ,  pro- 
duced substantial quantities of  byproducts.  
Thus, condensation of the ethanediol mono- 
ester la  with 2-bromoethyl dichlorophosphate 
(2) in chloroform predominantly formed the 
phosphoric acid triester 5 (55% yield), and simi- 
larly, the reaction of hexadecanol ( l d )  with 2 
in chloroform caused exchange of both chlor- 
ines by the respective alkoxy groups. This type 
of triester formation is also known to be fa- 
vored when single-chain alcohols, such as ethan- 
ediol monoester la,  are reacted in chloroform 
with other phosphorylat ing reagents, e.g., with 
phenyl dichlorophosphate (26). We now 

have shown that such double substi tution at the 
phosphorus and triester formation are actually 
favored in chloroform unless they are hindered 
by the bulkiness of  R, as is the case with diacyl 
glycerols l b  and le,  e.g. 

We furthermore found that the reaction of 
alcohol 1 with the phosphorylating reagent 2 
in chloroform tends to cause chlorination of 
the alcohol; thus, ethanediol monoester  la  was 
chlorinated to produce 6. Chlorination was fa- 
vored at higher temperature,  with extended re- 
action times, and with increasing quantities of 
phosphorylat ing reagent 2 used. 1,2-Diacylgly- 
cerol l b was particularly susceptible to chlori- 
nation unless mild reaction conditions were 
chosen. 

Ease and specificity of the phosphorylat ion 
in diethyl  ether appears to be largely due to the 
fact that diethyl ether readily dissolves the rea- 
gents 1 and 2, but that the phosphorylat ion 
product is precipitated from the reaction mix- 
ture. Low solubility of  the phosphate diester in 
diethyl ether, but  not  in chloroform, apparent- 
ly prevents exchange of  the second chlorine. 

Final displacement of the bromine of 3a-3d 
by the quaternary amine group is readily 
accomplished by reaction with tr imethylamine 
in anhydrous acetone for 4 hr, and the resulting 
choline phospholipids 4a-4d are purified by pre- 
parative TLC (isolated yields, 62-85%). Use of 
chromatography for the isolation of the final 
products and avoidance of more traditional 
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complexing, precipitation and recrystallization 
procedures greatly simplifies the purification 
and renders the procedures generally applicable. 

Use of a phosphorylat ing reagent, such as 2- 
bromoethyl  dichlorophosphate (2), which 
already contains the headgroup skeleton, 
proved, in our hands, less laborious and more 
efficient than initial int roduct ion of the phos- 
phoric acid moiety followed by coupling to the 
choline base (17-19,26,27,34-40). The proce- 
dure described has proven applicable to the 
preparation of  a wide range of  choline phospho- 
lipids which contained a glycerol, diol or long- 
chain alkyl backbone and which bore saturated 
or unsaturated O-acyl or O-alkyl moieties of 
various chain lengths (33). 

EXPERIMENTAL 

Melting points (mp) were determined on a 
Kofler hot  stage and are corrected. Elemental 
analyses were done by M-H-W Laboratories, 
Phoenix, AZ. Phosphorus was determined using 
standard digestion (41) and assay (42) proce- 
dures. Solvents were prepared as follows: 
diethyl ether was refluxed over and distilled 
from LiAIH4, then stored over Na wire; acetone 
was refluxed over and distilled from anhyd 
CaSO4, then stored over anhyd Na2SO4; pyri- 
dine was refluxed over, distilled from, and 
stored over fresh KOH pellets. 

Analytical and preparative TLC was done on 
layers of Silica Gel H (Merck), 0.3 and 3 mm 
thick, respectively. For  analytical purposes, 
plates were developed in tanks lined with filter 
paper, and fractions were made visible by spray- 
ing with a solution prepared from 6 g potassium 
dichromate in 1 s of 55% aq sulfuric acid fol- 
lowed by charring; phosphorus-containing frac- 
tions were made visible also with molybdenum 
spray reagent (43). In preparative work, ca. 
200-250 mg of material was applied per 20 x 
20 cm plate, and after developing, lipid frac- 
tions were visible as opalescent bands; these 
were scraped off, and the lipids were eluted. 

Infrared (IR) spectra were recorded with a 
Perkin-Elmer Model 21 spectrophotometer  
using CS2 and C2C14 (2400-2000 cm -1 and 
165001400 cm -1 ) or KBr pellets. Relative inten- 
sities of IR absorption bands are given: s, 
strong; m, medium; sh, shoulder; weak bands 
are without designation. The following bands 
associated with vibrations of the aliphatic 
chains occur in all the spectra quoted and are 
not  listed individually: 2925-2905 (s) and 
285002835 cm -1 (s), oCH of CH2; 1485-1465 
(m), ~CH of CH 2 ; 1448-1445 (sh or weak) and 
138001375 (m), asymmetrical and symmetrical  
5CH of CCH3, respectively; 719-717 (m), CH 

rocking vibration of (CH 2)n. 
Carbon-13 NMR spectra were recorded at 20 

MHz, proton NMR spectra at 79.54 MHz, using 
Varian CFT-20 and FT-80A pulse Fourier 
transform instruments. 13C spectra were mea- 
sured on 30o100 mg/ml samples (8- or 10- mm 
sample tubes) at the ambient  probe tempera- 
ture of 37 + I C; CDCla/CD3OD/D20 (50:50:  
15) (32,33), CDC13/CD3OD (4:1), or CDCI 3 
served as solvent and for field frequency lock- 
Lug purposes, taC NMR spectra were obtained 
with broadband proton decoupling using 8K 
data points for a spectral width of 4000 Hz. 
All chemical shifts are expressed in ppm down- 
field from MeaSi used as internal standard. 

1-O-Hexadecanoyl ethanediol ( l a )  was pre- 
pared by acylation of  1,2-ethanediol with hexa- 
decanoyl chloride (Nu-Chek-Prep, Elysian, MN) 
(44). 1,2-Di-O-hexadecanoyl-rac-glycelol ( Ib )  
was synthesized by acylat ion of 1-O-tetrahydro- 
pyranyl-rac-glycerol (45) with hexadecanoyl 
chloride followed by acid-catalyzed hydrolyt ic  
removal of the protective group (46). 1,3-Di-O- 
hexadecanoyl-rac-glycerol ( l e )  was purchased 
from Nu-Chek-Prep. Hexadecanol ( l d )  was pre- 
pared by LiA1H4 reduction (47) of  methyl 
hexadecanoate (Nu-Chek-Prep). 

2-Bromoethyl dichlorophosphate 2 (30)was  
prepared by dropwise addition of freshly dis- 
tilled 2-bromoethanol (0.5 mol; Eastman, Ro- 
chester, NY) to an ice-cooled solution of fresh- 
ly distilled phosphorus oxychloride (0.5 tool; 
Eastman) in dry chloroform over a 1-hr period 
followed by 5 hr at reflux, and vacuum distill- 
ation (bp 66-68 C at 0.4-0.5 mm Hg). The rea- 
gent was stored (-20 C) under nitrogen in small 
sealed ampoules prior to use. 

1-O-Hexadecanoyl 2-O-{2"-BromoethyI)phosphoryl 
Ethanediol (3a) 

2-Bromoethyl dichlorophosphate (3.63 g, 15 
mmol) in 75 ml of  anhyd E t20  was placed into 
a 5000ml, 3-necked flask equipped with heating 
mantle, magnetic stirrer, reflux condenser and 
drying tube, dropping funnel, and an inlet tube 
for dry N2. After  cooling in an ice bath, 6 ml of 
dry pyridine was added with stirring followed 
by dropwise addit ion of  1.5 g (5 mmol) of 1-O- 
hexadecanoyl 1,2-ethanediol (44) in 75 ml 
anhyd E t20  over a 30-rain period. The mixture 
was allowed to come to room temperature (30 
rain) and then was refluxed gently for 4 hr. 
After cooling in an ice bath, 6 ml of water was 
added by drops and stirring was continued for 1 
hr. The solvent was removed on a rotary evap- 
orator, the residue was taken up in 100 ml of 
CHC13/MeOH (2:1, v/v), and the solution was 
extracted with 20 ml of  water while the pH of 
the organic phase was kept  at 5 by addition of  
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2 N H2SO 4. The aqueous phase was re-extrac- 
ted with 2 portions of 50 ml of CHCI3/MeOH, 
(2:1, v/v) and the combined organic phases 
were evaporated. The freeze-dried residue (3.6 
g) was purified on 3-mm layers of Silica Gel H 
(developing solvent, CHCIa/MeOH/H 2 O, 
55:33:6, v/v/v), and the fraction (Rf 0.45-0.80) 
was eluted from the adsorbent with CHCI3/ 
MeOH/H20 (50:48:2, v/v/v). Evaporation of 
the solvent afforded 1.84 g of 3a (76%); mp 61- 
62 C (coalesces; contracts at 45-46 C). IR (KBr) 
1727(s), 1246(s), 1179(m), 1110(s), 1088(s), 
961(m), 906, 789 cm -l .  13C NMR (CDCI3/ 
CD3OD, 4:1, v/v), 174.70 (C=O), 65.86 (d, 
2Jcp 5.5 Hz, POCH2CH2Br), 64.34 (d, aJcp 
7.7 Hz, CH2OCOR), 64.06 (d, 2Jcp 3.6 Hz, 
CH2OP of glycol), 34.56 (C-2'), 32.32 (co-2 
CH2), 31.20 (d, aJcp 6.6 Hz, CH2Br), 29.97 
(-[CH2ln-), 25.29 (C-3'), 22.96 (t,J-I CH2) , 
14.15 (toCHa). 1H NMR (CDCIa/CDaOD, 4:1, 
v/v), CH2Br signal at 3.53 (t~/5.6 Hz). Anal. 
Calcd for C2oH4oO6PBr: C, 49.29; H, 8.27; P, 
6.35. Found: C, 48.98; H, 8.71; P, 6.60. 

1-O-Hexadecanoy! 2-[Z-(N,N,N-Trin~thylaminol. 
ethyl] phosphoryl Ethanediol (411) 

Bromide 3a (1.84 g, 3.78 mmol) was trans- 
ferred in chloroform into a 100-ml, thick- 
walled glass bulb, the solvent was removed with 
N2, arid the sample was dried in vacuo. Anhyd 
acetone (80 ml) was added, the bulb was cooled 
in dry ice, and 8 ml (90 mmol) of anhyd tri- 
methylamine (Eastman) was added with a pre- 
cooled syringe. (This is readily done in a -20 C 
cold room.) The bulb was briefly flushed with 
N2, sealed, and was placed in a shaking water 
bath (caution: use protective shield) at 75 C for 
4 hr. After cooling in dry ice, the bulb was 
carefully opened, and the solvent was removed 
with N2. The residue was taken up in 200 ml of 
CHCIa/MeOH (2:1, v/v) and extracted with 40 
ml water, the pH of the organic phase was ad- 
justed to 5 with 2 N H2SO4, the aqueous phase 
was separated and re-extracted with 2 portions 
of 100 ml of CHCI3/MeOH (2:1, v/v), the 
organic phases were combined, and the solvent 
was removed under reduced pressure. The resi- 
due was purified by preparative TLC (develop- 
Lag solvent, CHCIa/MeOH/H20, 55:33:6, v/v/v) 
and the fraction (Rf 0.0%0.18) was eluted with 
CHCIa/MeOH/H20 (50:40:10, v/v/v). Removal 
of the solvent and lyophilization of the residue 
from benzene/MeOH (99:1, v/v) gave 1.26 g 
(2.7 mmol) of 4a in 71% yield. The product 
was free of bromide as judged by a silver nitrate 
test; mp 242-243 C (coalesces; contracts and 
becomes translucent above 65 C). IR (KBr) 
1723(s), 1247(s), 1178(m), 1090(s), 966(s), 
925, 873, 789(m). 13C NMR (CDC13/CDaOD / 

D20~ 50:50:15, v/v/v), 174.97 (C=O), 66.83 
(dt, ~ 7.2 Hz, JCN 3.5 Hz, CH2N), 64.26 
(d, 3Jcl, 7.3 Hz, CH2OCOR), 63.95 (d, 2Jcp 
4.9 Hz, CH2OP of glycol), 59.73 (d, 2Jcp 4.7 
Hz, POCH2 of choline), 54.50 (t, JCN 3.5 Hz, 
N[CHa]3),  34.38 (C-2'), 32.26 (co-2 CH2), 
30.01 (-[CH2]n-), 25.22 (C-3'), 22.98 (6o-1 
CH2) , 14.18 (coCH3). The 13C NMR spectrum 
of acyl diol phosphocholine synthesized from 
d4-ethanediol, was essentially identical to that 
of 4a except that the signals at 64.26 (CH2 
OCOR) and 63.95 (CH2OP of glycol) were ab- 
sent. Anal. Calcd for C23H4sO6NP.H20: C, 
57.12; H, 10.42; N, 2.90; P, 6.40. Found: C, 
57.12;H, 10.56;N, 2.78;P, 6.60. 

Side Products of the Phosphorylation Reaction 

Reaction of ethanediol monoesters la with 
2-bromoethyl dichlorophosphate (2) in 
chloroform leads to 2 major side-products 5 
and 6. Chloroform as reaction medium favors 
formation of bis(hexadecanoyloxyethyl) 
2-bromoethyl phosphate 5. Excess phosphory- 
lating reagent 2 favors formation of 1-O-hexa- 
decanoyl 2-chloroethanol 6. Both side products 
were isolated from the reaction mixture by 
TLC; chloro compound 6 was also prepared by 
chlorination of ethanediol monoesters la with 
thionyl chloride. 

Bis(hexadecanoyloxyethyl) 2-Bromoethyl 
Phosphate (5) 

The compound was isolated by TLC (Rf 0.5) 
using diethyl ether as developing solvent; mp 
48.5-49.5 C. IR (CS2/C2C14) 1737(s), 1352, 
1291(s), 1273(s), 1236(sh), 1167(s), 1114, 
1064(s), 1019(s), 982(s), 850, 796. 13C NMR 
(CDCI3) 173.48 (C=O), 66.97 (d, 2Jcp 5.2 Hz, 
PO_C__H2CH2Br), 65.91 (d, "JcP 5.7 Hz,CH2OP 
of glycol), 62.62 (d, 3dCV 7.1 Hz, CH2OCOR), 

4 3 .10 (C-2), 31.94 (60-2 CH2), 29.68 
(-[CH2In- , and CH2Br), 24.87 (C-3'), 22.70 
(6o-1 CH2), 14.10 (60CI-I3). 1H NMR (CDCla) 
4.28 (m, CH2OP and CH2OCOR), 3.51 (t, 2H, 
J 6.2 Hz, CH2Br), 2.32 ( t ,  2H, J 7.0 Hz, 
CH2CO), 1.25 (broad band, -[CH2]n-), 0.87 
(t, J 4.9 Hz, CHa). Anal. Calcd for C3sH~Oa- 
PBr: C, 59.28; H, 9.69; P, 4.02. Found: C, 
59.06;H, 10.04;P, 3.90. 

1-O-Hexadecanoyl 2-Chloroethanol (6) 

The product was isolated by TLC (Rf = 
0.44) using hexane]diethyl ether (95:5, v/v) as 
developing solvent. The compound was also 
prepared by reaction of l-O-hexadecanoyl eth- 
anediol ( la)  with thionyl chloride at reflux 
temperature for 3 hr (48) followed by TLC pur- 
ification; mp 40-41 C. IR (CS2/C2C14) 1735(s), 

LIPIDS, VOL. 17, NO. 6 (1982) 



METHODS 457 

1342, 1296(m), 1161(s), l l16(m),  1027, 673. 
laC NMR (CDCla) 173.44 (C=O), 63.81 (CH2- 
OCOR), 41.62 (CHzCI), 34.13 (C-2'), 31.94 
(60-2 CH2) , 29.68 (-[CH2]n-), 24.93 (C-3'), 
22.71 (6~'-1 CH2), 14.10 (toCHa). IH NMR 
(CDCla) 4.29 (t, 2H, J 5.5 Hz, CH2OCOR), 
3.63 (t, 2H, J 6.2 Hz, CH2CI) , 2.32 (t, 2H, J 
6.9 Hz, C-2'), 1.25 (-[CH2ln-), 0.87 (t,J 5.2 
Hz, CHa). Anal. Calcd for CIsHasO2CI: C, 
67.79; H, 11.06. Found: C, 67.70; H, 11.05. 

1,2-Di-O-hexadecanoyl 3-O-2"-Bromoethyl)phosphoryl 
rac-Glycerol (31)) 

2-Bromoethyl dichlorophosphate (0.73 g, 3 
mmol) in 30 ml of anhyd Et20, 1.5 ml of dry 
pyridine, and 0.57 g (1 mmol) of 1,2-di-O-hexa- 
decanoyl rac-glycerol ( lb)  in 30 ml of anhyd 
Et20 were reacted as described for the prepar- 
ation of 3a, except that diglyceride lb was 
added over a 30-min period without cooling to 
avoid its' precipitation. After stirring for 
another 30 min at room temperature followed 
by reflux for 4 hr, the mixture was cooled and 
the intermediate was hydrolyzed by addition of 
3 ml of water. Solvent removal and extraction 
(see preparation of 3a), and preparative TLC 
(developing solvent, CHCla/MeOH, 90:20, v/v; 
Rf 0.4-0.8) afforded 0.60 g of 3b (79% yield); 
mp 164-166 C (coalesces; translucent at 50-52 
C). IR (KBr) 1733(s), 1246(s), I174(m), 
ll13(s), 1091(s), 1021(m), 953, 908, 829. mac 
NMR (CDCIa/CDaOD/D20, 50:50:15, v/v/v) 
174.58 (C=O), 71.01 (d, aJcp 8.5 Hz, CHO- 
COR), 65.89 (d, 2Jcp 4.5 Hz, POCH2CH2Br), 
64.13 (d, 2Jcp 4.4 Hz, CH2OP of glycerol), 
63.17 (CH2OCOR), 34.68 and 34.54 (C-2'), 
32.29 (60-2 CH2), 31.25 (d, aJcp 8.1 Hz, CH2- 
Br), 30.03 (-[CH2 ] n-), 25.30 (C-3'), 23.00 (co-I 
CH2), 14.21 ((,JCHa). Anal. Calcd for CaTH72- 
OsPBr: C, 58.80; H, 9.60; P, 4.10. Found: C, 
59.08; H, 9.84; P, 4.00. 

1,2- Di-O-hexadecanoyl 3-O-[X-(N.N,N-Trimethyl- 
aminolethyl] phosphoryl rac-Glycerol (4b) 

Bromide 3b(0.36 g, 0.47 mmol), 30 ml of 
anhyd acetone, and 1 ml (11.3 mmol) of tri- 
methylamine were reacted in a sealed 50-ml 
ampoule at 75 C for 4 hr as described for the 
preparation of 4a. Extraction and purification 
by TLC (Rf 0.30,0.45) gave 0.22 g of 4b (62% 
yield); mp 224-225 C (coalesces; translucent 
globules at 80 C); lit. (34), mp 227-229 C; lit. 
(30), mp 220 C. IR (KBr) 1728(s), 1252(s), 
1200, 1174(m), I093(s), 1067(s), 968(m). 13C 
NMR (CDCIa/CD3OD/D20 , 50:50:15, v/v/v) 

3 174.66, 174.37 (C=O)~70.97 (d, Jcv 7.7 Hz, 
C.HOCOR), 66.85 (dt, ~ 7.2 Hz, JCN 3.5 Hz, 
CH2N), 64.08 (d, 2Jev 4.5 Hz, CH2OP of 
glycerol), 63.30 (_C_H2OCOR), 59.71 (d, 2Jcp 

3.9 Hz, POCH2 of choline), 54.52 (t, JCN 3.5 
Hz, N[CH3]3) , 34.55 (br, C-2'), 32.29 (w-2), 
30.03 (-[CH2]n-), 25.30 (C-3'), 23.00 (~0-1 
CH2) , 14.20 (~oCHa). Anal. Calcd for C,oHs0 - 
OsNP'H20:  C, 63.88; H, 10.99; N, 1.86; P, 
4.12. Found: C, 63.70; H, 10.71; N, 1.59; P, 
4.30. 

1,3- Oi-O-hexadecanoyl 2-O- (2'-Bromoethyllphos- 
phoryl rac-Glycerol (3c) 

2-Bromoethyl dichlorophosphate (0.47 g, 
1.95 mmol) in 50 ml of anhyd Et20, 2 ml of 
dry pyridine, and 0.37 g (0.65 mmol) 1,3-di-O- 
hexadecanoyl rac-glycerol (le) in 50 ml of 
anhyd Et 20 were reacted as described for 3a, 
except that diglyceride lc was added without 
cooling and that the reflux period was extended 
from 4 to 45 hr. After hydrolysis and extrac- 
tion, preparative TLC (developing solvent 
CHCI3/MeOH, 90:20, v/v; Rf 0.4-0.8) gave 0.30 
g of 3e (62% yield); mp 158-160 C (coalesces; 
translucent droplets at 50 C). IR (KBr) 1729(s), 
1417, 1400, 1247(s), 1199, l l80(m),  1 l l8(m),  
1091(s), 1015(m), 953, 908, 801. t3C NMR 
(CDCla) 174.00 (C=O), 71.16 (CHOP), 65.91 
(POCH2), 63.46 (CH2OCOR), 34.29 (C-2'), 
32.02 (60-2 CH2), 31.44 (sh, CH2Br), 29.79 
(-[CH2]n-), 25.00 (C-3'), 22.74 (cod CI-12), 
14.08 (wCH3). Anal. Calcd for C37H72OsPBr: 
C, 58.80; H, 9.60; P, 4.10. Found: C, 58.62; 
H, 9.80;P, 3.90. 

1,3-Di-O-hexadecanoyl 2.0.[~-(N,N,N-Trimethyl- 
amino)ethyl] phosphoryl rac-Glycerol (4c) 

Bromide 3c (0.30 g, 0.4 mmol), 20 m] anhyd 
acetone, and 0.9 ml (10 mmol) of anhyd tri- 
methylamine were reacted in a sealed 50-ml 
ampoule at 75 C for 4 hr as described for the 
preparation of 4a. Extraction and purification 
by TLC (Rf 0.23-0.45) gave 0.25 g of 4c (85% 
yidd); mp 213-214 C (coalesces; translucent 
droplets at 75 C). IR (KBr) 1728(s), 1252(s), 
1201, 1177(m), 1091(s), 1062(s), 971(m), 804. 
taC NMR (CDCI3/CD3OD/D20, 50:50:15, 
v/v/v) 174.64 (C=O), 71.20 (d, 2Jcp 4.9 Hz, 
CHOP), 66.95 (dt, ~ 7.9 Hz, JCN 3.5 Hz, 
CH2N) , 63.31 (d, 3Jcp 3.9 Hz, ~_H2OCOR), 
59.72 (d, 2Jcp 4.6 Hz, POCH2), 54.50 (t, 
JCN 3.5 Hz, N[CH3]3), 34.46 (C-2'), 32.30 
(w-2 CH2), 30.02 (-[CH2]n-), 25.28 (C-3'), 
23.02 (6o-1 CH2), 14.20 (oJCH3). Anal. Calcd 
for C4oHsoOsNP'H20: C, 63.88; H, 10.99; N, 
1.86; P, 4.12. Found: C, 63.66; H, 10.92; N, 
1.54;P, 3.90. 

Hexadecyl 2-Bromoethyl Phosphate 13d) 

2-Bromoethyl dichlorophosphate (3.65 g, 15 
mmol) in 80 ml of anhyd Et20, 5 ml of dry py- 
ridine, and 1.2 g (5 mmol) of hexadecanol ( ld)  
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in 80  ml o f  a n h y d  E t 2 0  were reac ted  in analogy 
to the  p r epa ra t i on  of  3a. Hydrolys is  of  the  
i n t e r m e d i a t e  and  e x t r a c t i o n  (see 3a) fo l lowed  
b y  prepara t ive  TLC (deve lop ing  so lvent  CHCla /  
M e O H / H 2 0 ,  6 5 : 2 5 : 4 ,  v /v /v ;  Rf  0 .25-0 .70)  pro-  
duced  1.68 g of  3d (85% yie ld) ;  m p  98-99 C 
(coalesces;  t r an s lucen t  at  84-86 C). IR (KBr)  
1228(s) ,  1084(s) ,  1015(m) ,  954 ,  912.  13C N M R  
(CDC13) 66 .58 -65 .84  (m,  b o t h  CH2OP) ,  32 .00  
(60-2 CH2),  31 .63 -30 .70  (m, CH2Br  and  C-2') ,  
29.85 ( - [ C H 2 ] n - ) ,  26 .02  (C-3') ,  22 .73  ( c o l  
CH2),  14.09 (coCH3).  Anal.  Calcd for  CtaH38- 
O4PBr :  C, 50 .35 ;  H, 8 . 9 2 ; P ,  7.21. F o u n d :  C, 
50.41 ;H ,  8 . 6 2 ; P ,  7 .30.  

Hexadecyl 2-(N,N,N-Trimethylamino)ethyl Phosphate 
{4d) 

Bromide  3d (1.0  g, 2.5 m m o l ) ,  40  ml of  
a n h y d  ace tone ,  and  5 .4  ml  (60  m m o l )  o f  tri- 
r n e t h y l a m i n e  were r eac ted  in a sealed 100-ml 
ampou le  at  75 C for  4 hr  as descr ibed  for  4a. 
E x t r a c t i o n  and  pu r i f i ca t i on  by  TLC ( R f  0.1- 
0 .25)  p r o d u c e d  0 .64 g of  4d  (67% yie ld) ;  m p  
232 - 234  C ( d e c o m p o s e s ;  d i sco lo ra t ion  at  225 
C). IR (KBr)  1243(s) ,  1083(s) ,  1063(s) ,  968(s) ,  
921,  872,  821(m) .  l a c  N M R  (CDC13/CD3OD/  
D20 ,  5 0 : 5 0 : 1 5 ,  v /v /v )  66 .66  (m,  CH2N) , 
66 .50  (d,  2 J c p  5.8 Hz, CH2OP of  alkyl) ,  
59 .43  (d, JCP 4.7 Hz, POCH2 of  cho-  
line),  54 .46  (t ,  JCN 3.5 Hz, N[CH3]3 , ) ,  32 .24  
( ~ - 2  CH2),  31 .10  (d, a J c p  7.5 Hz, C-2 ), 30.01 
( - [CH21n-) ,  26.11 (C-3 ' ) ,  22 .96  (6o-1 CH2),  
14.16 ( ~ C H 3 ) .  Anal.  Calcd for  C21H4604NP- 
" H 2 0 :  C, 59 .26;  H, 11.37;  n,  3.29;  P, 7.28.  
F o u n d :  C, 58 .75 ;  H, 11 .61;  N, 3 .17;  P, 7.10.  
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ABSTRACT 

The triglycerides of human plasma lipoproteins were separated with high performance reversed- 
phase liquid chromatography. An octadecyl bonded 5-ta silica column was used with a mobile phase of 
acetonitrile/acetone. Individual triglyceride types and critical pairs may be easily separated and identi- 
fied. 
Lipids 17:460-463, 1982. 

INTRODUCTION 

Natural triglyceride mixtures, present in 
vegetable fats and oils, can be separated with 
varying degrees of efficiency using high perfor- 
mance reversed-phase chromatography (HPRC). 
Columns used in these separations use packing 
materials with varying characteristics, such as 
particle size, particle type, bonded chain length, 
percentage of coverage of  the particle and uni- 
formity of particle size. Each of these para- 
meters has either positive or negative effects on 
the final separations. 

Triglyceride mixtures have been separated 
with column packings exhibiting all of the 
above characteristics (1-5). Interacting ions 
such as silver have been added to mobile phases 
to enhance triglyceride separations (6). The 
relatively recent availability of very high effi- 
ciency column packings with octadecyl-bonded 
particles has allowed the separation of natural 
triglyceride mixtures, including critical pairs, by 
HPRC using nonaqueous solvent systems (7,8). 
The triglyceride mixtures of natural fats are less 
complex than those of biological origin, 
because trigiycerides from animals and humans 
reflect the composit ion of dietary fats (8). The 
presence, then, of fatty acids with both posi- 
tional and geometrical isomerism may compli- 
cate separations. Demonstrated here is the 
application of HPRC to the separation and 
identification of triglycerides from human plas- 
ma lipoproteins. 

EXPERIMENTAL 

Equipment used included a Tracor 995 iso- 
chromatographic pump (Tracor Inst., Austin, 

TX), a Rheodyne loop injector (20-01) (Rheo- 
dyne Model 7120, Berkeley, CA), and a Waters 
Model R 401 differential refractometer detec- 
tor  (Waters Assoc., Milford, CT) connected to a 
Hewlett-Packard Model 3385A electronic inte- 
grator, that recorded the separations and re- 
tention times. One Supelcosil LC-18 column, 
250 m m x  4.6 mm packed with 5/1 octadecyl- 
bonded spherical silica (Supelco Inc., Belle- 
fonte, PA) was used, with the mobile phase 
consisting of a mixture of  analytical grade ace- 
tone and distilled acetonitrile (63.6:36.4). As 
standards, trigiycerides were obtained from 
Supelco or else previously identified natural 
mixtures were used. 

The triglycerides were solubilized in tetra- 
hydrofuran at 200 mg/ml and sample volumes 
of  5-10 01 were injected onto the column. Hu- 
man plasma lipoproteins were isolated from 
pooled,  whole blood or plasma of undeter- 
mined patient source obtained from the Shands 
Teaching Hospital of the University of  Florida 's  
College of Medicine. The lipids were then ex- 
tracted from the isolated l ipoprotein and the 
corresponding triglycerides were isolated as pre- 
viously described (9). Components  eluting from 
the column were converted to the correspon- 
ding methyl  esters, and these were identified by 
gas liquid chromatography, also as described 
(9). The triglyceride structure of the eluting 
component  was then ascertained. HPRC cur- 
rently is incapable of resolving triglyceride iso- 
mers such as POO, OPO and OOP, so peak 
labels indicate the corresponding isomer mix- 
ture. The following coding was used for fatty 
acids: P-pa lmi t ic ,  S-s tear ic ,  O-o le i c ,  L o - l i n o -  
lenic and Ln- l inolenic .  
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TABLE 1 

Triglyceride Composi t ions Which Can Have the Same 
Equivalent Carbon Number a 

461 

36.0 38.0 40.0 42.0 44.0 46.0 48.0 50.0 52.0 54.0 

54:9 54:8 54:7 54:6 54:5 54:4 54:3 54:2 54:1 54:0 
52:8 52:7 52:6 52:5 52:4 52:3 52:2 52:1 52:0 
50:7 50:6 50:5 50:4 50:3 50:2 50:1 50:0 
48:6 48:5 48:4 48:3 48:2 48:1 48:0 
46:5 46:4 46:3 46:2 46:1 46:0  
44:4 44:3 44:2 44:1 44:0 
42:3 42:2 42:1 42:0 
40:2 40:1 40:0 
38:1 38:0 
36:0 

aEquivalent  carbon no. = (total  no. of carbon a toms in triglyeeride fat ty acids) - (2X 
total  number  of bouble bonds in triglyceride). Data are from EI-Hamdy and Perkins (8). 

blndieates a t r ig lyce r id r  with 54 carbon a toms and 9 double bonds (disregarding 
glycerol moiety),  e.g., tr i l inolenin.  

RESULTS AND DISCUSSION 

We have recently shown the separation of 
complex mixtures of natural triglycerides from 
vegetable oils using HPRC on highly efficient, 
octadecyl-bonded,  reversed-phase packings (8). 
These separations allow the collection of frac- 
tions of triglycerides of sufficient puri ty to be 
used as standards themselves. This allows facile 
identif ication of  eluted components  when the 
triglyceride composit ion of  tissue lipids is stu- 
died. 

The composit ion of blood plasma lipo- 
protein fractions reflects the composit ion of  
dietary fat. It  is reasonable to expect that 
appropriate  separations devised for these tri- 
glycerides will be applicable to those from 
other tissues. Critical pairs of triglycerides are 
those triglycerides which have differing 
numbers of double bonds and carbon chain 
length fatty acids, but the same equivalent car- 
bon numbers. Combinations of  these triglycer- 
ides are listed in Table I. It  is evident that those 
triglycerides containing the greatest degree of 
unsaturat ion will form critical pairs with certain 
saturated triglycerides. The greatest number 
anticipated are those triglycerides with equiva- 
lent carbon number of 36:0, and these are the 
most difficult to separate. Such separations re- 
quire very efficient columns. 

The separations of 2 different standard 
mixtures of known triglycerides are illustrated 
in Figures 1 and 2. Separation within critical 
pairs, such as LoLoO and LoLoP, may be ob- 
tained with one column. Efficiency is consi- 
derably increased by using 2 columns, but  

o 
o 

5 I0  15 

o 
o 

3 o  

6 
8 

~ o  ~ 

, 
i i i i - i 

20 25 30 35 40 45 
Time (mln.) 

FIG. 1. Separation of  triglyceride standards on 250 
X 4.6 mm Supelcos ib l8  oetadecyl  bonded packing. 
Mobile phase, acetone/acetoni t r i le ,  63.6:36.4;  flow 
ra te=l  ml/min.  Abbreviations indicate, e.g., POS, a 
triglyceride composed of stearie, oleic and palmitic 
acids. 
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FIG. 2. Separation of  triglyceride standards; con- 
ditions and identifications are as indicated in Fig. 1. 

analysis t ime  is longer. Figure 2 illustrates the 
separation o f  a standard mixture,  wi th  critical 
pairs, containing l inolenic ,  l inoleic,  oleic and 
palmit ic  acids. Tissue and b lood l ipids o f  land 
animals generally do not contain large amounts 
of  either highly unsaturated or highly saturated 
triglycerides. These are more likely to occur as 
mixed  triglycerides in critical pair mixtures. As 
indicated in Figure 2, they are adequately sep- 
arated. 

Appl icat ion of  this powerful technique to 
iipoprotein triglycerides and the separations 
achieved for very low density lipoprotein 
.(VLDL), l ow  density l ipoprotein (LDL)  and 
high density lipoprotein (HDL) triglycerides are 
shown in Figures 3-5. 

The triglyceride profiles were predictably 
very similar because they were obtained from 

LIPIDS, VOL. 17, NO. 6 (1982) 
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FIG. 3. Separation of  human plasma VLDL trigly- 
cerides; conditions are as in Fig. 1. 
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FIG. 4. Separation of human plasma LDL trigly- 
cerides; conditions are as in Fig. 1. 
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FIG. 5. Separation of human pla .~a  HDL tfigly- 
cerides; conditions are as in Fig. 1. 

p o o l e d  b l o o d  samples  and  were n o t  r epresen ta -  
t ive o f  an  average sample  of  normo- t r ig lycer i -  
demic  b lood .  One  would  e x p e c t  to  observe  dif- 
fe rences  in ind iv idua l  t r ig lycer ide  profi les ,  pri- 
mar i ly  in  samples  f rom individuals .  The  p resen t  
work  ind ica tes  t h a t  the  m e t h o d o l o g y  appl ied  
can  be  used to  inves t iga te  the  e f fec ts  o f  diet  
and  disease s ta tes  o n  such  l i pop ro t e in  t r iglycer-  
ide profi les.  
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Determination of Cholesteryl Esters and 
of Cholesteryl and Epicholesteryl Silyl Ethers 
by Capillary Gas Chromatography 

NORMAN B. SMITH, Biophysics Department, Health Sciences Centre, The University o f  
Western Ontario, London, Ontario, Canada N6A 5C1 

ABSTRACT 

The capillary gas chromatography of eholesteryl esters after splitless injection into a 25-m, OV-1- 
coated, fused silica WCOT column and a 7-m Silar 10C-coated glass WCOT column is reported. The 
nonpolar OV-1 column separated the cholesteryl esters principally on the ba~s of carbon number, but 
separation of the saturated esters from the unsaturated esters was also achieved. The polar Silar 10C 
column separated the esters mainly according to the degree of unsaturation. Thus, the 2 colunm types 
complement each other in the analysis of nanogram quantities of cholesteryl esters from small sam- 
pies, such as those from plasma or single arterial atherosclerosis lesions. This technique therefore ob- 
viates some of the difficulties of analyzing such eholesteryl ester samples in the form of methyl esters 
(incomplete transmethylation, and contamination by solvent impurities and/or plasticizer esters). Both 
columns were also found to be useful for the separation and quantitaiton of the t-BDMS ethers of 
cholesterol and epicholesterol in mixtures containing various proportions of these epimers. 
Lipids 17:464-468, 1982. 

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

In most studies of individual CE from 
mammalian tissues, GLC analyses are per- 
formed on the corresponding methyl esters (1- 
3). Direct transmethylation methods (4,5) have 
been generally preferred for methyl ester prep- 
aration over saponification-re-esterifieation 
procedures because of greater efficiency and 
milder conditions of the former (5). Cholesteryl 
esters saponify only very slowly (6) and poly- 
unsaturated fatty acids tend to be oxidized 

. r  
and/or isomerized during prolonged incubations 
(4,6). Direct transmethylation of CE under aci- 
dic conditions can result in the generation of 
artifact peaks due to formation of cholesterol 
derivatives (7). 

Quantitative transmethylation of CE samples 
> 1 mg can be achieved by base-catalyzed 
methanolysis with sodium or potassium meth- 
oxide, but these reagents must be used with 
care and excessively long incubations must be 
avoided to prevent alterations in the fatty acids 
(4). The methoxide reagent prepared from me- 
tallic sodium or potassium rather than the corr- 
esponding hydroxides is generally preferred, 
because methoxide reagent prepared from the 
hydroxide contains water and significant sapon- 
ification always occurs with its use. With both 

Abbreviations: CE, eholesteryl ester; FC, choles- 
terol, eholest-5-en-3-~-ol; EFC, epicholesteroi, eholest- 
5-en-3-~-ol; GLC, gas liquid chromatography; t-BDMS 
ether, tertiary-butyldimethylsilyl ether; TZ, Trenn- 
zahl, separation number; ~u, average linear velocity; 
WCOT, wall-coated open tubular. 

reagents, however, the recommended proce- 
dure following the base-catalyzed incubation is 
to acidify the reaction mixture and incubate 
again to re-esterify any released fatty acids 
(8,9). 

Unpublished studies in this laboratory have 
shown that very small CE samples (< 200/ag) 
could be transesterified quantitatively only if 
2,2-dimethoxypropane (DMP) was added to the 
methanol prior to the addition of sodium. How- 
ever, the use of DMP in transesterification pro- 
cedures (10) has been criticized because poly- 
mers may form and give rise to spurious peaks 
(4). Another difficulty with the analysis of 
minute samples of fatty acid methyl esters is 
the possibility of sample contamination by the 
ubiquitous presence of plasticizers (most not- 
ably the phthalate esters) and of solvent impuri- 
ties (11,12). 

Earlier, this author analyzed the total free 
cholesterol and CE content  of individual ath- 
erosclerotic lesions of various sizes from the 
aortas of cholesterol-fed rabbits (13). The 
analyses were performed by GLC on a pair of 
packed 3% OV-1 columns by the method of 
Kuksis et al. (14). The smallest of the lesions 
had to be pooled to provide enough total ester, 
and analysis of the individual constituent CE 
was out of the question. Capillary GLC is noted 
for its superior resolution and sensitivity com- 
pared to that of conventional GLC (15). There- 
fore, because of the limitations imposed by the 
small sample sizes, separation of intact CE by 
GLC on WCOT capillary columns was studied. 

LIPIDS, VOL. 17, NO. 6 (1982) 
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MATERIALS AND METHODS 

All solvents (reagent grade) were purchased 
from Fisher Scientific Ltd. (Toronto, Ont.). 
All lipids except EFC were obtained from 
Sigma (St. Louis, MO) or Serdary Research 
Laboratories (London, Ont.). EFC was supplied 
by Research Plus Steroid Laboratories (Den- 
viUe, NJ). Tertiary-butyldimethylchlorosilane/ 
imidazole reagent and a 25-m Quadrex glass 
WCOT column which was coated with Silar 10C 
were purchased from Applied Sciences Division, 
Milton Roy Co. Lab Group (State College, PA). 

t-BDMS ether was prepared (16) by dissol- 
ving 100 #g or less of FC or EFC in 50/11 CH2- 
C12 and adding an equal volume of the t-butyl- 
dimethylchlorosilane/imidazole reagent. The 
presence of CH2C12 in the reagent mixture was 
required to prevent the precipitation of the 
sterol and its ether derivative (17). After 1 hr 
at room temperature (22-28 C), the reaction 
was stopped with 1 ml H20.  The ethers were 
extracted with CII2C12, dried with anhyd Na2- 
SO4 and evaporated to dryness under a stream 
of N 2. The silyl ethers were then redissolved in 
CH2C12 to give a final concentration of each 
component of about 30 ng//al. 

Chromatography of CE and silyl ethers was 
performed with a Hewlett-Packard Model 
5830A gas chromatograph equipped with a 
Hewlett-Packard (Model 18835B) capillary inlet 
and a flame ionization detector, on nonpolar 
(OV-1), and polar (Silar 10C) WCOT columns. 

The nonpolar column was a 25-m Hewlett- 
Packard fused silica WCOT column (0.2 mm id) 
coated with OV-I. The injection port tempera- 
ture was 340 C, initial column temperature, 
130 C, and detector temperature, 350 C. The 
carrier gas was H2 at an inlet pressure of 20 psi 
(linear velocity 45 cm/sec at 130 C)I The H 2 
flow rate through the detector was 48 ml/min 
and the makeup gas (N2) flow rate was 58 ml/ 
rain. The splitless injection technique was used. 
A 1-#1 sample, containing 15-50 ng/component,  
was drawn up entirely into the barrel of the sy- 
ringe. Purge of carrier gas throug~h the inlet 
system was stopped. The needle was then inser- 
ted into the injector and allowed to heat for 
10 sec. The sample was injected and the tem- 
perature program was begun.. The needle was 
held in position for another 10 sec before being 
rapidly removed. Carrier gas purge of the inlet 
then resumed 0.6 min after injection. The oven 
temperature was held at 130 C for 0.5 min, 
after which it was rapidly increased (30 C/min) 
to 285 C; the temperature was increased there- 
after at 1.5 C/min to 330 C. 

For chromatography of the CE on the polar 
phase, a 7-m Quadrex glass capillary column 

made from a 25-m column (0.25 mm id) coated 
with Silar 10C was used, with He as the carrier 
gas (inlet pressure 20 psi, linear velocity 56 cm/ 
sec at 150 C). The injector and detector tem- 
peratures were 300 and 260 C, respectively, and 
splitless injection was used. The oven tempera- 
ture, initially at 150 C for 0.5 min, was in- 
creased at 30 C/min to 219 C, after which the 
temperature was increased at 0.5 C/min to 230 
C and held there until all components were 
eluted. For the  separation of the silyl ethers, 
the oven temperature was increased quickly 
from 100 to 210 C and held at that tempera- 
ture thereafter. The injector port and detector 
temperatures were both set at 220 C. the El 2 
back pressure was 3 psi (linear velocity 56 cm/ 
sec at 100 C). 

RESULTS AND DISCUSSION 

Figure 1 shows the separation of the CE of 
(A) a homologous series in a standard mixture, 
(B) a large atherosclerotic fatty lesion from a 
rabbit aorta, and (C) hypercholesterolemic rab- 
bit plasma. Excellent separation of the compon- 
ent esters in the mixtures were obtained as evi- 
denced in Table 1, which gives the TZ for 
saturated homolog pairs. Separation of the 
unsaturated CE from the corresponding satura- 
ted esters of the same carbon number was also 
achieved, with the unsaturated species having 
shorter retention times than the saturated spe- 
cies. Analogous separation of unsaturated tri- 
glycerides from the corresponding saturated 
species has been reported by Grob et al. (20). 
Cholesteryl oleate (CE-18:I) and cholesteryl 
linoleate (CE-18:2) were not separated by the 
capillary column. A peak corresponding in re- 
tention time to that of cholesterol linolenate 
(CE-18:3) eluted between the CE-18:I + CE- 
18:2 and the cholesteryl stearate (CE-18:0) 
peaks. These separations represent a significant 
improvement over those obtained from packed 
columns coated with OV-1 (10) and allow more 
detailed analyses of neutral lipids with the non- 
polar liquid phase. Chromatography of the hy- 
percholesterolemic plasma and aortic lesion CE 
revealed similar patterns, detailed in Table 2. 
These data agree well with those of earlier stu- 
dies, similarly grouped (1-3). 

Because the analysis of the components of 
the monoene-diene peak with OV-1 column is 
difficult, the ability of a Silar 10C column to 
separate CE according to degree of saturation 
was investigated. Silar 10C in packed columns 
has been shown to separate CE according to 
degree of unsaturation (21). Figure 2 shows 
that this phase can also be used in a capillary 
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system to achieve a similar separation. The sep- 
aration of the saturated and monoene species 
was incomplete, as shown by the TZ value in 
Table 3. There was a tendency for the saturated 

A 

1310 

1,4:0 1 6 : 0  
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FIG. 1. Chromatogram of CE from (A) a synthe- 
tic homologous series; (B) a rabbit aortic atheroscler- 
otie lesion; (c) hypercholesterolemie rabbit plasma; on 
an OV-1 fused silica capillary column: 25 m long, 0.2 
mm id. 0.1 #m film thickness; hydrogen as carrier gas 
at 20 psi, , = 45 cm/sec; splitless injection, 1 /~1 in 
petroleum ether at 130 C, temperature program 1.5 C/ 
(285-330 C); injection temperature, 340 C, FID tem- 
perature, 350 C. 

ester (CE-18:0) peak to trail slightly into the 
monoene peak (CE- 18:1), with a resulting loss 
of about 10% of the saturated area and a corres- 
ponding increase in the monoene peak area. 
However, in samples containing a relatively 
small amount (5-10%) of CE-18:0, such as 
those from aortic lesions or plasma (Table 3) 
(1-3), the tailing effect is negligible. Also, re- 
verse overlap from the leading edges of follow- 
ing peaks was rarely a problem. 

The suitability of cholesteryl decanoate (CE- 
10:0) and cholesteryl eicosanoate (CE-20:0) as 
internal standards for quantitating other CE in 
a mixture was investigated. The detector re- 
sponse was found to decrease with increasing 
molecular weight of the esters, probably mostly 
due to losses in the injector port (22). The data 
in Figure 3 show an example of the relationship 
between the molecular weight of CE present in 
a sample in equal amounts and their peak areas, 
as normalized to that of CE-10:0. This relation- 
ship was independent of the quantity of ester 
injected. The slope of the discrimination curve 
varied from one chromatographic analysis to 
another, but data scatter in most analyses was 
similar to that in Figure 3. Occasionally, the 
shape of the curve also varied. However, the 
peaks in a biological sample could be quanti- 
tated by adding an internal standard mixture 
containing both CE-10:0 and CE-20:0 and then 
applying appropriate corrections to the peak 
areas of the esters by interpolation of the dis- 
crimination data based on recent calibrations. 

The separation of the epimers FC and EFC 
by the 2 capillary columns was also investiga- 
ted. Figure 4 shows typical chromatograms of 
the epimers in the 2 systems. The OV-1 column 
was more efficient than the Silar 10C column: 
the TZ values for the peak separations were 

T A B L E  1 

S e p a r a t i o n  o f  S a t u r a t e d  C h o l e s t e r y l  Es te r s  
o n  an  OV-1 F u s e d  Si l ica  C a p i l l a r y  C o l u m n  a 

C h o l e s t e r y l  es te r s  C a r b o n  n u m b e r  T Z b 

CE- 1 8 : 0 / C E -  17 :0  4 5 / 4 4  9.1 
CE- 1 7 : 0 / C  E- 1 6 : 0  4 4 / 4 3  8 .9  
CE- I  8 : 0 / C E - 1 6 : 0  4 5 / 4 3  19.1 
CE- 1 6 : 0 / C E - I  4 : 0  4 3 / 4 1  19 .9  
CE- 1 4 : 0 / C E -  1 2 : 0  4 1 / 3 9  2 0 . 8  

a F o r  c o n d i t i o n s ,  see Fig. 1. 
b T  Z = D - 1, w h e r e  D is t he  d i s t a n c e  be-  

b(I) + b (2) 
0.5 0.5 

t w e e n  the  p e a k  m a x i m a ,  a n d  b (1)- - a n d  b (2)" " a re  t h e  
0.5 0 . 5  

w i d t h s  o f  t h e  p e a k s  a t  ha l f -he igh t .  The  use  o f  T Z  has  
b e e n  d i scussed  in de ta i l  r e c e n t l y  ( 1 8 , 1 9 ) .  
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TABLE 2 

Quantitation of  Cholesteryi Esters from a Rabbit 
Atherosclerotic Lesion and Hypercholesterolemic Plasma a 

467 

Total cholesteryl esters (mol %)b 

Atherosclerotic aorta Hypercholesterolemic 
Cholesteryi ester lesion plasma 

CE-14:0 1.0 0.5 
CE-15:0 - 0.5 
CE-16:0 17.3 16.3 

CE-16:I + 16:2 3.5 5.1 
CE-17:0 0.7 1.0 
CE-I 8:0 5.4 4.1 

CE-18:1 + 18:2 61.3 60.7 
CE-18:3 7.3 7.8 

Minor, unknown peaks c 3.5(5) 4.1(9) 

aChromatography conditions as in Fig. 1. 
bCalculated from peak area percentage data appropriately corrected for detector re- 

sponse as described in text. 
Cpercent (no. of  peaks). 

16:0 

I I I I 
16 20 24 28 

rain 

FIG. 2. Chromatogram of saturated, monoene 
and diene CE on a Silar 10C glass capillary column: 7 
m long, 0.25 mm id, 0.1 ~m ~ m  thickness; helium as 
carrier gas at 20 psi, t~ = 56 era/see, splifless injection, 
1/el in petroleum ether at 150 C, temperature program 
0.5 C/min (219-230 C); injector temperature 300 C, 
FID temperature 260 C. 

TABLE 3 

Separation of  Saturated, Monoene and Diene Chol- 
esterol Esters on a Silar 10 C Glass Capillary Column a 

Cholesteryl esters TZ 

CE-I 6:0/CE-I 8:0 2.68 
CE-18:0/CE-18:1 -0.17 
CE-18:0/CE- 18:2 1.38 
CE-I 8:I /CE-I  8:2 0.49 

aFor conditions, see Fig. 2. 

11.3 and 1.6, respectively. However, with both 
systems, analysis of samples containing varying 
amounts of each epimer from zero to 100% 
gave the correct proportions, as shown in Fig- 

1.5 

o 

o I.( 
8 

w o~ 

~ ~ 1 7 6  CE-IO 

' ' 'o 32 56 4 
CE C a r b o n  Number 

I l 
44 48 

FIG. 3. Relationship between peak area and 
molecular weight of CE chromatographed on OV-1 
fused silica column. For conditions, see Fig. 1. 

ure 5 for the Silar 10C column. Thus, these 
capillary columns, originally selected for CE 
analysis, are also suitable for estimating the epi- 
mers of cholesterol in a mixture. 
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EFC 

b.I tm 

FC 

I 

2 
F ~  

EFC 

FIG. 4. Chromatograms  of  a mixture  o f  FC and 
EFC (1) OV-1 fused silica capillary column. The  chart  
speed was increased from 0.5 cm/min  to 4 cm/min  
about  6 rain after injection to allow TZ measurements .  
For  condit ions,  see Fig. 1 ; (2)Si la r  10C glass capillary 
column. Splitless injection with injector and detector  
at 220 C. The oven temperature,  initially at 100 C 
with hydrogen carrier flow at ta = 56 cm/see, was in- 
creased rapidly to 210 C. 
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ABSTRACT 

The monoethylenic isomers of Cla , C20 and C2a chain lengths of the depot tat of a nonhominid pri- 
mate (cynomolgus monkeys, Macaca fascicularis), fed a partially hydrogenated herring oil (IV=76.0) 
for 30 months, were examined by 2 different approaches. The first isolation method involved prepar- 
ative gas liquid chromatography and argentation thin layer chromatography (TLC). The second se- 
quence involved a chain-length fractionation system based on the TLC of the methoxy-bromomercuri 
adducts of the total methyl esters to isolate groups of acids of common degrees ofunsaturafion, and 
then high performance liquid chromatography on a reverse-phase colunm. In both cases, the mono- 
ethylenic isomer distribution was determined by ozonolysis in BF 3/MeOH. Comparable results were 
obtained with the 2 methods. The second approach is recommended for mall biological samples, 
especially for those containing a relatively high proportion of di- and other polyethylenic isomers 
which might interfere. 
Lipids 17:469-475, 1982. 

INTRODUCTION 

Different techniques must be combined in 
the study of  the geometric and positional iso- 
mers of  monoethylenic fatty acids of  partially 
hydrogenated oils (1-9). These often include 
preparative gas liquid chromatography (GLC) 
for isolation of the chain length of interest 
(10), the detection of the acids being effected 
with a thermal conductivity detector. The col- 
lected sample is then usually further fraction- 
ated into cis and trans isomers by thin layer 
chromatography (TLC) with silver nitrate (11), 
and the isomer distribution is determined by 
ozonolysis (12), or by GLC on wall-coated, 
open-tubular columns (13,14). The amount of 
trans fatty acid can be determined by infrared 
(IR) spectroscopy (10,11), as material is usually 
plentiful, or by GLC on nonpolar columns (15, 
16). 

To study the metabolic effects of various 
trans fatty acids such as those encountered in 
margarine and shortening, feeding studies have 
been effected on different animal species. To 
carry out detailed studies on monoethylenic 
fatty acids in those biological samples where 
the amount of  material is often very small, it 
was necessary to develop preparative and analy- 
tical techniques that are more economical and 
sensitive than preparative GLC and IR spectro- 

Ipresented in part at the AOCS annual meeting, 
New Orleans, May 1981. 

scopy. The authors propose a method based 
on the fractionation of the total fatty acid 
methyl  esters via the formation of methoxy- 
bromomercuri adducts, followed by regenera- 
tion of  each group of esters of  common degree 
of unsaturation. Chain length fractionation of 
the regenerated esters is by high performance 
liquid chromatography (HPLC) on a reverse- 
phase column. Preparative separation of cis/  
trans monoene isomers is still executed by sil- 
ver nitrate TLC, but the actual trans acid con- 
tent is determined accurately by a sensitive sil- 
ver nitrate Iatroscan thin layer chromato- 
graphy/flame ionization detection (TLC/FID) 
method. The monoenoic isomer distribution 
can then be determined as usual by oxidative 
ozonolysis. 

EXPERIMENTAL 

Preparation of Methyl Esters 

The lipids from the animal tissues were ex- 
tracted by the Bligh and Dyer method (17). In 
the case of nonhominid primate tissue, the 
composition of the lipid extract was checked 
by Iatroscan (18) and, if necessary, the trigly- 
ceride was freed of  minor amounts of phospho- 
lipid and free fatty acid by TLC on silica gel 
(Prekotes Adsorbosil-5, Applied Science Labor- 
atories, State College, PA) using a mixture of 
hexane/diethyl ether/acetic acid (80:20:1) as 
the solvent system. The triglyceride (Rf=0.49) 
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was recovered and the acyl moieties were con- 
verted to methyl esters by refluxing in a 7% 
BFa/MeOH solution (19). 

Analytical and Preparative GLC Analysis 

All analytical GLC was performed on stain- 
less-steel, open-tubular columns, 47 m in length 
and 0.25 mm id, coated with SILAR-7CP, Apie- 
zon-L or BDS (butanediol succinate) and oper- 
ated in a Perkin Elmer series 900 apparatus 
with FID. Preparative GLC was executed on a 
stainless-steel column, 1 m in length and 4 mm 
id, packed with 10% SE-30 on Chromosorb W/ 
100-120 mesh, operated at 180 C and 40 psig 
helium in a Varian Autoprep with thermal con- 
ductivity detector. For collection of methyl es- 
ters, the effluent gas was passed into glass tubes 
containing 20 ml of chloroform. 

Determination of Monoethylenic Isomers by a 
Combination of Methoxy-mercuri-adducts, HPLC 
and Ozonolysis 

The total methyl esters of the fatty acids of 
tissue triglycerides were converted to the meth- 
oxy-acetoxy-mercuri-adducts in a 10-ml, screw- 
capped centrifuge tube by heating at 100 C for 
2 hr with an excess (100%) of a mercuric ace- 
tate solution in methanol (0.25 M) as described 
elsewhere (20). The reaction mixture was then 
dissolved in 10 ml of chloroform in a 50-ml, 
screw-capped tube. A 10% excess of sodium 
bromide in methanol (0.5 M) was added and 
the tube contents were mixed for 2 min. After 
addition of water, the methoxy-bromomercuri- 
adducts were extracted 3 times into chloro- 
form. The adducts were fractionated into 
groups of equal numbers of ethylenic bonds on 
TLC plates (Prekotes, Adsorbosil-5, Applied 
Science Laboratories) using a mixture of hex- 
ane/dioxane (60:40) as solvent system (20). 
The 2 principal fatty acid classes, monoene (Rf 
=0.61) and diene (Rf=0.51), were recovered 
and the methyl esters were regenerated from 
the adducts by addition of HCI (21). 

The monoene band containing the Ct6, Cls, 
C20 and C22 cis and trans isomers was further 
fractionated by HPLC on a reverse-phase col- 
umn (Waters Bondapak Cls, 10tt 200 x 3.9 
mm id). The samples were run on a Waters' 
Scientific instrument (6000A solvent delivery 
system) using a mixture of methanol/water (90: 
i0 )  at 1.7 ml/min as solvent and a refractive in- 
dex detector (R 401). Each collected methanol/ 
water solution was extracted 3 times with 
chloroform to recover the original methyl es- 
ters. The collected chain length groups of 
monoethylenic isomers (Ct6-C22) were uncon- 
taminated as baseline separation was complete 

for samples up to 5 mg. 
The monoethylenic acids of each chain 

length were then separated into their respective 
sets of cis (Rf=0.69) and trans (Rf=0.60) iso- 
mers by TLC with silver nitrate (5,22), and 
were then ozonized in BF3/MeOH (23,24). The 
mixed ozonolysis reaction products, including 
both the mono- and diesters, were analyzed by 
GLC. A BDS column was used at 2 different 
temperatures, 165 C for the long-chain diesters 
and 110 C for the short-chain ones (dimethyl 
maionate, succinate and glutarate). 

Determination of tran$ Fatty Acid Content by 
AgNO 3 -latroscan Chromarods 

The rods were In'st cleaned of any organic 
compounds by passing them through the Iatros- 
can flame, and were then immersed in a solu- 
t ion (2.5%) of silver nitrate in acetonitrile for 
15 min (25). After activation at 120 C for 3 hr, 
the rods were spotted with the sample (ca. 10 -2 
mg), developed for 25 rain in a mixture of hex- 
ane/benzene (1:1), then scanned with an FID in 
the Iatroscan TH-10 apparatus. A Linear Instru- 
ments Corp. (Costa Mesa, CA) Model 252A re- 
corder was operated at 10 mV full-scale deflec- 
t ion to record the signal. Peak areas were mea- 
sured by either the recorder stepping-pen inte- 
grator or on a Technicon (Chauncey, NY) 
Model AAG integrator/calculator. Response 
factors were based on standards (25). After use, 
the rods were cleaned for re-use by soaking in 
concentrated nitric acid for several hours. 

RESULTS AND DISCUSSION 

The monoethylenic fatty acids of the depot 
fat of a monkey fed a partially hydrogenated 
herring oil (PHHO) for 30 months were studied 
by the 2 methods summarized in Figure 1. The 
first method (Fig. 1A) is the most widely used 
technique for studying partially hydrogenated 
oils and the second (Fig. 1B) is the method pro- 
posed by the authors for studying small biolog- 
ical samples. 

The first step of the "conventional" method 
(Fig. 1 A) is a chain-length fractionation of the 
total methyl esters by preparative GLC. The 
main disadvantages of this technique are the 
low sensitivity of the thermal conductivity de- 
tector and the poor recovery of the eluted sam- 
pies. It is often hardly applicable to biological 
material due to the small sample size available. 
In the second step, the cis and trans monoethy- 
lenic isomers are then isolated by AgNO3-TLC. 
The migration of the methyl ester on an 
AgNO3-TLC plate depends on 4 factors: the 
number of ethylenic bonds, the geometry and 
position of the ethylenic bonds, and the chain 
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FAME (DEPOT FAT) B: FAME (DEPOT FAT) 
I l 

PREPARATIVE GLC METHOXY -BRO~MERCURI-ADDUCTS 
i I I I I I 

c16 ~18 c~o c22 , ~c 
~NOENES DIE~NES A'~ 3-TLC I 

TRAN~; 18:1 CIS 18:1 18':2 HPLC,C18 REVERSE PHASE 

~' OZONOLYSIS j" 16:1 18:1 20:1 22:1 
4, I 

A~3-TLC 
GLC ANALYSIS 

J 18:1 m Ii~k~t.S 18:1 

OZONOLYSIS ~r 
& 

GLC ANALYSIS 

FIG. 1. (A) Conventional analytical procedures for the isolation of the monoethylenic 
fatty acids of partially hydrogenated oils. (B) Analytical procedure for the isolation and 
study of the monoethylenie fatty acids of the depot fat of a monkey fed a partially hydro- 
genated herring oil (IV=76.0) for 30 months. 

length (26-28). However, partially hydrogen- 
ated oils can contain acids with conjugated 
diethylenic bonds, and also some non-methy- 
lene-interrupted diethylenic isomers of cis,trans 
or trans,trans structures. As a result of differ- 
ences in the migration of these diethylenic 
acids on AgNO3-TLC plates (29,30), it is poss- 
ible to foresee contamination of the cis and/or 
trans monoethylenic TLC bands for partially 
hydrogenated oils containing appreciable quan- 
tities of the artifact polyunsaturated acids such 
as those obtained by partial hydrogenation of 
the "highly unsaturated" marine oils. In order 
to avoid this possible contamination (20), we 
have transformed the total fatty acids, as 
methyl esters, into the methoxy-bromomercuri- 
adducts which can be specifically fractionated 
into the different fatty acid classes (e.g., mono- 
erie, diene) by TLC (Fig. IB). In the solvent 
system used, migration of the adducts depends 
only on the degree of unsaturation, and not  on 
the geometry or the position of the ethylenic 
bonds (20). 

The esters regenerated from the monoethy- 
lerdc band were then fractionated into the dif- 
ferent chain lengths (C16-Cz~) by HPLC on a 
Cls reverse-phase column. With the conditions 
used for chain-length fractionation, only a par- 
tial separation of cis and tran~ isomers was ob- 
tained, especially for the Ct6 and CIs acids (Fig. 
2). However, in each chain length, a recovery of 
> 94% was obtained. Therefore, the total peak 
(cis + trans) was collected for each chain length 
and these were further fractionated into the cis 
and trans isomers by AgNOa-TLC (Fig. 1B). In 
order to quantify the ozonolysis results for the 
AgNO3-TLC bands, it was necessary to deter- 

16zl 
18:1 2 0:1 

~ T  IMIr ( a t i i ) - ~  I~ 

22:1 

FIG. 2. HPLC analysis of the monoethylenie iso- 
mers of the depot fat of a monkey fed a partially hy- 
drogenated herring oil for 30 months; column, Waters 
Bondapak C18, 10 ~, 200 • 3.9 mm id, MeOH/H20 
(90:10), 2 ml/min; refractive index detector. 

mine the percentage of the short-chain diesters 
recovered in the chloroform extraction, and 
also to apply the appropriate FID correction 
factor for the GLC analysis. A known mixture 
(GLC analysis) of dimethyl esters (C3-Cl0) was 
submitted to a chloroform extraction carried 
out as described for the ozonolysis process. For 
the dimethT1 esters of C7 and longer chains, a 
recovery of 100% was achieved (Table 1). How- 
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TABLE 1 

Recovery (%) of Short-Chain Dimethyi Esters by Extraction with CHCI3, and 
Flame Ionization Correction Factors for the GLC Analysis (BDS) of Dimethyl Esters 

(Relative to Methyl Stearate as 1.00) 

Dimethyl esters Wt % recovery FID correction factors 

C 3 83.5 2.91 
C 4 90.5 2.13 
C s 91.7 1.91 
C 6 96.5 1.60 
C 7 100 1.55 
C s 100 1.41 
C 9 100 1.31 
Clo 100 1.32 
C1: t - 1.38 
C~s -- 1.31 

ever, only partial recovery was effected for dies- 
ters having less than 7 carbon atoms. The dies- 
ter FID correction factors relative to methyl 
stearate (18:0) were also determined from a 
weighed mixture and the results are listed in 
Table 1. For practical purposes, the dimethyl 
esters of C9 and higher have similar correction 
factors. The relatively large correction factor 
for dimethyl malonate (Table 1) has been ex- 
plained by its decomposition in the injection 
port of the GLC (31), but interaction with 
some polar liquid phases is known (32). Other 
quantitatively accurate ozonolysis procedures 
would be suitable (33-35). 

The monoethylenic isomer distributions of 
the depot fats of the monkey fed PHHO, de- 
termined by the 2 methods described in Figure 
1, are reported in Tables 2 and 3. For the cis 
C18, C20 and C22 monoethylenic isomers, gen- 
erally good agreement was obtained between 
the 2 methods (Table 2, cf. 18:1A7 and A9, 
20:1A9 and A l l ,  2 2 : 1 A l l  and 22:1A13). Lar- 
ger differences due to the compounded experi- 
mental errors were observed for some isomers 
present in minor proportions (less than 0.5%). 
A good agreement (Table 3) was also observed 
for the trans acids except for 20:1A9 and 22: 
1 A9 for which the mercuri-adduct method gave 
higher values. The sample size was, unfortunate- 
ly, too small to repeat the experiment, but 
actual results for ozonolysis products were veri- 
fied on 2 GLC columns. Although this larger 
amount of the long-chain A9 isomers could be 
due to an impurity having the same GLC re- 
tention time as dimethyl nonanoate on both 
SILAR-5CP and BDS columns, the concurrent 
presence of more A8 isomers suggests a genuine 
difference due to technique. 

The distribution of the cis monoethylenic 
isomers, especially 20:1A11, 20:1A9, 18:1A7 

(Table 2), revealed an important chain shorten- 
ing process of the long-chain monoethylenic 
fatty acids (C20 and C22) by 2 carbons at once 
to the C 18 isomers. 

One of the more interesting results of the 
recent accelerated research on dietary C22 
monoethylenic fatty acids (36) is confirmation 
that a substantial proportion of such acids may 
be degraded stepwise, reentering lipid pools as 
C ls acids, instead of being totally catabolized 
for energy (36-39). Most demonstrations have 
mixture of cis 18:1A9 and trans 18:1A9 was 
submitted to an HPLC analysis using a solvent 
mixture of MeOH/H20 (90:10) at 0.7 ml/min. 
No difference was observed between the actual 
isomer weight percentage and the chart area 
percentage given by the HPLC analysis, indicat- 
ing no difference in the detector response 
factor for the c/s and trans 18:1A9 isomers. 
The quantitation of trans fatty acids by the 2 
other methods (AgNO3-TLC/GLC on SILAR- 
7CP; AgNO3-Iatroscan) was not influenced by 
the chain lengths. These two methods can 
therefore be applied to any of the common 
chain lengths (C16-C22). An advantage of the 
AgNO3-latroscan method over GLC methods is 
the small sample size (10/ag) and the short time 
needed for an analysis (Fig. 3A) (24). An 
advantage of the HPLC quanti tat ion using a 
refractive index detector is the possibility of 
recovering the sample after analysis. The main 
disadvantage with HPLC is the lack of sensitiv- 
ity of the refractive index detector. 

The approach to the study of monoethylenic 
fatty adds, based on the HPLC fractionation of 
the monoenoic fraction recovered from the 
methoxy-bromomercuri-adducts, is especially 
useful for biological samples and/or also for 
partially hydrogenated oils containing signifi- 
cant amounts of interfering conjugated diethy- 
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T A B L E  2 

C o m p a r i s o n s  o f  D i s t r i b u t i o n s  o f  t he  cis M o n o e t h y l e n i c  I s o m e r s  ( tool  %) 
f r o m  t h e  D e p o t  Fa t  o f  a M o n k e y  Fed a Par t i a l ly  H y d r o g e n a t e d  H e r r i n g  Oil fo r  30  M o n t l l s  

a n d  I so l a t ed  b y  the  2 T e c h n i q u e s  S h o w n  in F igure  i 

CIB C2o C22 

E t h y l e n i c  Hg  + Hg + Hg + 

b o n d  p o s i t i o n  (A)  G L C  H P L C  G L C  H P L C  G L C  H P L C  

3 . . . .  t r  a 
4 0 .4  0 .4  0 .4  0 .2  0 .5  0 .5  
5 1.5 0 .7  1.6 0 .9  0 .2  0 .3  
6 2 .0  1.5 1.1 0 .6  0 .4  0 .6  
7 14.1 14 .3  1.1 0 .7  0 .3  0 .8  
8 5.5 5 .8  2 .0  2 .4  0 .3  0 .8  
9 61 .9  62 .5  30 .5  3 3 . 4  0 .6  2.1 

10 2.3 2 .4  5.1 5 .2  4 .7  7 .3  
l l  8.5 8 .7  50 .9  4 9 . 9  83.1  7 6 . 8  
12 1.6 1.7 3 .2  3 .0  4 .6  4 .9  
13 1.5 1.4 2 .6  2 .3  4 . 3  5 .0  
14 0 .3  0 .2  0 .6  0 .5  0 .5  0 .3  
15 0 . 3  0 .3  0.5 0 .4  0 .4  0 .5  
16 0.1 0.1 0 .2  0 .2  0. l 0.1 
17 - - 0 .2  0 .3  < 0 . 1  < 0 . 1  
18 - - t r  t r  < 0 . 1  N D  b 

a t r :  t r ace ,  , ~ 0 . 1 %  

b N D :  n o t  d e t e c t e d  u n d e r  a n a l y t i c a l  c o n d i t i o n s .  

T A B L E  3 

D i s t r i b u t i o n  o f  t he  trans M o n o e t h y l e n i c  I s o m e r s  (mo l  %) 
f r o m  the  D e p o t  Fa t  o f  a M o n k e y  Fed a Pa r t i a l ly  H y d r o g e n a t e d  H e r r i n g  Oil fo r  30  M o n t h s  

a n d  I so l a t ed  b y  the  2 T e c h n i q u e s  S h o w n  in F igure  1 

C la  C2o C22 

E t h y l e n i c  Hg  + Hg + Hg + 

b o n d  p o s i t i o n  (A)  G L C  H P L C  G L C  H P L C  G L C  H P L C  

3 t r  a - - - t r  - 

4 0.7  0 .8  0 . 3  0 .5  0 .2  0.1 
5 1.5 1 .0  0 .7  1.0 0 .4  0 .2  
6 4 . 0  3.1 0 .6  0 .9  0 .4  0 .2  
7 9.1 8 .8  0 .7  0 .8  0 .5  0 .5  
8 14 .8  14 .4  2.2 2 .8  0 .5  0 .9  
9 2 3 . 0  22 .8  8.3 17.1 1.5 4 .4  

10 17.7 17 .8  18 .8  17 .0  18.1 17 .0  
11 14.4  15.7  37 .7  35 .3  4 8 . 0  4 6 . 4  
12 7 .9  8 .8  18 .6  15.2  18.5 17 .6  
13 3 .5  3 .7  5 .3  4 . 8  6 .4  7 .0  
14 1.7 2 .0  2 .6  2.1 2 .4  2 .5  
15 1.3 0 .9  2 .0  1.4 1.3 1.5 
16 0 .4  0 .2  1.3 0 .9  0 .7  0 .9  
17 -- -- 0 .7  0 .2  0 .6  0 .6  
18 -- -- 0 .2  -- 0.5 0 .2  

a t r :  t r a ce ,  "r 1%. 

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

m e t h o d  w i l l  b e  m o r e  t i m e - c o n s u m i n g  t h a n  t h e  
m e t h o d  u s i n g  p r e p a r a t i v e  G L C  a s  a t e c h n i q u e  

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

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

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

t u r e s  ( i n  t h i s  c a s e ,  t h e  2 2 : 1 A l l ) c o m p a r e d  t o  

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

Trans Content (wt %) of Monoethylenic Fatty Acids of a Depot Fat of a Monkey 
Fed a Partially Hydrogenated Herring Oil for 30 Months 

latroscan 
TLC-AgNO 3 , (AgNO s ) 

GLC on Direct Chromarod 
Direct SILAR 7CP quantitation TLC/FID 

GLC on internal from HPLC after HPLC 
AP-L standard run fractionation 

18:1 ND a 33.4 ND 29.2 
20:1 31.8 33.3 33.6 31.8 
22:1 28.6 32.3 32.5 29.1 

aND : not determined. 

CIS 

TRANS 

0 ~ T I M E  (~ec}-,-~ 42  

CIS 

4X 

2~ - -T IMElmla)  ~ 30 

FIG. 3. (A) Silver nitrate~latrosean Chromarod 
TLC/FID analysis of the 22:1 isomers of the depot fat 
of a monkey fed a partially hydrogenated herring oil 
for 30 months (conditions in text). (B) HPLC analysis 
of  the decosenoic acid isomers of the depot fat of a 
monkey fed a partially hydrogenated herring oil for 30 
months; column, Waters Bondapak, C1s , l0 u, 300 • 
3.9 mm id, MeOH:H20 (90:10), 1.7 ml/min, refrac- 
tive index detector. 

w h i c h  are mos t ly  of  the  oleic family.  
T h e  p r o p o r t i o n s  o f  trans i somers  in  the  Cls ,  

C2o and  C22 cha in  l eng ths  were s tud ied  b y  4 dif- 
f e r en t  m e t h o d s  (Table  4):  a d i rec t  GLC analysis  
o n  a n o n p o l a r  c o l u m n  (AP-L),  a GLC analysis  

o n  S ILAR-7CP w i t h  an  i n t e rna l  s t anda rd  fol- 
lowing  the  f r a c t i o n a t i o n  of  t he  to ta l  m o n o e n e  
f r ac t ion  by  AgNO3-TLC,  the  d i rec t  quan t i t a -  
t i on  of  the  HPLC char t s ,  and  b y  AgNO3-Ia t ros-  
can  analysis  of  t he  HPLC f rac t ions  (Fig. 3A).  
As r e p o r t e d  earl ier  (15) ,  the  d i rec t  GLC analy-  
sis on  an  AP-L c o l u m n  can on ly  be appl ied to  
the  long-chain  f a t t y  acids (C2o and  C22) because  
of  t he  i n a d e q u a t e  r e so lu t i on  o f  the  cis and  trans 
i somers  o f  the  shor t e r -cha in  acids (C16 and  
CIS). The  same p h e n o m e n o n  was observed  for  
t he  HPLC analysis.  A good sepa ra t ion  of  t he  cis 
and  trans i somers  was o b t a i n e d  for  the  C2o and  
C22 chain  l eng ths  (Fig. 3B), b u t  on ly  b y  reduc-  
t i on  o f  the  so lvent  f low r a t e ;  a sl ight over lap be- 
t w e e n  the  cis and trans occur red  for  t he  C16 
and  C IS cha in  lengths .  To  d e t e r m i n e  i f  t he  cha r t  
areas us ing  the  ref rac t ive  i n d e x  d e t e c t o r  corres- 
p o n d e d  to  t he  a m o u n t  of  trans acid,  a k n o w n  
to  separa te  the  d i f f e ren t  cha in  lengths ,  the  sta- 
b i l i ty  o f  the  m e t h o x y - b r o m o m e r c u r i - a d d u c t s  
faci l i ta tes  sample  handl ing .  As is o f t en  the  case 
in l ipid research,  t he  choice  of  a l t e rna t ives  m u s t  
be made  on  an  indiv idual  l a b o r a t o r y  basis. 
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The Metabolism of Lithocholic Acid and Lithocholic 
Acid-3-ot-sulfate by Human Fecal Bacteria 
S.P. BO R R I E L LO a, I �9 and R.W. OWE Nb, 2, aBac terial Metabolism Research Laboratory, 
Central Public Health Laboratory, Colindale Avenue, Colindale, London NW 9 5HT; 
and bDeparrment of  Chemistry and Biochemistry. Liverpool Polytechnic, 
Liverpool L3 3AF, England 

ABSTRACT 

Both lithocholic acid and lithocholic acid-3a-sulfate are metabolized by mixed fecal bacteria and 
by pure strains of the genus Clostridium. Mixed fecal bacteria metabolized lithocholic acid to 3-keto- 
lithocholic acid; lithocholic acid-3<~-sulfate was metabolized to isolithocholic acid, 5#-cholanie acid 
and &3-cholenic acid under both aerobic and anaerobic conditions. The results indicate that a specific 
genus, the Clostridium, has a primary role in the metabolism of lithocholic acid-3~-sulfate to /O. 
cholenic acid. 
Lipids 17:477-482, 1982. 

INTRODUCTION 

Lithocholic acid is formed in the distal intes- 
tine by the activity of bacterial 7c~-dehydroxy- 
lase on the primary bile acid chenodeoxycholic 
acid. This major fecal bile acid may be present 
in above-average concentrations in the stools of 
subjects from populations at high risk for the 
development of colonic cancer (1). It has also 
been shown to enhance chemically induced tu- 
morigenesis in the intestine (2) and liver (3) of 
rats, to enhance the mutagenicity of suboptimal 
amounts of 2-amino-anthracene (4) and ben- 
zo(a)pyrene (5) in the Ames mutagenicity test, 
and to transform Syrian hamster embryo cells 
(6). Lithocholic acid is conjugated in the liver 
to taurine or glycine (about 40%) (7) and also 
exists as the water-soluble 3a-sulfate, which can 
account for up to 80% of the biliary lithocho- 
late (8). Sulfation occurs in the liver and is a de- 
toxifying process that also apparently facilitates 
excretion, as the sulfate is poorly absorbed by 
the intestinal mucosa. Both lithocholic acid and 
lithocholic acid-3~-sulfate can escape the small 
bowel enterohepatic cycle and seep into the 
large bowel where they are available for metab- 
olism by the gastrointestinal flora. Little is 
known about the further metabolism of this 
bile acid in the large bowel. This study was de- 
signed to investigate this question and to try 
and delineate the role of various components of 
the fecal flora in these activities. Metabolism of 
lithocholic acid-3a-sulfate probably represents a 
retoxifying process. The roles that these micro- 

Ipresent address: Clinical Research Centre, War- 
ford Road, Harrow, Middlesex HA1 3U J, England. 

2present address: Bacterial Metabolism Research 
Laboratory, Centre for Applied Microbiology and 
Research, Porton Down, Salisbury, Wiltshire SP40JG, 
England. 

bially produced metabolites may play in gastro- 
intestinal disorders, such as colorectal cancer, 
are discussed. 

MATERIALS AND METHODS 

Synthesis of Lithocholic Acid-3~-Sulfate 

Lithocholic acid-3c~-sulfate (LASO4) was 
synthesized from lithocholic acid (Koch-Light 
Laboratories, Colnbrook, Bucks) as described 
by Tserng and Klein (9). 

The product, mp 232 C, lit. mp 233-235 C; 
IR (KBr disc) 3450 (broad), 1560 (C=O), 1220, 
1060 and 960 cm -a was obtained as a white 
crystalline solid. Thin layer chromatography 
(TLC) on 20 x 20 cm DC-Fertig Platten Kiesel- 
gel F 254 0.25 mm plastic backed plates (E. 
Merck, Darmstadt) in the solvent systems n- 
butanol/acetic acid/water (10:1:1,  v/v) and 
methanol/dichloromethane (1 : 19, v/v) revealed 
that the product was free of residual lithocholic 
acid. 

Fermentation Medium 

LASO4 and lithocholic acid (LA) were both 
maintained as 1% (w/v) sterile stock solutions 
in distilled water. The LA was added to water 
as the sodium salt to overcome solubility prob- 
lems. Aliquots of these stock solutions were 
added to brain-heart infusion broth (BHI) with 
added reducing agents (10) to a final concentra- 
tion for LASO4 and LA of 0.05% (w/v) to yield 
BHI-LASO4 and BHI-LA, respectively ("Fer- 
mentat ion media"). 

Metabolism of LASO 4 and LA by Mixed 
Cultures of Human Fecal Bacteria (MHFB) 

Freshly voided feces were passed into an 
anaerobic chamber and suspended in BHI-  
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LASO4 and BHI-LA to yield a 1:10 dilution 
(w/v). Serial 10-fold dilutions of these stock 
stool solutions were made over 10 steps in the 
fermentation media. This was performed in 
triplicate. Controls consisted of uninoculated 
BHI, BHI-LASO4 and BHI-LA broths, and a 
1 : 10 dilution (w/v) of stool in BHI broth. Incu- 
bations were performed under both aerobic and 
anaerobic conditions. Aerobic incubations con- 
sisted of 5-ml aliquots in loose capped bijoux 
bottles incubated on an orbital shaker. Anaero- 
bic incubation was performed under an atmos- 
phere of 90% hydrogen and 10% CO2 in the 
presence of a cold 'D' catalyst (Englehard In- 
dustries, Cinderford, Gloucestershire, England). 
All broths were screened for the presence of 
metabolites after 16, 48 and 72 hr incubation. 
Fecal flora analysis was performed as described 
elsewhere (10) at 0 and 72 hr in an attempt to 
correlate metabolism with the presence of the 
major genera of bacteria. 

Large-Scale Fermentation 

The procedure just described was repeated. 
However, in this case, 5 g of freshly voided 
stool was inoculated into 1 ~ of BHI-LASO4 
and incubated under anaerobic conditions for 
72 hr. This large-scale fermentation process was 
to enable sufficient quantities of the metabol- 
ites to be isolated for more precise spectroscop- 
ic identification. After incubation, the medium 
was extracted twice with an equal volume of 
methanol/dichloromethane (1 : 19, v/v). The re- 
sultant extract was dried in vacuo at 50 C over- 
night yielding 110 mg of solid residue. The res- 
idue was dissolved in 5.0 ml of methanol/di- 
chloromethane (I : 19, v/v) and preparative TLC 
was performed on 20 x 20 cm glass plates 
coated with Silica Gel G (Anachem)to  a thick- 
ness of 0.5 mm. The plates were irrigated in the 
solvent system methanol/dichloromethane 
(1 : 19, v/v). Observation of the plates under ul- 
traviolet (UV) light (254 nm) did not reveal any 
products; however, spraying with anisaldehyde 
(11) followed by heating showed 4 distinct 
bands. The 2 most polar products (metabolites 
A and B) were well resolved whereas the rela- 
tively nonpolar products were poorly resolved. 
Elution of metabolite A with dichloromethane 
yielded white spikey crystals (1 mg) after evap- 
oration of the solvent. This product was identi- 
cal in its TLC, gas liquid chromatographic 
(GLC) and spectroscopic properties to authen- 
tic isolithocholic acid (3fl-hydroxy-5/~-cholan- 
24-oic acid). Metabolite B gave white crystals (3 
mg). This metabolite was found to be identical 
to 3-keto-lithocholic acid (51~-cholan-3-oxo-24- 
oic acid) using the same criteria as above. Re- 
separation of the poorly resolved nonpolar 

metabolites in the solvent system chloroform/ 
methanol (200: 1, v/v) gave 2 distinct bands, 
designated metabolites C and D. Elution of 
metabolite C followed by crystallization gave 
10 mg of a white powder. Metabolite C was 
identical in its TLC, GLC and spectroscopic 
properties to authentic 5~cholanic acid. Meta- 
bolite D could not be crystallized after elution. 
This metabolite gave only one spot on TLC and 
one peak on GLC by the methods described 
previously. Similar GLC results were obtained 
on a Pye Series 204 chromatograph (isothermal, 
260 C) fitted with a 3% OV-17 column (2-mm 
id). However, using a temperature gradient 
(140-260 C) at 4 C/min metabolite D gave rise 
to a well-defined doublet of peaks. The major 
peak (90%) of the doublet had a GLC mobility, 
relative to 5a-cholestane, of 1.10 which was 
identical to methyl-5fl-cholanoate, whereas the 
minor peak (10%) had a GLC mobility of 1.12. 

Study of metabolite D by GLC-MS revealed 
that the major peak gave a molecular ion at m/e 
372, with significant fragment ions at m/e 201, 
215, 230, 257, 318 and 357 which is typical of 
methyl Aa-cholenate (12). 

Metabolism of LASO 4 and LA by Pure Strains 
of Facultetive and Strict Anaerobes 

Ten-ml aliquots of BHI-LASO4and BHI-LA 
media in universal bottles were inoculated with 
2-3 drops of an actively growing culture in Ro- 
bertson's cooked meat medium. Anaerobic iso- 
lates, which were all fresh fecal isolates, were 
incubated under anaerobic conditions. Faculta- 
tive bacteria were incubated under both aerobic 
and anaerobic conditions. Controls consisted of 
uninoculated fermentation media and inocula- 
ted BHI broth. All broths were screened for the 
presence of metabolites after 16, 48 and 72 hr 
incubation. 

Metabolism of LASO 4 by M H F B  after 
Treatment with Alcohol, Heat or Vancomycin 

The suspension of MHFB was treated with 
alcohol or heat for the selection of clostridial 
spores (13) or with vancomycin at a final con- 
centration of 7.5 /ag/ml to inhibit.Gram-posi- 
tive organisms. The treated MHFB suspensions 
were then added to BHI-LASO4 fermentation 
medium prior to incubation under anaerobic 
conditions. Aliquots of all dilutions were tested 
for the presence of products of LASO4 metabo- 
lism at 16, 48 and 72 hr. 

Thin Layer Chromatography of LASO 4 
and LA Metabolites 

Metabolites of LASO4and LA were detected 
by TLC on 25 x 25 cm plastic-backed 0.25 mm 
plates. Ten ~1 from each fermentation was 
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applied directly to the plates along with the 
standards lithocholic acid, isolithocholic acid, 3- 
keto-5/~-cholanoic acid (3KLA) and 5~cholanic 
acid (5~C). The plates were developed in the 
solvent system methanol/dichloromethane 
(I : 19, v/v). Metabolites and standards were vis- 
ualized by spraying the plates with anisalde- 
hyde reagent (11), followed by heating at 110 
C for 15 min in an oven. 

Gas Liquid Chromatography 

After TLC analysis, the fermentation broths 
were extracted twice with an equal volume of 
methanol/dichloromethane (1:19, v/v). The 
pooled extracts were dried over anhyd MgSO4, 
and the solvent was finally removed by evapor- 
ation under a stream of nitrogen gas. The dried 
extracts were methylated prior to GLC using an 
ethereal solution of diazomethane (14). GLC 
analysis was carried out at 250 C on a Pye 105 
gas chromatograph fitted with a 3% OV-I 
column. Identification of peaks was achieved 
by reference to the retention times of the 
methyl esters of known standards. Retention 
times were calculated relative to the internal 
standard, 5a-cholestane. 

Mass Spectrometry 

Mass spectra were obtained on a Dupont 21- 
491 series mass spectrometer, equipped with a 
21-0948 data system, and coupled to a Varian 
Aerograph 2700 gas chromatograph. The 
column effluent was split, and one portion was 
diverted to a hydrogen flame ionization detec- 
tor, while the remainder entered the ion source 
via a heated transfer line and jet separator. The 
chromatographic conditions follow. The 
column (2M-4 mm) packing was 3% OV-I on 
100/120 mesh Supelcoport with helium flow 
rate of 20 ml rain -! ; the heated injector was 
maintained at 200 C, and the column oven was 
temperature-programmed from 150-270 C at 10 
C rain -1. The F1D oven and transfer line were 
maintained at 260 C. Mass spectra were ob- 
tained at an ionization energy of 70 eV. The 
calibration range was 31-617 atomic mass units 
and the resolution was 600. The magnet was 
scanned at a rate of 2 sec/decade. The source 
temperature was 200 C throughout. Bile acid 
methyl esters were analyzed as their trimethyl- 
silyl ethers. Identifications were made by com- 
parison to the spectra of authentic standards 
obtained under identical conditions. 

RESULTS AND DISCUSSION 

Several workers have demonstrated that the 
incubation of lithocholic acid (LA) or its 30t- 

sulfate (LASO4) with fecal suspensions will re- 
sult in the metabolism of these substrates (15- 
17). The results presented here confirm those 
observations, and evidence as to which compon- 
ents of the flora are important in these meta- 
bolic activities has been provided. 

The taurine or glycine conjugates of LA and 
LASO4 were not used in these in vitro experi- 
ments, even though they are known to exist in 
vivo (7), because the ability to hydrolze these 
conjugates is fairly widespread ( 1 8 , 1 9 ) a n d  
much free LA and LASO4 would be expected to 
be released within the large bowel from these 
conjugates. The interest here was to investigate 
the further metabolism of these compounds. 

Metabolism of LA 

Incubation of LA with fecal suspension 
yielded 3-keto lithocholic acid (3KLA) after 
either aerobic or anaerobic incubation. This 
product was only found in the lowest dilution 
and then only after 72 hr incubation under 
anerobic conditions whereas, under aerobic 
conditions, 3KLA could be detected over the 
dilution range 10 -~ to 10 -4 at both 48 and 72 
hr. These results indicate that the metabolism 
of LA is favored under aerobic incubation con- 
ditions, a finding also noted by Kelsey and Sex- 
ton with rat intestinal microflora (16). Kelsey 
et al. (15), found 3KLA, isolithocholic acid 
(ILA) ethyl lithochotic acid (EtLA) and 513-cho- 
lanic acid (5t3C) produced from the metabolism 
of LA by human fecal flora. The inability to 
detect EtLA in this study is not surprising as 
the addition of ethanol to the incubation medi- 
um is required. 

The inability to detect ILA and 5/3C may be 
an indication of the relative sensitivities of the 
2 methods. Here, TLC was used as an initial 
screen for metabolites whereas Kelsey et al. 
(15) used Sephadex LH-20 column chromatog- 
raphy and glass fiber paper analysis coupled 
with liquid scintillation for the detection of ra- 
diolabeled metabolites. It is also possible that 
the different metabolic profiles in these 2 stu- 
dies reflect the differing capability of the fecal 
flora of different subjects to metabolize LA. 
Norman and Palmer (20) found labeled ILA, 
3KLA and an unidentified, unsubstituted, un- 
saturated bile acid in the stools of volunteers 
fed lithocholic acid-24-C (14). However, these 
metabolites are possibly the result of microbial 
metabolism of (14COOH)-LASO4 that would 
be formed by the liver and  not necessarily of 
unsubstituted LA. 

Having shown that the fecal' flora can metab- 
olize LA, the obvious question is which com- 
ponents of that flora are responsible. Most of 
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TABLE 1 

Products of Lithocholic Acid 3or-Sulfate Metabolism by 
Pure Strains of the Genus Clostridtum 

Products 

1 6  hr  4 8  hr  7 2  hr  

C. sporogenes ILA, 5j3C and A 3 
C. butyricum 5/3C and A a 
C. perfrtngens ILA, 5/3C and A 3 
C. bifermentans ILA, 5~C and A n 
C. paraputrificum 5tiC and A 3 
C. tertiurn 5/3C and A 3 
C. difflctle ILA, 5/3C and A 3 
C. sordellti ILA, 5/~C and A a 

ILA, 5/~C and A a ILA, 5b'C and A n 
ILA, 5/3C and A a A a 
ILA, 5[/C A a 
ILA, 5/3C and A 3 5~C and A n 

5~C and A s A a 
S~C and A 3 A a 
51~C and A 3 5flC and A 3 

ILA, 5~C and A 3 5j3C and A 3 

the previous work on LA metabolism by iso- 
lated bacteria has been restricted to soil micro- 
organisms (21,22) and isolates from the rat in- 
testine (23). Other than the side-chain degrada- 
tion of LA by Escherichia coli yielding C22 and 
C19 products (24), no strains of bacteria iso- 
lated from the human gastrointestinal tract has 
been shown to metabolize LA, and none have 
been shown to metabolize LA in vitro to pro- 
ducts found in vivo. Our findings show that fa- 
cultative organisms can metabolize LA under 
aerobic conditions as part of a mixed fecal flora 
to yield 3KLA. In addition, 14 of 57 isolates of 
facultative bacteria (25%) had the ability to me- 
tabolize LA to 3KLA when they were incuba- 
ted under anaerobic conditions. It was interes- 
ting to note that, of the more common fecal 
aerobes, only 1 to 14 E. Coli strains and none 
of 18 Streptococcus sp metabolized LA. Of 157 
strains of anaerobic bacteria tested, the ability 
to metabolize LA was found to be absent 
among the veillonella, bacteroides, bifidobacter- 
/a and lactobacilli. It was, however, present in 2 
of  the 8 known strains of clostridia listed in 
Table 1 and I2 of 29 randomly selected, uni- 
dentified clostridial strains isolated from feces. 
In all cases, there had been active growth of the 
organism under test. In contrast to the faculta- 
tive organisms, the active clostridia produced a 
range of metabolites. C. Sporogenes produced 
ILA, 5/3C and Aa-cholenic acid at all times of 
testing, and C. sordellii produced 5/3C and A 3- 
cholenic acid at both 48 and 72 hr. The ability 
of C. sordellii and the apparent inability of 
C. bifermentans to metabolize LA indicate 
that this test may be of  use in differentiating 
these 2 very similar microorganisms. 

The evidence presented here indicates that 
the ability to metabolize LA is not widespread 
among bacteria isolated from the human gastro- 
intestinal (GI) tract. This contrasts with the 
known ability of many GI tract microorganisms 

to deconjugate conjugated LA (19). Of all the 
individual microorganisms tested other than the 
clostridia, only a few facultative bacteria, and 
then rarely the more common GI tract isolates, 
could metabolize LA. It would appear that the 
clostridial flora is a potentially important com- 
ponent of that part of the human fecal flora 
that has the ability to metabolize LA. The 
possible relevance of these metabolites to 
human disease are discussed later. 

Bacterial metabolism of LASO4 was more 
extensive, and was favored under anaerobic 
conditions. Products detected were 5tiC and A a 
cholenic acid, and ILA which was only detected 
under anaerobic conditions. 

Of 57 facultative anaerobic organisms tested, 
only 26% could metabolize LASO4 (Table 2). 
Of these, only 1 of 14 strains of E. coli and 
none of 18 strains of Streptococci were active. 
Of 157 unspecified strains of anaerobic bacteria 
tested, the ability to metabolize LASO4was re- 
stricted to the genus Clostridiurn (20/37); 30 
strains each of the genera veillonella, lactoba- 
cillus, bifidobacterium and bacteroides failed 
to metabolize LASO4. 

Under anaerobic incubation conditions with 
fecal dilutions, clostridia were isolated from 
each dilution at which metabolism of LASO4 
occurred. Members of the genus Bacteroides 
were also found at higher dilutions in which 
metabolism was not detected, whereas veillo- 
nella and lactobacilli were absent at dilutions in 
which metabolism occurred. Additionally, 
LASO4 metabolism was carried out by 8 spe- 
ciated strains of clostridia (Table 1). 

The addition of vancomycin to the incuba- 
tion mixtures of MHFB resulted in the absence 
of LASO4 metabolism. This indicated that the 
Gram-positive organisms were involved in its 
metabolism. Further studies using selective 
methods (heat shock and alcohol treatment) 
for Clostridium spores revealed that the fecal 
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TABLE 2 

Metabolism of Lithocholic Acid and Its 3r,-Sulfate by 
Facultative Microorganisms under Anaerobic Conditions 
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No. + ve for metabolism of: 

Organism (no.) LASO 4 LA Both 

E. Coli ( t4)  1 I 0 
Bacillus sp (7) 4 4 4 
Serrattia sp (2) 1 1 1 
Chromobacterium sp (2) 0 1 0 
Proteus sp (6) 3 3 3 
Streptococcus sp (18) 0 0 0 
Erwinta sp (3) 2 1 1 
Enterobacter  sp (4) 3 2 2 
Klebsiella sp (I)  1 1 1 

f lora were still able to me tabo l i ze  LASO 4. 
These  obse rva t ions  ind ica ted  tha t  the  genus  
Clos t r id iurn  was pr imar i ly  resPonsible  for 
LASO4 me tabo l i sm.  These  resul ts  subs t an t i a t e  
the  s tud ies  of  Kelsey et al. (15) ,  in t h a t  the  
mixed fecal f lora of  the  h u m a n  are capable  of  
extens ive  m e t a b o l i s m  of  LA and  LASO4. Addi-  
t ional ly ,  ou r  data  ind ica te  tha t ,  of the  fecal 
flora, t he  genus  C l o s t r i d i u m  is the  mos t  impor -  
t an t  regarding LA and  LASO4 me tabo l i sm.  

In the  l ight  o f  these results,  it is in te res t ing  
to specu l a t e  o n  the  possible  pa thways  for  t he  

m e t a b o l i s m  of  LASO4 (Fig. 1). Our  da ta  sug- 
gest t ha t  t he  mos t  p r o b a b l e  p a t h w a y  involves  
cleavage o f  the  sulfa te  es ter  a t  t he  C - O b o n d  to  
yield ILA. C-O b o n d  cleavage wi th  s u b s e q u e n t  
invers ion of  con f igu ra t ion  has  been  demons t r a -  
ted  wi th  aryl  sulfatases  and  soil isolates o f  de- 
t e rgent -degrad ing  mic roo rgan i sms  (25).  The  
p r o d u c t i o n  of  Aa-cho len ic  acid can be  exp- 
pla ined by  2 m e c h a n i s m s :  first  by  d e h y d r o x y -  
l a t ion  at  C3 of  ILA or  by  t r a n s - e l i m i n a t i o n  of  
the  sulfate  es ter  group f rom LASO4.  Dehy- 
d r o x y l a t i o n  at  C3 could be  ana logous  to  t he  re- 

Lithocholic acid-3a-sulf ate 

COOH 

~ " "  l 1 J I ON~s/O" ~ f ~  Trlmmlimination 

I . o . - ~  o I 
/ s u l f ~  ~ ,, ,~ 

~ 1 7 6  

LiChoclbo|i�9 acid (LA) Ir, olithodaolic acid IILAI a ~ -Chokmir acid 

. . . �9 

* .Cholenir acid 

FIG. 1. Metabolism of lithocholic acid-3c~-sulfate. 
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mova l  of  the  C 7 - h y d r o x y l  g roup  f rom p r imary  
bile acids giving a A6-cho len ic  acid c o m p o u n d  
w h i c h  is subsequen t ly  r educed  to fo rm t he  se- 
c o n d a r y  bile acids (26) .  I t  is also possible  t h a t  
A~-cholen ic  acid is p r o d u c e d  via a bac te r ia l ly  
m e d i a t e d  trans-elimination of  the  su l fa te  es ter  
group.  However ,  t he  presence  of  ILA ind ica tes  
th i s  to  be a less l ikely m e c h a n i s m .  

The  me tabo l i sm of  t he  3a-sul fa te  of  l i tho-  
chol ic  acid p r o b a b l y  r ep resen t s  a r e t o x i f y i n g  
process  and  it is possible  t ha t  some of  these  
m e t a b o l i t e s  may  be p o t e n t i a l  carc inogens .  Re- 
cen t  s tud ies  suggest t ha t  LA derivat ives  shou ld  
n o t  necessar i ly  be cons ide red  as i n n o c u o u s ,  en-  
d o g e n o u s  c o m p o u n d s  as LA enhances  t he  mu ta -  
gen ic i ty  of  carc inogens  of  d i f fe ren t  chemica l  
classes and  t r ans fo rms  m a m m a l i a n  cells. Pa lmer  
(27)  has  suggested t h a t  m o r e  u n s u b s t i t u t e d  and  
degraded  bile acids are m o r e  p o t e n t  p h a r m a c o -  
logical  agents  t h a n  di- and  t r i h y d r o x y  com- 
pounds ,  and  the  cholen ic  acid p r o d u c e d  resem- 
bles  the  u n s a t u r a t e d  r ing-A bile acids pos tu-  
l a ted  as po t en t i a l  ca rc inogens  by  Hill (28) .  
Kelsey et al. (15)  have p r o d u c e d  some ev idence  
to suggest  tha t  the  fecal f lora  o f  pa t i en t s  at  h igh 
risk of  con t r ac t i ng  co lon  cance r  m o r e  readi ly  
conve r t  LASO4 to u n s u b s t i t u t e d ,  u n s a t u r a t e d  
m e t a b o l i t e s  such  as A 2 /A3-cho lena tes .  T he  re- 
sul ts  p re sen ted  here  f u r t h e r  s ubs t an t i a t e  the  
abi l i ty  of  the  fecal f lora to  pe r f o r m  t he  reac- 
t ions  and,  in add i t ion ,  for  the  first t ime  impli-  
ca te  a specif ic  genus,  the  Clostridium, as having  
a p r ima ry  role in this  me tabo l i sm.  F u r t h e r ,  it 
has  been  s h o w n  t h a t  a n u m b e r  of  k n o w n  indivi-  
dua l  s t ra ins  can  p roduce  ILA, 513C and  A3-cho - 
lenic  acid. Most  i m p o r t a n t  of  all, i t  would  
a p p e a r  t h a t  those  c los t r id ia  t ha t  are t h o u g h t  to 
be  i m p o r t a n t  in the  i n t r o d u c t i o n  of  a doub le  
b o n d  at the  A 4 pos i t ion  o f  the  r ing A o f  bile 
acids and  have an  assoc ia t ion  wi th  c o l o n  cancer  
(29 -31 )  are also those  t ha t  are m o s t  act ive in 
me t abo l i z i ng  LASO4 to the  u n s a t u r a t e d  cho len-  
ates.  If  f u r t he r  s u b s t a n t i a t e d  evidence  is fo r th -  
c o m i n g  on  an associa t ion  b e t w e e n  h igh  fecal 
levels of  A 2- or A3-cho lena te  and co lo rec ta l  
cancer ,  t hen  there  is obvious ly  a good  case to 
be  m a d e  for  a p r imary  et iological  role for  the  
c los t r id ia l  c o m p o n e n t  o f  the  fecal flora.  
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ABSTRACT 

The hypocholesteremic activity of garlic was tested by incorporating freeze-dried garlic powder at 
0.5, 1.0, 2.0 and 3.0% levels in an atherogenie diet fed to rats. It was observed that 0.5 and 1.0% levels 
were not effective whereas the other 2 levels were. The group fed 2.0% garlic powder had much lower 
serum cholesterol level than the one fed 3%. The increased levels of low density lipoproteins (LDL) 
and LDL-cholesterol in rats fed the atherogenic diet were partly reversed in rats receiving a supplement 
of 2% garlic powder. On a cholesterol-containing diet, high density lipoproteins (HDL) and HDL-cho- 
lesterol levels were decreased. Inclusion of garlic powder in the atherogenic diet enhanced the percen- 
tage of HDL whereas no change was observed in HDL cholesterol levels. Commercial garlic pearls 
(equivalent to 0.15% garlic powder in the diet) produced a significant decrease in serum and liver cho- 
lesterol levels in rats fed the atherogenic diet. On the other hand, asafoetida at 1.5% level failed to re- 
duce the serum cholesterol levels in the cholesterol-fed rats. 
Lipids 17:483-488, 1982. 

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

Garlic (Allium sativum Linn) has long been 
used as a popular remedy for various physiolog- 
ical disorders such as hemorrhoids, cough, ab- 
dominal pain, loss of appetite, arthritis, pneu- 
monia and rheumatism (1). Recent studies have 
indicated that garlic exhibits antibacterial prop- 
erties (2,3). Its use in neurological manifesta- 
tions of leprosy (4), alloxan-induced diabetes 
(5) and hypercholesterolemia (6,7) have also 
been reported. Among these, particular atten- 
tion has been focused on the cholesterol-lower- 
ing activity of garlic in recent years. 

It has been observed that ingestion of garlic 
juice, alcoholic extract or essential oil of garlic 
by cholesterol-fed rabbits resulted in inhibition 
of hypercholesterolemia and atheroscelerosis 
(8-11). "Acute clinical studies" in human vol- 
unteers have shown that crushed garlic bulbs or 
the essential oil of garlic can prevent alimentary 
hyperlipemia (I 2,13). It has also been reported 
that garlic can lower the serum cholesterol level 
in normal human volunteers (14,15). Aqueous 
extract of garlic is also known to ha~'e hypocho- 
lesterolemic activity in human beings (6) and in 
rats (16). 

Although many references have been made 
in the literature to the hypocholesteremic acti- 
vity of garlic and its different fractions, the 
mechanism by which it lowers the serum cho- 
lesterol level is still unclear. To gain further in- 
sight into the action of garlic, experiments were 
carried out on the response to the dose of gar- 
lic and its effect on tissue cholesterol levels, 
serum lipoproteins and lipoprotein cholesterol 

levels in rats. The efficacy of garlic pearls and 
asafoetida (Ferula asafoetida Linn), another 
sulfur containing spice, as cholesterol-lowering 
agents was also tested. Results of these studies 
are summarized in this communication. 

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

Female albino rats of the Wistar strain in the 
weight range 60-65 g were used as experimental 
animals. They were grouped on a body weight 
basis and kept in individual cages with raised 
sckeen bottoms. 

The composition of the control diet was in 
g/100 g: casein, 12; corn starch, 65 ; fat (hydro- 
genated groundnut oil), 10; cane sugar, 10; salt 
mix (17), 2; vitaminized starch (18), 1 ;and fat- 
soluble vitamins A, D and E were added to the 
diet in a proportion such that each rat received 
daily 20, 10 and 1 IU, respectively. Cholesterol, 
sodium tauroglycocholate (mixed bile salts), 
garlic powder, asafoetida powder and the con- 
tents of garlic pearls were supplemented in the 
required proportion to the control diet at the 
expense of corn starch. Diets were prepared by 
mechanically mixing the ingredients. 

At the end of the experimental period (8-9 
weeks), rats were anesthetized under ether, 
blood was collected by heart puncture and cen- 
trifuged to obtain serum. The liver was excised, 
washed in cold isotonic saline, blotted well and 
weighed. Both serum and liver were preserved 
in a deep-freezer at-20 C till they were used for 
analysis. 

Garlic and garlic pearls were purchased from 
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the local market. Asafoetida powder  was 
supplied by the Discipline of Plantation Pro- 
ducts and Flavour Technology, CFTRI, Mysore. 

Preparation of Freeze-Dried Garlic Powder 

Garlic was deskinned manually and the 
cloves were frozen at -30 to -35 C and dried at 
30 C. Dried flakes were powdered in an Apex 
mill through a sieve (140 holes/in 2). 

Estimation of Serum Cholesterol 

Both total and free cholesterol in serum 
were estimated by the method of Searcy and 
Bergquist (19). 

Liver Cholesterol 

One g of liver was homogenized in a Potter 
Elvehjem homogenizer with a Teflon pestle in 
about 2.0 mt of 0.74% KC1 solution. Twenty ml 
of the chloroform/methanol (2: I, v/v) mixture 
was then added and rehomogenized. The mix- 
ture was kept overnight and filtered through 
Whatman No. 1 filter paper. The extract was 
washed with 0.74% KCI solution according to 
the method of Folch et al. (20). Total and free 
cholesterol were determined as already des- 
cribed. 

Serum Lipoproteins 

Serum lipoproteins, mainly VLDL, LDL and 
HDL, were separated by polyacrylamide gel 
electrophoresis. The conditions were: gel con- 
centration, 7.5%; Tris-glycine buffer (0.05 M), 
pH 8.5; current, 2.5 mA/tube. Fresh serum was 
prestained with Sudan Black B solution (21) by 
the method of Ressler et al. (22). Fifty to 75 ~1 
prestained serum was applied on top of the gel 
and electrophoresis was performed for 40-45 
rain. The gels were removed immediately from 
the tubes and scanned in a Chromoscan 200 
densitometer equipped with a 620 filter. The 
relative percentages of HDL and LDL (inclu- 
ding VLDL) were calculated. 

Serum LDL- and HDL-Cholesterol 

Serum HDL-cholesterol was determined in 
the supernatant after precipitation of the apo- 
lipoprotein B containing lipoproteins with 
heparin-Mn 2§ reagent according to the proce- 
dure of Warnick and Albers (23). The LDL pre- 
cipitate was extracted with chloroform/metha- 
nol (2:1, v/v) mixture and an aliquot was taken 
for cholesterol determination. 

R ESU LTS 

Serum cholesterol levels of rats fed athero- 
genie diet and atherogenic diet containing dif- 

N. CHANDRASEKHARA 

ferent levels of garlic powder (0.5, 1.0, 2.0 and 
3.0%) are given in Table 1. Total, free and cho- 
lesteryl ester levels were not  significantly re- 
duced in groups fed an atherogenic diet supple- 
mented with garlic powder at 0.5 and 1.0% 
level (groups 3 and 4), when compared with 
animals fed the atherogenic diet (group 2). On 
the other hand, garlic powder at 2.0 and 3.0% 
levels in the atherogenic diet caused a reduction 
in cholesterol levels of 52 and 33%, respective- 
ly. 

The influcence of garlic on liver total, free 
and cholesteryl ester levels is shown in 'Fable 2. 
It was observed that inclusion of garlic in the 
control diet significantly reduced the total cho- 
lesterol; the decreases in free as welt as choles- 
teryl ester levels were not So marked. The bene- 
ficial effect of garlic supplementation was more 
predominant in rats fed the atherogenic diet; 
total and cholesteryl ester levels were 33-36% 
lower in the garlic-fed rats. 

Except during the first week, diet consump- 
tion was not adversely affected by the addition 
of garlic. Among the 4 groups of rats (Table 2 
and 3), the average daily intake per rat was 8.4 
+0.4, 8.9-+0.4, 8.3+0.1 and 8.8+0.3 g (SEM), 
respectively. 

The relative percentage of HDL and serum 
lipoprotein cholesterol levels of rats fed the 
various diets are given in Table 3. In rats fed the 
control diet, HDL formed 79% of the total lipo- 
proteins and addition of garlic powder did not 
alter the percentage distribution of HDL and 
LDL significantly; however, a slight increase in 
HDL was observed. When cholesterol was added 
to the diet, the percentage of HDL was marked- 
ly reduced and addition of garlic to the athero- 
genie diet increased HDL to 49%. 

There was a significant increase in the serum 
HDL-cholesterol levels in rats receiving garlic 
powder in the control diet. On a cholesterol- 
containing diet, there was a significant reduc- 
tion in HDL-cholesterol but addition of garlic 
at 2% level to this atherogenic diet did not alter 
the HDL-cholesterol level (Table 3). Garlic 
feeding lowered the LDL-cholesterol levels in 
animals fed the control diet. The influence of 
garlic was more marked in rats which were on 
the atherogenic diet; here the reduction in 
LDL-cholesterol was 42% on the basis of the 
group fed cholesterol. 

Results of a comparative study on the effect 
of garlic powder, garlic pearls and asafoetida on 
serum and liver total cholesterol levels in rats 
are shown in Figure 1. It was found that garlic 
powder and garlic pearls reduced the serum 
cholesterol levels by 52 and 31%, respectively, 
whereas asafoetida did not alter it significantly 
(only 7%) in rats fed the atherogenic diet. How- 
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DISCUSSION 

Experiments with different levels of garlic 
powder in the diet indicated that 0.5 and 1% 
doses were ineffective whereas 2 and 3% doses 
caused a marked reduction in the serum choles- 
terol levels (53 and 34%, respectively). Thus, 
2% garlic powder in the diet equivalent to 6-7% 
fresh garlic was optimal�9 This dose of 1.2-1.6 g/ 
I00 g body wt is closely comparable to the dos- 
age of 1.7-2�9 g/100 g body wt found to be 
effective in rabbits (8). The cholesterol-lower- 
ing activity of garlic powder was also noticed in 
livers of rats fed both control and atherogenic 
diets. The effectiveness of garlic powder against 
hypercholesterolemia was also corroborated by 
histological examination of liver sections. The 
serum cholesteryl ester:free cholesterol ratio 
did not vary much among the various groups. 

Much attention has been given to the serum 
lipoprotein profiles of experimental animals in 
recent years because of the finding that the hy- 
percholesterolemia commonly present in coro- 
nary heart disease is correlated with an increase 
in the plasma concentration of LDL or LDL- 
cholesterol and a decrease in the HDL or HDL- 
cholesterol concentrations (24-26). Further, a 
depression in serum cholesterol caused by ad- 
ministered antihypercholesteremic agents such 
as thyroxine analogs or curcumin is usually ac- 
companied by the reduction of serum LDL 
with a concomitant increase in the HDL (27, 
28). In conformity with these observations, in- 
clusion of garlic powder in the atherogenic diet 
reduced the percentage of LDL and LDL-cho- 
lesterol levels. On the other hand, HDL level in- 
creased in rats fed the atherogenic diet to which 
garlic powder was added, but no change was ob- 
served in HDL-cholesterol. 

In in vitro studies, Carew et al. (29) and 
Stein et al. (30) demonstrated that HDL inhib- 
its the LDL uptake by the arterial wall and also 
facilitates the transport of cholesterol from 
peripheral tissues to the liver, where it is cata- 
bolized or discarded from the body. Other in 
vitro studies using human fibroblasts, arterial 
smooth muscle cells and erythrocytes suggest 
that a nonhepatic cell controls the over-accu- 
mulation of cholesterol by controlling its own 
synthesis via the so-called LDL pathway (3!).  
Because garlic partly corrects the imbalance in 
the lipoprotein prof'fle prbduced by cholesterol 
feeding, either or both of these mechanisms 
may be operating to lower the serum cholester- 
ol levels. 
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FIG. 1. Effect of  garlic powder, garlic pearls and asafoetida on serum and liver cholester- 
ol. Values are mean +- SEM of 6 rats. Comparisons are made between b, c or d and a. 

Commercially available garlic pearls were 
also examined for their efficacy against hyper- 
cholesteremia. Compared on the basis of the 
volatile oil mentioned on the label of the pro- 
duct, the calculated efficacy of garlic pearls was 
found to be 6 times that of garlic powder. 

Unlike garlic powder and garlic pearls, asa- 
foetida at 1.5% could not reduce the hyper- 
cholesterolemia in rats. However, all of these 
agents, i.e., garlic powder, garlic pearls and asa- 
foetida, have the same tendency to reduce the 
accumulation of cholesterol in liver. This report 
on asafoetida is in agreement with Bordia's fin- 
dings on human alimentary lipemia (32). 

In common with the other spices like tur- 
me r i c  (28) and ginger (33), inclusion of garlic 
in the atherogenic diet partly corrects the al- 
teration in the serum lipoprotein profile pro- 
duced by cholesterol feeding. Further studies 
in relation to the influence of garlic on choles- 
terol metabolism are in progress. 
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ABSTRACT 

The effect of varying the dietary sunflower oil/sucrose (SO/SU) ratio on rat plasma lipid concentra- 
tion and lipoprotcin distribution was studied. Four groups of 10 rats were fed for 4 weeks diets with 
varying SO/SU ratios. Lipoprotein components were then estimated in whole plasma and after cumula- 
tive density ultracentrifugation. Whole plasma triacylglycerol (TG), total cholesterol (TC) and free 
cholesterol (FC) decreased with increasing SO/SU ratio; the CE/FC ratio increased, because CE re- 
mained virtually unaltered. Plasma TG-Iowering was due to a decrease in VLDL and LDL-TG. Protein, 
CE and FC in d=1.063-1.100 g/ml (HDL2b) and d=1.100-1.125 g/ml (HDL2a) lipoproteins decreased 
upon increasing the SO/SU ratio. In contrast, in d=1.125-1.200 g/ml (HDL 3) lipoproteins, there was 
a concomitant increase in these components. Although increasing the SO/SU ratio effected more pro- 
tein and CE transportation in HDL 3 and less in HDL2, the total amount of these components in high 
density lipoproteins (d=I.063-1.200 g/ml) remained constant. Apo A-I and apo C-Ill decreased in 
HDL 2 but increased in HDL 3 upon increasing the SO/SU ratio. Also, HDL 2 apo E, and the apo C-II/ 
apo C-Ill and small apo B/large apo B ratios in VLDL and LDL were lowered by increasing the SO/SU 
ratio. The hepatic VLDL-TG output during isolated liver perfusion was lowest in rats fed the diet with 
the highest SO/SU ratio. In perfusate, like in plasma, the VLDL and LDL apo C-lI/apo C-Ill ratio, as 
well as the small apo B/large apo B ratio, decreased upon increasing the dietary SO/SU ratio. The 
results indicate that there can be appreciable diet-dependent variations in plasma HDL subgroup distri- 
bution in spite of unchanged total HDL levels. 
Lipids 17:489-499, 1982. 

INTRODUCTION 

Epidemiological studies have shown that 
there is a positive correlation between the 
incidence of coronary heart disease and the 
blood level of total cholesterol, triacylglycerol 
and low density lipoprotein (LDL) cholesterol, 
but an inverse relationship between coronary 
risk and high density lipoprotein (HDL) choles- 
terol levels (1-4). Among the dietary compo- 
nents affecting the plasma lipids are the amount 
and kind of dietary fat and carbohydrates. It 
has been shown that polyunsaturated fatty 
acids (PUFA) act hypolipemic compared to 
saturated fat (5-8). Similarly, keeping the 
amount and type of  fat constant, sucrose and 
fructose have been reported to be hyperlipemic 
when compared to glucose or starch (9); fur- 
thermore, when some of the carbohydrate in 
the diet is replaced by PUFA, there is a reduc- 
tion in the plasma triacylglycerol concentration 
(5,9). As shown by Dumaswala et al. (6), the 
hypocholesterolemic effect of  safflower seed oil 
was abolished by the presence of  an excess of  
sucrose (54% by wt) in the diet. While there are 
some reports on the carbohydrate-PUFA antag- 
onism on plasma total cholesterol and triacyl- 

glycerol levels, their relative effects on the 
plasma lipoprotein distribution seem less well 
explored. The lipoprotein classes currently 
referred to are very low density lipoprotein 
(VLDL) (d< l .006  g/ml), LDL (d=1.006-I.063 
g]ml) and HDL (d=1.063-1.210 g/ml). It has 
been reported recently (10) that human HDL 
consists of the subgroups HDL2b (d=1.063- 
1.100 g/ml), HDL2a (d=1.100-1.125 g/ml) and 

HDL3 (d=1.125-1.210 g/ml). Moreover, it 
appears that HDL subgroups might have antag- 
onistic actions; HDL2 recently was shown (11) 
to inhibit whereas HDL3 stimulated fibroblast 
3-hydroxy 3-methyl glutaryl coenzyme A 
reductase, the rate-limiting enzyme in cellular 
cholesterol synthesis. 

The aim of this work was to investigate 
the influence of varying sunflower oil/sucrose 
ratio on rat plasma lipoproteins of  several 
density classes, adopting human lipoprotein 
density limits. The currently used procedure to 
isolate l ipoproteins-sequential  ultracentrifuga- 
t ion -has  been reported to cause considerable 
loss of lipoprotein components (12-15)and this 
might be substantial during the prolonged ultra- 
centrifugations which would be necessary to 
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isolate lipoproteins in 5 density classes (VLDL, 
LDL, HDL2b , HDL2a , HDL3). To avoid exten- 
sive loss of  lipoprotein components, in this 
work, we have used cumulative density ultra- 
centrifugation to assess the lipoprotein distribu- 
tion. At the end of the diet period, isolated 
liver perfusion was done to assess hepatic 
VLDL output. The liver is essential for VLDL 
production;  furthermore, it has been reported 
that sucrose-PUFA antagonism occurs in the 
liver (16). 

PROCEDURES 

Four groups of 10 male Wistar rats (one 
month of  age, weight 60 g) were fed for 4 
weeks diets in which the sunflower oil/sucrose 
(SO/SU) ratio was either 0.03 (group 1), 0.17 

(group 2), 0.46 (group 3) or 1.01 (group 4) 
kJ /kJ  (Table 1). The diets were fed ad libitum 
as dry mixtures. The rats had free access to 
water. They were kept under light from 06.00 
to 18.00 hr and the room temperature was 
22+1 C. Mean body weights at the end of  the 
diet period were: 343+10, 337+9, 365+7 and 
373+10 g in groups 1, 2, 3 and 4, respectively. 

The slight group differences in body weight 
suggest that the feeding was not strictly iso- 
caloric; some differences in energy intake pos- 
sibly contribute to the plasma lipoprotein 
effects of the various diets. Blood (5-7 ml) 
was collected from the aorta under Nembutal 
(30 /ag/g body wt) anesthesia, using heparin- 
moistened syringes. Plasma samples from 3-4 
rats in each group were pooled. One-ml samples 
from each pooled plasma were transferred to 
ultracentrifuge tubes and the density was 
adjusted according to Havel et al. (17) to make 
the 5 dens i t ies - l .006 ,  1.063, 1.100, 1.125 and 
1.200 g/ml. Ultracentrifugation was done at 
105,000 x g for 4 6 h r  at 5 C i n  a Beckman 
L8-80 ultracentrifuge using a Ti 50 fixed-angle 
rotor. Thus, for each diet group, 3 plasma pools 
(together representing 10 rats) were subjected 
to ultracentrifugation at 5 densities. By this 
procedure, a cumulative flotation of the various 
lipoproteins was obtained. In a separate experi- 
ment, samples of  a common plasma pool from 
rats fed a high-sucrose diet were subjected to 
ultracentrifugation at 11 different densities. 
Polyacrylamide gel electrophoresis of each 
supernatant, followed by densitometry, was 

TABLE 1 

Diets 

Diet 1 Diet 2 Diet 3 Diet 4 

Casein 
DL-methionine 
Mineral mixture a 
Vitamins b 
Choline chloride 
Sunflower oil c 
Sucrose 

Protein 
Carbohydrate 
Fat 

Composit ion (g/100 g) 

20.0 As in As in As in 
0.3 group 1 group 1 group 1 
4.0 
0.3 
0.2 
1.0 5.0 12.0 22.0 

70.2 66.2 59.2 49.2 

Energy distribution (%) 

22 21 19 17 
76 68 56 41 

2 12 25 42 

Sunflower oil/sucrose ratio (k J/k J) 
0.03 0.17 0.46 1.01 

Energy density (m J/100 g) 

1.55 1.63 1.78 1.99 

aComposit ion o f  mineral mixture (g/100 g): NaCI 10.81, potassium citrate (K3C6HsO ~. 
H20 ) 23.65, K2HPO 4 7.73, CaHPO4.2H20 35.51, CaCO 3 16.36, MgCO 3 4.09, ferricitrate 
(FeC6HsO~'3HaO) 1.60, CuSO4"SH20 0.16, MnSO4-HaO 0.14, KI 0.004, ZnCO~ 0.04. 

hAmount of vitamins/100 g diet: thiamin HCI 2.2 mg, riboflavin 2.2 mg, Ca-pantothen- 
ate 6.6 rag, pyridoxine HCI 2.2 rag, biotin 0.06 mg, folic acid 0.4 rag, p-aminobenzoic acid 
1 !.0 mg, menadion 5 mg, cobalamine 0.03 rag, inositol 10 rag, ascorbie acid 20 rag, niacin 
10 mg, ~-tocopheryl acetate 10 rag, retinyl acetate 2000 IU, cholecalciferol 300 IU. 

CFauser Vitaquellwerk K6, 2 Hamburg 54, Germany. 
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FIG. 1. Densitograms of lipoprotein electrophoret- 
ograms. Lipoproteins present in supematants after 
cumulative density ultracentrifugation (at the 11 
densities indicated) of pooled plasma from rats fed a 
high-sucrose diet were separated using polyacrylamide 
gel electrophoresis (kits from Labo International, 
Holland; acrylamide conc= 3% in separation gel, 2.5% 
in spacer and sample gels; densitometry at 620 nm; 
prestrained lipoproteins). "Prealpha" refers to poorly 
resolvable HDL 2 lipoproteins found between beta and 
alpha (18). 

then performed using methods previously de- 
scribed (18). As shown in Figure 1, at d < l . 0 6 0  
g/ml, only prebeta (VLDL) and beta (LDL) are 
present. We previously reported that the beta 
band is reduced in rats fed a high-sucrose diet 
compared to rats fed stock diet (18). Above 
d=l .060  g/ml, l ipoproteins of intermediate 
mobil i ty appear, previously called "prealpha"  
(18), i.e., HDL2. The presence of some "pre- 
alpha" (HDL2) l ipoproteins at d=l .060  g/ml 
indicates that LDL (d=1.006-1.063 g/ml) is 
overestimated. Also, some previous work sug- 
gests that  both HDL and LDL appear in the 
1.040-1.063 g/ml density fraction of  rat plasma 
(19); others, however, recommend density 
limits 1.006-1.063 g/ml for quantitative LDL 
recovery (19). In any instance, the fact that 
d= 1.006-1.063 g/ml l ipoproteins contained very 
low levels of  protein compared to HDL2 (Fig. 
5, vide infra) indicates that the contaminat ion 
must have been small. Finally, above d=I . I00 -  
1.120 g/ml, the fastest migrating l ipoproteins,  
alpha (HDLa), also are present. By immuno- 
diffusion in oxoid agar (Behringwerke, Ger- 
many) against rabbit anti-rat albumin (ICN, 

USA), no albumin contaminat ion could be 
detected in the top layers after ultracentrufuga- 
tion. However, sodium dodecylsulfate poly- 
acylamide gel electrophoresis showed that some 
albumin was present (discussed later). 

The top layer in each centrifuge tube was 
pipetted off and dialyzed 3 times against 0.9% 
NaCI 1 mM EDTA, pH 7.4. Each of the 40 
whole plasma samples and each of  the dialyzed 
supernatants after ultracentrifugation were 
analyzed enzymatically for free cholesterol, 
esterified cholesterol and triacylglycerols using 
Boehringer kit reagents. Total protein concen- 
tration in the dialyzed supernatants was deter- 
mined with the Xylene brillant Cyanin G micro- 
method (20,21). The amount  of l ipoprotein 
components  in VLDL ( d < l . 0 0 6  g/ml), LDL 
(d=1.006-1.063 g/ml), HDL2b (1.063-1.100 
g/ml), HDL2a (1.100-1.125 g/ml) and HDL3 
(1.125-1.200 g/ml) was calculated by subtrac- 
tion. 

Apolipoprotein Determination 

Estimation of apolipoprotein distr ibution in 
the cumulated l ipoproteins was done for groups 
I and 4 by sodium dodecylsulfate polyacryl-  
amide gel electrophoresis. For  each group, lipo- 
proteins in a pool of  all 3 supernatants (repre- 
senting 10 rats) in a given density class was pre- 
cipitated with perchloric acid (0.4 M final con- 
centration) without prior delipidation. By 
appropriate dilutions, about the same amount  
of protein was obtained from pooled superna- 
tants in each density class. After centrifugation 
at 3,000 rpm in a table centrifuge, the lipopro- 
rein precipitates from d<I .063  g/rnl super- 
na tan ts -conta in ing  large amounts of  l i p i d -  
were floating in the tubes, whereas the precipi- 
tated lipoprotein was d > l . 1 0 0  g/ml superna- 
tants was found in the bo t tom of the tube. The 
protein-lipid complexes were then dissolved in 
electrophoresis buffer, containing 3% SDS and 
40 mmol/s di thiothrei tol  and incubated for 30 
min at 37 C. Five to 10 /.tg protein was then 
subjected to SDS-polyacrylamide gel electro- 
phoresis according to Fairbanks et al. (22), with 
the following modificat ion:  slab gels were used, 
the electrophoresis buffer contained 0.2% SDS, 
and the proteins were stained with 0.01-0.001% 
Xylene brillant Cyanin G. The various apopro- 
teins were  fairly well separated (Fig. 2). The 
separation pattern is in complete agreement 
with that obtained previously ; molecular 
weights calculated from Rf values correspond 
to those reported by Swaney and Kuehl for rat 
apoproteins (23). From top to bot tom,  the 
bands in VLDL represent: high molecular 
weight apo B (apo Bh), low molecular weight 
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Density ( g / m l )  

e r r /  - ' - e l i  
Group 1 firoup4 

FIG. 2. Electropherograms of apolipoproteins 
present in supernatants after cumulative density ultra- 
centrifugation. The apoproteins were separated on 
sodium dodecylsutfate polyacrylamide gel electro- 
phoresis and stained with Xylene brillant Cyanin G. 
Groups l and 4 represent rats fed diets with the lowest 
and highest sunflower oil/sucrose ratios, respectively. 

apo B (apo B1), albumin, apo E, apo A-I, apo 
C-Ill and apo C-II. The relative intensity of the 
various bands was greatly altered from d=1.006 
to d=1.200 g/ml. At the lower densities, apo B 
and apo E were the major bands. At higher 
densities, apo A-I was especially prominent,  and 
the relative amount of apo E decreased. Apo 
A-IV was only visible above d=l.125 g/ml. This 
picture suggests that apo E is a major HDL2b 
protein and apo A-I is the major HDL3 protein. 
The various bands were cut off the gel, trans- 
ferred to tubes containing 1 ml of extraction 
solution (methanol/H20/NHa, 33: 17:1, v/v/v) 
for the dye (Xylene brillant Cyanin G), and left 
overnight at room temperature to obtained 
complete extraction of the dye. Optical densi- 
ties at 620 nm were read on a Vitatron digitial 
filter photometer. A standard curve was ob- 
tained with bovine serum albumin, run in paral- 
lel on the gel. The curve was linear over the 
range tested (0.5-10 /~g protein). Using the 
method, 95-102% of the protein subjected to 
electrophoresis was recovered. Optical density 
corresponding to 1 /~g protein/ml (extinction 
coefficient) was 0.060. Based on optical densi- 
ties, a relative (%) distribution of apoproteins 
was calculated. Multiplying apoprotein percent- 
ages by total lipoprotein protein in the super- 
natants allows estimates of the cumulated 
amount of apoprotein. By subtraction, the 
amount of a given apoprotein in each density 
class can be estimated. Experiments currently 
are being performed to further investigate this 
approach of apolipoprotein determination. 
Also, densitometry (Vitatron densitometer, 
Hewlett-Packard recorder) was used after elec- 
trophoresis to assess apolipoprotein distribu- 
tion; however, by this method, it is not easy to 

evaluate the contribution of the two B apopro- 
reins, as also indicated by the results of others 
(24,25). 

Liver Perfusion 

The livers were perfused in a recirculating 
system for 2 hr as described earlier (7). Eight 
livers (2 from each of the 4 diet groups) were 
perfused during 1 day, between 09.00 and 
14.00 hr. During this period, there are no major 
diurnal alterations in rat plasma lipoproteins 
(26). Mean weights of the livers were 15.1+0.5, 
14.6+0.5, 15.0+-0.4 and 15.1• g in groups 1, 
2, 3 and 4, respectively. Perfustates were first 
centrifuged at 500 x g for 10 min to remove 
blood cells. Then, ultracentrifugation at d= 
1.063 g/ml was done for 20 hr, as described 
for plasma. Total VLDL protein, triacylgly- 
cerol, free cholesterol, cholesteryl ester and 
apoproteins were determined in the dialyzed 
supernatants, as described for plasma. Student's 
t-test was used to estimate significance of 
differences between means. 

RESULTS 

Whole Plasma Triacylglycerol, Total Cholesterol, 
Free Cholesterol and Cholesteryl Ester Concentration 

When increasing the relative amount of 
energy fore fat in the diet at the expense of 
sucrose (from groups 1-4, Fig. 3), there was a 
progressive decrease in plasma total triacylgly- 
cerol (TG) concentration. The T G  level in 
plasma of rats fed the highest fat diet (group 4) 
was 43% lower than in plasma of rats fed diet 
with the lowest SO/SU ratio. A decreasing 
trend was also noted in plasma free cholesterol 
(FC) concentration in response to increasing 
the SO/S U ratio. The concentration of total 
cholesterol (TC) and cholesteryl ester (CE) 
remained fairly constant. This means that when 
sunflower oil replaced sucrose in the diet, a 
larger fraction of plasma total cholesterol was 
transported in esterified form, as also illustrated 
by the progressive increase in the ch'olesteryl 
ester/free cholesterol (CE/FC) ratio in response 
to increasing the SO/SU ratio (Fig. 3, right). 

Cumulative Density Distribution 
of Plasma Lipoprotein Components 

Only small amounts of lipoprotein protein 
were floating at d<1.063 g/ml (Fig. 4), and 
there were no significant group differences 
below this density. In contrast to this, the 
amount of lipoprotein protein floating at d = 
1.100 g/ml was appreciably group-dependent, 
being gradually smaller from group 1 (lowest 
SO/SU ratio) to group 4 (highest SO/SU ratio). 
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FIG. 3. Whole plasma triacylglycerol (TG), total cholesterol (TC), free cholesterol (FC) 
and cholesteryl ester (CE) concentrations. Groups 1-4: increasing sunflower oil/sucrose 
ratios (see Procedures). Mean values -+ SEM (n = 10); (a) p<0.05 vs group 1. 
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FIG. 4. Cumulative density distribution of plasma lipoprotein components. Plasma pools 

from each diet group were ultracentrifuged at densities indicated in Procedures. Diet groups 
1, 2, 3 and 4 are indicated below the columns. Cholesteryl ester/free cholesterol (CE/FC) 
ratio was calculated for each pool. Mean values of the 3 pools (each representing 3-4 rats) +- 
SEM are indicated (a) p<0.05 vs group 1; (b) p<0.05 vs group 2. 
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FIG. 5. Distribution of lipoprotein components on 5 density classes. Amount of lipopro- 
tein component in each density class was calculated from the cumulative density ultracen- 
trifugation values. 

Thus, when the dietary SO/SU ratio was in- 
creased, there was a marked reduction of pro- 
tein of d=1.063-1.100 g/ml lipoproteins. The 
group relationship was maintained at d=I.125 
g/ml. However, at the highest density, 1.200 
g/ml, there were again no group differences. 
This means that the group order of d=l .100 - 
1.125 g/ml lipoproteins is quite opposite that 
of d=1.063-1.100 and d=1.I00-1.125 g/ml 
lipoproteins. The figure also shows that the ma- 
jor part of lipoprotein protein is associated with 
HDL. The major part of plasma lipoprotein TG 
was, as expected, floating at d<1.063 g/ml. 
At all densities, there was a progressive TG 
decrease with increasing SO/SU ratio. The 
mean cumulative density lipoprotein TG values 
at d=l .200 g/ml were in excellent agreement 
with the corresponding ones determined in 
whole plasma, indicating full recovery by the 
cumulative density ultracentrifugation proce- 
dure. There were no significant group differ- 
ences in TC or CE concentrations at d=l.006 
g/ml. At d=1.063, d=l .100 and d=1.125 g/ml, 
however, there was a decrease in both TC and 
CE with increasing SO/SU ratio. However, as 
with protein, there were no group differences 

in TC or CE at 1.200 g/ml. Lipoprotein FC de- 
creased with increasing SO/SU-ratio at all den- 
sities. The CE/FC ratio was higher at high than 
at low densities, and a trend toward a higher 
such ratio with increasing SO/SU ratio. Figure 5 
illustrates the responses in each lipoprotein 
class to increasing the SO/SU ratio. ~llae low 
lipoprotein protein values in VLDL and LDL 
were unaffected by increasing the SO/SU ratio, 
whereas the concentration of HDL2b and 
HDL2a protein decreased, and that of HDL 3 
greatly increased. Lipoprotein VLDL and LDL 
TG levels fell appreciably in response to increas- 
ing the amount of sunflower oil at the expense 
of sucrose, whereas the diet change had little 
influence on the low HDL2 and HDL3 TG 
values. CE was higher in HDL than in VLDL 
and LDL, and seemed to decrease in HDL2 and 
LDL, but increased in HDLs. A similar trend 
was also noted in free cholesterol. The close 
inverse relationship between HDL 2- and HDLs- 
protein, and between HDL2- and HDL3-CE, is 
illustrated in Figure 6. To estimate the dietary 
influence on the total amount of lipoprotein in 
each density class, the weight sum of all mea- 
sured components (protein+TG+FC+CE) in 
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each lipoprotein class was determined (Fig. 7). 
VLDL, LDL, HDL2b and HDLza decreased 
progressively in response to increasing the SO/ 
SU ratio. In contrast, there was an appreciable 
increase in HDL3 concentration accompanying 
this diet alteration. 

Apoproteins in Plasma Lipoproteins 

Apoproteins in pools of plasma lipoproteins 
in groups 1 and 4 (lowest and highest SO/SU 
ratio, respectively) were assessed by cumulative 
density ultracentrifugation followed by SDS- 
PAGE as described in Procedures. There were 
only small amounts of the high and low molec- 
ular weight apo B (apo B h and apo B1, Fig. 8) 
with no clear group differences, except for 
VLDL-apo B h which was higher in group 4 than 
in group 1. Apo A-IV was solely associated with 
HDLza and HDL3, and was higher in group 4 
than in group 1. Apo E was more evenly dis- 
tributed among the density classes. Group order 
for this apoprotein was: VLDL 1<4, LDL 1>4, 
HDL2b and HDL2a 1>4, HDL3 1=4. Apo A-1 
was associated only with HDL. There was an 
appreciable decrease in HDL2b and HDL2a 
apo A-I, but an increase in HDL3 apo A-I in 
response to increasing the SO/SU ratio. A 
similar pattern was noted in apo C-Ill. There 
were only small amounts of  apo C-II present 
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FIG. 7. Lipoprotein amount in relation to diet. 
Total weight, i.e., sum of the measured components 
(protein+FC+CE+TC) was calculated for each density 
class. 
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FIG. 8. Apoproteins in plasma tipoproteins. Lipo- 
proteins were isolated by cumulative density ultracen- 
trifugation and the apoproteins were separated by 
sodium dodecyl sulfate polyacrylamide gel electro- 
phoresis. The apoproteins in the gel were stained; the 
dye was then extracted and apoprotein amount was 
estimated from optical densities. Open column :group 
1; striped column: group 4. 
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in the 5 density classes. V L D L  and LDL apo 
C-l I /apo C-III ratio was higher  in group 1 than 
in group 4 (Fig. 7, b o t t o m  right). Also, the 
V L D L  and LDL apo B1/apo Bh ratio was much  
higher in group 1 than in group 4. 

Hepatic Output of VLDL 
The ou tpu t  of  VLDL-TG was lowest  f rom 

livers o f  rats fed the highest relative a m o u n t  of  
sunf lower  oil (Fig. 9), but  was no t  significantly 
di f ferent  in the o ther  groups. No significant 
group differences were observed in the laepatic 
ou tpu t  of  V L D L  protein and free cholesterol .  
V L D L  CE was highest in group 3. The C E / F C  
ratio in perfusate V L D L  was lowest  in group 1 ; 
there were no significant differences in CE/FC 
rat io be tween  the o ther  groups.  

Bh 

1234 
Group 

FIG. 10. Electropherogram of perfusate VLDL 
apoproteins. Perfusate VLDL was isolated by ultra- 
centrifugation. A pool was made for each of the 4 diet 
groups and apoproteins were determined as described 
for plasma apoproteins. 
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Hepat ic  V L D L  apoprote ins  were well sepa- 

rated (Figs. 10 and 11). There was a t rend  
toward higher relative amount  of  apo Bh, 
apo A-IV and apo A-I accompanying  the re- 
p lacement  of  dietary sucrose by sunf lower  oil 
(Fig. 12). In contrast ,  apo C-II levels decreased 
with increasing SO/SU ratio,  whereas there 
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FIG. 9. Hepatic output of VLDL components. 
Livers of rats in the 4 diet groups were perfused for 
2 hr. Then, perfusate VLDL was isolated as described 
in Procedures. TG=triacylglycerols, TC=total choles- 
terol, CE=cholesteryl ester, FC=free cholesterol. Mean 
values+-SE, (a) p<0.05 vs group 1; (c) p<0.05 vs group 
3. 

FIG. 11. Densitogram of perfusate VLDL apo- 
proteins. 
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FIG. 12. Relative distribution of perfusate VLDL 
apoproteins. 
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were no consistent diet-dependent alterations 
in apo B1, apo E or apo C-Ill.  The apo C-II/apo 
C-Ill and apo Bl/apo B h ratios decreased in 
response to increasing the amount of  dietary 
sunflower oil at the expense of sucrose. 

DISCUSSION 

The results of this work strongly suggest that  
the plasma HDL subgroup distribution can be 
appreciably influenced by diet alteration. It 
seems, furthermore, that  diet-dependent 
changes in protein and cholesterol distribution 
among HDL subgroups can occur, although 
total HDL protein and CE concent ra t ion-when  
estimated in the density interval 1.063-1.200 
g /ml - r ema in  virtually unaffected by diet 
manipulation. 

It has been suggested that HDL 2 is produced 
from HDL3 during l ipoprotein lipase-catalyzed 
breakdown of  TG-rich l ipoproteins (27). During 
this process, components of VLDL and chylo- 
microns are taken up by HDL3, resulting in 
formation of  the less dense HDL2. The close 
inverse relationship between HDL2 and HDL3 
observed in this work is in accordance with this 
hypothesis.  Lipoprotein lipase is stimulated by 
apo C-II and inhibited by apo C-III (28). The 
apo C-II/apo C-Ill ratio should, accordingly, be 
an indicator  of  l ipoprotein lipase activation. In 
keeping with this, there was a concomitant  in- 
crease in plasma HDL2/HDL3 ratio (Fig. 7) and 
in the apo C-lI/apo C-Ill ratio of plasma and 
perfusate VLDL (Figs. 8 and 12) when the 
relative amount  of  sucrose in the diet was in- 
creased. The observation that  the apo C-II/apo 
C-III ratio both in plasma and perfusate VLDL 
decreased in response to replacing sucrose by 
sunflower oil might imply that the primary diet 
effect was in the fiver. Diet-dependent altera- 
tions in the hepatic VLDL apo C-1I/apo C-Ill 
ratio could secondarily govern l ipoprotein 
lipase activity and plasma lipoprotein intercon- 
versions related to the action of this enzyme. 

The increase in the plasma CE/FC ratio with 
increasing density during ultracentrifugation 
might be related to the concomitant  increase in 
apo A-I, because this apoprotein is an activator 
of lecithin cholesteryl acyl transferase (LCAT) 
which catalyzes cholesterol esterification (28). 
There was also a positive correlation between 
apo A-I and HDL 2 CE concentration. It would 
appear that  LCAT activity increases in response 
to feeding polyunsaturated fat, as suggested by 
the dietary sunflower-oil-associated increase in 
plasma CE/FC ratio observed in this and in 
previous studies (8). 

As mentioned earlier (23), a high-sucrose 
diet leads to an increase in the low molecular 

weight apo B/high molecular weight apo B 
ratio. This finding is supported by the present 
s tudy:  there was a higher such ratio with in- 
creasing relative amounts of  sucrose in the diet. 
The significance of this diet-dependent altera- 
tion for binding of LDL to the receptor remains 
to be elucidated. It is likely that the liver 
caused the observed diet-related changes in 
plasma VLDL B-apoproteins, as similar altera- 
tions were found in plasma and perfusate 
VLDL apo B. It has been reported recently 
that both the low and high molecular weight 
B-apoproteins are of hepatic origin in the rat 
(29). 

It has been previously reported that feeding 
cholesterol-rich diets leads to hyperl ipemia and 
increased formation of  apo E containing HDL 2 
(HDL c) in man, dog, swine and rat (30). This 
l ipoprotein has a high affinity for the LDL 
receptor (31). Hamilton has suggested that 
some apo E-containing l ipoproteins might be 
associated with transport  of cholesterol from 
peripheral cells to the liver for cholesterol 
excretion (32). This suggestion was recently 
supported by the finding that the hepatic 
uptake of HDL rich in apo E was about 10 
times higher than the uptake of the main type 
of HDL rich in apo A-I (33). Our results also 
suggest that high-sucrose diets elicit increased 
plasma apo-HDL2 levels. This suggestion agrees 
with our previous report  in which it was shown 
that rats fed high-sucrose diets had an appreci- 
able increase in l ipoproteins migrating between 
alpha and beta on polyacrylamide gel electro- 
phoresis (18,34,35); subsequent studies showed 
that these lipoproteins,  like apo E-HDL2, could 
be precipitated with polyanions (36). We also 
recently observed that dietary fructose and 
glucose, but not  starch, increased rat plasma 
HDL2 in comparison to stock diet (37). 

It would appear that the study of dietary 
effects on HDL subgroup distribution is of 
particular interest. In the HDL range (d=1.063 - 
1.200 g/ml), l ipoproteins seem to exist that 
have antagonistic effects; it was recently re- 
ported (1 I)  that the less dense HDL2 inhibited, 
and the more dense HDLa stimulated fibroblast 
HMG-CoA reductase, the rate-limiting enzyme 
in cellular cholesterol synthesis. Furthermore,  
a low HDL2/HDL 3 ratio has been associated 
with increased coronary risk (38). Moreover, 
endurance exercise, which is considered bene- 
ficial with regard to reducing the coronary risk, 
seems to increase the HDL2/HDLa ratio (39- 
41). In addition, premenopausal women, who 
are relatively protected against atherosclerotic 
diseases, have a higher such ratio than men 
(42,43). These epidemiological studies suggest 
that an increased HDL2/HDL3 ratio might be 
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indicating coronary protection.  
On the other hand, hypeflipemic diets also 

seem to i nc rease the  HDLR/HDLa ratio (30). 
We previously reported that feeding high- 
sucrose diets increased both plasma lipids and 
the amaunt  of  a less dense type of  HDL (34- 
37) .  Also, the results of this study strongly 
suggest that the HDL2/HDL3 ratio increases 
in parallel with the increase in whole plasma 
TG and cholesterol concentration. How, then, 
can the ttDL2/HDL3 ratio be an indicator  of 
coronary protect ion when it increases in re- 
sponse to hyperlipemic, and presumably,  
atherogenic, diets? It is tempting to speculate, 
like others (32,42,43), that increased HDL2 
formation is a mechanism to counteract  choles- 
terol accumulation. Accordingly, individuals 
(women, persons performing endurance exer- 
cise) possessing a high potential  for HDL2 
formation might be protected from vascular 
damage due to cholesterol deposition. 

The results of this work indicate that replac- 
ing sucrose by sunflower off greatly affects the 
plasma l ipoprotein distribution. Assessment of  
HDL subgroup distribution seems to be essen- 
tial in the study of  dietary effects on plasma 
HDL; in this work, total HDL protein and CE 
(d = 1.063-1.200 g/ml) were virtually unaffected 
by the diet manipulation, in spite of an appre- 
ciable diet-dependent variation in the HDL sub- 
groups. It would appear that cumulative density 
ultracentrifugation is a useful approach to esti- 
mate l ipoprotein distribution among HDL sub- 
groups. 
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METHODS 

A Simple Method for Labeling Lipids 
in the Bile Lipoprotein 
GILLES NALBONE*,  JEAN-LOUIS VIGNE, HUGUETTE LAFONT, MONIQUE AU- 
GEIRE-CHARBONNIER, CHRISTIANE CHABERT, DENIS LAIRON and JACQUES C, 
HAUTON, LN.S.E.R.M. U 130, Unit~ de Recherches sur le Transport des Lip~des, 10, ave. 
V/ton, 13009 Marseille, France 

ABSTRACT 

A simple method is proposed for the specific radioactive labeling of phosphatidylcholines and cho- 
lesterol in the bile lipoprotein complex. It can be used for human and animal bile samples and results 
in labeling with the desired specific radioactivity and position. Experiments which determined the 
intermicellar concentration of lipid constituents suggested that incorporation of radioactive lipids 
could occur through small dialyzable structures termed mixed premicelles in thermodynamic equilibri- 
um with the bile lipoprotein complex. 
Lipids 17:500-503, 1982. 

INTRODUCTION 

Bile lipids, primarily bile salts, phosphatidyl- 
cholines (PC) and cholesterol, are organized in 
bile in the form of a water-soluble macromo- 
lecular complex (1). An apoprotein fraction is 
combined with this complex (2,3). The most 
widespread method for studying bile lipid meta- 
bolism is that of radioisotopic labeling. In rats, 
bile PC are labeled by intravenously injecting a 
radioactive fatty acid (4,5). After several hours 
of draining, bile containing the radioactive PC 
can be collected. 

Bile cholesterol can be labeled by either in- 
jecting the radioactive precursor (6) or by the 
addition of radioactive cholesterol to rat feed 
(7). In these 2 cases, however, bile salts are also 
labeled. 

We describe a method for the specific labe- 
ling of the bile lipoprotein complex. It is rela- 
tively simple and has the advantage of being 
applicable to human gallbladder bile as well as 
animal bile. 

MATERIALS AND METHODS 

Bile Samples 

Human gallbladder bile was obtained by pre- 
operative puncture and was processed as des- 
cribed elsewhere (2). Rat bile was recovered for 
4 hr after catheterization of the common bile 
duct. In all samples, sodium azide, 0.02% was 
added. 

Radioactive Products 

The [14C (U)]PC were purchased from New 
England Nuclear (specific radioactivity 4.26" 
10-- dpm/mg of P). [C-4 14C]Cholesterol was 
supplied by the C.E.A. (France) (specific radio- 
activity 50 mCi/mmol). 

Solutions of Mixed Micelles 

Eight hundred mg of PC (Sigma egg phos- 
phatidylchohnes, 98% pure) and 135 mg of 
cholesterol (Sigma 99% pure) were dissolved in 
choloroform with 2.5 /~1 of [14C]cholesterol. 
After drying under a nitrogen stream, lipids 
were taken up with 1.41 g of glycodeoxycho- 
late (Calbiochem A grade), previously dissolved 
in 50 ml of buffer as has been described (8). 
Undissolved cholesterol was eliminated by cen- 
trifuging at 100,000 x g for 30 min. A clear 
mixed micellar solution was obtained in which 
the molar ratio of bile salts/PC/cholesterol was 
7.2:3:1. 

Glycodeoxycholate-[.l.4C] cholesterol micel- 
les were prepared by an identical procedure. 
The postcentrifugation supernatant showed 
that 70% of the cholesterol had been solubi- 
lized with a molar ratio of glycodeoxycholate/ 
cholesterol of 18:1. 

Labeling of Bile Phosphatidylcholines 

Twenty to 30/al of the radioactive PC in or- 
ganic solvent were evaporated to dryness under 
vacuum in a glass tube. Human gallbladder bile 
(6-7 mg of PC and 20-25 mg of bile salts) or 
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rat hepatic bile (3-4 mg of PC and 10-12 mg of 
bile salts) was then added to the tube. Incuba- 
tion was overnight at ambient temperature with 
slight agitation, followed by dialysis against 
0.01 M Tris-HCl (pH 7.0) plus 1 mM glycode- 
oxycholate for 6 hr at 4 C. The final prepara- 
t ion was then used for gel filtration, ultracentri- 
fugation and agarose gel electrophoresis. 

Labeling of Bile Cholesterol 

Five #l of [t4C]cholesterol in organic sol- 
vent were evaporated to dryness under vacuum 
in a glass tube and incubated as already des- 
cribed. Undissolved cholesterol was removed by 
centrifuging at 100,000 x g for 30 min. The 
clear supernatant was removed for ultracentri- 
fugation studies. 

sack could penetrate. The sack was closed and 
placed in 50 ml of the micellar solution in a 
stoppered flask, which was agitated by rotation 
for 4 days at ambient temperature. After care- 
fully rinsing the exterior of the dialysis sack, its 
contents were removed and analyzed for bile 
salts, PC and [ tac] cholesterol. 

A s s a y s  

Previously described methods were used for 
the assays of PC (10) and bile salts (11). Sam- 
ples containing labeled molecules were diluted 
with Ready Solve MP (Beckman) scintillation 
liquid and radioactivity was determined with an 
LS-9000 (Beckman) liquid scintillation spectro- 
meter connected to a Silent 700 terminal 
(Texas Instruments). 

Intermicellar Concentration of Lipid 
Constituents (Dialysis Space) 

This determination was performed using a 
method recently described (9). It was used with 
mixed micellar solutions to demonstrate the di- 
alysis not only of bile salts, but of PC and cho- 
lesterol, as well. A perforated Tygon or Solva- 
flex tube was placed in a dialysis sack (Visking 
with an MW exclusion limit of 13,000 daltons or 
Spectra-por/3 with an exclusion limit of 3,500 
daltons) to avoid collapse induced by osmotic 
pressure. The sack was filled with 0.5 ml of 
buffer, which constituted a small dialysis space 
in which lipidic structures with molecular 
weights lower than the exclusion limit of the 

RESULTS A N D  DISCUSSION 

In the case of human gallbladder bile, the 
labeling of the PC of the bile lipoprotein com- 
plex showed that ca. 85% of the radioactivity 
that eluted during gel filtration chromato- 
graphy was associated with this complex (Fig. 
1). The complex was eluted in a peak whose 
MW was estimated as about 120,000 daltons, in 
agreement with prior results (12). 

After ultracentrifugation, the bile complex 
sedimented in a zone with a density of 1.16 g/ 
ml (Fig. 2) (3). About 90% of the [IaC]PC re- 
covered were present with the bile complex. 

After performing agarose gel electrophoresis 
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FIG. 1. Gel chromatography on Ultrogel ACA 34 (I.B.F. -France) of human gallbladder 
bile incubated with [14C]phosphatidylcholine. Column: 1.5 X 90 cm. Eluting buffer: Tris 
0.01 M, NaC1 0.1 M, CaCI 2 10 -a M, ~dium azide 0.02% and glycodeoxycholate 10 ~a M, 
pH 7.0. Flow rate: 11-12 ml/hr. The arrow indicates the elution volume of [14C] phospha- 
tidylcholine alone. 
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FIG. 2. Ultracentrifugation of human gallbladder 
bile incubated with [ 14C ] phosphatidylcholine; A NaCI- 
KBr density gradient (upper part) was obtained accor- 
ding to the method described by Chapman et al. (13). 
The centrifugation was at 160,000 X g for 60 hr at 
10 C in an SW 40 rotor placed in a L5-75B ultracentri- 
fuge (Beckman). The gradient was pumped out at a 
rate of 0.5-0.6 ml/min (total volume: 12.5 ml). 

as previously described (3), 85-90% of  the ra- 
d ioact ivi ty  migrated toward the  anode with the 
bile complex .  

Comparable  results were obta ined  with rat 
hepat ic  bile. Af te r  gel f i l t rat ion,  60-65% of  the 
radioact ivi ty  was eluted with the bile complex ,  
the remainder  emerging in later fractions.  Af te r  
u l t racentr i fugat ion,  90% of  the radioact ivi ty  in 
the gradient  sedimented with the bile complex .  

Labeling of  the bile complex  with [14C] cho- 
lesterol  furnished results similar to those ob- 
tained with radioactive PC (data not  shown). 
Af te r  ul t racentr i fugat ion,  80-85% of  the radio- 
act ivi ty  sedimented with the bile complex  
formed f rom human bile and 65% sed imented  
with the rat bile. Nonincorpora ted  choles terol  
sedimented at a density lower  than that of  the 
complex ,  d ~ 1.09 g/ml. 

These results show that  this simple labeling 
m e t h o d  furnished sat isfactory labeling of  bile 
complex  lipids with the desired specific radio- 
activity. 

The mechanism by which the labeled mole-  
cules are incorpora ted  into the complex  could 

T A B L E  1 

Concentration of Glycodeoxycholate (GCD), 
Phosphatidylcholine (PC) and Cholesterol (CH) 

in the Dialysis Bag* 

GDC PC CH 
mM mM mM 

Visking a 10.7 3.08 0.59 
Spectra-por a 28 12.4 3.7 

Visking b 43 - 0.82 
Speetra-por b 40 - 0.81 

*For dialysis space, see Materials and Methods. 
aExternal mieellar solution: GDC = 52 raM; PC = 

21.5 raM; CH -: 7.1 mM in buffer Tris 0.01 M; NaCI = 
0.15 M;NaN 3 ~ 0.02%, pH 9.4. 

bExternal micellar solution: GDC = 52 mM; CH = 
2.92 mM. Buffer was the same as in a. 

occur  by a simple p h e n o m e n o n  of  inter lnolecu- 
lar collision. It is equally possible that  it could 
occur  through small s tructures (MW ~ 3,000 
daltons), te rmed mixed premicelles,  in thermo-  
dynamic equil ibr ium with  the mixed  micelles 
(9). These structures were demons t ra ted  by the 
use of  the dialysis space for measuring the inter- 
micellar  concent ra t ion  of  lipid const i tuents .  In 
the case of  mixed  tert iary g lycodeoxycho la t e /  
PC/cholesterol  micelles (Table 1), the tech- 
nique showed that a considerable propor t ion  of  
PC and cholesterol  crossed the  wall of  the dialy- 
sis sack. This was true for bo th  Visking and 
Spectra-por/3.  With the Spectra-por/3,  the lipid 
concen t ra t ion  in the sack was about  4 t imes 
higher than with the Visking. This had already 
been described for phosphol ipid-conta ining mi- 
cellar solut ions (9) and is explained by the 
po lymer iza t ion  of  mixed premicel les  within the 
sack. The size of  the result ing structures prohi- 
bits them from diffusing out  of  the Spectra- 
por/3 dialysis space toward the exterior.  In the 
case of  Visking dialysis sack, however ,  this dif- 
fusion remains possible as a result  of  the higher 
exclusion l imit  of  this material .  

Based on theoret ical  deduct ions ,  the mixed 
premicel le  would be composed  of  4 molecules  
o f  bile salts for one molecule  of  PC (9). Bile 
sal t /cholesterol  mixed  premicel le  can also 
form, because it was found (Table 1) that  a 
nonnegligibte fract ion of  cholesterol  traversed 
the Spectra-por/3 dialysis sack. The  mixed pre- 
micelle mode l  apparent ly  can be ext rapola ted  
to bile, as we observed (unpublished results) 
that a nonnegligible p ropor t ion  o f  PC traversed 
the wall of  the dialysis sack. 

The me thod  of  labeling the bile l ipoprotein 
complex  described here seems to be a simple 
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a n d  r ap id  m e t h o d  w h i c h  is a p p l i c a b l e  to  h u m a n  
s a m p l e s .  I t  c a n  be  u s e d  fo r  d o u b l e - l a b e l i n g  PC 
a n d  c h o l e s t e r o l  w i t h  t h e  d e s i r e d  spec i f i c  r ad i o -  
a c t i v i t y  a n d  l a b e l i n g  p o s i t i o n .  
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COMMUNICATIONS 

Saturated Fatty Acids > C20 Are Not Activated 
by Acid:CoA Ligase in Rat Brain or Liver? 
MARY G. MURPHY 1 and MATTHEW W. SPENCE*, Departments of  Biochemistry and 
Pediatrics, and the Atlantic Research Centre for Mental Retardation, Dalhousie University, 
5849 University Ave., Halifax, Nova Scotia B3H 4H7, Canada 

ABSTRACT 

The formation of long-chain saturated acyl-[3H]CoA and [1J4C]acyI-[3H]CoA by rat brain 
microsomes and rat liver was examined. AcyI-CoA formation was markedly decreased as fatty-acid 
chain length increased from C~6 to C2o- No biosynthesis of behenyl-[3H]CoA or [1-14C] lignoceryl- 
[ 3H] CoA was observed. The results suggest that long-chain saturated fatty acids >20 carbons in length 
are not activated by acid:CoA ligase to form acyl-CoA. 
Lipids 17: 504-506, 1982. 

Although it is generally accepted that 
activation of fatty acids to fatty acyl-CoA 
(acid:CoA ligase AMP, EC 6.2.1.3) is the initial 
step in metabolic processing of fatty acids in 
mammals, evidence suggests that  there are reac- 
tions for which acyl-CoA is not  the required 
substrate. Using rat brain preparations, Kishi- 
moto and coworkers (1-5) demonstrated that 
a-hydroxylat ion o f i i gnoce r i c  acid (tetracosa- 
noic acid) to cerebronic acid (0~-hydroxytetra- 
cosanoic acid) and the subsequent formation of  
cerebronyl sphingosine, and the oxidation of 
lignoceric acid do not  require exogenous coen- 
zyme A. Other examples include the formation 
of palmitoyl  sphingosine from palmitic acid (6) 
and the synthesis of cholesterol esters from 
oleic acid (7). One tentative conclusion from 
these studies is that there are acyl-CoA-depen- 
dent, and non-CoA-dependent routes of fatty 
acid metabolism, and that the latter may be 
particularly important  for the metabolism of 
long-chain saturated fat ty acids (> C2o). 

As the initial difference in these 2 routes of  
metabolism would be the formation of either 
acyl-CoA or acyl-X and as the identity of 
acyt-X is unknown, we have studied the forma- 
tion of lignoceryl-CoA by acid:CoA ligase. We 
have used a method recently developed in this 
laboratory that is both very sensitive (90.02 
nmol of product)  and fa t ty-ac id  specific (8). 
The results indicate that  lignoceryl-CoA is not  
formed by acid:CoA ligase in rat brain or liver, 

*To whom correspondence should be addressed. 
Ipresent address: Department of Pharmacology, 

Dalhousie University, Halifax, Nova Scotia B3H 4H7, 
Canada. 

and that the non-CoA dependent route of 
metabolism may predominate for this fatty 
acid. 

MATERIALS AND METHODS 

[1J4C] Lignoceric acid was a generous gift 
from Dr. Yasuo Kishimoto, the John F. 
Kennedy Insti tute and Johns Hopkins School 
of Medicine, Baltimore, MD. Other [1J4C] - 
labeled fat ty acids, and [aH(G)]coenzyme A 
were purchased from New England Nuclear, 
Lachine, Canada, or Applied Sciences, State 
College, PA. Remaining reagents were obtained 
as described previously (8). Wistar rats of either 
sex, aged 20-30 days, were from our own 
inbred colony. Immediately following decapita- 
tion, cerebral hemispheres were homogenized 
in 0.32 M sucrose and a microsomal fraction 
was isolated (9). Protein was determined by the 
method of  Lowry et al. (10), with bovine serum 
albumin as the standard. 

The acid :CoA ligase assay, which is based on 
the formation of [14C] fatty acyl-[aH]CoA, or 
product  containing either isotope alone, has 
been described in detail elsewhere (8). Except  
where indicated otherwise, the final reaction 
mixture contained in 0.2 ml: 0.19 M Tris- 
chloride buffer, pH 7.4, 8 mM MgC12, 10 mM 
ATP, 1 mM dithiothreitol ,  45-55/aM coenzyme 
A (+[3HI coenzyme A, 10/aCi//amol), 45-55/aM 
fatty acid (-+[ 1-14C1 fatty acid, 7/aCi//amol), 0.2 
mg Triton WR-1339, and 0.04-0.06 mg rat- 
brain protein as enzyme source. Incubation was 
for 5 rain at 30 C. Ligase activities (nmol fatty 
acyl-CoA formed/min/mg protein) were calcu- 
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lated from the sp act (dpm/nmol)  of  either 
[ 14C] fatty acid or [3H] coenzyme A. 

RESULTS AND DISCUSSION 

Formation of [ l-z4C]fat ty acyl-CoA by rat 
brain microsomes (Fig. 1 A) and liver homogen- 
ates (Fig. I B) was markedly decreased by in- 
creases in fatty-acid chain length from 16 to 20 
carbons. [ I J4C]Behenic  acid (22:0) is not 
commercially available; however, examination 
of the reaction with nonradioactive 22:0 and 
[all] coenzyme A indicated that, like lignocer- 
ate (24:0), this fatty acid is not activated by 
the ligase. Thus, ligase activity with long-chain 
saturates 22:0 and 24:0 was not demonstrable 
in 2 tissues where it might be expected. For 
example, if activation of  C24 were a function 
of a specific ligase, one would anticipate 
measurable activity in brain because of its 
relatively high content of long-chain saturates 
and their derivatives (11). On the other hand, 
if activation of all long-chain saturates (C12 to 
C24) were due to a single ligase, then activity 
with C24 might be detected more readily in 
liver where rates are high (12). 

To ensure that the measurements of  ligase 
activity were not  being altered by variations 
in substrate concentration due to difficulties 
in suspending the lipid substrates, radioactivity 
was measured in portions of the incubation 
mixture prior to and after incubation. Highly 
reproducible triplicate measurements indicated 
that solubility of fatty acid from 16:0 to 24:0 
consistently exceeded 90%, and that the acids 
were uniformly dispersed throughout the aque- 
ous detergent-containing mixtures. Using this 
method of solubilization, a broad range of  long- 

chain fatty acids are activated to their acyl-CoA 
esters by both brain and liver (13). 

To rule out the possibility that reaction rates 
with 24:0 were being underestimated due to 
incomplete extraction of  lignoceryl-CoA, the 
chloroform/methanol  extracts of the incuba- 
tion mixtures with [14C]lignoceric acid were 
analyzed by thin layer chromatography (TLC) 
for free fatty acid and fatty acyl-CoA (14). 
Little radioactivity (<0.02% of the total in the 
extract) cochromatographed with fatty acyl- 
CoA and there was no difference between 
blanks and regular incubated assay mixtures. 

We have no evidence that the lack of  acyl- 
CoA formation with 24:0 is due to the sub- 
optimal reaction conditions. Assays were 
carried out at variable concentrations of ATP 
[2.5-20 mM], coenzyme A [12.5-100 ~M] and 
fatty acid [25-100/aM], and with other neutral 
detergents, including Triton X-100 and Miranol- 
HR and at varied detergent concentrations. 
Activities did not change under any of these 
conditions, and did not differ from those ob- 
served under blank conditions (Fig. 1A). Ligase 
activity with 16:0 or 18:0 was markedly re- 
duced when the fatty acids were suspended by 
ultrasonication in the absence of detergent, or 
coated on Celite (15). 

Additional indirect evidence that 24:0 is 
not  activated by a CoA-dependent mechanism 
was obtained from competit ion experiments in 
which the formation of  [14C]oleoyl-[DH]CoA 
b y  rat brain microsomes was measured in the 
presence of increasing concentrations of non- 
radioactive palmitic (16:0) and lignoceric 
(24:0) acids (Fig. 2). Incorporation of  [14C]- 
oleic acid into product decreased with increas- 
ing 16:0, whereas the amounts of fatty acyl- 

8.0-  ~ 2.0 < ~ 2.0 
~x 

d.0 

00 . . . . .  : 0 0 . . . . .  �9 o = 0.0i 
~'-J ~ 16 18 20 Z2 24 24"B 16 18 ZO 22 24 24-B 

- -  FATTY-ACID CHAIN LENGTH FATTY-ACID CHAIN LENGTH 

FIG. 1. The effect of chain length of saturated 
fatty acids on the formation of fatty acyl-CoA by rat 
brain microsomes (A) and rat liver homogenate (B). 
Experimental conditions are described in Materials 
and Methods. The point indicated 24-B refers to data 
obtained after incubating 24:0 under blank conditions 
([14C] fatty acid solution added to the incubation mix- 
ture after chloroform/methanol, is added to stop the 
reaction). Vertical bars indicate standard deviation 
(n = 5). Single points are the mean of 2 experiments. 

-,-~'~--,~ 

2'~ sb ~ sb 
16:0 ( ~M ~ 24:0 ( vM ) 

A 

2 . 0 .  

1 . 0  

0 . 0  

B 

FIG. 2. The effect of increasing concentrations of 
nonradioactive palmitic (16:0) (A) and lignoceric 
(24:0) (B) acids on the formation of [14Cloleoyl- 
[Dtt]CoA by rat-brain microsomes. [14C]Oleic acid 
was held constant at 25 /~M, and [DH]coenzyme A 
at 50 /aM. Other conditions are as described in Mate- 
rials and Methods. o - -o ,  incorporation of ~4C into 
product; •  incorporation of 3H into product. 
Vertical bars indicate standard deviation (n = 5). 
Single points are means of 2 experiments. 
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[ 3 H ] C o A  did no t  change  apprec iab ly ,  ind ica t -  
ing an increas ing p r o p o r t i o n  of  pa lmi toy l - [ aH]  - 
CoA in the  p r o d u c t  fo rmed  (Fig. 2A).  In dis- 
t inc t  con t ras t ,  increas ing 2 4 : 0  did n o t  signifi- 
can t ly  al ter  rates  of  i n c o r p o r a t i o n  of  e i t he r  
i so tope  (Fig. 2B),  s t rongly  suggest ing t ha t  lig- 
nocer ic  acid is no t  a subs t r a t e  for  the  ligase. 

To our  knowledge ,  this  is the  first s tudy  to  
d i rec t ly  examine  the  ac t iva t ion  of  long-chain  
sa tu ra t ed  fa t ty  acids us ing  a sensi t ive,  specif ic  
and  di rec t  m e a s u r e m e n t .  Our  conc lus ion  t h a t  
long-chain  sa tu ra ted  acyl-CoA esters are no t  
fo rmed  in m a m m a l i a n  t issues is s u p p o r t e d  by 
cha in- length  specif ici ty  s tudies  of  par t ia l ly  
pur i f ied  (16)  and  pur i f ied  (17)  ra t  l iver ligase 
and  by  the  obse rva t ions  o f  a C o A - i n d e p e n d e n t  
syn thes i s  of  2 -hydroxy  fa t ty  acids f rom a 
sa tu ra ted  p recursor  of  the  same chain  l eng th  
(1-5,18) .  

What  is the  basis for  the: impress ion  t h a t  
long-chain  sa tu ra t ed  fa t ty  acyl -CoA is fo rmed  
in m a m m a l i a n  tissues? Fo r  the  mos t  par t ,  th is  
has  been  a ' p e r i p h e r a l  o b s e r v a t i o n  of  very low 
act ivi ty for  C22 and  C24 in s tudies  where  in- 
d i rec t  me thods ,  such as acy l -hyd roxama te s ,  
were used to show acyl-CoA f o r m a t i o n  (19-22)  
or where  c o n d i t i o n s  were such t ha t  ac t iva t ion  
of  e n d o g e n o u s  sho r t e r  cha in  fa t ty  acids cou ld  
a c c o u n t  for  the  observed  act ivi ty (19 ,23 ,24) .  
The  acyl-CoA p r o d u c t s  fo rmed  were n o t  
charac te r ized  wi th  respect  to  fa t ty-acid  c o m p o -  
s i t ion ,  and  the  long-chain  f a t ty  a~ids were n o t  
radio labeled .  Thus,  these  r epor t s  (19-24)  o f  
very low levels of  ac t iva t ion  of  C22 and  C2a 
sa tu ra ted  fa t ty  acids p r o b a b l y  do  no t ,  in fact ,  
r epresen t  e n z y m a t i c  act ivi ty  specif ic  to  these  
acids. 

The  resul ts  of  this  s t udy  provide  s t rong  addi-  
t ional  s u p p o r t  for  an a l te rna t ive  non -CoA-  
d e p e n d e n t  rou te  of  long-chain  sa tu ra ted  fa t ty  
acid me t abo l i sm .  Clearly,  f u r t h e r  knowledge  o f  
th is  rou te  is essential  to  ou r  u n d e r s t a n d i n g  of  
comp lex  l ipid f o r m a t i o n  and  t u r n o v e r  in m a m -  
mal ian  tissues. 
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ABSTRACT 

The rate of formation of sterol from squalene in livers from suckling rats was less than one-third 
that of adults. This difference was due to a lesser activity of microsomal enzymes in the suckling rat 
livers, and not to any difference in cytosolic sterol carrier protein 1. The microsomal enzymes and 
sterol carder protein 2 of the cytosol required for the conversion 7-dehydrocholesterol to cholesterol 
were both lower in suckling rats compared to adults. Both those activities paralleled the differences in 
HMG-CoA reductase activities between suckling and adult rats. Feeding of cholestryamine to adult rats 
increased the activities of the microsomal enzymes, sterol carrier protein 1 and sterol carrier protein 2 
involved in the conversion of squalene to cholesterol. 
Lipids 17: 507-510, 1982. 

INTRODUCTION 

Conversion of squalene to cholesterol is a 
complex, multistep process which is as yet 
incompletely characterized. Several well docu- 
mented studies have demonstrated an inter- 
action of one or more cytosolic noncatalytic 
proteins with microsomal enzymes in the con- 
version of the water-insoluble intermediates 
(1-13). Two of these noncatalytic proteins were 
discovered in the 105,000 x g soluble super- 
natant (S10s), and are called sterol carrier pro- 
teins (SCP). The first of these, SCP1, is required 
for the enzymatic conversion of squalene to 
lanosterol. A second protein, SCP2 is required 
for the conversion of lanosterol to cholesterol. 
Both SCP t and SCP2 have been isolated in a 
highly purified state (6,13). This study deals 
with the effect of  age and cholestryamine feed- 
ing on the rates of conversion of  squalene to 
cholesterol. These activities were also compared 
to that of 3 hydroxy-3-methyl glutaryl (tlMG) 
CoA reductase. 

MATERIALS AND METHODS 

DL-[ 3-14C] HMG-CoA (sp act 18.5/2Ci/#mol) 
and DL-[5-aH]mevalonic acid were purchased 
from New England Nuclear. The following com- 
pounds were purchased from Sigma Chemical 
Co.: 7-dehydrocholesterol, NAD, NADPH, 
bovine brain phosphatidylserine and FAD. 
Cholestryamine (Questran) was obtained from 
Mead Johnson. [3H] Squalene was prepared by 
anaerobic incubation of DL-[5-aH]mevalonic 
acid with a 20,000 x g rat liver supernatant 
according to the method of Tchen (14). The 

radioactive squalene was extracted into petro- 
leum ether and purified by silicic acid column 
chromatography twice. Tritiated squalene and 
phosphatidylserine liposomes were prepared as 
previously described (I 5). 

Litter mate male Sprague Dawley rats were 
allowed to grow with the mother for 25 days 
and were given solid food (rat chow)a f t e r  25 
days. All the rats were maintained in a reversed 
light cycle (dark 4 a.m. to 4 p.m.). Rats of 
different ages were sacrificed at 10 a.m., the 
mid-point of the dark phase at which time 
HMG-CoA reductase activity is expected to be 
maximal. 

To study the effect of cholestryamine feed- 
ing, 2- to 3-month-old male rats (250-300 g) 
were used. One group of rats was fed ground rat 
chow and the second group was given 2% cho- 
lestryamine mixed with the ground rat chow. 
Feeding was continued for 2 weeks, after which 
they were sacrificed at the mid-point of  the 
dark phase. 

Microsomes and Sx0s (the 105,000 • g 
supernatant fraction) containing SCP1 and 
SCP 2 were prepared as described in our earlier 
publication (15). Microsomes for study of  
HMG-CoA reductase were prepared according 
to the method of  Srikantaiah et al. (16), and 
HMG-CoA reductase activity was assayed 
according to the method of Ackerman et al. 
(17). 

SCP~ Activity 

The activity of  SCP1 is proportional to its 
capacity to enhance the microsomal formation 
of sterols from squalene. This was assayed in a 
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TABLE 1 

Conversion of Squalene to Sterols and 7-Dehydrocholesterol to Cholesterol 
by Rat Livers as a Function of Age 

pmol sterols/mg pmol cholesterol/mg 
Source of Slo s Source of microsomes S~os/mina Slos/minb 

Sucklings Sucklings 6.9 + 2.4 25 + 3.8 
Adults Sucklings 9.3 + 2.1 45 + 4.6 
Sucklings Adults 18.6 + 2.05 63 -+ 8.0 
Adults Adults 24.6 + 0.5 120 + 20 
40-45 days old 40-45 days old 26.4 +- 1.6 112 + 14 

For suckling rats, 3 groups of 10 rats each were used. For 40-4S-day-old rats, 3 groups of 
3 rats each were used. Three individual adult rats were used. St0 s is the 105,000 X g super- 
natant fraction. 

aSqualene substrate. 
b 7- Dehydrocholesterol substrate. 

reaction mixture of one ml buffer, microsomes 
(2 mg protein), NADPH (1.2 mM), NAD § (3 
mM), FAD (0.1 mM), Slos as a source of  SCP1 
(2.0 mg protein) and 100 /al [3H]squalene- 
phosphatidylserine vesicles (20 #M). The incu- 
bations were conducted for 1 hr in a shaking 
water bath under an oxygen atmosphere. The 
remainder of  the procedure was the same as 
described by Scallen et al. (1). Specific activity 
was defined as pmol of  sterols formed in I min/ 
mg S~os protein, with microsomes present in 
excess. 

SCP 2 Activity 

The activity of SCP2 is proportional in its 
capacity to enhance microsomal 7-dehydrocho- 
lesterol reductase activity. This activity was 
assayed by our previously described method 
(18). This involved measuring the unreduced 
7-dehydrocholesterol remaining at the end of  
the reaction. One-ml incubation mixtures con- 
rained 1.3 mM NADPH, 2 mg of microsome 
protein, St0s as a source of SCP2 (2.0 mg) and 
150 nmol of 7-dehydrocholesterol added in 10 
#1 dioxane, propylene glycol, 2:1. After 1 hr 
incubation with shaking at 37 C under nitrogen, 
the reaction was stopped by adding 1 ml 15% 
alcoholic KOH, and extracted twice w i t h 2  ml 
of hexane each time. The combined extracts 
were evaporated under nitrogen, dissolved in 2 
ml of heptane and scanned between 260-320 
nm in a Hitachi dual-beam spectrophotometer.  
The amount of  7-dehydrocholesterol reduced is 
proportional to the decrease in optical density 
at 280 rim. SCP2 activity is expressed as pmol 
of cholesterol formed/mg Sl0s protein/min. 
Protein was determined by the method of 
Bradford (19). 

RESU LTS AND DISCUSSION 

Conversion of squalene to sterols in suckling 
rats was very low compared to adult rats when 
suckling rat liver microsomes and suckling rat 
S10s (source of SCPI) were incubated together 
(Table 1). This appeared to be due to a lower 
level of  microsomal enzymes rather than SCP1, 
because when adult Sl0s was used in conjunc- 
tion with suckling rat microsomes, the activity 
was comparable to that observed when both 
S10s and microsomes were from suckling 
rats. Conversely, when microsomes from adult 
rats were used in combination with suckling 
rat S10s, the activity was ca. 3-fold higher than 
the activity with suckling rat microsomes and 
Stos. After the weaning period, microsomal 
enzymes reached normal levels and SCP1 re- 
mained constant. The lower cholesterol synthe- 
sis in suckling rats was primarily due to low 
HMG-CoA reductase activity (Table 2). The 
7-dehydrocholesterol reductase involved in the 
conversion of squalene to cholesterol also 
seemed to be age-dependent (Table 1). Of the 
cytosolic factors, SCP2 did not seem to vary 
with age, whereas SCP2 was age-dependent 
(Table 1). Other investigators also have re- 
ported age regulation of  HMG-CoA reductase 
(20,21) and other enzymes between mevalon- 
ate and cholesterol (22). McNamara et al. (20) 
reported that HMG-CoA reductase activity 
in suckling rats was very low and that it rose 
rapidly after weaning. Shah (22) showed that 
incorporation of mevalonate into nonsaponi- 
fiable lipids and digitonin-precipitable sterols 
was low in suckling rats and increased rapidly 
after weaning. From these results, he postulated 
that the steps in cholesterol synthesis between 
mevalonate and cholesterol were age-dependent. 
Takeuchi et al. (12) found that, in aged rats, 
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TABLE 2 

HMG-CoA Reductase Activity in Liver Preparations 
from Rats of Varying Ages 

Enzyme activity 
Age of rats Number used (pmol/mg/min protein) 

17-22-day-old rats 3 groups of 10 
(suckling rats) rats each 28.3 +- 16 

40-45-day-old rats 3 groups of 3 
(weaned) rats each 717 +- 90 

120-130-day-old rats 
(adult) 3 individual rats 659 +- 116 

TABLE 3 

Conversion of Squalene to Sterois and 7-Dehydrocholesterol to Cholesterol 
by Livers from Control and Cholestyramine-Fed Rats 

pmol sterols/mg pmol cholesterol/mg 
Source of S~o5 Source of microsomes Sl0s/mina Si0s/minb 

Control Control 24 + 3.6 115 +- 12 
Cholestyramine Control 38 • 4.2 144 -+ 1 8  
Control Cholestyramine 36 -+ 2.1 191 + 28 
Cholestyramine Cholestyramine 51 -+ 6.2 269 • 40 

Results are means -+ SD of 4 rats each. $105 is the 105,000 X g supernatant. 
aSqualene substrate. 
bT-Dehydrocholesterol substrate. 

the inact ivat ion of  HMG-CoA reductase  by ATP 
and Mg ~ was decreased,  whereas act ivat ion by 
cy tosol  was increased.  They also r epor ted  tha t  
the convers ion of  squalene to  choles terol  using 
microsomes  and cy tosol  decreased abou t  9-fold 
in 60-65-week-old rats (aged rats) compared  to  
rats that  were 4-8 weeks old (young  rats). They 

b o t h  found  the  microsomal  enzymes  and the 
sterol  carrier p ro te in  to  be decreased in  the  
aged rats. Choles t ryamine  feeding to  adult  rats 
in the  present  s tudy  increased the  rate of  con-  
version of  squalene to  sterols (Table 3). This 
increased activity was due to an increase in 
SCPI,  as well as in microsomal  enzymes .  Similar 
increased activity was observed in SCP2 and the  
microsomal  e n z y m e s  responsible  for  the  reduc-  
t.ion o f  7 -dehydrocho les te ro l  to  choles terol  
(Table 3). HMG-CoA reductase  activity in- 
creased f rom 414+46 in the  con t ro l  group to  
863-+236 in the  group fed 2% choles t ryamine .  

Our studies show tha t  whenever  there  is age- 
d e p e n d e n t  regulat ion of  choles terol  synthes is ,  
changes in the  microsomal  enzymes  responsible  
for  convers ion o f  squalene to  choles terol  or the 
s terol  carrier pro te ins  or b o t h  o f  these factors  
are involved in addi t ion  to  HMG-CoA reductase .  
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ABSTRACT 

The antioxidant activities of 4 tocopherols, tocol, and a water-soluble model analog of a-tocoph- 
erol were compared. Egg lecithin /iposomes were used and oxidation was catalyzed by Fe2§ 
The activities decreased in the order a->#->7->8-tocopherol>tocol, in agreement with their potencies 
in vivo. The water-soluble analog was the least effective. Activity depended on the molar ratio of 
antioxidant to unsaturated lipid, with one molecule each of the a-, •-, 3% 6-tocopherol and tocol capa- 
ble of protecting, respectively, 220, 120, 100, 30 and 20 molecules of polyunsaturated fatty acid. The 
mechanism of possible antioxidant effect of the compounds used is discussed. 
Lipids 17: 511-513, 1982. 

It is widely believed that vitamin E functions 
in vivo mainly as an antioxidant by protecting 
unsaturated lipids from peroxidation (1-3). This 
function is assisted by the location of the vari- 
ous tocopherols, which make up the vitamin, in 
the lipid regions of plasma and subceUular 
membranes (2). There is, however, a discrepan- 
cy in the relative activities of the tocopherols in 
vitro and in vivo. When dissolved in edible oil 
and subjected to phot01ytic or autoxidizing 
conditions, the antioxidant activities increase in 
the order 0t-<~-<-3'-<-~-tocopherol (4,5). This 
is the exact reverse of their vitamin E potency 
sequence in vivo (6). In this study, we have re- 
examined the antioxidant activities of different 
tocopherols incorporated into fiposomes under 
conditions close to physiological. 

The tocopherols (dl-ot-, d-fl-, d-3'- and d-5-), 
designated a-Toc, ~-Toc, 7-Toc and 5-Toc, to- 
gether with tocol and an a-tocopherol model 
compound, 3-(6-hydroxy-2,5,7,8-tetramethyl- 
chroman-2-yl) propionic acid, were supplied by 
Eisai Co., Tokyo, and purified by the method 
of Abe et al. (7). The final purity, measured by 
gas liquid chromatography (GLC), was over 
98%. Egg-yolk lecithin was prepared by the 
method of Pangborn (8). Dimyristoyl lecithin 
(99% pure) came from Sigma Chemical Co. The 
concentrations o f  phospholipids were deter- 
mined by the method of Chalvadjian and Rud- 
nicki (9) and their fatty acid composition by 
GLC after acid methanolysis was determined as 
described previously (10). For egg-yolk lecithin, 
mol % composition was 45.8 palmitate, 1.4 
palmitoleate, 12.6 stearate, 18.7 oleate, 8.1 
linoleate, 4.0 linolenate and 9.5 arachidonate. 

Liposomes were prepared as previously des- 
cribed (I0),  with a stock solution of lipid in 

chloroform evaporated under nitrogen and dis- 
persed in 0.01 M Tris-HCl buffer, pH 7.5, fol- 
lowed by ultrasonic irradiation in a Branson 
Sonifier (Model W-185) for 6 rain using 15-sec 
intervals. Lipid peroxides were measured by the 
thiobarbituric acid (TBA) colorimetric method 
(10) and the results were expressed in terms of 
malondialdehyde (MDA) present. The oxida- 
tion was initiated by addition of FeSO4 and as- 
corbic acid to final concentrations 5 /aM and 
100 /aM, respectively. Each sample had a vol- 
ume of 4 ml and contained 2/amol of lecithin. 
After incubation at 30 C, the reaction was 
stopped by addition of 1 ml of 5 mM EDTA. 
Then, 1 ml of the suspension was mixed with 
2.5 ml of 20% trichloroacetic acid and 1 ml of 
0.67% aq TBA solution. After heating for 10 
min in a boiling water bath, the pink pigment 
was extracted with 4 ml of n-butanol and its ab- 
sorbance was measured at 535 nm. Standard 
MDA solutions were prepared by hydrolysis of 
1,1,3,3-tetraethoxypropane. Concentration of 
tocopherols were measured fluorometrically by 
the method of Abe and Katsui (11). One ml of 
liposome suspension was mixed with 1 ml of 
ethanol and 5 ml of hexane and the fluores- 
cence intensity of the organic phase was mea- 
sured using excitation and emission wavelengths 
of 295 and 320 nm, respectively. The relative 
intensities were 100, 80, 91 and 168 for the ~x-, 
~-, 3'- and 6-tocopherols, respectively. 

The time-course of lipid peroxidation and 
disappearance of a-tocopherol in egg lecithin li- 
posomes exposed to Fe2§ is shown in 
Figure 1. Two concentrations of a-tocopherol 
were used. At 0.25 mol %, the antioxidant com- 
pletely prevented lipid oxidation without un- 
dergoing any measurable oxidation itself. How- 
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TABLE 1 

Concentrations of Tocopherols Needed for 100% 
Inhibition of Fe2*-Ascorbate-lnduced Lipid 
Peroxidation in Egg Lecithin Liposomes a 

Toeopherols (nmol/tamol egg lecithin) 

~-Tocopherol 2.0 
/3-Tocopllerol 3.8 
3,-Tocopherol 4.2 
5-Tocopherol 14 
Tocol 20 

aExperimental conditions were the same as for Fig. 
2. 

FIG. 1. Time courses of Fe2+-ascorbate-induced 
lipid peroxidation (solid line) and ~-Toc decomposi- 
tion (dotted line) in egg lecithin and dimyristoyl- 
lecithin liposomes. The reaction mixture (4 ml) con- 
sisted of 5 taM FeSO 4, 0.1 mM ascorbic acid, 0.01 M 
Tris-HCl buffer (pH 7.5) and liposomes containing 2 
tamol of lecithin. Incubation was done at 30 C. Lipo- 
some composition (molar ratio) was as follows: ( e )  
egg lecithin; (o) egg lecithin, a-Toe (1000:1); (m) egg 
lecithin, a-Toc; (1000:2.5); (zx) dimyristoyl-tecithin, 
~-Toc (1000:1). 

, , ,  '! 
o 

.j 50 

i 2 ~ 6 

Tocophefo~ Caxltent (nmoles/umole egg lecithin) 

FIG. 2. Dose-dependent antioxidant effects of 
tocopherols and a model compound of a-Toc on Fe 2§ 
ascorbate-induced lipid peroxidation in liposomes pre- 
pared from egg lecithin (solid line) and an equimolar 
mixture of egg lecithin and dimyristoyl-lecithin (dot- 
ted line). Incubation conditions were as for Fig. 1, ex- 
cept that ~-Toc model was dissolved in 50% ethanol 
and 20 tal of the solution was added to 4 ml of reac- 
tion mixture. The incubation time was 30 rain; 100% 
peroxidation estimated as the amount of MDA pzo- 
duced by liposomes not containing tocopherols were 
83.1 + 4.9 (solid line) and 35.5 +- 2.4 (dotted line) 
nmol/4 ml of reaction mixture/30 min, respectively. 
(o) c~-Toc, (e) 5-Toc, and (A) a-Toc model. 

ever, at 0.I mol  %, the  a - tocophero l  disappeared 
in 30 min and was only able to delay the onset  
of  rapid lipid oxidat ion  by about  6 min. When 
it was incorpora ted  into  dimyris toyl- leci thin  li- 
posomes at 0.1 mol  % and exposed to the Fe 2+- 
ascorbate system, most  of  the a -Toc  remained 
unoxid ized  for  30 min.  This indicated that  loss 
of  an t iox idant  depended on active peroxida t ion  
of  unsaturated llpids. 

The concent ra t ions  at which tocol  and the 
tocophero ls  acted as effect ive  inhibitors of  per- 
ox ida t ion  were compared  nex t  (Fig. 2). All 
c o m p o u n d s  gave sigmoid, dose-dependent  re- 
sponses but  with varying steepness. Their  anti- 
ox idant  capacities are compared  in Table 1. We 
calculated f rom these results that  ca. 220, 120, 
100, 30 and 20 molecules  of  polyunsatura ted  
fa t ty  acids (PUFA) in the membranes  were 
comple te ly  p ro tec ted  by one molecule  of  c~-, ~-, 
7-, ~-Toc and tocol ,  respectively.  For  ~-Toc,  
this molar  ratio of  about  200:1 is found in the 
membranes  of  microsomes  of  highly oxygena-  
ted tissues of  heart  and lung (12). Figure 2 also 
shows the good corre la t ion be tween  the P U F A  
conten t  o f  l iposomes and the ability of  2 of  the  
tocophero ls  to prevent  their  oxidat ion.  When 
the l iposomes were prepared f rom equimolar  
mixtures  o f  egg and d imyr is toyl  lecithin, the 
amounts  of  a- and 5-Toc  required for comple te  
inhibi t ion was halved. In all cases, the water-  
soluble a - tocophero l  mode l  compound  proved 
to be the least effect ive,  in agreement  with the  
suggestion that  the po tency  of  the ant ioxidants  
depends on their  molecular  environment ,  as 
well as on the steric roles of  the chromanol  ring 
and the isoprene chain (13). 

Results shown in Figures 2 and 3 show that  
the threshold concent ra t ions  at which the com- 
pounds  lost their  an t iox idant  activity were simi- 
lar to those at which they  were rapidly lost 
themselves. This is no t  surprising, but  the close 
cor respondence  in the slopes of  the curves for 
each part icular  substance is remarkable.  
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FIG. 3. Dose-dependence of tocopherol loss during 
Fe2+-ascorbate-induced lipid peroxidation in egg leci- 
thin liposomes. Incubation conditions were as for Fig. 
2. (o) a-Toc, (o) #-Toc, (o) 7-Toc, (o) 8-Toc and (zx) 
tocol. 

The  m e c h a n i s m  of  Fe2§ 
lipid p e r o x i d a t i o n  which  migh t  opera te  in  bio- 
logical sys tems  is u n k n o w n .  Singlet oxygen ,  hy-  
drogen pe rox ide  or superox ide  and h y d r o x y l  
free radicals  are n o t  t h o u g h t  to be involved 
(10).  Our  resul ts  can be expla ined  by the 
a s sumpt ion ,  ou t l ined  in Scheme  1, tha t  the  
p e r o x i d a t i o n  process  occurs  in 2 s teps :  

Toc  
| 

LH orO~ : .~ [X] 

0 2 or  LH 

LO,, LOOH 
LO0. 

~ -  Oxidized Toc 

SCItEME 1 

LH and  LOOH indica te  P U F A  and its h y d r o p e r -  
oxide,  wi th  L o, LO �9 and  LOO o as free radical  
in te rmedia tes .  The  react ive t r ans ien t  [X]  
genera ted  in the  first s tep m a y  be an ac t iva ted  
oxygen,  p r o b a b l y  b o u n d  to the  i ron-ascorba te  
complex  (14 ,15 )  such as per fe r ry l  ion (16)  or  
ac t ivated  P U F A  observed in a pho tosens i t i z ing  
process  (17) .  In this  scheme,  high concen t r a -  
t ions  of  t o c o p h e r o l s  would inh ib i t  the  r eac t ion  
leading to f o r m a t i o n  of  I X ] ,  or  would  inact i -  
vate  IX]  i t se l f  by  quench ing .  In these reac t ions ,  
the  a n t i o x i d a n t  remains  unchanged .  At  low 
t o c o p h e r o l  c o n c e n t r a t i o n s ,  the  q u e n c h i n g  m a y  

be less comple te .  The  a n t i o x i d a n t  then  re- 
acts  wi th  the  l ipid free radicals  f o r m e d  in the  
second step,  b e c o m i n g  i r revers ibly  oxid ized  in 
the  process.  

It ,appears t h a t  several variables may  deter -  
mine  the  relat ive a n t i o x i d a n t  capaci t ies  of  
d i f fe ren t  tocophero l s .  One could  be  the  m o d e  
by which  the  ox ida t ion  is in i t ia ted .  Because 
catalysis  by  meta l  ion c o m p l e x e s  is bel ieved to 
play a ma jo r  role in l ipid o x i d a t i o n  in bio- 
logical sys tems (16) ,  the  relat ive q u e n c h i n g  
abil i t ies  of  d i f fe ren t  t o c o p h e r o l s  may  be 
d o m i n a n t  in de t e rmin ing  the i r  effect iveness .  
Such  fac tors  may  a c c o u n t  for  t he  d i f fe rences  in 
the  sequence  of  ox ida t i on  of  t o c o p h e r o l  
and  u n s a t u r a t e d  lipids in our  sys tem and in 
some biological  m e m b r a n e s  (18) .  
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ERRATUM 

E R RATUM 

In the article ~'Effects of Phosphatidylcho- 
lines on de novo Synthesis and Excretion of 
Sterol by L-929 Fibroblasts" (Lipids 17:427- 
433 [1982]),  the first author's name should 
read "Georgios N. Thomaidis, Ph.D.," instead 
of "Georgios Thomaidis." A footnote to the 
article should read: "This work was a part of 
the doctoral dissertation that Georgios N. 
Thomaidis submitted to the faculty of the 
Graduate School of the University of Mary- 
land." 
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ABSTRACT 

Separation of the acidic lipid fraction from human liver led to the identification of cholesterol-#- 
glucuronide for the first time from this organ. Cholesterol glucuronide was purified by DEAE-Sephadex 
column chromatography and preparative silica gel thin-layer chromatography. The content in normal 
human liver was about 33 nmol/g wet tissue. It must be emphasized that cholesterol glucuronide 
cannot be distinguished readily from ganglioside GM4 by thin-layer chromatography. 
Lipids 17:515-518, 1982. 

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

In the course of a study of gangliosides in 
human liver, we found a substance which 
reacted with both anthrone and resorcinol 
reagents on thin-layer plates. However, it con- 
tained neither sialic acid nor fatty acids. It 
seemed important to identify this substance, 
not only for its intrinsic interest, but "also 
because it is liable to be misunderstood as a 
ganglioside. This paper describes the chemical 
analysis and identification of the compound 
as cholesterol glucuronide. 

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

A normal liver and a liver from a patient 
with GMl-gangliosidosis type II were obtained 
by autopsy. The tissue was homogenized with 
chloroform/methanol (C/M) according to 
Suzuki (1). Forty g of liver was homogenized 
with 800 ml each of C/M (2:1, v/v) and C/M 
(1:2) containing 5% water. The filtrate was 
evaporated to dryness under vacuum and the 
lipid residue was dissolved in 240 ml of C/M 
(2:1). To the solution was added 5 ml of 5 N 
NaOH in methanol and the reaction mixture 
was stirred 1 hr at room temperature. The mix- 
ture was concentrated under vacuum to half 
volume and dialyzed against water. The con- 
tents of the dialysis bag were evaporated to 
dryness and the acidic lipids were isolated 
by a modification of the method of Ledeen 
et al. (2). The solvent used in this method to 
dissolve the sample (C/M/W, 30:60:8)y ie lded  
a cloudy mixture due to the fatty acid methyl 
esters, so it was changed to C/M/W (60:60:8). 
The sample in 200 ml of the solvent was 
applied to a column of DEAE-Sephadex A25 
(Pharmacia, 3.5 meq/g dry wt, 15 x 280 ram). 
The nonacidic lipids were eluted with I00 ml 

of the same solvent, then the acidic lipids were 
eluted with 800 ml of C/M/0.8 M NaOAc 
(30:60:8). The latter effluent was evaporated 
to a small volume and dialyzed against water. 
The free fatty acids in the dialyzate were 
removed by silica gel chromatography (2). 
The resulting acidic lipids were then separated 
by preparative thin-layer chromatography 
(TLC) on plates precoated with Silica Gel 60 

(0.25 mm thick, E. Merck), developed with 
C/M/0.25% KCI (60:35:8). The bands were 
located with bromthymol blue (3), scraped 
from the plate, suspended in chloroform, 
and applied to a column of silica gel 60 (10 g, 
10 • 300 mm). The indicator was eluted with 
100 ml of C/M (80:20), 'then cholesterol 
glucuronide or ganglioside was eluted with 100 
ml of C/M (50:50). 

A portion of the isolated cholesterol glu- 
curonide, about 1 mg, was methanolyzed with 
3% HCI in dry methanol at 80 C for 3 hr, with 
or without mannitol as internal standard. To 
the methanolyzate was added 3 x 3 ml of 
hexane and the two solvent layers (hexane and 
methanol) were analyzed as the trimethylsilyl 
derivatives by gas-liquid chromatography (GLC) 
using a silicone column (2% OV-I, 3 mm x 
2 m) (4). For the quantitative analysis of cho- 
lesterol, cholesterol benzoate (Wako Chemical 
Co., Japan) was added to the hexane layer as 
internal standard and analyzed as just de- 
scr ibed. .The column was programmed from 
140 to 220 C at 2 C/min. The silylation reac- 
tions were carried out according to Cater and 
Gaver (5) with a mixture of trimethylchloro- 
silane (Pierce Chemical Co.), hexamethyldi- 
silazane (Gas-Chro Kogyo Co., Japan) and dry 
pyridine (Nakarai Chemicals, Japan) which was 
distilled in our laboratory. 

A portion of the isolated cholesterol glu- 
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curonide, about 15 /ag, was incubated with 10 
U of Escherichia coli-~-D-glucuronidase, EC 
3.2.1.31 (Boehringer Mannheim, W. Germany), 
in 10 mM acetate buffer, pH 7.0 for 48 hr in a 
total vol of  1 ml (6). The reaction was stopped 
by adding C/M (2:1) and evaporated to dryness, 
then analyzed by TLC (C/M/W, 65:25:4 or 
hexane/ether,  80: 20). 

The infrared spectrum was prepared with 
a KBr disk. 

R ESU LTS 

The acidic lipids obtained by silica gel 
column chromatography were analyzed by TLC 
(Fig. 1) and found to contain two major bands 
and one minor band. One of the major bands 
was ganglioside GM3, which appeared as a 
double band due to the different fatty acid 
chain lengths. The other major band was choles- 
terol glucuronide, as shown by subsequent 
analysis. Its Rf value was 0.61 (1.35 relative 
to GM3). The minor band had the same Rf 
value as ganglioside GD3. All of these bands 
were positive to anthrone (7) and resorcinol (8) 
reagents. 

Analysis of the sugar components by GLC 
showed that GM3 and GD3 contained glueose 
and galactose in the molar ratio, 1:1.1. The 
methanol layer from cholesterol glucuronide 
yielded two major peaks corresponding to the 
ones produced by glucuronic acid (Fig. 2). The 
hexane layer from the new lipid also yielded a 
peak pattern corresponding to cholesterol 
(Fig. 3). When the whole methanolyzate was 
neutralized with silver carbonate, trimethyl- 
silylated, and analyzed by GLC, peaks were 
seen (Fig. 4) for glucuronic acid (peaks A and 
B) and trimethylsilyl cholesterol (peak G), The 

FIG. 2. Gas chromatogram of the methanol layer 
obtained by treatment of glucuronic acid (upper) and 
cholesterol glucuronide (lower) with methanolic HCI. 
A = mannitol standard. The contents of the methanol 
layer were converted to the trimethylsilyl derivatives. 

FIG. 1. Thin layer chromatogram of acidic lipids, 
developed with C/M/0.25% KC1 (60:35:8). (1) Gan- 
glioside GM3 standard. (2) Acidic lipids from normal 
liver. (3) Gangliosides from human brain. A = choles- 
terol glucuronide, B = gangUoside GM3, C = ganglio- 
side GD3. 

FIG. 3. Gas chromatogram obtained by treatment 
of cholesterol (upper) and cholesterol glucuronide 
(lower) with methanolic HCI. The contents of the 
hexane layer were reacted with silylating reagent. 
The GLC column was operated at 170-280 C, at 2 C] 
min. 

LIPIDS, VOL. 17, NO. 8 (1982) 
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FIG. 4. Gas chromatogram obtained with the 
methanolysis mixture obtained from cholesterol g~u- 
curonide, without separating into two fractions. A 
lower starting temperature was used for this ran: 
140-280 C at 2 C/min. A and B are the major peaks 
from gtucuronic acid, C represents mannitol, D is an 
impurity from the silylating reagent, E is cholesta-3,5- 
diene, F is 3-O-methyl cholesterol, and G is obtained 
from cholesterol. 

FIG. 5. Infrared spectrum of cholesterol glucuro- 
nide, supported in a KBr disk. 

although the brain contained much ganglio- 
side GM1 (4.87 /amol/g). This finding con- 
firmed the diagnosis Of the type II disorder. 
The GM3 and GD3 contents in the patient 's 
liver were 210 and 15.5 nmol/g, respectively. 

molar ratio of glucuronic acid to cholesterol, 
determined by area comparisons with internal 
standard, was 1:1.3. It is confirmed that one 
molecule of glucuronic acid binds to one mole- 
cule of cholesterol. The same result was obtained 
from Figure 4. Some of the smaller peaks (E 
and F) were identified as being formed from 
cholesterol during methanolysis: cholesta-3,5- 
diene and 3-O-methyl cholesterol. These arti- 
facts were identified by their retention times 
in GLC analysis as reported previously by 
Kawamura and Taketomi (9). It seemed that 
the amounts of the artifacts varied among 
tubes. This may be due to the losses of the arti- 
facts while drying because of their nonpolarity 
and small sample weight. 

The infrared spectrum of the glucuronide 
(Fig. 5) showed specifically absorbing groups: 
2800-3000 cm -1 due to methylene, 1600 cm -1 
due to the carboxyl salt (of Na+), and 1000- 
1100 cm -1 due to hydroxy groups. 

The linkage between cholesterol and glu- 
curonic acid was examined with ~-D-glucuroni- 
dase. The condition described in Materials and 
Methods gave complete cleavage of the linkage. 
Thus, it is confirmed that the compound is 
ch olesterol-/~-D-glucuronide. 

The content of cholesterol glucuronide was 
32.5 nmol/g wet tissue in normal liver and 89.8 
nmol/g in the liver from the ganliosidosis 
patient. The patient 's brain and spleen con- 
tained no detectable cholesterol glucuronide 

DISCUSSION 

The problem of misidentification of choles- 
terol glucuronide as ganglioside GM4 arose only 
when the resorcinol spray reagent was used on a 
TLC plate. When we incubated cholesterol (20, 
100, or 200 #g) or glucuronic acid (20 or 100 
/ag) with resorcinol reagent which was the same 
one used in the spray in a test tube in the usual 
way for sialic acid determination (8), the typ- 
ical blue-purple color was not obtained. The 
highest absorbance seen was 0.020 for 100 btg 
of glucuronic acid, measured at 580 nm. Yet, 
on a TLC plate, glucuronic acid showed the 
characteristic color and cholesterol showed a 
more bluish color. 

This paper describes, for the first time, the 
occurrence of cholesterol-13-glucuronide in liver. 
It has previously been identified in human urine 
and plasma (10,11). In our study, the com- 
pound was identified chemically, physically 
and enzymatically. The content of cholesterol 
glucuronide in the normal liver we analyzed 
was higher than the reported value for plasma 
(18 /ag/g vs 6 /ag/ml). Presumably, cholesterol 
glucuronide is synthesized in the liver and some 
of it enters the bloodstream. Probably the rest 
goes into the bile, like the other glucuronides. 

The content of cholesterol glucuronide in 
the liver from the gangliosidosis patient was 
distinctly higher than in the normal one, but 
more samples are needed to establish the 
normal range of values. 
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Uptake and Oxidation of Malonaldehyde 
by Cultured Mammalian Cells 
R.P. BI R D and H.H. DRAPE R, Department of Nutrition, College of Biological Science, 
University of Guelph, Guelph, Ontario, Canada, N I  G 2WI 

ABSTRACT 

Primary cultures of rat skin fibroblasts were used as a model system to investigate the cellular 
uptake and oxidation of malonaldehyde (MA). The cells were grown in a medium containin~ 10 -5 M, 
10 -4 M or 10 -3 M concentrations of [1,3J4C]MA. There was a limited, concentration-dependent 
uptake of MA by 24 hr (*4% at all concentrations). The uptake of [ 1,2J4C] acetate by 24 hr was 
'x,24%; 83-89% of the '4C in the MA taken up was oxidized to ~*CO 2 by 24 hr and 'x,5% was recovered 
in the major lipids. Despite its low uptake and rapid oxidation to CO2, pretreatment of the cells with 
10 -5 M M A for 24 hr produced a latent inhibition of [~4C] glucose oxidation. Limited cellular uptake 
of MA may explain the tolerance of ceils grown in culture to relatively high MA concentrations. 
Lipids 17:51%523, 1982. 

INTRODUCTION 

Malonaldehyde (MA) is a well known 
product of  lipid peroxidation which occurs in 
increased concentrations in animal tissues as 
a result of vitamin E deficiency, radiation 
damage, exposure to chlorinated hydrocarbons 
and oxygen toxicity. It has been reported to 
be a normal side-product of prostaglandin 
synthesis, and it is ingested in variable quanti- 
ties in a number of  food products, mainly of 
animal origin. 

Malonaldehyde is mutagenic in bacterial 
systems (1-4) and in a mammalian cell culture 
system (5). It is also a carcinogenic initiator 
when applied to the skin of  mice in large 
amounts (12 mg/day) (6). MA has been ob- 
served to inhibit DNA, RNA and protein syn- 
thesis in primary cultures of rat skin fibroblasts 
(7) and to induce DNA repair synthesis at con- 
centrations as low as 10 -6 M (Bird and Draper, 
unpublished results). The cytotoxici ty of  MA 
has stimulated interest in its metabolism. MA 
has been shown to stimulate oxygen uptake by 
rat liver mitochondria (8) and to be actively 
metabolized to acetate and CO2 in these 
organelles (9). This study was designed to in- 
vestigate the uptake and oxidation of MA by 
rat skin fibroblasts and its effect on the capa- 
city of the cells to oxidize glucose. 

MATERIALS AND METHODS 

Materials 

Cell culture medium HB 597 was purchased 
from Connaught Laboratories (Willowdale, 
Ont.). Fetal bovine serum, phosphate-buffered 
saline (PBS, pH 7.2) and trypsin solution 
(0.25% in Hanks' balanced salt solution) were 
obtained from GIBCO (Grand Island, NY). 

D-[U-14C]Glucose (>230 mCi/mmol),  NCS 
(a solution of quaternary ammonium base in 
toluene), OCS (Organic Counting Scintillant) 
and PCS (Phase Combining Scint iUant)were 
purchased from Amersham Corporation 
(Arlington Heights, IL). Aquasol and [l,2-14C]- 
acetic acid sodium salt (52 mCi/mmol) were 
purchased from New England Nuclear Canada 

I Lachine, Que.). l , l ,3 ,3-Tetramethoxy [1,3- 
4C]propane (15 mCi/mmol) was obtained 

from Amersham Corporation. The radiochem- 
ical purity of  the compound was >95% and no 
chemical impurity was detectable. 

Preparation of a Primary Culture 
of Rat Skin Fibroblasts 

Primary cultures of skin fibroblasts were 
prepared from newborn rat pups by a conven- 
tional method consisting of  trypsinization, 
collection of  the cells by centrifugation and sus- 
pension in the medium (7). The cells were 
seeded into Leighton tubes and grown as a 
monolayer (7). The number of ceils used to 
start the cultures was •1 x 10S/tube. 

Preparation of [ ~4C] MA 

[ 1,3-14C] Tetramethoxypropane (0.I ml) in 
benzene and methanol (1:1, v/v) was evapo- 
rated to dryness and the residue was shaken 
with 0.1 ml of 1 N HC1 for 30 min at room 
temperature. The hydrolyzate then was made 
up to 1.0 ml with distilled water (9). 

Preparation of the Sodium Salt of MA (Na-MA) 

Na-MA was synthesized by the method of  
Protopopova and Skoldinov (10). The purity 
of  the salt was >98% by sodium analysis and 
by colorimetric determination using the thio- 
barbituric acid (TBA) reaction (11). Chroma- 
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tography on an LH-20 column as described by 
Marnett and Tuttle (3) revealed no detectable 
impurity.  Reaction with TBA yielded a single 
peak for the TBA-MA complex by a high pres- 
sure liquid chromatography procedure (Bird et 
al., unpublished results). The recovery of 
Na-MA as TBA-MA complex was quantitative 
by this procedure. The nuclear magnetic reso- 
nance (NMR) spectrum of Na-MA revealed 
proton shifts consistent with those of hydrated 
malonaldehyde. 

Treatment of Cell Cultures 

Four-day-old cultures were divided into two 
groups. One was used to measure the uptake of 
[14C] MA and its incorporation into the chloro- 
form/methanol (2: 1, v/v) soluble fraction and 
the other was used to measure the oxidation of 
[laC] MA to 14CO2. Those culture tubes which 
were used to measure X4CO 2 released were 
fitted with serum stoppers and a center well. 
For the uptake and oxidation study, MA was 
used at three levels (10 -s M, 10 -4 M or 10 -3 M) 
and observations were made at 6, 12 and 24 hr. 
Reference cultures were exposed to 10 -3 M 
[ 1,2-X4C] acetate. There were five replicate cul- 
tures for each treatment for each time period, 
except that for the 10-4 M and 10 -a M MA- 
treated groups, five additional cultures were 
used for each time period to provide enough 
14C-labeted cellular lipids for thin-layer chroma- 
tography (TLC). Each tube contained 0.5 /sCi 
of [ laC] MA or 1.0 gCi of [ 14C] acetate in 1 ml 
of medium. 

Measurement of |4C Uptake 

During incubation at 37 C, each culture 
vessel was unstoppered for 1-2 min every 3-6 hr 
to release accumulated 14CO 2. The uptake of 
14C-substrate (MA or acetate) was measured by 
counting the radioactivity in the medium at the 
beginning and after 6, 12 and 24 hr of incuba- 
tion. Before sampling, the medium was de- 
canted and exposed to air at 4 C for 2 hr to 
allow dissolved CO: to escape. The cells were 
washed twice with 10 ml of PBS. 

Measurement of z4C-Substrate Oxidation 

14CO2 evolved was trapped in CO2-absorbing 
fluid placed in center wells attached to the 
tubes using serum stoppers. After incubation, 
the tubes were placed vertically in crushed ice 
to stop the reaction and 0.25 ml of concen- 
trated perchloric acid was injected into the 
medium through the stopper to release any 
dissolved 1aCO2. Then 0.50 ml of NCS was in- 
jected into the center well and the tubes were 
shaken at low speed for 12 hr. The center wells 

were removed from the stoppers and placed 
directly into scintillation vials. Twenty ml of 
OCS was added to each vial and radioactivity 
was determined as described previously. 

Oxidation of [U-14C] Glucose 

Four-day-old cultures were treated with MA 
or acetaldehyde (AA) at one of two concentra- 
tions (10 -4 M or 10 -a M) for 24 hr. After re- 
moving the incubation medium, the cells were 
washed twice with 5 ml of PBS at 37 C. One ml 
of fresh medium containing 10.17 x l0  s dpm 
[14C]glucose per ml was added to each tube 
and the up take  and oxidation of [X4C]glucose 
were determined after 12 hr as described for 
[ 14C] MA or [ 14C] acetate, using four replicate 
cultures. 

Extraction of Lipid 

The cells were scraped f romthe  glass surface 
using a wire probe and suspended in 2 ml of 
distilled water. One ml of cell suspension was 
transferred to a tube containing 10 ml of chlor- 
oform/methanol (2: 1, v/v), shaken at maximal 
speed on a Vortex mixer for 2 min and allowed 
to stand overnight at 4 C. The chloroform 
phase was removed with a pipet and the solvent 
was evaporated under nitrogen at low heat (37- 
40 C). The cellular lipid was kept at -20 C 
under nitrogen. The radioactivity in the chloro- 
form/methanol extract of the remaining 1 ml of 
cell suspension was determined after addition 
of 15 ml of PCS. 

TLC of Cellular Lipids 

The cellular lipid from 5 replicate cultures 
was dissolved in 50 /.tl of chloroform with 0.5 
mg of rat liver lipid as carrier and applied to 0.5 
mm layers of Silica Gel G using a 50-/~1 Hamil- 
ton syringe. The plates were developed in a 
glass chamber lined with filter paper in a sol- 
vent system consisting of heptane/isopropyl 
ether/acetic acid (60:40:3, v/v) (12). The devel- 
oped plates were dried under nitrogen, sprayed 

J �9 . . , , 

with 2,7-dlchlorofluorescem (0.2% m 95% 
ethanol), and visualized under ultraviolet light. 
Bands representing the various lipid classes were 
scraped into scintillation vials, 15 ml of Aqua- 
sol was added and the radioactivity was deter- 
mined by scintillation counting. 

Statistical Analysis 

The data were analyzed by analysis of vari- 
ance as outlined by Steel and Torrie (13). 
Duncan's multiple range test was used to test 
for the significance (p<.05) of differences be- 
tween treatment means. 
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T A B L E  1 

U p t a k e  and O x i d a t i o n  o f  [ 1 , 3 - t 4 C I M a l o n a l d e h y d e  ( M A ) b y  Cu l tu r ed  Rat Skin  F ib rob las t s  
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I n c u b a t i o n  U p t a k e  % 
T r e a t m e n t  t i m e  (hr)  ( n m o l )  u p t a k e  

O x i d a t i o n  to 14C02 

n m o l  % o f  u p t a k e  

6 0 .32  • 0.01 3.2 0 .22 ~ 0 .09 68 .2  • 3.1 
10 -s M MA 12 0 .36  + 0 .02 3.6 0 .25  • 0 .02  69 .8  • 0.5 

24 0 .44  +- 0 .04  4 .4  0 .39  + 0 .05 88.9 • 1.1 

6 3.60-+ 0 .12 3.6 2.2 • 0 .8  62.5  • 2.9 
10 -4 M MA 12 3 .70  • 0 .54  3.7 2.3 • 0.3 61.9-+ 1.3 

24 4 . 3 0  +- 0 .92 4 .3  3.9 • 1.1 89.8  +- 1.2 

6 38.0  • 3.0 3.8 23 .0  +- 2.4 61 .5  -+ 1.2 
10 -a M MA 12 37 .0  • 6.0 3.7 24 .0  • 1.0 62 .7  +- 2.7 

24 4 2 . 0  +- 1.9 4 .2  36 .0  +- 1.3 83.1 • 3.0 

6 77 .0  -+ 3.7 7.7 66 .0  • 2.0 85.1 +- 2.9 
10 -a M Ace ta t e  12 88.0  • 3.6 8.3 69 .0  -+4.0 81.6  +- 2.5 

24 245 .0  • 23 .8  24 .5  147 .0  • 2.8 60 .4  + 3.0 

Each value is the  m e a n  o f  5 o b s e r v a t i o n s  • SEM. 

T A B L E  2 

I n c o r p o r a t i o n  o f  [14C] in to  the  Lipid  F rac t ion  o f  Cells 
E xposed  to [14C] M a l o n a l d e h y d e  or 114C]Ace ta t e  

T i m e  U p t a k e  
T r e a t m e n t  (hr )  ( n m o l )  

I n c o r p o r a t i o n  in to  l ipids 

n m o l  % o f  U p t a k e  

6 3.6 _4 0 .12 0 .08  • 0 .10  2.2 
10 -4 M M A  12 3.7 _4 0 .54 0 .15  • 0 .10  4 .0  

24 4 .3  ~- 0 .92 0 .25 • 0 .10  5.8 

6 38 _4 3.0 0 .85 -+ .33 2.2 
10 -3 M M A  12 37 _4 6.0 1.34 • .23 3.6 

24 42 + 1.9 2.24-+ .13 5.3 

6 77 • 3.7 4 .34  • .30 5.6 
10 -3 M A c e r a t e  12 88 -4 3.6 8.21 • .34 9.3 

24 245 • 23.8  27 .42  • .50 11.2 

Each va lue  is the  m e a n  o f  5 o b s e r v a t i o n s  +- SEM. 

R ESU LTS 

As shown in Table 1, a linear, concentration- 
dependent uptake of MA by cells was observed. 
However, the total uptake of MA was limited 
(%4% at all concentrations). By comparison, 
the uptake of 10 -3 M acetate after 12 hr was 
24.5%. 

Of the [14C] MA taken up, 83-89% was oxi- 
dized to t4CO2 by 24 hr. The amount of 14CO2 
recovered increased with time but the increase 
was not linear (Table 1). The amount of acetate 
taken up at 10 -3 M markedly exceeded the up- 
take of 10 -3 M MA but the fraction converted 
to CO2 was lower. Radioactivity in the chloro- 
form/methanol extractable fraction increased 
with time and by 24 hr represented ca. 5 and 

10% of the [14C]MA and [14C]acetate taken 
up, respectively (Table 2). In the MA-treated 
groups, there was no obvious effect of the con- 
centration of the test compound or duration 
of exposure on the distribution of radioactivity 
among different lipid classes (Table 3). How- 
ever, [14C]MA differed from [lnC]acetate in 
that there were relatively fewer counts in the 
diacylglycerol (DC) and cholesterol (C) and free 
fatty acid (FFA) fractions, and more counts in 
the triacylglycerol (TG) and cholesterol esters 
(CE) fractions. 

The uptake of [14C]glucose was unaffected 
by 24-hr pretreatment with 10 -4 M or 10 -3 M 
MA or AA (Table 4). However, those ceils which 
were pretreated with 10 -3 M MA oxidized signifi- 
cantly (p<0.05)less glucose to CO~. 
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TABLE 3 

Percentage Distribution of [ 14C] among Different Lipid Classes of  Cells 
Exposed to [ 14C] Maionaldehyde or [ ~4C1 Acetate 

Incubat ion 
Treatment  t ime (hr) PL DG + C FFA TG CE 

10 -4 M MA 60.4 • 1.5 13.6 + 0.7 8.9 -+ 0.3 10.9 + 1 . 0  6 . 9  • 0.2 
10 -a M MA 6 61.0 -+ 1.0 12.4 • 0.7 9.1 -+ 0.3 9.6 + 0.1 7.4 • 0.3 
10 -3 M Acetate 60 .7+-0 .5  16.1 •  11.2-+0.3 7 . 8 •  3 . 8 + 0 . 6  

10 -4 M MA 58.2 • 0.9 13.6 • 0.7 11.4-+ 0.6 9.1 • 0.5 7.3 + 0.4 
10-3 M M A  12 5 9 . 3 •  11.9-+0.2 1 2 . 4 2 0 . 2  9 . 1 2 0 . 5  7 . 5 + 0 . 5  
10 -a M Acetate 57.7 -+ 0.3 14.8 • 0.9 15.1 • 0.29 8.0 • 0.4 4.3 • 0.1 

10 -4 M MA 57.2 • 1.6 14.9 • 0.6 7.1 + 0.7 10.7 +- 0.3 8.5 + 0.2 
10 -a M MA 24 61.0 • 1.6 13.0 • 0.8 9.8 • 0.5 9.2 • 0.5 6.8 • 0 . 3  
1 0  - s  M A c e t a t e  5 9 . 0  • 1 .1  1 5 . 7  • 0 . 2  1 2 . 7  • 0 . 3  8 . 2  • 0 . 5  4 . 2  • 0 . 6  

Each value is the mean+SEM of five observations. PL = phospholipids,  DG = diacylglycerol, C = 
cholesterol, FFA = free fat ty acids, TG = triacylglycerol, CE = cholesterol esters. 

TABLE 4 

Effect of  Pretreatment  with Malonaldehyde on the [ J4C] Glucose Oxidizing Capacity 
of  Rat Skin Fibroblasts 

Uptake of  glucose Oxidation of  glucose 
Pretreatment  (nmol)  (nmol)  

10 -4 M MA 529 • 7.9 40.6 +- 2.6 
10 -a M MA 533 + 6.4 24.6 + 1.5 a 
1 0  -4 M AA 532 • 7.1 41.1 • 2.1 
10 -a M AA 528 • 11.2 47.3 • 3.0 
Control 526 • 12.5 39.2 • 2.0 

Each tube contained 5.5 #mol  of  glucose. Each value is the mean~-SEMof 4 observations. 
aSignificantly different from the control value (p<0.05) .  

DISCUSSION 

T h e  r e a s o n s  fo r  t h e  l i m i t e d  ce l lu l a r  u p t a k e  
o f  [ 14C] M A  re la t ive  t o  [ t4C] a c e t a t e  w e r e  n o t  
i n v e s t i g a t e d .  H o w e v e r ,  f o l l o w i n g  t h e  i n c u b a t i o n  
o f  [ 1 4 C ] M A  in a c u l t u r e  m e d i u m  c o n t a i n i n g  
10% s e r u m ,  a p o r t i o n  o f  t h e  r a d i o a c t i v i t y  w a s  
r e c o v e r e d  in  t h e  T C A - p r e c i p i t a b l e  f r a c t i o n .  I t  is 
p r o b a b l e  t h a t  T C A  p r e c i p i t a t i o n  r e l ea sed  s o m e  
[14C] M A  f r o m  t h e  p r o t e i n  f r a c t i o n .  T C A  e x -  
t r a c t i o n  o f  f o o d s  o f  a n i m a l  o r ig in  y i e l d s  h i g h e r  
v a l u e s  fo r  M A  t h a n  e x t r a c t i o n  w i t h  n e u t r a l  
s o l u t i o n s .  M A  h a s  b e e n  s h o w n  to  b i n d  w i t h  
a l b u m i n  ( 1 4 )  a n d  a m i n o  ac i d s  ( 15 ) .  It  is t h e r e -  
fo re  p r o b a b l e  t h a t  t h e  l i m i t e d  u p t a k e  o f  M A  
o b s e r v e d  in t h i s  s t u d y  was  d u e  in p a r t  t o  i t s  
i n t e r a c t i o n  w i t h  p r o t e i n s  a n d  o t h e r  c o n s t i t u -  
e n t s  o f  t h e  m e d i u m .  

T h e  cel ls  t o o k  24 h r  t o  o x i d i z e  ' ~ 9 0 %  o f  t h e  
[14C] M A  t a k e n  up .  T h e  l o n g e r  t i m e  r e q u i r e d  

t o  r e c o v e r  14CO2 de r ived  f r o m  [ 14C] M A  t h a n  
f r o m  [ t 4 C ] a c e t a t e  c o u l d  be  d u e  to  t h e  t i m e  
r e q u i r e d  fo r  m e t a b o l i c  c o n v e r s i o n  o f  t h e  f o r m e r  
to  t h e  l a t t e r .  T h e  p l a t e a u  in  M A  o r  a c e t a t e  
o x i d a t i o n  b e t w e e n  6 a n d  12 h r  o f  i n c u b a t i o n  
m a y  r e f l ec t  a m e t a b o l i c a l l y  i n a c t i v e  s t age  o f  
t h e  cell  cyc l e  d u r i n g  w h i c h  t h e r e  is d e p r e s s e d  
a c t i v i t y  o f  m i t o c h o n d r i a I  e n z y m e s  o f  t h e  T C A  
cyc le .  F l u c t u a t i o n s  in t h e  a c t i v i t y  o f  seve ra l  
m i t o c l ~ o n d r i a l  e n z y m e s  a t  d i f f e r e n t  s t age s  o f  
t h e  cell d iv i s ion  c y c l e  h a v e  b e e n  r e p o r t e d  ( 1 6 ,  
17)  w i t h  m a x i m a l  ac t iv i t i e s  o b s e r v e d  d u r i n g  
t h e  s y n t h e t i c  p h a s e .  

I n c r e a s e d  i n c o r p o r a t i o n  o f  r a d i o a c t i v i t y  i n t o  
c h o l e s t e r o l  e s t e r s  a n d  t h e  T G  f r a c t i o n  o f  14C- 
t r e a t e d  cells  was  o b s e r v e d  a t  b o t h  M A  c o n c e n -  
t r a t i o n s .  A f u r t h e r  e x p e r i m e n t  d e m o n s t r a t e d  
t h a t  t h e  i n c o r p o r a t i o n  o f  [ 1 4 C ] a c e t a t e  i n t o  
d i f f e r e n t  l ip id  c l a s ses  was  u n a f f e c t e d  b y  e x p o -  
su r e  to  10 -3 M M A  ( d a t a  n o t  s h o w n ) .  H e n c e ,  
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the  d i f fe rence  in i n c o r p o r a t i o n  o f  14C f rom MA 
and aceta te  is n o t  a t t r i b u t a b l e  to  MA tox ic i ty .  
The  d i f fe rence  in rates of  label ing of  the  ace ta te  
pool  f r o m  [ t4Cl MA and [ 14C] ace ta te  or  in the  
pos i t ion  of  the  labeled  ca rbon  en te r ing  the  pool  
may  have resul ted  in the  shif t  in the  i nco rpo -  
r a t ion  of  [14C]ace ta te  in to  d i f fe ren t  l ipid 
f ract ions .  

The  reduced  capac i ty  o f  the  cells p r e t r e a t e d  
wi th  10 -3 M MA for  24 h r  to  oxidize  glucose 
indica tes  a damaging  e f fec t  of  MA on  energy  
y ie ld ing  reac t ions .  Since MA is k n o w n  to in- 
ac t iva te  e n z y m e s  in v i t ro  (18) ,  b i n d  w i th  
p ro t e in s  (14)  and  a m i n o  acids (15)  and  i n t e r ac t  
w i th  m i t o c h o n d r i a ,  one  or  more  of  these  reac- 
t ions  could  be  involved in decreas ing the  me ta -  
bol ic  capaci ty  of  the  cells. Ace t a ldehyde ,  an 
i n h i b i t o r  of  DNA,  R N A  and p ro te in  synthes i s  
(7) ,  did no t  appear  to  affect  the  glucose- 
ox id iz ing  capac i ty  o f  the  cells at  any  concen-  
t r a t i o n  used.  

This  s t udy  d e m o n s t r a t e s  t ha t  MA is ab- 
so rbed  and  rapid ly  ox id ized  to  CO2 by mam-  
mal ian  ceils in cu l tu re ;  however ,  the  cel lular  
u p t a k e  of  MA is marked ly  lower  t han  t ha t  of  
ace ta te .  This  may  expla in  why  MA is to l e ra ted  
by  m a m m a l i a n  cells at relat ively h igh  concen-  
t r a t i ons  (7).  Despi te  the  fact  t ha t  MA w~s 
inef f ic ien t ly  absorbed  by  f ibroblas t s  and t h a t  
83-89% of the  MA t a k e n  up  was recovered  as 
CO:  by  24 hr ,  it is a p p a r e n t  t h a t  suf f ic ien t  MA 
can accumula te  in the  ceils to  exer t  tox ic  
ef fec ts  such as i n h i b i t i o n  o f  glucose o x i d a t i o n  
and  of  DNA, R N A  and  p ro t e in  synthes i s  (7) .  
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Selective Deposition of trans-8-and cis-9-Octadecenoates 
in Egg and Tissue Lipids of the Laying Hen 
A.C.-LANSER, Northern Regional Research Center, Agricultural Research Service, U.S. 
Department o f  Agriculture, Peoria, IL 61604 

ABSTRACT 

The deposition of trans-8-octadecenoate-8(9)-3H (8t-I 8:1 -a H) was compared to cis-9-octadeceno- 
ate-10J4C (9c-18:1J4C) in the major egg yolk neutral lipids and phospholipids and in organ lipids 
from the laying hen. trans-8-Octadecenoate was preferentially incorporated into only the phosphati- 
dylethanolamines (PE), whereas discrimination against 8t-18:l-3H occurred in the phosphatidyl- 
eholines (PC), triglycerides (TG) and cholesteryl esters (CE). The 1-acyl position of both PE and PC 
contained three times more 8t-18:1-311 than 9c-18:1-14C. Almost total exclusion of the 8t-18:l-3H 
from the 2-acyl position of these phospholipids was found. Preferential incorporation of 9c-18:1-t4C 
occurred at the combined 1- and 3-acyl positions and at the 2-acyl position of yolk TG. Tissue lipid 
analyses indicated that there was preferential deposition of 9c-18:1-14C into all organs. Individual liver 
lipid classes displayed the same relative order of discrimination against 8t-18:1-3H as did egg yolk 
lipids (CE>TG>PC>PE). 
Lipids 17:524-528, 1982. 

INTRODUCTION 

Partial hydrogenation of vegetable oils causes 
positional and geometrical isomerization of the 
normal cis-unsaturated fatty acids. Analyses of 
hydrogenated oils show that the largest percen- 
tage of isomerized fatty acids is in the octadece- 
noic acid component. Double bond positions 
range from A5 to A15 in fatty acids with the 
cis configuration, and from A4 to AI6 in the 
trans fraction ( I ). trans Fatty acids can comprise 
more than one-third of the total acids in hydro- 
genated products (2). 

Our knowledge of the metabolic fate of these 
isomerized fatty acids is limited and comes 
mostly from feeding studies of hydrogenated 
fats that contain the whole spectrum of isomers 
in which isomer enrichment is examined. At this 
laboratory, the metabolism of individual fatty 
acid isomers has been studied using a dual-iso- 
tope-labeling technique in which the 31i-labeled 
object isomer is fed together with a 14C-labeled 
"internal standard" fatty acid to laying hens. 
The egg from the laying hen serves as a biologi- 
cal trap. Lipid deposited into the egg yolk pro- 
vides an automatic daily biopsy of ingested fats. 
The metabolism of cis octadecenoates (A8 to 
A12) and of trans-9- and trans-12-octadeceno- 
ates has been compared to that of cis-9-octadec- 
enoate in the laying hen using this technique (3- 
5). 

The trans-8-octadecenoate (8t-18:1) content 
in some soybean salad oils and margarines ranges 
from zero to 4.0% (wt) of the total fatty acids 
(6,7). Since this corresponds to up to 22% of 
the trans-octadecenoates in these products, 8t- 
18:1 is one of the major isomeric fatty acids. 
Isomer enrichment studies with rats fed partial- 

ly hydrogenated vegetable oils (8-11) indicate 
that the 8t-18:1 content in tissue lipids varies 
with the tissue, lipid class and lipid acyl position 
examined. 

This study uses the dual labeling technique 
to determine differences in the metabolism of 
trans-8- and cis-9-octadecenoates in the laying 
hen by examining their deposition into the ma- 
jor egg yolk lipids. Lipids from various organs 
were also examined for radioisotope content 6 
hr after administration of labeled esters. 

MATERIALS AND METHODS 

Radioactive Esters 
14 Methyl oleate-10- C was synthesized via a 

Wittig coupling of nonyl-l-14C-triphenylphos - 
phonium iodide and methyl 8-formyloctanoate 
following the general procedure of Adlof and 
Emken (12). Nonanoic- lJaC acid was prepared 
by lace2 addition to octyl bromide. The acid 
was converted to the alcohol and then to the io- 
dide before preparing the triphenylphosphonium 
salt. cis-9-Octadecenoate-lOJ4C (1.02 g, 25 mol 
%; 5.71 mCi) was purified by silver resin chroma- 
tography (13) (Rohm and tfaas, XNI010 sul- 
fonic acid resin; 80-100 wet mesh, saturated 
with AgNO3 ; 2 c m x  93 cm; elution with meth- 
anol). 

Previously prepared cis-8-octade cenoate-8 (9)- 
3H (3) was isomerized to the trans-8-isomer 
with p-toluene sulfinic acid catalysis (14). The 
resulting mixture of A8-octadecenoate isomers 
was separated by silver resin column chroma- 
tography as just described. 

Purity of both the cis-9-octadecenoate-lO- 
14C (9c-18:1-i4C) and trans-8-octadecenoate- 
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8(9)-3H (8t -18: l -3H) was 98% b y g a s  chroma- 
tography (GC; Aerograph gas chromatograph; 8 
ft • �88 in. aluminum column packed with 15% 
EGSS-X on 100/120 mesh Gas Chrom P; 190 C; 
helium flow was 58 ml/min). The double bond 
posit ion was confirmed by ozonolysis (15). Ra- 
diochromatogram scans (Packard 7 2 0 1 ) o f  the 
cis- and trans-octadecenoates after argentation- 
TLC using a modified solvent system of Von de 
Vries and Jurriens (16) (benzene/petroleum 
ether/acetic acid, 8:2:0.01) showed radiochemi- 
cal purities to be 99%. Gas liquid chromatogra- 
phy followed by liquid scintillation counting of 
the serially collected GC column effluent (17) 
confirmed these purities. 

Experimental Design 

Mixtures of fatty acid methyl esters contain- 
ing 202 pCi 8t-18: l -3H (S.A. 10.4 mCi/mmol) 
and 212 pCi 9c-18:1-14C (S.A. 1.7 mCi/mmol) 
(3H/14C = 0.95) were prepared and placed in 
gelatin capsules for administration as a single 
dose to each of three laying hens. The dual iso- 
tope experimental design (3,18) used in this 
study allows the metabolism of the labeled 
fatty acids to be compared without confusion 
with endogenous or other exogenous fatty acids 
(18) by noting differences in 311/14C ratios 
from that fed. 

Hens (DeKalb XL; 31-wk-old) were fed ad li- 
bitum a standard laying ration (Purina CF 6501, 
Ralston Purina, St. Louis, MO), which contained 
2.6% hexane extractable fat. Fa t ty  acid compo- 
sition of the feed was 14:0, 0.6%; 16:0, 17.2%; 
16:1, 0.8%; 18:0, 5.7%; 18:1, 27.9%; 18:2, 
44:5%; 18:3, 2.9%. No detectable trans acids 
(<0.1%) were found. 

Methods used for administration of radioac- 
tive methyl esters, for collection of eggs after 
feeding and for lipid extract ion have been des- 
cribed previously (19). Maximal incorporation 
of radioactive labels into yolk lipids occurred in 
the fourth and fifth eggs laid after administra- 
t ion of the isomers. Lipid analyses were per- 
formed on individual egg yolks collected from 
each hen on those days. Yolks from the third 
eggs from each hen were combined into one 
sample, as were those from the sixth eggs. Neu- 
tral lipid components  (cholesteryl esters and tri- 
glycerides) were isolated by preparative thin 
layer chromatography (prep-TLC) using ben- 
zene/petroleum ether/ethyl  ether/acetic acid 
(8:2:1:0.25);  major phospholipids (phospha- 
t idylethanolamines and phosphatidylcholines) 
were isolated with chloroform/methanol /petro-  
leum ether/water (8:8:6:  1) (20). 

Another  mixture of 8t-18: l -3H (423 /~Ci) 
and 9c-18:1J4C (489/JCi) (3H/14C = 0.87) was 

prepared and administered in a gelatin capsule 
to one hen. The hen was killed by decapitation 
after 6 hr. Organs were quickly removed and 
frozen in ethanol/dry ice, then stored in ethanol 
at -30 C overnight. Organs/tissue taken for 
examination included blood, crop, gizzard, in- 
testine, liver, heart and adipose tissue. Organ 
contents were analyzed with the organ. Tissue 
samples were homogenized with a Polytron 
(Brinkmann Instruments, Westbury, NY) and 
lipids were extracted using the method of Hara 
and Radin (21). 

Enzymatic hydrolysis of egg yolk triglycer- 
ides was accomplished with pancreatic lipase 
(Calbiochem, San Diego, CA) (22) to yield free 
fatty acids from the 1- and 3-positions and a 2- 
monoglyceride. Hydrolysis products were separ- 
ated by prep-TLC using ethyl ether/petroleum 
ether/acetic acid (1:1:0.02).  Phospholipase A2 
(0. hannah, Ross Allen Reptile Inst., Inc., Sil- 
ver Springs, FL) was used for fatty acid posi- 
tional analysis of phospholipids (23). Products 
were isolated by prep-TLC using the phospho- 
lipid solvent system just described. Hydrolysis 
products were converted to methyl  esters with 
ttCl-methanol prior to liquid scintillation 
counting. 

Radiochemical assays were performed using 
a Beckman three-channel LS-250 liquid scin- 
tillation counter with previously described para- 
meters (19). Output  from the counter was inter- 
faced to a Mod-Comp computer  (Modular Com- 
puter System, Inc., Ft. Lauderdale, FL) pro- 
grammed to calculate disintegrations per min- 
ute (dpm) and 3Hfl4C ratios. All dpm were 
corrected by external standard ratios and pre- 
viously established quench correction curves. 
Specific activities were determined by counting 
aliquots of weighed fractions after converting 
fatty acids to methyl esters. Selectivity values 
were calculated as the logarithm of the quo- 
tient of the 3 tt/14 C ratio found in the yolk lipids 
divided by the 3H/14C ratio in the fed mixture. 

RESULTS AND DISCUSSION 

Egg Yolk Lipids 

Selectivity values (Table 1) were negative in 
the phosphatidylcholines (PC), triglycerides 
(TG) and cholesteryl esters (CE), indicating 
that more 9c-18:1-14C than 8t -18: l -3H was in- 
corporated into these major yolk lipid compon- 
ents. When compared to 9c-18:1-14C, the 8t- 
18:1-3H was preferentially incorporated into 
only the phosphatidylethanolamines (PE). 

Cholesteryl esters. The CE fraction displayed 
a large negative selectivity, indicating a strong 
preference for the 9c-18: 1J4C over the 8t-18 : 1- 
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TABLE 1 

Radiochemical Analysis of Egg Yolk Lipids after Feeding 
8t-18:l-aH and 9c-18:1-t4C (3H]14C = 0.95) 

Lipid 
component a 

Specific 
Lipid acyl activit~r b 3H/I'IC in 
positions s H ~4C yolk iipids Selectivity 

CE 
TG 

PE 

PC 

342 1406 0.24 -+ 0.02(7) c -0.60 
5206 8474 0.67 + 0.01(7) -0.15 

TG 1+3 6223 8452 0.75 +- 0.02(7) -0.10 
TG 2 2211 7710 0.29 -+ 0.01(7) -0.51 

3941 2807 1.23 _+ 0.04(8) 0.11 
PE 1 8628 2601 2.94 -+ 0.09(7) 0.49 
PE 2 312 4503 0.03 +- 0.01(7) -1.50 

4342 5659 0.73 -+ 0.04(8) -0.11 
PC 1 8201 2806 3.08 +- 0.18(6) 0.51 
PC 2 401 9348 0.03 +- 0.01(6) -1.50 

aAbbreviations: CE = cholesteryl esters; TG = triglycerides, PE = phosphatidylethanola- 
mines; PC = phosphatidylcholines. 

b3H or ~4C dpm/mg methyl oleate. 
CAverage -+ standard error determined on egg yolk samples from three hens. The number 

of samples analyzed is given in parentheses and includes at least one egg yolk from each hen 
collected during peak incorporation of radioactivity. 

a H i somer  for  es te r i f i ca t ion  to choles terol .  This  
resul t  is no t  u n e x p e c t e d  since cis acids have been  
shown  to selectively es ter i fy  choles te ro l  over 
trans acids. Acyl  CoA:cho les te ro l -O-acy l t rans -  
ferase f rom rat  fiver mic rosomes  es ter i f ied 9c- 
18:1 to cho les te ro l  a lmos t  th ree  t imes  fas ter  
t h a n  9 t -18:1  (24) .  When  Sgoutas  et  al. ( 2 5 ) i n -  
cuba t ed  9 t - 1 8 : l - 3 H  and  9c-18:1-14C wi th  rat  
l iver microsomes ,  the  3H/x4C ra t io  of  3 .92 in 
the  i n c u b a t e d  m i x t u r e  d r o p p e d  to 1.22 in the  
recovered  CE. H u m a n  p lasma CE gave large neg- 
at ive selectivit ies for  9t-  and 12t-18:1 when  
c o m p a r e d  to 9r (26 ,27) .  

Es te r i f i ca t ion  of  choles te ro l  by  l e c i t h in : cho -  
les terol  acyt t ransferase  would  also c o n t r i b u t e  
to  the  large negat ive se lect iv i ty  of  CE, since the  
2-acyl pos i t ion  of  PC con t a in s  pract ical ly  n o  8t- 
18: 1-3 H as s h o w n  later.  

Triglycerides. TG were  the  on ly  lipid class to  
show negat ive  selectivit ies in the  to ta l  f r ac t ion  
and  at each  of  the  acyl pos i t ions  ana lyzed  (TG 
1+3 and  TG 2), wh ich  indica tes  i n c o r p o r a t i o n  
o f  more  9 c - 1 8 : 1 ) 4 C  t h a n  8 t - 1 8 : l - 3 H  at each  
pos i t ion  (Table  1). Bickers taf fe  and  A nn i s on  
(28)  have s h o w n  tha t  9c-18:1  is i n c o r p o r a t e d  
in to  t r iglycer ides  to  a grea ter  e x t e n t  than  9t- or 
l l t - 1 8 : l  in per fused  ch icken  liver. H u m a n  
plasma t r iglycer ides  d isp layed  th is  same selec- 
t ivi ty  for  9e-18:1 over  12t-18:1 (27) .  Inco rpor -  
a t ion  of  more  9e-18:  1-14C t h a n  8 t - 1 8 : l - 3 H  in to  
yolk  TG may  resul t  f rom a real e n z y m a t i c  selec- 
t iv i ty  for  9e-18:1 dur ing  TG syn thes i s  or  f rom a 

r educed  c o n c e n t r a t i o n  of  8 t - 1 8 : l - 3 H  in f a t ty  
acid pools  because of  the  select ivi ty  s h o w n  for  
this  i somer  for  depos i t ion  i n to  yolk  p h o s p h o -  
lipids. 

I n c o r p o r a t i o n  of  cis f a t ty  acids at the  2-posi- 
t i on  of  yolk t r ig lycer ides  is more  selective t han  
at  the  c o m b i n e d  1- and  3-posi t ions.  These  da ta  
agree wi th  prev ious  acyl pos i t iona l  analyses of 
t r iglycerides  which  show tha t  trans oc t adeceno -  
a les  are preferen t ia l ly  es ter i f ied  at  the  l -  and  3- 
pos i t ions  and  d i sc r imina ted  against  at  the  2-po- 
s i t ion  (28-30) .  

Phospholipids. The PE f r ac t ion  had a posi- 
tive select ivi ty for  the  8 t - 1 8 : l - a H  isomer  in to-  
tal  PE and  a more  posi t ive  select ivi ty at the  l-  
acyl  pos i t ion .  Almos t  to ta l  exc lus ion  of  the  
trans i somer  at the  2-pos i t ion  was indica ted .  PC 
displayed the  same exc lus ion  of  8 t - 1 8 : l - 3 H  at 
the  2-posi t ion and  the  same select ivi ty for  8t-  
18:1-3H at  the  1-posi t ion as did PE, bu t  had  an 
overall  negat ive  select ivi ty  value. These  data  are 
cons i s t en t  wi th  phosphof ip id  data  for  9t-  and 
1 I t -18 :1  in per fused  ch icken  liver (28).  

Specific act ivi t ies  ( d p m / m g  m e t h y l  o leate)  
are near ly  ident ica l  for  PE-I and  PC-I .  One  pos- 
sible exp l ana t i on  for  this is t ha t  these fa t ty  
acids may  come  f rom the  same poo l  or  c o m p a r t -  
m e n t  dur ing  lipid synthes i s  (31).  The  specific 
act ivi ty  at  PC-2 is twice  t h a t  at  PE-2. Exami-  
n a t i o n  of  specific activi t ies as 3H d p m / m g  and  
14C d p m / m g  at each acyl pos i t ion  (Table  1 ) r e -  
veals on ly  small  d i f fe rences  in i n c o r p o r a t i o n  of  
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TABLE 2 

Radiochemical Analysis of Tissue Lipids after Feeding 
8t-18:l-3H and 9c-18:1-S4C (~H/t4C = 0.87) 

527 

Radioactivity in tissue 

Tissue 3 H/14 C 
Specific 

3 H + t4C (~tCi) activity a Selectivity 

Crop 0.88 0.9 7769 0.0 
Gizzard 0.84 14.0 17416 -0.01 
Intestine 0.68 32.6 17019 -0.11 
Blood 0.64 0.7 87134 -0.13 
Liver 0.56 18.0 41597 -0.19 
Adipose 0.54 3.1 1273 -0.21 
Heart 0.59 0.2 1875 -0.17 
Egg yolk 0.72 9879 -0.12 

aTotal 3H + 14C dpm/mg methyl oleate. 

8 t -18: l -aH into PE and PC and of 9c-18:1-14C 
into PE-1 and PC-1. The difference in selectiv- 
ity values of PE and PC lies in the greater incor- 
poration of 9e-18:1-14C into the 2-position of 
PC. Yolk PE contains more long-chain polyun- 
saturated fatty acids than PC. These acids are 
preferentially esterified at PE-2, thus reducing 
the 9c-18:1J4C concentration at this position 
and lowering the specific activity. 

Hexadeeenoa tes .  Radio-gas chromatograms 
(17) of  yolk lipid methyl  esters after feeding 8t- 
18:1-3H and 9e-18:1)4C to the hens indicated 
that up to 30% of the 3H-label was associated 
with methyl hexadecenoate (presumably 6t- 
16:1 via a single /3-oxidation of the trans iso- 
mer). Only the 8t-18:l-3H was chain shortened 
to a large extent. PE, PC and TG contained 7, 
24 and 32%, respectively, of the 3H label found 
in these lipid classes in the hexadecenoate ester. 
These data are consistent with those of Wood 
(32), which reported A7 to A14 positional 
t rans-hexadecenoate  isomers in tissue triglycer- 
ides of rats fed a diet containing 15% partially 
hydrogenated safflower fatty acids. No 6t-16:1 
was reported. From 5 to 7% of the 14C-label 
was found in methyl hexadecanoate; no radio- 
activity was detected in any shorter or longer 
chain fatty acids. 

In previous monoene feeding studies with 
the laying hen (4 and unpublished data), 90% 
or more of the recovered isotopic label (when 
within the acyl chain) remained associated with 
the fatty acid moiety fed. Only small percenta- 
ges of the radioactivity were seen in products 
assumed to be derived from chain-shortening 
or biosynthesis using acetate fragments from 
fatty acid degradations. 

No explanation for the amount of 16:1 pro- 
duced by chain-shortening or for the cessation 
of oxidative cleavage after loss of two carbon 
atoms is known. 

Tissue Lipids 

Specific activities determined on the total 
lipid extract from various tissues 6 hr after 
feeding (Table 2) indicate the labeled esters had 
entered the intestinal tract and were partially 
absorbed and distributed into various tissues. 
Approximately 8% of the labeled esters was re- 
covered in the organs. Selectivity values deter- 
mined on the crop and gizzard lipids were zero 
and provide evidence that no discrimination for 
either 8t- or 9c-18:1 occurred during transport 
to the intestine. Different absorption rates for 
these esters (8 t -18 : l -3H>9c-18: l J4C)  are indi- 
cated because intestinal content contained 
more 14C-labeled than 3H-labeled ester. Selec- 
tivity values from other tissues analyzed were 
all negative and ranged from -0.11 to -0.21. 
Since we could find no site of preferential 
deposition of 8t-18:l-3H, it appears that 8t- 
18:1-3H is catabolized at a faster rate than 9c- 
18 : 1-14C.  

The difference in selectivity values for adi- 
pose and egg yolk lipids (Table 2) is consistent 
with the suggestion that different mechanisms 
control deposition of fatty acids in hen adipose 
tissue and egg yolk (33). Gornall and Kuksis 
(34) proposed that specific lipoproteins are syn- 
thesized by the hen's fiver, secreted into the 
plasma, and selectively deposited in the yolk. 
Nearly identical selectivity values from blood 
and yolk lipid analyses support the theory that 
the yolk is a depository for plasma lipids. In 
contrast, selectivity values for adipose and heart 
lipids suggest either that these organs exert sim- 
ilar discriminations on these fatty acids during 
uptake or that discriminations which occur in 
the liver are only slightly modified during fatty 
acid uptake by the organs. 

Analyses of individual liver lipid classes show 
the same relative order of selectivity values as 
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t h o s e  d e t e r m i n e d  in t h e  egg  y o l k  ( C F , < T G < P C <  
PE) .  L iver  C E  d i s p l a y s  m a r k e d  e x c l u s i o n  o f  8 t -  
18:  1-3H ( s e l e c t i v i t y  = -0 .86 ) .  L ive r  T G  a n d  PC 
d i s c r i m i n a t e  a g a i n s t  8 t - 1 8 : l - a H  to  a l e s se r  ex -  
t e n t  ( - 0 . 28  a n d  -0 .14 ,  r e s p e c t i v e l y ) ,  a n d  P E  c o n -  
t a i n s  s l i gh t l y  m o r e  8 t - 1 8 : l - 3 H  c o m p a r e d  to  9c-  
18:  1-14C t h a n  was  fed  ( 0 . 0 1 ) .  

T h e s e  d a t a  a re  c o n s i s t e n t  w i t h  l iver C E  a n d  
T G  d a t a  f r o m  r a t s  fed  pa r t i a l l y  h y d r o g e n a t e d  
s o y b e a n  oil  (9) .  R a t  l iver PC,  h o w e v e r ,  s h o w e d  
an  i n c r e a s e  in 8 t - 1 8 : 1  c o m p a r e d  to  9 c - 1 8 :  1. T h i s  
r e l a t ive  i n c r e a s e  in 8 t - 1 8 : 1  was  a p p a r e n t l y  d u e  
to  p r e f e r e n t i a l  i n c o r p o r a t i o n  o f  d i e t a r y  A11  to  
A 1 4  p o s i t i o n a l  t rans -oc tadecenoate  i s o m e r s  a t  
t h e  e x p e n s e  o f  9 c - 1 8 :  1. 
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A B S T R A C T  

The relative capacity of Morris 7777 hepatomas and hvers of tumor-bearing rats to take up and 
subsequently metabolize intravenously injected radiolabeled free fatty acids was investigated. The ob- 
jective was to determine differences in lipid metabolism which may affect the lipid composition pre- 
viously observed in this tumor. Both tissues demonstrated comparable selectivity in the uptake of pal- 
mitate, linoleate and arachidonate from blood, although the hepatoma took up one-tenth as much free 
fatty acid per g wet wt as liver. A much greater percentage of fatty acid taken up by the hepatoma was 
converted to aqueous soluble radioactivity, perhaps the result of oxidation. In the hepatoma, palmi- 
tate was incorporated into phospholipid molecular species in a pattern similar to that observed for di- 
glyceride, which suggested that phospholipid synthesis occurred predominantly de novo. On the other 
hand, in liver, a large percentage of palmitate was incorporated into polyunsaturated phospholipid 
molecular species that were not present in the diglyceride pool, which suggested significant incorpora-- 
tion by the acylation of monoacyl phosphoglycerides. These studies indicate that the specificity for 
the uptake of fatty acids was not different in the two tissues; however, the subsequent metabolic pro- 
cesses are markedly different. 
Lipids 17:529-537, 1982. 

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

When compared  to that  of  normal  tissue, the 
fat ty  acid composi t ion  of  lipids isolated f rom 
various tumors  has been shown to be signifi- 
cantly altered, hal lmarked by an increased 
monoene  and decreased po lyene  con ten t  (1-3). 
It is reasonable to suggest that  this abnormal  
lipid compos i t ion  may result  f rom al terat ions in 
one or  more  o f  the pathways  involved in the 
uptake  and intracellular metabol ism of fat ty 
acids. In recent  studies with an exper imenta l ,  
t ransplantable hepa toma,  we have identif ied sig- 
nif icant  changes in the activities of  enzymes  in- 
volved in the synthesis o f  polyunsa tura ted  fa t ty  
acids and in the format ion  of  cellular phospho-  
lipids (3,4). Similar findings by o ther  laborator-  
ies s tudying different  tumors  (5-7) suggest that  
these abnormal  enzymat ic  activities may play a 
key  role in inducing the altered fat ty  acid com- 
posi t ion observed in many  neoplasms. 

In this s tudy,  we have fur ther  defined the 

Abbreviations: BSA, bovine serum albumin; BHT, 
butylated hydroxytoluene; TLC, thin layer chromato- 
graphy; GLC, gasliquid chromatography; PC, diaeyl 
glycerophosphatidylcholine; PE, diacyl glycerophos- 
phatidylethanolamine; PS, diacyl glycerophosphatidyl- 
serine; PI, diacyl glycerophosphatidylinositol; TG, tri- 
acylglycerol(s); DG, diacylglycerol(s); PL, pbospho- 
lipid(s); x:y, fatty acids where x is the hydrocarbon 
chain length and y is the number of double bonds. 

ICurrent address: Division of Nutritional Sciences, 
Cornell University, Ithaca, NY 14853. 

pathways  of  fat ty acid metabol ism in tumor  
cells by moni to r ing  the  in vivo uptake  and sub- 
sequent  metabol ic  fate of  free fat ty acids f rom 
circulation.  Al though these processes have been 
studied in considerable detail in the Ehrl ich 
ascites t umor  (8), the absence of  a suitable nor- 
mal or  cont ro l  tissue in these studies prevented 
the comparison of  noncancerous  and cancerous 
tissues. Therefore ,  it was desirable for our  pur- 
pose to study a tumor  tissue of  well-defined ori- 
gin. Using the Morris 7777 hepa tocarc inoma,  
we have contras ted the uptake  and short - term 
metabol ic  fates of  isotopic  palmitate ,  l inoleate 
and arachidonate  in the liver and hepa toma  of  
the same animal. 

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

Materials 

BSA was purchased f rom Sigma Chemical  
Co., St. Louis,  MO [ l -14C]Linole ic  acid (60 
m C i / m m o l ) ' a n d  [1J4C]  palmitic acid (56 mCi/  
mmol)  were obta ined f rom Amersham Searle, 
Ar l ington Heights, IL. [9 ,10-3 t t (n ) ]Pa lmi t ic  
acid (23.5 C i /mmol )  and [5 ,6 ,8 ,9 ,11,12,14,15-  
3H(n) ]a rach idonic  acid (98.5 C i /mmol )  were 
purchased from New England Nuclear,  Boston, 
MA. Silica Gels G and H were purchased f rom 
Merck, Darmstadt ,  Germany.  Ready-Solv GP 
(Beckman Ins t ruments ,  Inc., Atlanta,  GA) was 
used for double-label  count ing on silica gel im- 
pregnated with silver nitrate.  

LIP1DS, VOL. 17, NO. 8 (1982) 
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Methods 

Animal maintenance and diet. Buffalo strain 
male rats (2.5-3 months old) were used through- 
out the experiments. The Morris 7777 hepato- 
carcinoma (generations 163-170) was bilater- 
ally transplanted subcutaneously into the hind 
leg region of host animals. All animals were 
maintained on Purina rat chow ad libitum and 
were used for experiments 18-20 days after tu- 
mor implantation. Animals bearing 18-20 day 
transplants (tumors 3-13 g in wt) were eating 
well and maintaining body weight. This is in 
contrast to the poor health status of host ani- 
mals 24-26 days postimplantation. Sixteen to 
20 hr prior to an experiment, animals were 
placed on a liquid diet containing 10% glucose 
and 0.45% NaC1 ad libitum (9). 

Radiolabel injections and tissue isolation. 
[Sill  16:0 (21.4 • 106 cpm) and [14C] 18:2 
(5.5 X 106 cpm) or [ t4C]16:0(4.5 x 106 cpm) 
and [Sl:l] 20:4 (9.7 x 106 cpm) dissolved in 0.3 
ml of 0.9% NaC1 containing 5% BSA were in- 
jected into the exposed jugular vein of rats that 
were anesthetized with diethyl ether. The initial 
specific activities in the blood were calculated 
(based on free fatty acid composition of serum 
and an assumed whole blood volume- of 8% of 
body wt) to be: [3HI 16:0, 2,830 cpm/nmol;  
[14C] 18:2, 1,150 cpm/nmol;  [3H 120:4, 38,500 
cpm/nmol. At various times after injection, the 
livers and tumors were quickly removed from 
the animals and placed in cold water (0-2 C). 
Approximately 45-60 sec elapsed between the 
time that liver and tumor tissues were removed. 
The results for the tumor were not influenced 
appreciably by the order in which the two tis- 
tues were removed; therefore, the liver was rou- 
tinely removed first. Although these tissues 
were not perfused, it was calculated that, based 
on the reported blood content  of these tissues 
(10,11), contaminating blood accounted for 
<5% of tissue radioactivity 1 min after the in- 
jection and < 2% after 2 min. 

The tumors were rapidly dissected in the 
cold to remove necrotic and connective tissues; 
then both tumor and liver tissues were blotted 
dry and placed in 10 ml and 20 ml of dry-ice- 
cooled methanol, respectively. The tissues were 
minced and then homogenized in a Waring blen- 
der after the addition of chloroform (containing 
25 mg/s BHT) and water to yield a final chloro- 
form/methanol / t t20 (+tissue) ratio of 1:2: 1, v/ 
v. The lipids were extracted from the homogen- 
ate by adding 2 vol of chloroform and 1 vol of 
water. The extraction was repeated by adding 3 
vol of chloroform to the methanol/water phase. 
All radioactivity remaining in the aqueous 
methanol phase is subsequently referred to as 

"nonlipid" radioactivity, which presumably re- 
flects ~-oxidation products of the labeled fatty 
acids. 

Lipid fractionation. The chloroform extracts 
from all tissues were separated into total PL 
and individual neutral lipid classes by TLC (12). 
The total PL fraction was eluted from the silica 
gel and further resolved by TLC in a developing 
system of chloroform/methanol/acetic acid/ 
water (50:32:8:3,  v/v). The radioactivity of 
each isolated lipid fraction was determined by 
liquid scintillation counting (12). When neces- 
sary, PL fractions were extracted from silica gel 
by washing the gel three times with 4-ml ali- 
quots of chloroform/methanol/water (1:2:0.0, 
v/v). Neutral lipids were eluted in a similar 
fashion using chloroform/methanol/diethyl 
ether (1 : I : 1, v/v). 

The total PL fraction was hydrolyzed with 
phospholipase C isolated from Bacillus cereus 
using the procedure of Burstein et al. (13). Mol- 
ecular species of the resulting diglycerides, and 
the DG fraction originally isolated by TLC, 
were separated by chromatography on Silica 
Gel G plates impregnated with 4% AgNOs in a 
developing system of chloroform/absolute etha- 
nol (94:6, v/v). The desaturation of [lac] 16:0 
was analyzed by separating methyl esters pre- 
pared from total lipid extracts (described later) 
on Silica Gel H plates containing 4% AgNO3 in 
a developing system of petroleum ether/diethyl 
ether/absolute ethanol (95:5:2, v/y). The radio- 
activity of compounds separated on AgNO3- 
containing gels was determined by scintillation 
counting in glass vials containing 10 ml Ready- 
Solv GP, 0.5 ml 20% NaC1, and 2 drops of 2 M 
tt 2 SO4. 

Chemical analysis. Isolated free fatty acids 
were methylated by the method of Rogozinski 
(14) and the resulting methyl esters were sep- 
arated and quantitated by GLC (3). Glyceride 
determinations were performed according to 
the method of Sardesai and Manning (15). The 
method of Chalvardjian and Rudnicki (16) was 
used to quantitate total lipid phosphorus. Pro- 
tein was quantitated according to the method 
of Lowry et al. (l 7). 

RESULTS 

Chemical Analysis 

In these studies were compared the livers of 
control animals with those from the tumor- 
bearing animals. In general, very few differences 
were found; those are noted in theappropriate 
sections. The cellular pools of free fatty acid in 
liver and hepatoma were measured to determine 
the relative dilution of the injected radiolabeled 
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TABLE 1 

Free Fatty Acid Composition of Host Liver and the Morris 7777 Hepatoma a 

531 

Fatty acid 

Tissue 16:0 16:1 18:0 18:1 18:2 18:3 20:4 Total 

Hostliver b 4.71+0.25 0.61+0.13 0.66_+0.08 1.50_+0.36 0.86_+0.22 ND 0.16-+0.13 8.50 
Hepatoma b 3.81 +- 0.35 !.05-+ 0.12 3.82 + 0.37 3.91 -+ 0.64 1.98-+ 0.14 0.27-+0.09 1.49-+ 0.09 16.33 

aFree fatty acids were isolated by TLC, methylated, and then quantitated by GLC. Values are mean -+ SE of 
single determinations on tissues isolated from 4 host animals. ND = none detected, i.e., <1% of total; fatty acid 
designations are chain length:number of double bonds. 

bValues are nmol fatty acid/mg protein. 

fa t ty  acid. As shown  in Table 1, the h e p a t o m a  
conta ined  about  twice as much  tota l  free fa t ty  
acid as liver when  related to the  pro te in  con t en t  
o f  the tissue. This was true for all fa t ty  acids 
with the excep t ion  of  pa lmi ta te ,  which was 
slightly higher  in the hos t  liver. By compar i son ,  
cont ro l  livers had about  the same a m o u n t  of  
free fa t ty  acid as the host  liver, 6.04 n m o l / m g  
prote in .  When the total  free fa t ty  acid concen-  
t ra t ion  was expressed relative to the wet  wt  of  
tissue (217 and 161 mg pro te in /g  wet wt for 

liver and hepa toma ,  respect ively) ,  the concen-  
t ra t ion  of  free fa t ty  acid in the t umor  was 
abou t  40% higher than  that  in liver. 

Fatty Acid Uptake 

In initial s tudies,  we observed significant var- 
ia t ion in the a m o u n t  of  radioact ivi ty taken up 
per g of  nonnec ro t i c  t umor  tissue. An analysis 
o f  these data indica ted  tha t  the radioact ivi ty 
taken up per g of t u m o r  tissue was inversely re- 
lated to the t umor  size (Fig. 1), with values ran- 

O. IOC 

0.050 

~o.51 

�9 fOoOO ~ 
/ 

�9 ~ 1 ~ ~ �9 ~o.11 

" ~  ~ / I , ~ , ~ , ~ 
~P '~  I WL of No~-Necrotic Tissue/Animal (g) 

� 9  

Wt. of Non-Necrotic Tissue/Animal (91 

FIG. 1. Uptake of [3HI 16:0/g tumor tissue (nonnecrotic) vs weight of nonnectotic tu- 
mor tissue. The values, from individual animals sacrificed 0.5-2 rain after isotope injection, 
are plotted relative to the uptake into host liver so that small variations in the injected radio- 
activity will not affect the results. The line, determined by linear regression analysis, had a 
correlation coefficient of 0.94. Inset-values were similarly calculated but are expressed as 
the cpm taken up into the total tumor tissue (nonnecrotic) of an animal vs weight of nonne- 
crotic tissue/animal. The nonnecrotic portion of the tumor contained ~70% of the label 
taken up by the whole tumor. On a wet weight basis, the nonnecrotic tissue took up 5-fold 
more label than the necrotic regions. 
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ging from one- tenth  to one- twent ie th  of  the up- 
take observed per g of  liver. Over the size range 
studied,  the uptake  of  radiolabeled free fat ty  
acids into the total  t umor  was rather  constant ,  
indicat ing that  the uptake  process occurs inde- 
pendent ly  of  changes in t umor  size (see Fig. 1, 
inset). Consequent ly ,  we in tent ional ly  kep t  tu- 
mor  size relatively constant  within a given ex- 
per iment .  

The uptake of  coinjected [ 3 H ] 1 6 : 0  and 
[14] 18:2 is shown in Figure 2A. Approx imate ly  
85-90% of  the labeled fat ty  acid taken up by 
the liver and tumor  was present  in the tissues 
within 0.5 min. This corresponded well with 
the rapid removal  of  radioact ivi ty  f rom the cir- 
culat ion (12.5% remained at 1 min). In part due 
to its larger mass, the liver took  up 15 t imes 
more  of  the two  fat ty acids than did the tumor  
tissue. The up take  of  [311] 16:0 and [14C] 18:2 
per g of  liver tissue was 9-fold higher than the 
uptake  by hepa toma.  Initially, the isotopic ratio 
of  [14C] / [3H]  was 0.296 in both  liver and tu- 
mor  (injected ratio = 0.257). This deviat ion of  
the isotopic ratio from the injected ratio indi- 

cates that  the up take  process was no t  solely de- 
pendent  on the relative concent ra t ions  of  the 
free fa t ty  acid in plasma. In this instance, bo th  
tissues demons t ra ted  a slight preferential  
uptake  of  [ ~4C] 18:2 relative to its concen t ra t ion  
in plasma. The isotopic  ratio in the liver varied 
l i t t le over the 6-min s tudy period, whereas the 
ratio in the hepa toma  decreased to 0.221 due 
to a decrease in the to ta l  amoun t  of  [ 14C] (Fig. 
2A). 

[14C]Palmitate was then coinjected with 
[ 3 H]  arachidonate  (Fig. 2B). Again, the initial 
isotopic  ratios of  [ laC ] / [  3 H ] were comparable  
for both tissues (0.354 vs 0.378) and were 
lower  than that  of  the ratio of  the injected 
fat ty acid, 0.464. The isotopic  ratio in the liver 
increased slightly at 5 min,  in contrast  to the 
sharp decrease in the tumor  isotopic ratio to 
0.238. The decrease in the [14C] / [3H]  ratio of  
the hepa toma appeared to be in part due to a 
decrease in the amoun t  of  [~4C]. The pat tern 
of  [~4C] 16:0 uptake  in these studies was simi- 
lar to that  seen with [3H] 16:0 (Fig. 2A). The 
uptake  by whole liver was 13 t imes the  up take  

',p, 

m" 

"b 

- -  3 H - C I 6 0  

--- ~4C-C 18 2 

0 29s 

(0._274) 

o . , ~ , ~  ~ ( ~  ~l) 

~ -  - ~ -  t b . . & _ _  . . . . . . .  Ab-  . . . . . . .  �9 

31 8 - -  3 H - C  2 0 4  
- - -  1 4 C - C  1 6 0  

21 (0 388) 

- (0.5,54) 

, , , , , , , 

T i m e  (miR) 

FIG. 2. The uptake of radiolabeled fatty acid into liver and hepatoma. Values at each 
time point are expressed as the total cpm taken up/g of tissue (wet wt) and are the mean of 
single determinations on 3-4 separate experimental animals. A-uptake of [aH] 16:0 ( - - - )  
and [t4C]18:2 ( . . . . .  ); B-uptake of [3H120:4 ( . . . . .  ) and [t4C]16:0 ( - - ) .  Values in 
parentheses are the [ ~4C]/[ 3 HI ratios of each tissue at the time point indicated. The injected 
['4C]/[3H1 ratio was 0.257 for panel A, and 0.464 for panel B studies. The average tumor 
weight was 4.7 g in panel A and 6.6 g in panel B studies (nonnecrotic tissue only). The aver- 
age liver weight was 8.4 g for both studies. See the Methods for the amount of each isotope 
injected. The standard error values calculated for each point were <15% of the mean, except 
for those indicated by an asterisk (*) which were <20%. 
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by the total  t umor  tissue. On an average, the 
liver took up 10-fold more [3HI 20:4 than the 
hepa toma per g wet  wt. 

Fatty Acid Metabolism 

The metabol ism of the [3H] 16:0 taken up 
by both  tissues is shown in Figure 3. The data, 
presented as the percentage dis t r ibut ion of  the 
incorpora ted  radioactivi ty,  evaluate the relative 
impor tance  of  the metabol ic  pathways  uti l izing 
plasma free fatty acid within a given tissue. At 
6 rain after  in ject ion,  the TG of  host  liver con- 
tained 48% of  the [3I-I] 16:0, whereas 30% was 
in PL. The percentage of  label in PL was about  
the same in the hepa toma  whereas TG conta ined  
only 15-20% of  the [3H] label. The DG pool  of  
host  liver was initially more  highly labeled than 
the hepa toma  (30% vs 18% at 0.5 min), a l though 
the label in both  pools decreased with t ime to 
similar values. Ano the r  notable  difference be- 
tween the two tissues was the high initial level 
of  labeled free fat ty acid found in the tumor.  
Perhaps the most  striking difference be tween 
the two tissues was the p ropor t ion  of  the radio- 
act ivi ty recovered in the nonlipid fract ion of  
the tumor  extract  (40% at 6 min). The liver, on 
the o ther  hand, contained a low percentage of  
label in both  free fa t ty  acid and nonlipid frac- 
t ions over the s tudy period. 

One min after  inject ion,  the dis t r ibut ion of  
[14C] 18:2 and [3H] 16:0 into  TG and PL of 
host  liver was comparable  (cf. Figs. 3A and 4A). 
t lowever ,  as shown in panel B of  these figures, 

the tumor  incorpora ted  a higher percentage of  
[14C] 18:2 into PL (50%) than [3H] 16:0(30%).  
The initial percentage of  [t4C] 18:2 in the DG 
fract ion was lower in both  tissues when coin- 
pared to [3 [ t ]16 :0 .  Labeled free [14C]18:2,  
almost  absent in the liver, accounted  for 23% of  
the label in the hepa toma  initially. Radioact ivi ty  
in the nonlipid fract ion of  the hepa toma in- 
creased linearly f rom 0.5-2 min, then increased 
slowly to a max imum of  16.5% at 6 rain. |n te r -  
estingly, if the initial rate of  radioact ivi ty  
accumula t ion  in the nonlipid fract ion was 
assumed to cont inue  (see dashed line, Fig. 4B), 
as it did for [3II] 16:0 (Fig. 3B), then the esti- 
mated  total  [i4C] 18:2 taken up by the hepa- 
toma would be constant  over the 6-min period 
(Fig. 2A), as was the case for the liver. Fur ther-  
more,  the recalculated [ 14C]/[ 3 H ] isotopic ra- 
t io in the tumor  at 6 min would  be similar to 
the value observed at 0.5 min in this tissue (Fig. 
2A). The rationale for correct ing for this " l o s t "  
[ 14C] radioact ivi ty is discussed later. 

The  incorpora t ion  of  arachidonate  into cell- 
ular lipids was markedly  different  from that  of  
palmita te  and l inoleate  (Fig. 5). Approx imate ly  
70% of  the [ 3 h ] 2 0 : 4  was incorpora ted  in the 
PL fract ion of  both liver and hepatoma.  TG 
comprised 15-24% of the [3H] 20:4 radioactiv- 
ity in host  liver and 6-11% of that  in hepa toma.  
Both DG and free fat ty  acid fract ions represen- 
ted less than 2-3% of  the radioact ivi ty in ei ther  
tissue. The nonlipid fract ion const i tu ted  only 
3-4% of  the label from [3H] 20:4 in host liver, 
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x-DG 

3H-C 16:0 t FFA 
�9 TG 50 
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FIG. 3. Distribution of [3H] 16:0 radioactivity in host liver and hepatoma, llost liver 
(A); hepatoma (B). Abbreviation and symbols are: PL, phospholipid (A); DG, diacylglycerol 
(X); FFA, free fatty acid (o); TG, triacylglycerol (=); and nonlipid, aqueous phase of tissue 
extraction (o). Monoacylglycerol and cholesterol ester values were low and thus are not 
shown. Values at each time point are the mean of single determinations on 3-4 separate host 
animals. In all cases, except those indicated, the calculated standard errors at each time 
point were <10% of the mean or the standard error value was < -+1.3 for fractions contain- 
ing less than 10% of the total radioactivity. Asterisk (*), standard error <15% of the mean. 
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T A B L E  2 

Dis t r ibut ion  o f  Rad ioac t iv i ty  a m o n g  Pbosphol ip id  Classes Isola ted 
f rom Host  Liver and the  Morris 777'7 H e p a t o m a  a 

Phosphol ip id  

PC PE PS-PI 

Fat ty  acid Liver H e p a t o m a  Liver H e p a t o m a  Liver H e p a t o m a  

16:0  66.9 +- 1.8 72 .9  + 2.4 29.0 -+ 1.6 18.4 • 1.3 b 4.2 • 0 .3 8.7 -+ 1.2 b 
18:2 76.5 • 2.4 76.9 • 1.9 19.8 • 1.9 13.9 +- 0.8 c 3.7 + 0 .8  9.2 -+ 1.1 b 
20 :4  79.2 • 3.5 67 .4  • 1.6 c 17.1 • 3.3 .21.5 • 0.6 3.4 -+ 0.5 11.1 • 1.6 c 

a D e t e r m i n e d  on tissue ex t r ac t s  f r o m  0.5 and  1 min  in ject ion t imes .  Percentage  d i s t r ibu t ions  are sh o wn  o f  
rad io labe led  f a t ty  acids wi th in  the total  phospho l ip id  f rac t ion  o f  hos t  liver and h e p a t o m a .  Values are the  m e a n  
+- SE for  single d e t e r m i n a t i o n s  on phospho l ip id  f rac t ions  isola ted f r o m  3-6 separa te  hos t  an imals .  See Methods  
for details.  PC = diacyl g l y c e r o p h o s p h a t i d y l c b o l i n e ;  PE = diacyl g l y c e r o p h o s p h a t i d y l e t b a n o l a m i n e ;  PS-PI = 
diacyl  g lyce rophospha t idy l se r ine -d i aey l  g lyce rophospha t idy l inos i to l .  

bSignif icant ly  d i f f e ren t  f r o m  hos t  liver, as d e t e r m i n e d  by S t u d e n t ' s  t - test ,  p < 0 .01 .  

CSignificantly d i f fe ren t  f rom hos t  liver, as d e t e r m i n e d  by S t u d e n t ' s  t - test ,  p < 0 .05 .  

whereas in the hepatoma, 28% of the [3H] was 
in this fraction at 5 rain. The metabolism of the 
coinjected [14C] 16:0 (data now shown) was 
comparable to that seen with [3H] 16:0(Fig. 3), 
except that a lower percentage of [ 14C] was re- 
covered in the nonlipid fraction. In the hepa- 
toma, the incorporation of [14C] 16:0 radio- 
activity into the nonlipid fraction followed a 
time course similar to that observed for [t4c] 
18:2 (Fig. 4B). 

The phospholipid fraction of liver and hepa- 
toma from rats injected with [3HI 16:0 and 
[14C] 18:2 or with [3H120:4 was fractionated 
to determine the distribution of the radiolabeled 
fatty acids among the major phospholipid classes 
(Table 2). At least two-thirds of the [3H].16:0 
and [14C] 18:2 incorporated into PL was pres- 
ent in the PC fraction of both tissues. Less [ 3 II] 
16:0 and [t4c] 18:2 was found in the PE frac- 
tion of the hepatoma than in the liver. Con- 

versely, [ 3H] 20:4 was incorporated into the PE 
fraction of the hepatoma and liver to a similar 
extent;  the amount in PC, however, was lower 
in the hepatoma. A higher percentage of the 
three fatty acids studied was found in the PS-PI 
fraction of the hepatoma. Control livers were 
similar to liver from tumor-bearing rats except 
that the percentage of 18:2 incorporated into 
PC was about 8% higher, concomitant with a 
decrease in PE. 

Recent studies have indicated that the path- 
way for de novo PL synthesis, in which DG is a 
precursor, forms primarily mono- and diene 
species of PL. On the other hand, the deacyla- 
tion-reacylation cycle plays a major role in the 
formation of tetraene and hexaene (polyene) 
species of PL (18). We studied these two path- 
ways indirectly by contrasting the percentage 
distribution of [3H] 16:0 radioactivity among 
the molecular species of DG and PL in each tis- 
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FIG. 4. Distribution of ['4C] 18:2 radioactivity in host liver and hepatoma. Host liver 
(A); hepatoma (B). See Fig. 3 for abbreviations and details. See text for explanation of the 
dashed line in panel B. 
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FIG. 5. Distribution of  [31t]20:4 radioactivity in host liver and hepatoma. Host liver 
(A); hepatoma (B). See Fig. 3 for abbreviations and details. 

sue  (Tab le  3). In  the  liver, a m u c h  smal le r  per-  
cen tage  o f  [ 3 H I  label f r o m  16:0  was  i n c o r p o r -  
a ted  in to  the  m o n o e n e  p o o l  o f  PL t h a n  was  
f o u n d  in the  p o o l  o f  DG (21 .9% vs 50.8%, re- 
spect ive ly) .  T h e r e  was,  h o w e v e r ,  a 6 .0- fo ld  en- 
r i c h m e n t  in the  to ta l  p o l y e n e  f r ac t i on  o f  PL 
relat ive to  t ha t  in DG (33 .4% vs 5.6%, respec-  
t ively).  In  the  h e p a t o m a ,  the  p e r c e n t a g e  o f  label  
in t he  m o n o e n e  f r a c t i o n s  o f  PL and  DG did n o t  
d i f fe r  as grea t ly  (45 .1% vs 54.7%).  I l e r e ,  the  
m a j o r  d i f f e r ences  in the  d i s t r i b u t i o n  o f  [ 3 H I  
were  a h ighe r  a m o u n t  o f  d iene  spec ies  (27 .7% 
vs 18.8%), a 3-fold decrease  in t r iene  species  
(6 .7% vs 18.2%), and  on ly  a 2 .4-fold  e n r i c h m e n t  
in p o l y e n o i c  spec ies  o f  PL (17 .9% vs 7.6%),  as 
c o m p a r e d  to h e p a t o m a  DG. Th is  l o w e r  enr ich-  
m e n t  o f  PL in p o l y e n o i c  species ,  relat ive t o  t h a t  

obse r ved  in the  liver, sugges t s  t h a t  t he  c o n t r i b u -  
t i on  o f  the  d e a c y l a t i o n - r e a c y l a t i o n  p a t h w a y  is 
less in t he  t u m o r  t h a n  in liver. 

In  o r d e r  to d e t e r m i n e  w h e t h e r  these  d i f fer -  
ences  were  the  resul t  o f  f a t t y  acid d e s a t u r a t i o n ,  
the  d e s a t u r a t i o n  o f  [14C] 16:0 was  s tud ied  in 
h o s t  liver and  the  h e p a t o m a .  M o d e r a t e  conver -  
s ion  o f  p a l m i t a t e  to  t he  r n o n o e n o i c  species  was  
o b s e r v e d  in the  h e p a t o m a  (4 .2% at 0.5 m i n )  
w h e r e a s  l i t t le d e s a t u r a s e  act iv i ty  was  de t ec t ed  
in h o s t  liver (0 .9% at 0.5 rain).  Th i s  was  s imi la r  
to  o u r  f ind ings  w h e n  the  A 9  desa tu rase  was  
assayed  in vi t ro  (4).  This  f ind ing  ind ica tes  t ha t  
t he  d i f f e r e n c e s  in the  d i s t r i b u t i o n  o f  p a l m i t a t e  
r ad ioac t iv i ty  obse r ve d  above  fo r  liver and  hepa-  
t o m a  can be e x p l a i n e d  by  d e s a t u r a t i o n  to  o n l y  
a m i n o r  e x t e n t .  

TABLE 3 

Percentage Distribution of  [ art] i 6:0 Radioactivity among Phospholipid and Diglyceride Molecular Species 
Isolated from Host Liver and the Morris 7777 Hepatoma a 

Total double bond content Total 

Fraction Tissue 0 1 2 3 4 5-6 polyene b 

I)G Host liver 3.6 +- 0.9 50.8 + 3.1 23.9 +- 3.2 14.1 +- 3.3 5.6 + 0.4 Tr 5.6 
ltepatoma 5.7 -+ 0.3 c 54.7 +- 1.5 13.8 -+ 1.3 c 18.2 • 2.0 7.6 +- 0.6 d Tr 7.6 

PL ]lost liver Tr 21.9 • 1 .4  3 8 . 4  �9 3.3 5.6 +- 0.9 24.2 -+ 2.1 9.2-+ 0.7 33.4 
l lepatoma 2.6 • 0.7 45.1 +- 2.3 c 27.7 -+ 1.8 d 6.7 -+ 0.5 12.6 -+ 0.9 c 5.3 -+ 0.5 c 17.9 

aDetermined on tissue extractions from 0.5 and 1 min injection times. The original diglyceride fraction and 
the diglyceride products of phospholipid phospholipase C hydrolysis were fractionated as described in Methods. 
V',dues are the mean +- SE of single determinations on lipids extracted from tissues from 6 separate host animals. 
The tissue concentrations of PL in liver and hepatoma were 171.4 + 1.9 and 118.8 -+ 3.8 nmol lipid phosphorus/  
mg protein, respectively. DG concentrations were 1.9 +- 0.3 and 2.2 + 0.2 nmol/mg protein in liver and hepa- 
toma, respectively. The pool size of DG in control livers was 10.6 nmol/mg protein. DG = diacylglycerol; PL = 
phospholipid; Tr = trace (<1%). 

bpercentage as 4-6 double bonds. 
CStatistically different from host liver, as determined by Student's t-test, p < 0.01. 
dStatistically different from host liver, as determined by Student's t-test, p < 0.05. 
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DISCUSSION 

The results of this study established the fol- 
lowing points on tumor lipid metabolism, rela- 
tive to that of the liver of the tumor-bearing rat: 
(a) the relative selectivity for the uptake of the 
three fatty acids studied was comparable; (b) 
less free fatty acid was taken up from circulation 
per g of tissue; (c) the pathways of complex 
lipid synthesis were significantly altered; and (d) 
the results presented suggest that the conversion 
of fatty acids to nonlipid products (presumably 
by oxidation) represented a major fate of fatty 
acids taken up by the hepatoma. Also, we found 
that, under the conditions of these studies, the 
tumor had little effect on the liver of the host 
rat. 

The capacity of the hepatoma to take-up 
polyunsaturated fatty acids from circulation is 
of significant interest since alterations in this 
process could contribute t o  the low amount of 
these polyunsaturated fatty acids found in tu- 
mors (1-3). This capacity was evaluated by con- 
trasting the relative uptake of three free fatty 
acids by both tissues. Assuming that both the 
liver and tumor encounter the same plasma free 
fatty acid pool, we observed that liver and hepa- 
toma have similar selectivity in the removal of 
free fatty acids from circulation. This obser- 
vation might be expected since fatty acid uptake 
in normal tissues has been reported to proceed 
via passive diffusion (19). However, our experi- 
ments do demonstrate that the altered composi- 
tion of the membrane barrier in cancer cells has 
not  influenced their interaction with circulating 
fatty acids. We conclude that the selectivity of 
fatty acid uptake does not account for the lack 
of polyunsaturated fatty acids in the tumor;  ra- 
ther, it appears that the altered fatty acid com- 
position reflects changes in the metabolic path- 
ways of the hepatoma. 

The reduced uptake of free fatty acids by 
the tumor, relative to the liver, was evident 
when expressed on a wet wt basis (9- to 10-fold 
lower) or when related to the protein content  
of the two tissues (7-fold lower). This may re- 
flect differences in the vascularization of fiver 
and subcutaneously transplanted hepatomas 
since the relative uptake of free fatty acids de- 
termined here for liver and hepatoma is similar 
to the reported relative blood flow for liver and 
rapidly growing carcinomas, roughly 10 to 1 
(11). Moreover, the decrease in free fatty acid 
uptake (per g wet wt) with increasing tumor 
size (Fig. 1) is consistent with the findings of 
Cataland et al. (20) which suggest that subcu- 
taneously transplanted tumors proliferate more 
rapidly than their blood supply. 

Both pahnitate and linoleate were preferen- 

tially esterified into TG by liver (Figs. 3A and 
4A). In the hepatoma, on the other hand, these 
free fatty acids were incorporated into PL pri- 
marily (Figs. 3B and 4B), demonstrating a 
qualitative shift in glyceride metabolism. This 
preferential incorporation of free fatty acids 
into tumor PL, which has been reported in 
other tumor tissues (8,21), does not appear to 
reflect a decreased tumor TG content (data not  
shown) but may reflect an elevation in the rela- 
tive turnover of tumor PL. 

Differences in the pathways of incorporation 
of fatty acids into the PL of liver and hepatoma 
were suggested by analysis of the PL molecular 
species formed. The data in Table 3 describe 
the isotopic composition of DG, which is the 
precursor pool for de novo PL biosynthesis. This 
composition, when compared to the isotopic 
composition of the PL pool, reflects the contri- 
but ion of de novo synthesis to the PL pool, as- 
suming there was no selectivity in the utiliza- 
tion of DG species (22). Using this comparison, 
it was found that the deacylation-reacylation 
cycle contributed much less to the hepatoma PL 
pool than that in liver. This observation supports 
our previous studies in vitro that identified dys- 
functions in the deacylation-reacylation cycle 
and associated catabolic enzymes in the hepa- 
toma (3). The consequence of such an altera- 
tion would be the synthesis of PL that is defi- 
cient in polyunsaturated fatty acids, consistent 
with the PL molecular species found in many 
tumors. 

Free fatty acids taken up by the hepatoma 
were rapidly converted to nonlipid products 
(Figs. 3-5). Studies by Hepp et al. (23) suggest 
that these nonlipid products reflect not only 
complete fatty acid oxidation products but  also 
incomplete oxidation products, such as acetate, 
which were shown to accumulate in tumor cells 
during fatty acid oxidation. The correction for 
nonlipid [14C] radioactivity in Figure 4B 
dashed line), therefore, reflects the potential 
loss of [14C]Oz from [14C] 18:2 as the result of 
oxidation. The labeled oxidation products from 
[3HI 16:0 a n d  [3H]20:4,  including [3H]20 ,  
should be retained in the methanol /H20 layer 
during the extraction procedure. Indeed, we ob- 
served th~it the total [aH] from 16:0 in the 
hepatoma was rather constant over the 6-min 
period (Fig. 2A), even though the nonlipid ra- 
dioactivity during this period increased to 50% 
of the total radioactivity in the tumor (Fig. 3B). 
This indicates that the majority of the nonlipid 
[3H] radioactivity in the hepatoma originated 
in, and most it has remained associated with, 
the tumor itself. 

These studies do not permit a quantitative 
comparison of the purported oxidation of fatty 
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acids in liver and hepa toma .  Since the  a m o u n t  
of  free fa t ty  acid taken up by the  liver was 10- 
fold higher than  that  taken up by the h e p a t o m a  
(Fig. 2), it would  appear  tha t  the liver oxidized 
as much  or more  fa t ty  acid than  the hepa toma .  
Nonetheless ,  it can be conc luded  that  fa t ty  acid 
ox ida t ion  appears  to be of  quant i ta t ive ly  greater  
impor t ance  in the hepa toma ,  relative to the 
o the r  metabol ic  fates of  free fa t ty  acid. This 
f inding is no t  comple te ly  u n e x p e c t e d  in light o f  
two  recent  studies.  Wu-Rideout  et al. (24) 
d e m o n s t r a t e d  that  the concen t r a t i on  of  the 
cytoplasmic  free fa t ty  acid-binding pro te in  par- 
t icipates in def in ing the metabol ic  fate of  b o u n d  
free fa t ty  acids. Low concen t r a t i ons  of  binding 
prote in  were shown  to  increase mi tochondr i a l  
acyl-CoA synthe tase  and /3-0xidation activities 
and to diminish microsomal  ester if icat ion.  Addi-  
t ionally,  Mishkin and Halperin (25) have shown  
that  the b inding pro te in  concen t r a t i on  of  this 
t umor  is 20% of  con t ro l  liver. Taken together ,  
these s tudies  of fer  a plausible exp lana t ion  for 
the higher percentage  of  fa t ty  acids oxidized by 
the hepa toma.  

It seems reasonable  to speculate  that  the  de- 
creased up take  of  circulat ing free fat ty acids 
and a relatively high p r o p o r t i o n  of  fat ty acid 
ox ida t ion  ( including essential  and polyunsa tur -  
ated fat ty acids), coupled with a d iminished 
capaci ty  to synthes ize  po lyunsa tu ra ted  fa t ty  
acids (4), may lead to a dep le t ion  o f  polyunsa-  
turated fa t ty  acids in the tumor .  A l though  it is 
cons i s t en t  with the data at hand,  this conclu- 
sion has yet  to be verified. 
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Changes in Liver Lipids after Administration 
of 2-Decanoylamino-3-morpholinopropiophenone 
and Chlorpromazine 
ASHOK V. H O S P A T T A N K A R  1, R A N G A  R. V U N N A M  2 and N O R M A N  S. R A D I N * ,  
Mental Health Research Institute (Department of  Psychiatry) and Department of  Biological 
Chemistry, University of Michigan, Ann Arbor, M148109 

ABSTRACT 

The enzyme which forms glucocerebroside, ceramide:Ul)P-glucose glucosyltransferase, is inacti- 
vated in vitro by a cationic analog of cerebroside, 2-decanoylamino-3-morpholinopropiophenone. A 
study of the inhibitor using intraperitoneal injection into young mice showed that the level of the 
enzyme activity in liver was appreciably lowered between 3 and 6 hr after injection. The activity in- 
creased subsequently, overshooting the normal level within 24 hr by about 20%, then returning to 
normal within the next 24 hr. Additional effects observed in liver were an increase in lipid content 
(primarily in the triglyceride fraction and ceramides) and a decrease in the glucocerebroside level. 
Body temperature dropped rapidly. Markedly similar effects were produced by injecting chlorproma- 
zinc, which was tried in order to reduce the hyperirritability and inhibitory effects on monoamine 
oxidase previously demonstrated by the glucosyltransferase inhibitor. Chlorpromazine did indeed 
block the hyperirritability and resulted in enhancement of the keto amine's effects on the enzyme and 
lipids. It is possible that the two drugs in combination would be helpful in ameliorating the symptoms 
due to the cerebroside accumulation that occurs in Gaucher disease. Diazepam also produced a re- 
duced level of glucosyltransferase. A color reaction for chlorpromazine, possibly suitable for quantita- 
tive determination in tissues, was accidentally discovered. 
Lipids 17:538-543, 1982. 

Glucocerebroside (glucosyl ceramide)  is 
synthesized f rom ceramide and UDP-glucose 
by a glucosyltransferase,  EC 2.4.1.80 (1,2). 
It is also hydro lyzed  by a glucosidase to cera- 
mide and glucose (3). In the human  genetic 
disorder Gaucher  disease, the glucosidase is 
ineff ic ient  and glucocerebroside accumulates  
to a great extent .  If  the manifold  s y m p t o m s  
of the disorder are due primarily to the accum-  
ulat ion of  the lipid, it may be possible to 
ameliorate  the symptoms  by adminis t ra t ion 
of  a drug that  inhibits the synthesis of  the  lipid. 
Hopeful ly ,  af ter  an initial period o f  deple t ion ,  
the rate o f  synthesis can be matched  to the 
individual 's  rate of  hydrolysis .  This labora tory  
has described several such inhibitors which 
work in vitro (4,5) and we now describe some  
of the effects  p roduced  by one of  the com- 
pounds in young  mice.  The inhibi tor  used here,  
DMP, is an analog o f  the e n z y m e  produc t  gluco- 
cerebroside.  The phenyl  group in the inh ib i to r  
resembles the long aliphatic chain o f  sphingo- 
sine, the decanoylamino  group resembles the 

Ipresent address: Molecular Disease Branch, Natl. 
Heart, Lung and Blood Institute, Bethesda, MD. 

2present address: Teehnieon Instruments Corp., 
Tarrytown, NY. 

Abbreviations: DMP, 2-decanoylamino-3-morpho- 
lino-propiophenone; CPZ, chlorpromazine. 

much longer  fa t ty  acid amide found in the 
natural ly occurr ing lipid, the ke tone  group 
resembles the 3-OH of  sphingosine,  and the 
morphol ine  resembles the glucose moie ty .  
Because the ke tone  group has a beta  relat ion- 
ship to the morphol ine  ni t rogen a tom,  DMP is 
chemical ly reactive and it is likely that  it in- 
activates the glucosyltransferase by direct,  
covalent  react ion with the active site. 

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

Ceramide:UDP-glucose glucosyltransferase 
was assayed by a 2-phase l iquid scinti l lation 
me thod ,  in which 5 or  6 mg of  homogen ized  
liver was incubated in a plastic count ing  vial 
with oc tanoyl  sphingosine as the glucose 
accep te r  (6,7). 

Male ICR mice (Harlan Industries,  Indianap- 
olis, IN), 24 days old, were mainta ined for 6 
days in our  animal room on mouse  chow in 
wi re -bo t tomed cages and 12 h r  l ight /dark 
cycles. They were divided in to  groups of  6-10, 
matched  in average weight  and weight  distribu- 
t ion,  and injected in t raper i toneal ly  (ip) with 
0.2 ml of  saline or  0.2 ml o f  saline conta ining 
CPZ-HCI (10 mg/kg  body wt).  Af te r  1 hr,  hal f  
the mice were injected with 0.2 ml saline and 
the o ther  half  were injected with 0.2 or  0.4 ml 
of  DMP~ (250 or  500 mg/kg) ,  freshly dis- 
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solved in saline. Thus, each mouse received 2 
injections (e.g., the controls received 2 saline 
injections 1 hr apart, the CPZ-DMP mice re- 
ceived CPZ first, then DMP 1 hr later). At a 
later point, the livers were removed, washed 
with cold saline, wiped dry, weighed, cooled on 
Dry Ice, and stored at -70 C in groups of 3, 4 
or 5. 

For enzyme assays, the pooled livers were 
homogenized in water. For lipid analyses, they 
were homogenized with hexanc/isopropanol 
3:2 (8) and processed as described separately 
(9,10). Total lipids were determined gravi- 
metrically with the extract from 0.4 g l iver ,  
washed with conc aq Na sulfate to remove non- 
lipids ( 11 ). 

RESULTS 

The initial studies with DMP were carried 
out with mice from Spartan Research and only 
the glucosyltransferase activities in liver were 
measured. Injection of DMP (250 mg/kg) pro- 
duced distinct decreases in the enzyme activi- 
ties, with a maximal decrease in the specific 
activities of about 48% in 2-6 hr. Sacrifice at 
later time-points showed smaller reductions, 
evidently due to loss of the inhibitor and, 
probably, to resynthesis of the enzyme. How- 
ever, by 24 hr after the injection, the enzyme 
specific activity had risen to 20% above normal. 
It was back to normal after a second day. 

It was noticed that,  shortly after injection, 
the mice exhibited symptoms of hyperirritabil- 
ity, body tremors and head twitching, as well as 
abduction of the hind legs. They appeared to be 
normal after a period of about 3 hr. Tests of 
DMP in vitro and after injection showed (12) 
that it possesses the ability to inhibit mono- 
amine oxidases, apparently by a covalent in- 

activation similar to that seen with the glucosyl- 
transferase. To reduce the symptoms of central 
nervous system stimulation, and to enable us to 
administer higher doses of DMP, we tried inject- 
ing CPZ 1 hr before the DMP. The CPZ did 
indeed eliminate the hyperactivation effect of 
DMP without affecting the recovery period (3 
hr). The unexpected finding (Table 1 ) w a s  
made that CPZ (10 mg/kg) was as effective as 
DMP (250 mg/kg) in lowering the level of 
glucosyltransferase, even showing the same 
rebound phenomenon at 25 hr. Particularly 
satisfying was the observation that the two 
drugs produced additive effects. 

Tests with sedating drugs, using mice killed 3 
hr after injection, showed 0.997 nmol/hr of 
cerebroside synthesized by 6 mg of liver from 
control mice, a 25% decrease with CPZ, a 10% 
decrease with reserpine (2.5 mg/kg), and a 14% 
decrease with diazepam (10 mg/kg). Stimulat- 
ing drugs (8 mg/kg D-amphetamine, 8 mg/kg 
metrazol) had no effect. 

The Spartan mice became unavailable, so we 
tested several strains of mice for their enzyme 
levels and reaction to DMP. It was found that 
none of the strains tested had as high a specific 
activity as the Spartan mice, nor was the vari- 
ability between mice lower, even with inbred 
mice (C3H). The observed specific activities 
for cerebroside synthesis by 5 mg of liver were 
443 -+ 50 pmol with Charles River CD-1 out- 
bred albinos, 490 + 70 pmol with Charles River 
C3H mice, 691 -+ 50 pmol with Charles River 
CF-1 mice, and 496 + 60 pmol with ICR mice. 
Although the ICR mice did not have the highest 
specific activity, they responded a little better 
to DMP and were used for further tests. 

Trials of various doses of DMP with these 
mice, without CPZ, showed that they appeared 
normal within 3 hr after injection of 500 

T A B L E  1 

Ef fec t  o f  C h l o r p r o m a z i n e  a n d  D e c a n o y l a m i n o m o r p h o l i n o p r o p i o p h e n o n e  
o n  Liver  G l u c o s y l t r a n s f e r a s e  o f  S p a r t a n  Mice 

Drug  i n j e c t e d  

C o n t r o l s  CPZ DMP CPZ + D M P  

2-hr  g r o u p s :  a 
C e r e b r o s i d e  f o r m e d  ( n m o l ] 6  mg)  0 .91  0 . 4 9  0 . 4 8  0 . 3 0  
I n h i b i t i o n  (% b e l o w  c o n t r o l s )  - 4 7  4 8  67  

24 -h r  g r o u p s :  a 
Cerebroside f o r m e d  ( n m o l / 6  rag)  0 . 7 5  0 . 8 8  0 . 9 0  1 .06 
Inc rease  (% a b o v e  c o n t r o l s )  -- 18 19 41  

a T i m e s  s h o w n  are  f o r  an ima l s  i n j e c t e d  w i th  DMP.  All an ima l s  w e r e  i n j e c t e d  1 h r  p re -  
v ious ly  w i th  sa l ine  o r  CPZ.  Values  s h o w n  are averages  o f  2 va lues  obtained by p o o l i n g  2 
g r o u p s  o f  3 l ivers (i .e. ,  6 m i c e ] g r o u p )  a n d  a s s a y i n g  fo r  g l u c o c e r e b r o s i d e  s y n t h e t a s e .  
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mg/kg; at 750 mg/kg, recovery took 6 hr and, 
at 1 g/kg, they recovered within 24 hr. All mice 
seemed quite normal for the next 3 wk. 

Trials with trifluoperazine, a drug related to 
CPZ but more potent as an antipsycliotic, 
showed only a 7% decrease in glucosyltransfer- 
ase at 10 mg/kg and the additive effect with 
DMP was slight. Haloperidol, an antipsychotic 
drug resembling DMP in structure, produced 
little or no decrease 3 hr after injecting 5 
mg/kg. 

An experiment with CPZ and DMP was 
carried out with the ICR mice, which were 
sacrificed 2 hr after DMP injection at a dosage 
of 500 mg/kg (sacrificed 3 hr after CPZ injec- 
tion). The reduction in glucosyltransferase was 
not  as large as with Spartan mice, but the two 
drug effects were still additive (Table 2). The 
body weights were unaffected in this short 
period of exposure to the drugs, whereas the 
liver became distinctly enlarged in all three 
drug-treated groups. However, there was no sign 
of additivity here. 

The effects of CPZ and DMP on glucosyl- 
transferase were found also with female ICR 
mice, possibly to a greater degree than in males. 
The depression in enzyme activity (about 42% 
for DMP and DMP+CPZ) appeared within about 
3 hr and persisted about 3 hr, then the over- 
shoot effect (about 41%) was visible 23 hr after 
the initial injection. 

Another trial in which the drugs were 
allowed to act for 5 hr (for DMP) showed that 
CPZ could produce a marked increase in liver 
weight, but here the effect of DMP seemed to 
be absent (Table 3). Determination of the total 

VUNNAM AND N.S. RADIN 

lipids in the livers showed that part of the 
weight increase was due to an increase in the 
weight of the lipids. The ceramide concentra- 
tions also increased, more so than the total 
lipids, but the cerebroside level decreased. All 
the lipid changes, like the cerebroside syn- 
thetase changes, showed additivity between the 
two drugs. It was evident that the changes in 
cerebroside levels showed a parallelism with 
the drug-induced reduction in glucosyltransfer- 
ase. The relatively large loss of cerebroside, up 
to 32%, in just 5-6 hr shows that this lipid 
undergoes a relatively rapid turnover. 

A shorter term study, in which the DMP was 
allowed to act only 2 hr (Table 4), showed 
similar, but smaller, changes in ceramide and 
cerebroside concentrations. 

A semiquantitative examination of the liver 
lipids by thin layer chromatography (TLC), 
with visual evaluation of the charred spots, 
revealed that the increased level in liver lipids 
was due almost entirely to an increase in trigly- 
ceride level. Evidently, the two drugs stimulate 
a very rapid biosynthesis of triglyceride or 
mobilization from the body to the liver. (How- 
ever, the solvent that was used for chromatog- 
raphy could not discriminate between triglycer- 
ide and dialkyl acyl glycerol, an appreciable 
component of normal liver.) 

It was also noticed, during handling of the 
mice, that the two drugs produced a marked 
lowering of body temperature in the mice. 
CPZ has previously been noted to weaken 
the body's ability to control its temperature, 
in animals and in human patients (13), and 
t h e  toxicity of the drug depends on the ambi- 

TABLE 2 

Glucosyltransferase in Livers of  ICR Mice after Injection o f  Chlorpromazine 
or Decanoy laminomorph  o l inopropiophenone  

Body wt Liver wt Cerebroside formed Inhibition 
(g) (g) (pm ol /5  rag) (%) 

26.1 1.07 591 
Controls 25.9 (26.1) 1.08 (1.09) 506 (540) - 

26 .4  1.12 523 
25.4 1.27 514 

CPZ-injected 26.9 (26 .1)  1.40 (1 .33)  328 (412) 24 
26.1 1.33 395 
25.3 1.23 506 

DMP-injected 26.2 (26.1) 1.28 (1.21) 372 (398) 26 
26.8 1.11 316 
25.1 1.15 289 

CPZ + DMP 26.5 (26.0) 1.23 (1.21) 251 (263) 51 
26.3 1.24 249 

Values shown are averages from 3 mice, 2 hr after injection of DMP (3 hr after injection 
of CPZ). Values in parentheses are the averages of  the 3 measurements. 
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T A B L E  3 

Liver  L ip ids  a f t e r  I n j e c t i o n  o f  C h l o r p r o m a z i n e  a n d  D e c a n o y l a m i n o m o r p h o l i n o p r o p i o p h e n o n e  

541 

C e r a m i d e  level C e r e b r o s i d e  level 
B o d y  w t  Liver w t  L ip ids  L ip id  i nc rease  

(g) (g) ( m g / g )  (%) #g /g  Inc rease  #g /g  Decrease  

22 .2  1 .03 51 .3  103  3 8  
C o n t r o l s  22 .3  1 .06  4 8 . 8  -- 105  - 37  - 

140  35 C P Z - i n j e c t e d  22 .6  1 .19 59 .8  1 7  2 5 %  6 %  
22 .3  1 .17  57 .3  120  36  

DM P- in jec ted  22 .4  1 .05 58 .5  15 194  6 9 %  31 2 0 %  
22 .4  1 .03 56 .3  159  30  

192  26  CPZ + DMP- in jec ted  22 .7  1 .18  80 .5  53 72% 3 2 %  
�9 22 .4  1 .15 72 .5  167  25  

Values  s h o w n  are averages  f r o m  5 mice ,  i n j e c t e d  5 h r  p r i o r  to  sac r i f i ce  w i t h  D M P  (or  6 h r  w i t h  CPZ) .  

T A B L E  4 

C e r a m i d e  a n d  C e r e b r o s i d e  Levels in t he  Livers o f  C o n t r o l  a n d  T r e a t e d  G r o u p s  o f  ICR Mice 

C e r a m i d e  level b C e r e b r o s i d e  level b 
Liver  w t  a 

(g) #g /g  Inc rease  #g /g  Decrease  

150  3 3  
C o n t r o l s  1 .09  117  - 33  - 

101 32  

154  33  
C P Z - i n j e c t e d  1 .33  132  2 0 %  27 8% 

155 22  

171 33 
DMP- in jec t ed  1.21 2 0 3  4 6 %  2 9  7% 

1 6 4  2 9  

196  2 9  
CPZ + I)MP 1.21 2 0 3  54% 24  2 1 %  

167  24  

aLiver  we igh t s  are the  averages  f r o m  9 mice .  
bVa lues  s h o w n  are  the  averages  f r o m  g r o u p s  o f  3 mice .  All we re  sac r i f i ced  2 h r  a f t e r  

i n j ec t i ng  DMP (3 hr  a f t e r  CPZ) .  

ent temperature (14). Measurements of rectal 
temperature in the mice (Fig. 1) revealed that 
both drugs induced hypothermia in 30 min or 
less and that it persisted for at least 5 hr. Here 
the additive effect of the two drugs was ap- 
parent only during the first 90 min. 

The CPZ effect on glucosyltransferase, un- 
like that produced by DMP, could not be 
demonstrated in incubations with liver homog- 
enate, even at a concentration of 0.3 mM. Thus, 
it is possible that the enzyme is inhibited by 
one or more of the several known metabolites 
of CPZ. Mixing the liver homogenates from 
control and CPZ-injected mice gave only the 
expected intermediate values, indicating an 
absence of soluble inhibitors in the CPZ- 

injected mice. This might mean that a CPZ 
metabolite had combined irreversibly with 
some of the glucosyltransferase, and the 
amount of the free metabolite was too low to 
affect the added normal enzyme. 

An interesting side-observation was the find- 
ing that CPZ could be seen in the liver extracts 
after TLC of the cerebroside fraction (using 
silica gel with chloroform/methanol/water  
24:7:1). The CPZ was visible just above the 
cerebroside pair of bands as a pink spot im- 
mediately after spraying with cupric acetate 
and aq phosphoric acid (15). The color deep- 
ened upon heating, instead of charring to the 
usual gray band. Two /ag or less of CPZ could 
be seen readily and it is possible that the 
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FIG. 1. Rectal temperatures of mice injected with 
chlorpromazine or decanoylaminomorpholinopropio- 
phenone, or both. Data points are averages from three 
mice. 

method-which seems to show no interference 
at a l l -could be useful for quantitative analysis 
of tissues or blood. A similar color reaction 
between CPZ and phosphoric acid has been 
reported for paper chromatograms (16). 

DISCUSSION 

The ability of DMP to lower liver cerebro- 
side concentration, through its known effect 
on ceramide:UDP-glucose glucosyltransferase, 
is encouraging for our goal of treating Gaucher 
disease by chemotherapy. The current approach 
to treatment, injection of normal cerebroside 
glucosidase obtained at great cost from human 
placentas, has not proved effective in reversing 
the progress of the disorder (17). Although 
the interference with regulation of body tem- 
perature by DMP and CPZ is a drawback, this 
problem is readily handled by CPZ-consuming 
patients by the use of appropriate clothing and 
control of body activity. 

The effects of DMP and CPZ in mice on 
glucosyltransferase and cerebroside could be 
attributed to some indirect effect of body 
cooling, but this explanation is improbable 
because the additivity of the drugs in their 
biochemical effects is not paralleled by their 
nonadditivity in reduction of body tempera- 
ture. 

Remarkably many effects on enzyme reac- 
tions and physiological phenomena have been 
demonstrated for CPZ and we can now add 
the observed reduction in glucosyltransferase 
and cerebroside, and the accumulation of 

ceramide. The accumulation of fat in fiver has 
been previously noted in rats (18) and in 
patients (19) given CPZ chronically. However, 
ours seems to be the first demonstration that 
this accumulation appears very quickly, after 
a single dose of the drug. Experiments with 
rats given two single (but heavy) does of CPZ 
have shown a 41% increase in total phospho- 
lipid weight in the liver microsomes within 48 
hr after the initial dose (20). Since CPZ is being 
given to patients over a relatively long period of 
time, sometimes at dosage levels as high as ours, 
one might ask whether there is any effect in 
these patients on sphingolipid metabolism. 

The accumulation of ceramide, seen with 
both drugs, is presumably due to reduction in 
its rate of utilization for glucocerebroside syn- 
thesis without an accompanying decrement in 
its rates of synthesis or hydrolysis. This kind of 
accumulation is seen in the human genetic 
disorder ceramidosis or Farber's lipogranulo- 
matosis, where the defect is in the rate of 
hydrolysis. The second major synthetic conver- 
sion route for liver ceramide is the reaction 
with lecithin to form sphingomyelin (21), but 
this reaction appears to be much slower than 
ceramide glucosylation, at least in vitro. The 
rapid rise in ceramide level suggests that it has 
a relatively high turnover rate in liver. Alterna- 
tively, one could postulate a rapid mobilization 
from the peripheral organs, like triglycerides. 
Ceramides and triglycerides do resemble one 
another in their low polarity and in their deriva- 
tion from fatty acids. 

The overshoot effect observed 24 hr after 
administering the two drugs is not unknown 
with other inhibitors and is presumably the 
result of imprecise regulation of enzyme levels-  
in this case, a temporary overrapid synthesis 
of glucosyltransferase. This lability in the 
enzyme level suggests that it has a high turnover 
rate and is relatively responsive to exogenous 
influences. This interpretation is consistent 
with the results of experiments on the effects 
of protein synthesis inhibitors on the enzyme 
(22). 

It is possible that the large reduction in glu- 
cosyltransferase we produced would not be 
necessary in treating Gaucher disease since the 
accumulation of cerebroside is relatively slow 
and it might suffice to produce only a small 
decrement in its rate of synthesis. In general, 
it seems that organisms possess somewhat more 
hydrolase than the corresponding synthetase; 
that is, there is surplus hydrolase activity. The 
large reduction in cerebroside glucosidase seen 
in Gaucher disease probably does not signify 
so large a decrease in the actual rate of cerebro- 
side breakdown. 
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1 3 C  Nuclear Magnetic Resonance Spectroscopic 
Analysis of Seed Oils Containing Conjugated 
Unsaturated Acids 1'2 
A.P. TULLOCH, National Research Council o f  Canada, Prairie Regional Laboratory, 
Saskatoon, Saskatchewan, Canada STN OW9 

ABSTRACT 

13C Nuclear magnetic resonance spectroscopy has been used in a nondestructive investigation of 
conjugated unsaturated acids in seed oil triacyiglycerols. Spectra of seven seed oils, from Punica gran- 
atum, Cucurbita palmata, Jacaranda mimosifolia, Centranthus ruber, Catalpa bignonioides, Chilopsis 
linearis and Calendula officinalis, containing anaong them six isomeric trienoic acids, cis, trans, cis- and 
trans, trans, cis-8,10,12-, cis, trans, cis-, eis, trans, trans-, trans, trans, cis- and trans, trans, trans-9,11,13-octa- 
decatrienoic acids, and of the oil of Impatiens balsamina containing cis, trans, trans,cis-9,11,13,15-octa- 
decatetraenoic acid, have been examined. Structures of component acids were derived from shifts of 
double bond carbons and of carbons close to the double bond systems. Compositions of the oils were 
obtained from signal intensities. Results were similar to those obtained by older methods. Only oil of 
Centranthus ruber contained more than one major conjugated acid; both cis, trans, trans- and trans, 
trans, trans-9,11,13-octadecatrienoie acids were found. The latter acid is now thought to occur natur- 
ally. 
Lipids 17:544-550, 1982. 

INTRODUCTION 

In an earlier invest igation of  a seed oil con- 
taining two conjugated tr ienoic acids, it was 
found that  the acids could be ident i f ied and the 
oil composi t ion  de termined  by ~3C nuclear  
magnetic resonance (NMR) spectroscopy (1). 
Examina t ion  of  seed oils or  fa t ty  acid mixtures  
by 13C NMR has several advantages over gas 
liquid chromatographic  (GLC) and mass spec- 
t rometr ic  (MS) methods,  since in these methods  
derivatives have to be prepared and high tem- 
peratures are involved;  both procedures  may 
cause decompos i t ion ,  or  isomerizat ion,  of  sen- 
sitive compounds .  Using MS, it is difficult  to 
distinguish double  bond isomers or to analyze 
them quanti tat ively.  NMR, however ,  is non- 
destructive,  requires no derivatives, and is rea- 
sonably quant i ta t ive .  

Five conjugated octadecat r ienoic  acids have 
been repor ted  in seed oils with the double bond 
systems cis, trans, cis- and trans, trans, cis-8,10,12- 
and cis, trans, cis-, cis, trans, trans- and trans, trans, 
cis-9,11,13 (2). Acids were ident i f ied mainly by 
older me thods  such as ul t raviolet  (UV) spectro- 
scopy and isolat ion of  the tr ienoic acid by cry- 
stall ization and, as a result ,  mixtures  of  acids 
would  have been hard to ident ify.  

Because of  the finding of  cis, trans, cis- and 
cis, trans, trans-9,11,13-octadecatrienoic acids, 

Ipresented in part at the International Society for 
Fat Research/American Oil Chemists' Society World 
Congress, New York, 1980. 
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together ,  in oil of  Fevillea trilobata (1), o ther  
oils known to conta in  conjugated tr ienoic acids 
have been investigated to de termine  whether  
they,  too,  contain more than one conjugated 
triene. Also, it was useful to examine  oils con- 
raining isomers o ther  than those investigated 
earlier (1) so that these could be recognized 
and distinguished by 13C NMR. 

13C NMR spectra of  oils f rom Calendula 
officinalis,  containing the t , t ,c-8,10,12-acid (3), 
Jacaranda mimosifol ia,  with the c,t ,c-8,10,12- 
acid (4), Punica granatum (2) and Cucurbita 
palmata (5), with c,t ,c-9,11,13-acid, Centran- 
thus ruber, with the  c,t , t-9,11,13-acid (6), 
Chilopsis linearis (7) and Catalpa bignonioides 
(8), with the t , t ,c-9,11,13-acid,  have been ob- 
tained. Oil of Impat iens  balsamina, which con- 
tains a conjugated c,t,t,c-9,1 1,13,15-octadeca- 
te t raenoic  acid (9), has also been examined.  
The composi t ions  of the oils have been deter- 
mined from the intensities of  the signals. 

MATERIALS AND METHODS 

Oil Extraction 

Seeds of  C. officinalis, C ruber and I. Bal- 
samina were obta ined  f rom local seed suppliers;  
P. granatum seeds were removed from fresh 
commerc ia l  pomegranates ,  washed with water  
and dried at 20 C. Seeds o f  C. bignonioides 
were f rom F.W. Schmumacher  Company ,  Sand- 
wich, MA 02563,  and those of  J. mimosi fol ia  
were from Etabl issments  Versepuy,  Le Puy 
(H.L.), France. Seeds of  C. linearis and C. pal- 
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FIG. 1. 13C NMR spectrum of oil from Chilopsislinearis, 13-38 ppm and 122-138 ppm 
regions. Spectrum was obtained with a spectral width of 5 KHz and horizontally expanded 5 
times, no pulse delay was used. 

mata were gifts from the Rancho Santa Ana 
Botanic Gardens, Claremont, CA. Seeds were 
extracted with hexane by the method of Troeng 
(10), hexane was removed below 30 C and at 
0.1 ram. The oil contents were: P. granatum, 
15.0%;C. palmata, 28.7%;J. mimosifolia, 28.3%, 
C. tuber, 16.7%; C. bignonioides, 15.6%;C. lin- 
earls 28.3%; C. offi'cinalis, 16.5% and L balsa- 
mina, 22.7%. 

Nuclear Magnetic Resonance (NMR) 

The ~3C NMR spectra of  1 g of the oils in 
2 ml CDC13 were measured immediately after 
extraction at a probe temperature of 32 C. A 
Varian XL-100-15 spectrometer in the Fourier 
transform mode at 25.1603 MHz with a Nicolet 
1180 data system with proton noise decoupling 
was used. The number of data points was 16,384; 
spectral width was 5 Ktlz and the acquisition 
time was 1.64 sec. Chemical shifts were deter- 
mined using 10,000 acquisitions, the solvent 
provided the internal deuterium lock signal and 
shifts are expressed in ppm downfield from 
TMS. For quantitative analysis, 45 ~ pulses and 
a pulse delay of 25 sec were used, the number 
of acquisitions was 2,000; the proton decoupler 

was on only during acquisition. The spectrum 
was expanded horizontally to 5 tIz/cm and the 
relative intesities of the peaks measured by tri- 
angulation. Compositions were calculated by 
averaging intensities of the same carbon as pre- 
viously described ( I ) ;  acids could be detected 
at a level of 1% and estimated at a level of  2%. 
Longitudinal relaxation times were measured 
by the Freeman-Hill procedure. 

RESULTS AND DISCUSSION 

Satisfactory spectra were obtained for each 
oil and the relevant parts of the spectrum of oil 
from C. linearis are shown, as an example, in 
Figure 1. Chemical shifts and relative intensities 
are listed in Table 1. Assignments of saturated 
carbon signals were made using the previously 
established long-range a, ~3, 7 and ~ effects of 
the conjugated triene system (1), assuming 
them to affect the shifts of stearate carbons 
additively (11). Thus, signal 9, at 27.58 ppm, is 
due to C-15 of the t,t,c system (if c,t,t had been 
present, instead, a signal due to C-8 would have 
appeared at 27.87 ppm) and signal 16, at 32.81, 
is due to C-8 of t,t,c. The signals of the double 
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T A B L E  1 

13C C h e m i c a l  Sh i f t s  o f  Seed Oil f r o m  ChUopsis linearis a 

Signal  C h e m i c a l  Re la t ive  
N u m b e r  shi f t  A s s i g n m e n t  b i n t e n s i t y  

1 1 3 . 9 8  C-18  t , t ,c 94.1  
2 1 4 . 0 9  C-18  S, O,  L, t , t - 9 , 1 2 - a n d  1 0 , 1 2  
3 2 2 . 3 7  C-17  t , t ,c 23 .5  
4 2 2 . 6 1  C-17  L , t , t - 9 , 1 2 - a n d  1 0 , 1 2  57 .8  
5 2 2 . 7 3  C-17  S ,O 2 3 . 0  
6 2 4 . 9 0  C-3 all 96 .6  
7 2 5 . 6 9  C - I I  L 28 .9  
8 2 7 . 2 4  C-8 ,C-11  O,  C-8 ,C-14  L 89 .2  
9 2 7 . 5 8  C-15  t , t ,c  22.5  

I 0 2 9 . 1 0 - 2 9 . 7 6  Unass igned  -- 
11 3 0 . 4 6  ? 3 .0  
12 3 1 . 4 9  C-16  t , t - 9 , 1 2 - a n d  1 0 , 1 2  2 3 . 0  
13 3 1 . 5 8  C-16  L 2 3 . 0  
14 3 1 . 9 5  C-16 ,  S, O,  t , t ,c  4 9 . 0  
15 3 2 . 5 8  C-8 ,C-14  t , t - 9 ,12 ,  C-9 ,C-14  t , t - l O , 1 2  60 .3  
16 3 2 . 8 1  C-8 t , t ,c 20.1  
17 3 4 . 0 2 ,  3 4 . 1 8  C-2 all 1 0 9 . 9  
18 3 5 . 6 8  C*11 t, t -9 ,12  15.2  
19 1 2 6 . 1 2  t , t ,c 2 5 . 0  
2 0  1 2 7 . 9 4  L 32 .8  
21 1 2 8 . 1 2  L 31 .4  
22  1 2 8 . 5 9  t , t -9 ,12  23 .5  
23  1 2 8 . 7 9  t, t -9 ,12 ,  t , t ,c 44.1  
24  ! 2 9 . 6 6  0 11 .3  
25 1 2 9 . 9 0  L 

48 .5  26  1 2 9 . 9 7  0 
27  1 3 0 . 1 2  L 30 .9  
2 8  1 3 0 . 4 5  t , t - lO ,12  9 .3  
29  1 3 0 . 5 3  t , t - l O , 1 2  8 .8  
3 0  1 3 0 . 8 2  t, t -9 ,12 ,  t , t ,c 4 5 . 6  
31 1 3 1 . 0 7  t , t -9 ,12  15.7  
32 1 3 1 . 7 5  t , t ,c  24 .5  
33  1 3 2 . 0 6  t , t - 1 0 , 1 2  9 .8  
34  1 3 2 . 2 4  t , t - 1 0 , 1 2  10.3  
35 1 3 2 . 7 7  t, t,c 2 8 . 4  
36 1 3 4 . 7 0  t , t ,c  2 3 . 0  

aS igna l s  o f  g l y c e r o l  a n d  c a r b o x y l  c a r b o n s  o m i t t e d .  

b A b b r e v i a t i o n s :  S, s a t u r a t e d ;  O ,  o l ea t e ;  L, l i no l ea t e ;  t,t,c, trans, rrans, c is-9,11,13-octa-  
d e c a t r i e n o a t e  ; t, t -9 ,12 ,  trans, t rans-9,12-octadecadien oa t e  ; t, t- 10 ,12 ,  trans, trans- 1 0 , 1 2 - o c t a -  
d e c a d i e n o a t e .  

bond carbons of the conjugated system are dis- 
cussed later. 

The presence of trans, trans-9,12- and trans, 
trans-lO,12-octadecadienoic acids, previously 
detected in this oil (7), were shown by signals 
at 31.49 and 32.58 ppm (assigned in Table 1). 
The signal at 35.68 ppm, due to C-11 of t,t- 
9,12, confirmed that this acid was present. The 
double bond carbon signals of these acids ap- 
peared in characteristic pairs (I 2), those of  t,t- 
9,12 at 128.59, 128.79, 130.82and 131.07ppm 
and those of t,t-10,12 at 130.45,130.53,132.06 
and 132.24 ppm. 

Table 2 lists the shifts of the saturated car- 
bons of  the conjugated trienoic acids and of  the 
tetraenoic acid, but only signals which are most 

affected by the conjugated system and which 
can be readily seen in the spectra are shown. The 
c,t,c-8,10,12- and -9,11,13-systems and the cis 
end of c,t,t- and t,t,c-systems all have quite sim- 
ilar effects on neighboring carbons. These effects 
are characterized by an upfield a effect of c. 
-1.8, markedly less than that of an isolated cis 
double bond, a very small/3 effect and a moder- 
ate 7 effect of c.-0.35. Only the c~ and one of 
the/3 effects of the c,t,t,c- system could be ob- 
served: on C-8, the former was the same as in 
the above groups but on C-17 it was only -1.43, 
smaller than the effect on the same carbon in 
lin olenate (13). The/3 effect on the terminal CH3 
was unexpectedly downfield (+0.15); effects on 
the last two carbons of a chain are often differ- 
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ent from those on the interior carbons ( 1 3 , 1 4 ) .  
The trans ends of  the t,t,c-8,10,12- and -9,11, 
13-systems and the c,t,t- and t,t,t-9,11,13-sys- 
terns were also similar to each other.  These have 
a large downfield a effect, a. + 3 . 1 ,  and a/3 effect 
almost  as large as the 3, e f fec t  both  being signif- 
i cant ly  upfield. The effects of the t,t-9,12 and 
t , t -10,12 systems were as repor ted  previously 
(13). 

The difference between the ct and /3 effects 
of  the cis end and of  the trans end of  the double  
bond systems makes it possible to distinguish 
c,t,t and t,t,c isomers unambiguously .  The /3 
effect on C-16 is the most useful in this respect. 
The pos i t ion  o f  the double  bond sys tem at 
either 8,10,12 or 9,11,13 is also clearly shown. 
In 9,11,13-systems,  C-16, C-17 and C-18 are 
subject to/3, 3' and 5 effects,  but  in the 8,10,12- 
system these carbons are affected by 7, t$ and e 
effects.  C-17, in particular,  is affected by ei ther  
a 3, effect or a 5 effect and these are appreciably 
different  no mat te r  in which double  bond the 
system ends. The presence of  an 8,10,12~system 
is conf i rmed by a signal slightly upfield of  29.00 
ppm. This is due to C-5 which in this system ex- 
periences a 3, effect  of  c.-0.4 ppm. 

Table 3 lists the signals of the double bond 
carbons of the trienes and the tetraene. Signals 
have not been assigned to particular carbons, 
though this was done before for three of  the 
acids (1), because assignments have not been 
confirmed and some, at least when the shifts are 
close together ,  may be incorrect .  It was not  
possible to assign the signals from the longitu- 
dinal relaxation times (TI)  though this has been 
done for the double bond signals of  l inoleate 
and l inolenate  (15). In these nonconjuga ted  
acids, carbons closer to the methy l  end of  the 
chains have appreciably larger T~ values. It is 
supposed that introduction of further double 
bonds  decreases  the restrict ion on segmental  
m o t i o n  (15) .  Values  close to those  reported for 
l inoleate  and l inolenate  were obta ined  with  sun- 
f lower  and linseed oils, respectively, using the 
condi t ions  of  the present investigation.  The 
double bond carbons of  c,t,c-9,11,13 in oil of  
P. granatum, and of  c,t,t-9,11,13 in tung oil, 
however ,  all had TI  values close to 1 sec so that  
no reliable assignments could be made. These TI 
values are very short ,  presumably because, in 
conjugated triene systems, motion is more re- 
stricted, due to rr orbital  in teract ion,  than it is 
in stearate and linolenate. 

Listing the double bond carbon shifts makes 
it easier to compare the different systems. The 
t w o  c,t,c-acids are similar to each o ther  as are 
the c,t,t- and t,t,c-acids; little difference within 
these two groups would be expected  since car- 
bons 8 to 14 of  stearate have very similar shifts 
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(14). To identify the type of conjugated triene 
system, the following two observations appear 
to be sufficient: (a) symmetrical systems c,t,c 
and t , t , t  have signals at intervals; (b) for each 
eis double bond present, there are two signals 
at higher field than those of the double bond 
carbons of oleate. Thus, in e,t,e and e,t,t,e, 
there are four signals at higher field than 130 
ppm but, in e,t,t  and t,t,e, there are only two 
such signals and in t,t,t,  all signals are at lower 
field than 130 ppm. The structure of an acid is 
thus derived by consideration of shifts of both 
saturated and unsaturated carbons. 

The compositions of the oils determined 
from signal intensities are listed in Table 4 and, 
in general, they are close to those previously 
reported. The structures of the major conjugated 
acids were originally determined, relatively 
laboriously, by chemical degradation after iso- 
lation. Amounts of conjugated components 
were determined by UV spectroscopy (2). Com- 
plete compositions were reported for some oils 
(7,8). Later, all the oils in Table 4 containing 
conjugated trienoic acids were analyzed by 
GLC, using a packed column, though the iso- 
meric dienes and trienes were not  distinguished 
(16). Except for C. ruber and C. linearis, dis- 
cussed later, agreement between the GLC re- 
sults (regarding the amount of unspecified triene 
at least) and Table 4 is fairly close; the larger 
amount of oleic acid in C. palmata in Table 4 
may be due to biological variation. When this 
investigation was complete, GLC analysis of a 
number of conjugated trienoic acid-containing 
oils, including P. granatum and C. officinalis, 
using a 54-m, open-tubular glass column, was 
reported (17). In this analysis, different isomers 
were distinguished and decomposition and iso- 
merization was probably avoided. The compo- 
sition of oils from P. granaturn and C. officina- 
lis found by this method and by ~3C NMR 
(Table 4) were very close, including the finding 
of a very minor amount  of c,t,t-9,11,13-acid in 
P. granatum. Only one of the six double bond 
carbon signals of this acid has the same shift as 
one of the c,t,c-9,11,13 signals (128.90 ppm, 
Table 3), the t,t,c-acids have similar signals but 
the presence of the c,t,t  isomer was indicated 
by a very small signal (at 32.55 ppm) due to C- 
15 (Table 2). 

The 13C NMR method also clearly showed 
the presence of the two unusual dienes t,t-9,12 
and t,t-10,12 (Fig. 1, Tables 1 and 4) in C. lin- 
earls. There is remarkably good agreement be- 
tween the present composition and that obtained 
when the two dienoic acids were first found in 
the oil (7). The t,t-9,12-acid was also present in 
oil from C. bignonioides, agreeing with an earlier 
report (8). No evidence for the presence of 
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TABLE 3 

13C Chemical Shifts of Double Bond Carbons of Conjugated 
Trienoic and Tetraenoic Acids as Triacyglycerols in Seed Oils a 
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c,t,c-9,11,13 c,t,c-8,10,12 c,t,t-9,11,13 t,t,c-9,11,13 t,t,c-8,10,12 t,t,t-9,11,13 c,t,t,c-9,11,13,15 

127.87 127.81 125.98 126.12 126.21 130.60 128.12 
128.02 128.07 128.91 128.79 128.71 130.73 128.15 
128.86 128.86 130.73 130.82 130.85 130.81 128.25 
128.96 129.07 131.52 131.75 132.04 130.95 128.91 
132.38 132.09 132.91 132.77 132.71 133.98 132.69 
132.62 132.57 134.90 134.70 134.66 134.19 132.87 

132.87 
134.38 

asee footnotes to Table 2. 

appreciable  amoun t s  of  isomeric tr ienoic acids 
was obta ined ,  excep t  for oil o f  C. ruber which 
had 17% of  t,t,t-9,1 1,13-acid as well as 25% of  
c,t,t-9,11,13-acid. Previously only the lat ter  
acid was r epor t ed ,  though  the isolated acid was 
diff icult  to purify (6). The all trans acid has 
usually been cons idered  an art ifact ,  fo rmed  by 
i somer iza t ion  of  one  of  the  o the r  t r ienoic acids 
(16,18),  and no t  a natural ly occurr ing acid. It 
is now believed that  this acid occurs natural ly  
in tung oil (17) and it is also mos t  p robably  a 
natural  cons t i tuen t  o f  oil o f  C. tuber (Table 4) 
(unless the seed was very old and i somer iza t ion  
had occurred before  ext rac t ion) .  It is o f  in teres t  
that  a related species, Valeriana officinalis (in 
the same family Valerianaceae) also con ta ined  
10-15% of  the all trans acid (16). No evidence 
was found  for  the presence of  h y d r o x y  acids in 
oil of  C. officinalis, where 9-hydroxy-10 ,12-  
trans, cis-octadecadienoic acid has been repor ted  
to occur  to the ex t en t  of  5% (19). 

Oil f rom L balsarnina has no t  been comple te ly  
analyzed before  bu t  ano the r  species, L edge- 
worthii, had a modera te ly  similar compos i t i on  
but  with more  te t raene  and less oleic and lino- 
leic acids (20). The conf igura t ion  of  the double  
bonds  as c,t,t,c has been establ ished for acids 
f rom bo th  species (9,20). No conjugated t r ienoic 
acids were de t ec t ed  in this oil by ~3C NMR; 
they  have not  been repor ted  for member s  of 
this genus, but  have been found in oils f rom 
Parinarium species which also contain  the c,t,t,c- 
acid (21). 

Thus,  it has been shown that  six isomeric 
conjugated t r ienoic  acids and also a conjugated 
dienoic  acid and a conjugated te t raenoic  acid 
can be de tec ted  in seed oils, in the presence of  
oleic, l inoleic and l inolenic acids, by 13C NMR. 
The comple te  compos i t ion ,  excep t  for indivi- 
dual sa tura ted acids, can also be de te rmined  
wi thou t  any chemical  modi f ica t ion  of  the oil. 
Excep t  for oil o f  C. ruber, only one major  con- 

jugated  acid was present  in each oil; compos i -  
t ions  of  two  of  the oils were very similar to 
those  recent ly  ob ta ined  (17). The comple te  ab- 
sence o f  l inolenic acid f rom oils conta in ing  con- 
jugated  t r ienoic acids, which had been shown in 
earlier work (2), was conf i rmed .  The oil conta in-  
ing the conjugated te t raenoic  acid, on  the  o ther  
hand,  did contain  an appreciable  p ropo r t i on  of  
l inolenic acid. 
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ABSTRACT 

The level of trans-I 8:1 isomers in several isolated lipid classes of human liver, heart, red blood cells 
and plasma was determined. Phospholipids contained substantially fewer trans-18:1 isomers than 
triglycerides. The double bond distribution of the cis and trans octadecenoate fraction of triglycerides 
and phosphatidylcholines from human liver and heart was determined. Whereas the double bond dis- 
tribution of the triglycerides correlated closely with the pattern found in dietary hydrogenated vege- 
table oils, the phosphatidylcholine fraction showed evidence of selective incorporation or metabolism 
of specific trans positional isomers. In general, isomers with double bonds near the methyl terminus 
were present at levels higher than expected from their relative abundance in the diet. Ref'mements in 
methodology needed to analyze octadecenoate double bond configuration and location in human 
tissues are presented. 
Lipids 17:551-557, 1982. 

Partial hydrogenation of vegetable oils 
results in rearrangement of double bonds from 
the  cis to the trans configuration and in the 
movement of both cis and trans double bonds 
to new positions in the acyl chain (1,2). 

The hydrogenated fatty acids are "unusual" 
in the sense that they differ structurally from 
the  cis-9 and eis-11 octadecenoic isomers which 
are synthesized endogenously by animals. Over 
the past 60-70 years, consumption of partially 
hydrogenated fats has increased gradually to 
the level where they now constitute ca. 30-40% 
of total fat consumed in American diets (3). 
Daily per capita consumption of the 10-15 
"unusual" octadecenoic cis and trans positional 
isomers has been estimated to be 9 g, or ca. 
6-8% of total fatty acid intake (4). Dietary 
products and fats from ruminant animals 
present an additional minor source of octa- 
decenoic isomers as a result of microbial 
biohydrogenations occurring in the stomachs 
of ruminants (5). 

A number of studies have demonstrated that 
biological systems can respond very selectively 
to modifications in fatty acid double bond 
position or configuration (6). For example, 
in microbial model systems, alterations of  fatty 
acid double bond position have led to rather 
striking selective consequences for the growth 
and viability of these ceils (7,8). In vitro 
measurements of acyl transferase specificities 
have revealed the high discriminatory ability 
of enzymes for small changes in acyl chain 
structure (6). 

The analysis of  the double bond distribution 

lst. Francis Medical Center, Peoria, IL 61603. 

of individual lipid classes described here pro- 
rides an opportunity to determine the extent 
to which the selective biological responses just 
discussed are reflected during human metab- 
olism of dietary cis and trans octadecenoate 
positional isomers. 

MATERIALS AND METHODS 

Human tissues were obtained during autop- 
sies performed on male subjects of ages 17, 27, 
29, 29, 57 and 64 years and on female subjects 
of ages 16, 26 and 62 years. In most cases, 
these subjects died from traumatic injuries. In 
addition, adipose tissue was obtained from two 
premature infants. Tissues were extracted using 
hexane/isopropanol as described previously (9). 
Blood samples ,were obtained from healthy 
male volunteers of ages 22-30 and were ex- 
tracted and fractionated into individual lipid 
classes as described by Emken et al. (10). 

Individual lipid classes were isolated from 
total lipid extracts of  heart and liver by prepar- 
ative thin layer chromatography (TLC) or by 
chromatography on a radially compressed 
column of silica gel as described by Patel and 
Sparrow (11). For preparative TLC, 2-mm 
silica gel TLC plates were developed in either 
petroleum ether/ether/acetic acid (80:20 ::1) for 
isolation of triglyceride and cholesterol esters 
or in chloroform/methanol/acetic acid (65: 
25:4) for isolation of  phospholipids. 

The purified lipid classes were transesterified 
by adding 3 ml each of benzene and 10% anhyd 
HC! in methanol and heating 3 hr at 65 C in a 
sealed tube, After adding 5 ml H20 , the methyl 
esters were extracted with petroleum ether and 
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the extract was washed with 1A vol of 0.1 M 
NaHCO3. 

The  cis and trans monoene fractions were 
isolated from methyl esters of the individual 
lipid classes by silver-nitrate TLC (9). Trace 
quantities of methyl-[ 1J4C] oleate and methyl- 
[9,10-3H]elaidate were added to the methyl 
esters prior to silver-nitrate TLC to monitor 
the completeness of separation and recovery 
of the cis and trans monoene fractions. 

Prior to ozonolysis, the cis and trans mono- 
enoic fractions that had been isolated by 
AgNOa-TLC were further purified by prepara- 
tive GLC on either 20% DEGS or 20% OV17 in 
�88 3-ft stainless-steel columns. This proce- 
dure removed 16: 1, 20: 1, or other chain length 
monoenes from the samples. The 18-carbon 
chain length monoene isomers were collected 
from the gas liquid chromatography (GLC) 
effluent after injections of 50-200 /ag of each 
cis and trans monoenoic fraction. The GC 
effluent was split ca. 10:1 and the larger por- 
tion was collected (as it passed from the 
column oven) in a 30-cm section of 24-gauge 
Teflon tubing. Using radioactive methyl oleate 
as a standard, the collection efficiencies using 
this method were determined to be at least 
80% if the amount injected was less than 200 
/ag. 

The double bond distribution in the 18- 
carbon cis and trans monoenoic fractions was 
determined by the ozonolysis procedure de- 
scribed by Wood et al. (12) adapted as follows: 
10-100 /ag of the octadecenoate fractions 
dissolved in 20-50 /al CS2 at -70 C was mixed 
with 0.2-1.0 ml ozone-saturated CS2 at -70 C. 
Excess ozone was removed immediately by 
bubbling with N 2 and the sample was concen- 
trated to 50-100 /al with a stream of N 2. Tri- 
phenylphosphine (100 mg/ml CS2) was added 
at the level of 10/ag//~g sample and the sample 
was capped until it was injected into the gas 
chromatograph. Samples were chromato- 
graphed on 2-mm, 6-ft glass columns packed 
with a mixed phase of 2% OV-17 and I% 
OV 210 on 100/120 mesh Supelcoport. The GC 
oven temperature was programmed from 50- 
260 C at 10 C/rain (1 rain initial, 5 min final). 
These chromatographic conditions gave resolu- 
tion of all the aldehyde and aldehyde ester frag- 
ments derived from octadecenoates with double 
bonds between the 5 and 16 positions. Peak 
areas were integrated by digital computer. 

The level of t rans-18: l  in the total fatty 
acids of the individual lipid classes was esti- 
mated by GC on either a 1/8-in., 20-ft 15% 
OV-275 column or on a 0.02-in., 100-m Silar 
10C capillary column. 

The octadecenoate isomers used to prepare 

standard mixtures (as analyzed in Table 2) were 
gifts from R.O. Adlof, W.J. Dejarlais and H.R. 
Rakoff (13). 

RESULTS AND DISCUSSION 

Methodology for Determination 
of Double Bond Distributions 

The analysis of both the double bond con- 
figuration and location in the octadecenoate 
fraction of human tissue lipids presents several 
problems due to the low concentration and 
large number of isomers present. 

Although the total content of the "unusual" 
cis and trans isomers found in human tissues 
ranges from 0.5-6% (9), this value is the sum of 
the contributions of 15-20 individual isomers. 
Most of the octadecenoate isomers are present 
at levels below 1% and many at levels below 
0.1% of the total fatty acids. Because of these 
low concentrations, the accurate identification 
of the structure of these isomers requires addi- 
tional steps to ensure complete removal of 
other contaminating lipids that could contrib- 
ute to error in the analysis. 

For example, a lipid extract might typically 
contain 20% cis-9-18:1 and 1% of a mixture of 
t rans-18: l  isomers. The t rans-9-18: l  isomer 
usually constitutes ca. 20% of the mixture of 
trans isomers found in human tissues and thus 
will be present at a level of 0.2% of the total 
fatty acids or 1% of the cis-9-18:1 level. 

If the silver nitrate TLC separation of cis- 
and t r a n s - ~ 9 - 1 8 : l  is 99% rather than 100% 
complete, then the trans-9-18:1 fraction will be 
contaminated by an equal quantity of cis-9- 
18:1. Therefore, this 1% overlap in the TLC 
separation introduces a 100% error in the value 
determined for trans-9-18:1 in the sample. For 
this reason, we found it essential to monitor 
and validate separation of the cis and trans 
fractions using radioactive internal standards 
and capillary GC. In some cases, a second 
AgNO3-TLC purification of the trans monoene 
fraction was necessary to ensure complete 
removal of contamination by cis isomers. 

Although it was possible to ensure essen- 
tially complete separations of cis- and trans-~ 9- 
18:1 by a second AgNO3-TLC step, complete 
cis-trans separations of all the isomers in these 
biological samples is not practicable. This is 
because Rf values for the octadecenoate 
isomers on AgNO3-TLC vary with double bond 
position (14), causing incomplete cis-trans 
resolution of mixtures containing many iso- 
mers. The greatest overlap occurs between the 
trans-6 and cis-13 isomers, which had Rf values 
of 0.46 and 0.41, respectively, in our TLC 
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system, whereas elaidate and oleate had Rf 
values of 0.51 and 0.30, respectively. We 
estimate the overlap of trans-6 into the cis 
fraction and cis-13 into the trans fraction to be 
ca. 20%, but since these isomers were found to 
be minor constituents of the biological samples, 
the compositional data have not  been corrected 
for this error. 

Ozonolysis Validation 

Despite improvements in separation of 
monoenoic positional isomers by capillary GLC 
(15), chromatographic conditions have not yet 
been established that allow complete resolution 
of mixtures of the 15-20 octadecenoate isomers 
present in samples of hydrogenated vegetable 
oils or their metabolic products. Thus, to ob- 
tain a complete analysis of double bond distri- 
bution in complex samples, oxidative cleavage 
is required. 

The most frequently used oxidative tech- 
nique is ozonolysis followed by triphenylphos- 
phine reduction to yield aldehyde and aldehyde 
ester fragments. In our preliminary analysis of 
positional isomer mixtures of known composi- 
tion, we observed that the peak area of the 
short chain (<8 carbons) aldehyde and alde- 
hyde ester fragments was up to 60% less than 
expected. This phenomena was most pro- 
nounced when the quantity of sample injected 
onto the chromatograph column was less than 
10 /ag. Although this loss evidently is not ob- 
served when larger quantities (>100 /ag) of 
isomer mixtures are analyzed (16), the tissue 
lipid extracts did no t  contain sufficient quanti- 
ties of many of these isomers to allow injection 
of these larger amounts. 

The apparent loss of short-chain fragments 
is not due to their volatility, because the 
samples were not concentrated and were in- 
jected immediately after reduction with tri- 
phenylphosphine. This suggested that a portion 
of the short-chain fragments was lost after 
injection onto the GC column. We obtained 
evidence that this type of loss was occurring 

by coinjecting various quantities of hexanal 
and methyl hexanoate. Methyl hexanoate was 
used as an internal standard to calculate the 
recovery of hexanal. As shown in Table 1, if 
5 /ag of a hexanal-hexanoate mixture is chro- 
matographed, the recovery of hexanal is re- 
duced 25-35% relative to its recovery when 60 
/ag of the mixture is injected. These results 
were observed with on-column injection glass 
columns and with several stationary phases. 
Evidently, a portion of the short-chain alde- 
hyde absorbs or polymerizes during the 
chromatographic run. 

Because of this loss of the shorter chain alde- 
hyde and aldehyde ester fragments, it was 
essential for us to calculate the double bond 
distribution based only on the longer chain 
fragment of each isomer rather than using only 
the aldehyde ester data or an average of both 
fragment areas. Therefore, we used the area of 
the aldehyde ester fragment for double bond 
positions 9 and above, and the aldehyde frag- 
ment was used for double bond positions less 
than 9. The peak areas were corrected both for 
the number of ionizable carbons and also for 
the small difference in response of the flame 
ionization detector for aldehydes and aldehyde 
esters (16). Table 2 demonstrates the ability of 
this technique to give quantitatively accurate 
analyses of known mixtures of isomers varying 
in double bond location from the 6- to 13- 
positions. 

Occurrence of Positional and Geometric Isomers 
in Lipid Classes of Liver, Heart, Red Blood Cells 
and Plasma 

Although there have been several reports of 
the presence of trans-18:l in human tissues 
(17-21), these studies have not determined 
which of the individual lipid classes contain 
these isomers. In Table 3, the levels of trans- 
18:1 in the triglycerides and cholesterol ester 
fractions and in several phospholipid classes of 
human heart and liver are presented. In all the 
subjects we have analyzed, we have consistently 

TABLE 1 

Influence of  Sample Size on Recovery of Short Chain Aldehydes 

Stationary phase  Quantity injected (~tg) Hexanal peak area/hexanoate peak area a 

OVIT/OV210 5 0.66 (7) 
60 1.03 (3) 

QFI S 0.75 (4) 
100 1.12 (2) 

aThe number of determinations is given in parentheses. 
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TABLE 2 

Analysisby Ozonolysis of Double Bond Distribution 
in Two Mixtures of Known Composition 

Mixture A Mixture B 
Double bond composition (%) composition (%) 

position Real Measured Real Measured 

6 14.3 14.2 1.0 1.0 
8 14.3 13.7 3.0 2.7 
9 14.3 14.4 80.0 82.0 

10 14.3 14.7 2.0 2.2 
11 14.3 14.7 10.1 8.9 
12 14.3 14.1 2.9 2.2 
13 14.3 14.2 1.0 0.9 

TABLE 3 

trans-I 8:1 Content of Total Acyl Moieties in Lipid Classes of Human Liver and Heart 

Weight % trans 

Liver Heart 

Avg (n) a Range Avg (n) a Range 

Triglyceride 1.6 (9) 1.0-2.1 2.2 (7) 0.8-3.0 
Cholesterol ester 1.8 (4) 1.3-2.1 1.5 (4) 0.75-2.3 
Phosphatidyicholine 0.75 (8) 0.3-1.6 0.77 (6) 0.3-1.2 
Phosphatidylethanolamine 1.4 (9) 0.27~2.9 0.66 (7) 0.26-1.2 
Phosphalidylinositol 0.9 (3) 0.4-1.2 0.71 (3) 0.4-1.3 

aThe number of samples analyzed is given in parentheses. 

found that  the highest level of  trans isomers 
occurs in the neutral  lipid fractions,  whereas 
lower percentage levels occur  in the phospho-  
lipids. 

This observat ion may ref lect  that  a greater  
p ropor t ion  o f  fa t ty  acids in phosphol ipids  orig- 
inate f rom de novo synthesis as opposed to 
dietary sources and /or  that  there is discrimina- 
t ion against incorpora t ion  of  unusual isomers 
in to  the phosphol ipid  classes. F rom analysis of  
b lood samples from another  set of  subjects,  we 
have de te rmined  the level of  t rans -18: l  in red 
b lood cells and plasma lipid classes. As seen 
f rom Table 4, we again observed that  triglycer- 
ides have higher  levels of  trans isomers than do 
the o ther  complex  lipid classes. 

Our results with human  tissue contrast  with 
previous studies o f  animals fed diets conta ining 
hydrogena ted  vegetable oil. Reichwald-Hacker  
et al. (22), H~y and H~lmer  (23) and Wood 
(24) fed rats diets conta ining trans isomers at 
levels of  12.3, 54 and 51%, respect ively,  o f  the 
total  fa t ty  acids. For  compar ison,  the level of  
trans fatty acids in American diets has been 

es t imated to be ca. 6-8% of  the  total  fat ty acids 
ingested, and fat consumpt ion  by Americans 
is roughly 35-45% of  to ta l  caloric intake (3,4). 
Af te r  rats were fed the above hydrogena ted  
oils at levels of  15-25% by weight  (30-50% of  
calories) for per iods o f  4-12 weeks,  the trans 
i somer  contents  in the liver and heart  phospho-  
lipids were repor ted  to have risen to levels o f  
10-16% of  the to ta l  fa t ty  acids (22-24).  

These values are at least 10-fold higher than 
those we observed (Tables 3 and 4)  for human  
phospholipids,  a l though the dietary consump-  
t ion levels o f  the rats and humans  differed by 
only 2- to  6-fold. Thus, in terms of  total  trans- 
18:1 levels in phospholipids,  the shor t - term rat 
exper iments  led to substantially higher  incorpo-  
rat ions than long-term human consumpt ion .  In 
addi t ion,  in the exper iments  with rats just  
described,  the levels of  t rans -18: l  observed in 
phosphol ipids  were, in general, higher than 
observed in tissue triglycerides.  This contrasts  
with our  consis tent  observat ion (Tables 3 and 
4)  that  human tissues contain higher  levels of  
trans isomers in triglycerides than in phospho-  
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TABLE 4 

trans-I 8:1 Content of Total Acyl Moieties in Lipid Classes of Human Blood 

555 

Weight % trans 

Red blood cells Plasma 

Avg (n) a Range Avg (n) a Range 

Triglyceride 2.1 (6) 0.9-4.1 1.7 (11) 0.6-3.1 
Cholesterol ester 0.92 (6) 0.1-3.2 0.25 (9) 0-0.7 
Phosphatidylcholine 0.85 (6) 0.3-1.4 1.3 (12) 0.1-2.6 
Phosphatidylethanolamine 0.92 (6) 0.3-2.0 0.96 (11 ) 0.2-1.7 
Phosphatidylserine 1.3 (6) 0.4-2.2 - - 
Lysophosphatidylcholine 0.93 (3) 0.5-1.2 1.0 (12) 0.1-2.3 
Sphingomyelin 0.37 (6) 0.2-0.6 1.1 (10) 0.2-2.7 
Free fatty acid 1.7 (6) 0.8-2.8 2.3 (11) 1.0-3.6 

aThe number of samples analyzed is given in parentheses. 

lipids. 
Figure 1 presents the double  bond distribu- 

tions of  the cis and trans octadecenoic  posi- 
t ional isomers in the tr iglyceride fract ion f rom 
liver and in the phosphat idylchol ine  fract ion o f  
Hver and heart .  The pat terns  we observe for tri- 
glyceride are very similar to those found in 
dietary hydrogena ted  vegetable oil which is 
probably the major  source of  unusual octa- 
decenoic  isomers in American diets (25). In 
contrast ,  the phosphat idylchol ine  double  bond 
dis t r ibut ion differs f rom the diet by its greater  
p ropor t ion  of  isomers with double bonds near  
the methyl  terminus of  the fat ty acyl chain. 
In particular,  in phosphat idylchol ine ,  the 11 
rather  than the 10 isomer  is most  abundant  
in the trans-18:1 fract ion.  In addi t ion,  an ap- 
parent ly highly selective metabol ism of the 
posit ional  isomers results in a higher  level of  
the trans-14 i somer  than e i ther  the adjacent  13 
or 15 isomers. This selective response to indi- 
vidual isomers was observed previously,  and in 
some cases to a much greater  extent ,  by  the 
three studies of  rats just discussed. For  exam-  
pie, Reichwald-Hacker  et al. (22)  repor ted  that  
trans-14-18:1 reached a level of  27% of  the liver 
phosphat idylchol ine  trans isomers, whereas 
in our  results, the  average level of  t rans-14-18: l  
was 7%. Thus, in addi t ion to a greater total  
accumula t ion  of  t rans-18: l  in phospholipids,  
the rat exper iments  appear to result  in a more 
specific accumula t ion  or  metabol ism of  individ- 
ual isomers.  

The pat tern of  cis-18:l  isomers shown in 
Figure 1 also indicates a general t rend toward 
greater  incorpora t ion  of  isomers having double  
bonds near  the methyl  terminus.  A quant i ta t ive  
comparison of  the propor t ion  in the diet is 
difficult  because of  the p redominance  of  the 
endogenously  synthesized A9  and A 11 isomers. 

However ,  comparison of  the relative dietary vs 
tissue abundance  o f  the 13-15 isomers suggests 
that a selective accumula t ion  of  these s tructures 
occurs. In addit ion,  the cis-10 i somer  appears to 
be selectively excluded or  metabol ized,  as evi- 
denced by the lower ratio of  its abundance 
relative to cis-8 and cis-12 isomers. 

In Figure 2, the relative abundances  o f  the 
trans posi t ional  isomers in the diet are p lo t ted  
vs thei r  abundance  in liver lipid classes. If  the  
concen t ra t ion  of  an isomer  falls above the 
straight line in Figure 2, i t  is an indicat ion that  
its abundance  in the tissue has increased relative 
to  its abundance  in the diet. This figure illus- 
trates a consis tent  t rend we have observed f rom 
all our  analyses of  human tissue double  bond 
distributions.  In all cases, the trans isomers with 
double  bonds near  the methyl  terminus of  the 
acyl chain fall above the line, whereas those 
with double  bonds be tween the 7- and l 1- 
posit ions fall on or  below the line. Thus, there 
appears to be a small, but  consistent ,  metabol ic  
tendency toward e i ther  re ten t ion  of  the 12-14 
trans isomers and /o r  exclusion of  the 7-11 trans 
isomers. 

Occurrence of 18:1 Isomers in Premature Infants 

Using infrared ( IR)  spect roscopy,  Johns ton  
et al. (26) were unable to detec t  trans isomers 
in human fetal tissue al though the maternal  
depot  fat conta ined 1.5-6.8% trans. However ,  
t ransfer  of  elaidic acid across the placental  
"bar r ie r"  of  rats has been repor ted  (27). Using 
capillary GLC, we have found the levels o f  
t rans-18: l  in samples of  adipose tissue f rom 
two premature  infants to be 0.1 and 0.9%. 
These levels would  be difficult  to detect  by IR 
spectroscopy.  We also observed (data no t  
shown)  that  the double  bond distr ibut ion in 
the fetal adipose tissue is similar to that  of  
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hydrogena ted  vegetable oils, suggesting again a 
lack of  selectivity by the placental  barrier for 
or  against individual isomers. 

S U M M A R Y  

To become  incorpora ted  into  a tissue phos- 
pholipid,  a fat ty acid originating f rom a dietary 
tr iglyceride must serve as a substrate for a 
sequence of  enzymes  including lipases, thio-  
kinases and acyltransferases. There have been 
numerous  demons t ra t ions  of  rather  striking 
selective recogni t ion o f  double  bond posi t ion 
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FIG. 2. Comparison of the relative distribution of 
trans octadecenoate positional isomers in diet with 
their distribution in liver triglyceride and phospha- 
tidylcholine. 

by enzymat ic  systems both  in vi tro (6,28) and 
in vivo (6-8, 28-32). Analysis of  b lood lipid 
changes after feeding oc tadecenoa te  isomers 
has provided evidence for discr iminat ion by 
human metabol ism based on geomet ry  and 
posi t ion of  double  bonds (31). In the present  
s tudy,  the  analysis of  human tissue f rom sub- 
jects  who  have presumably consumed a range o f  
fat ty acid posit ional  isomers over a 20-60 year  
t ime span provides the oppor tun i ty  to  examine  
the ex ten t  to which these specific protein-l ipid 
in teract ions  are reflected in the fat ty  acid com- 
posi t ion o f  tissue lipids. 

Compared  to in vi tro studies, the in vivo 
results repor ted  here reveal somewhat  less selec- 
tivity in the overall incorpora t ion  into  tissue 
lipids of  dietary oc tadecenoa te  isomers. The 
cis-lO and trans-14 isomers appear  to be selec- 
tively metabol ized  or  incorpora ted ,  but  for all 
o ther  isomers,  there is a general t rend toward  
greater accumula t ion  o f  those fa t ty  acids with 
double  bonds far thest  f rom the  carboxyl .  How- 
ever, in no  case did we observe large accumula-  
t ion of  an i somer  similar to  that  observed with 
the trans-14 i somer  in rats fed diets high in 
hydrogena ted  fats. Thus, at current  levels of  
dietary consumpt ion ,  turnover  of  these unusual  
isomers in human tissues occurs  at rates suffi- 
cient to prevent  any major  accumulat ions .  
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METHODS 

Direct Estimation of Dolichyl Phosphate in Rat Liver 
by High Pressure Liquid Chromatography 

NILABH CHAUDHARY, DAVID J. FREEMAN, JACK W. RiP and 
KENNETH K. CARROLL, Department of Biochemistry, University of Western Ontario, 
London, Ontario N6A 5C1, Canada 

ABSTRACT 

A method involving reverse-phase high pressure liquid chromatography has been developed for 
determining the concentration of dolichyl phosphate (DoI-P) in tissues. Individual DoI-P homologs are 
resolved and amounts as small as 50 ng ca~ be detected. Rat liver was found to contain 2.4 gg Dol-P/g 
wet weight, or ca. 4% of total liver dolichol. In contrast, rat liver microsomes contained 64 ng DoI-P/ 
mg protein, which is about 40% of total microsomal dolichol. This enrichment in DoI-P is consistent 
with the role of microsomes as the major site of Dol-P-mediated glycoprotein biosynthesis in liver. 
Lipids 17:558-560, 1982. 

Dolichyl phosphate (Dol-P) is an essential 
intermediate in the biosynthesis of asparagfine- 
linked glycoproteins (1,2), and its availability 
may be a rate-limiting factor in the glycosyla- 
tion process (3,4). Based on indirect methods 
of analysis (5-7), the levels of DoI-P in tissues 
appear to be very low. In this paper, a method 
is described for the extraction of Dol-P from 
tissues, and for its purification and quantitation 
by high pressure liquid chromatography 
(HPLC). This method was used to analyze 
DoI-P in rat liver and rat liver microsomes. 

MATERIALS AND METHODS 

Dolichol was isolated from human liver and 
was chemically phosphorylated by the method 
of Rupar and Carroll (8). Pig liver DoI-P was 
obtained from Sigma Chemical Co., St. Louis, 
MO. [l-3H]Dolichol (12.5 Ci/mmol) was pur- 
chased from New England Nuclear, Boston, 
MA, phosphorylated as described by Danilov 
and Chojnacki (9) and purified by chromatog- 
raphy on a silicic acid column (8). Rat fiver 
dolichol was isolated and quantitated by the 
method of Rip et al. (10). 

Male Wistar rats (Crh(Wl)BR strain; Cana- 
dian Breeding Farms and Laboratories I.td., 
Laprairie, Que.), weighing about 200 g, were 
killed by decapitation. Livers were quickly 
removed and placed on ice. Microsomes (from 
25 g liver) were prepared by the procedure of 
Fleischer and Kervina (11) and washed once 
before use. Sodium fluoride (25 mM) was 
added to the homogenization medium to in- 

hibit phosphatase activity (10). Protein was 
determined by the method of Lowry et al. (12) 
using perchloric acid-precipitable material (10). 

High Pressure Liquid Chromatography of DoI-P 

The method was developed using authentic, 
chemically synthesized Dol-P. HPLC was per- 
formed on a dual-pump itewlett-Packard 1084B 
liquid chromatograph with a CIa reverse-phase 
column (25 x 0.46 cm) maintained at 45 C. 
The mobile phase, flowing at a rate of 2 ml/ 
min, was monitored at 210 nm. DoI-P was 
eluted from the column using 2 sequential 
gradients of HPLC-grade methanol and iso- 
propanol (the isopropanol contained 10 mM 
phosphoric acid). The first gradient was from 
5 to 35% isopropanoi for 5 min, and the second 
was from 35% isopropanol to 80% isopropanol 
over 15 min. Retention times for homologs of 
Dol-P ranged from 10 to 20 min; longer  homo- 
logs had longer retention times. There was a 
significant increase in retention time and a 
flight decrease in resolution when chromatog- 
raphy was done at ambient temperature. The 
absorbance of DoI-P was proportional to its 
concentration, as in the case of dolichol (13). 
Even when small amounts (e.g., 50 ng) of DoI-P 
were injected, the 2 major homologs could be 
detected and quantitated if the detector sensi- 
tivity was increased to near maximum. A blank 
pre-run was necessary to ensure reproducible 
retention times. The presence of phosphoric 
acid in the mobile phase was essential for elu- 
tion of Dol-P, and its use over several months 
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did not appear to damage the column. Gradient 
elution gave the best resolution of DoI-P 
homologs but was not absolutely necessary. An 
isocratic run using 50:50 mix of  solvents 
(methanol / isopropanol-  10 mM phosphoric 
acid) could also be used, but with some loss of  
resolution. 

Extraction of DoI-P 

Liver lipids were extracted by the method of 
Folch et al. (14), modified by the addition of 
20 mM phosphoric acid to the chloroform/ 
methanol mixture prior to extraction. Tritiated 
Dol-P tracer was added at this stage to correct 
for losses during the isolation process. Phos- 
phoric acid was removed later during the Folch 
wash. The extracted lipids were chromato- 
graphed on a silicic acid column (15) to obtain 
a Dol-P enriched fraction. A maximum of 100 
mg lipid was loaded on a 12-g silicic acid 
column and eluted first with 75 ml chloroform 
and then with 75 ml chloroform/methanol 
(9:1, v/v). The chloroform fraction contained 
neutral lipids, including dolichol and dofichyl 
fatty acyl esters. The second eluate was essen- 
tially free of dolichol but was enriched in 
Dol-P. Lipids in this fraction were concentrated 
and run on preparative Silica Gel 60tt thin layer 
chromatography plates in a solvent system of 
chloroform/methanol/28% aqueous ammonium 
hydroxide (65:35:5, v/v/v). The area corres- 
ponding to authentic Dol-P was scraped from 
the plates and extracted with chloroform/ 
methanol/water (2:1:0.2, v/v/v). The organic 
phase was washed with water and the lipids 
were concentrated and analyzed by HPLC as 
already described. The recovery of [3H] Dol-P 
used as an internal standard was 31 -+ 4% (mean 
-+ SEM, n=4), and ranged from 17 to 41%. 
Nearly all of the losses occurred at the 2 chro- 
matographic steps preceding HPLC, and about 
equal amounts were lost at each step. 

Microsomal Dol-P was isolated by essentially 
the same method but, because this extract con- 
tained much less total lipid, it was chromato- 
graphed directly on thin layer plates, followed 
by HPLC. The recovery of the tracer [3H] DoI-P 
was 63 + 4% (mean -+ SEM, n=5), and ranged 
from 50 to 75%. 

Dol-P from rat fiver was characterized fur- 
ther by collecting HPLC fractions with reten- 
tion times similar to those of standard Dol-P. 
These fractions were dissolved in chloroform 
and the solution was washed with an equal 
volume of water. The lipid recovered from the 
chloroform layer was as effective as authentic 
Dol-P in stimtdating microsomal GDP-mannose, 
Dol-P mannosyl transferase activity, assayed by 
the method of  Rupar et al. (16). 

RESULTS A N D  DISCUSSION 

HPLC chromatograms of Dol-P synthesized 
chemically from human and pig fiver dolichol 
are shown in Figure 1 A and B, respectively. 
A chromatogram of Dol-P extracted from rat 
liver is shown in Figure 1C. Dol-P homologs 
with 18 and 19 isoprene units predominate 
in rat liver, as observed previously for rat liver 
dolichol (I 0). 

The concentration of Dol-P in rat liver was 
found to be 2.4 + 0.8 pg/g wet weight (mean + 
SEM, n-4).  This SEM reflects mainly the bio- 
logical variation. The coefficient of variation 
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FIG. 1. HPLC chromatograms of DoI-P. (A) Chem- 
ically phosphorylated human liver dolichol (60 #g). 
(B) Chemically phosphorylated pig liver dolichol (40 
#g). (C) Isolated directly from rat liver (20 #g). The 
chromatograms in B and C were run at twice the sensi- 
tivity of that in A. The number of isoprene units in 
major DoI-P homologs is shown above the peaks. 
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of  the  ana ly t ica l  m e t h o d  based on 6 rep l ica te  
assays of  one  sample  was 0 .077.  In mic rosomes ,  
the  DoI-P c o n t e n t  was 64 + 2 ng /mg  p r o t e i n  
(mean  + SEM, n=5) .  The c o n c e n t r a t i o n  of  
dol ichol  ( sum of  free dol ichol  and  dol ichol  
es ter i f ied to f a t ty  acids) in ra t  l iver was 60.5 
+ 6 #g/g  wet  weight  (mean  + SEM, n = 4 )  and  
in mic rosomes  it was 89 + 17 n g / m g  p r o t e i n  
(10) .  There fore ,  DoI-P compr ises  on ly  a b o u t  
4% of  do l ichol  in whole  l iver c o m p a r e d  to  40% 
of  mic rosoma l  dol ichol .  This is cons i s t en t  wi th  
the  role of  mic rosomes  as the  site of  asparagine-  
l inked  g lycop ro t e in  syn thes i s  in the  liver. These  
values do  n o t  take  i n to  a c c o u n t  the  do l icho l  
p resen t  as do l ichyl  p y r o p h o s p h a t e  (DoI-PP) or  
as g lycosyla ted  forms of  DoI-P and  Dol-PP, 
bu t  these  are p robab ly  p resen t  in very small  
a m o u n t s  relat ive to dol ichol ,  Dol-P and  fa t ty  
acid esters  o f  dol ichol .  

I t  is desirable  to  be able to  measure  Dol-P 
in t issues because  o f  its i m p o r t a n t  role in glyco- 
p ro te in  b iosynthes i s .  Earl ier  m e t h o d s  for  th is  
purpose  involve e n z y m a t i c  assays (5 ,6)  or  the  
p r epa ra t i on  o f  der ivat ives  (7).  Our  s tudies  have 
s h o w n  tha t  HPLC offers  a d i rec t  and  rapid 
m e t h o d  for  e s t ima t ion  of  Dol-P, wi th  the  
added advantage  t ha t  h o m o l o g s  of  DoI-P can 
be separa ted  and  q u a n t i t a t e d .  
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ABSTRACT 

A general procedure for the determination of the first double bond position in the side-chain of a 
phenolic lipid has been investigated and, in the first place, the phenols of natural cashew nut-shell 
liquid (Anacardiurn occidentale) have been examined. An improved oxidative degradation procedure 
has been applied consisting of methylation by the phase transfer procedure, hydroxylation with per- 
formic acid and oxidation of the mixture of vicinal diols with periodic acid (Malaprade reaction) fol- 
lowed by reduction of the aldehyde fragments with sodium borohydride. The aromatic moieties from 
the 15:1, 15:2 and 15:3 constituents of cardanol methyl ether, cardol dimethyl ether and dimethyl 
anacardate were shown to be 8-(3-methoxyphenyl)octan-l-ol, 8-(3,5-dimethoxyphenyl)octan-l-ol and 
methyl 6-(8-hydroxyoctyl)salicylate methyl ether, respectively. The first two octanols were identical 
to synthetic materials, thus confirming the 8-position for the first double bond in the side-chain of car- 
danol methyl ether and cardol dimethyl ether constituents. Methyl 6-(8-hydroxyoctyl)salicylate 
methyl ether from dimethyl anacardate was identified by a gas liquid chromatographic procedure from 
the relationship in a series of synthetic reference materials of log (retention time) to the methylene 
chain length. The synthetic acids 8-(3-methoxyphenyl)octanoic acid, 8-(3,5-dimethoxyphenyl)octanoic 
acid and 6-(7-carboxyheptyl)salicylic acid methyl ether have been obtained pure for the first time and 
correspond to the oxidation products of the aromatic aldehyde fragments from the Malaprade reaction 
stage. The unsaturation in pelandjauol, 17:1-bishomocardanol methyl ether, from Pentaspadon officin- 
alis was confirmed to be at the 8-position by the identity of the anilides of synthetic 8-(3-methoxy 7 
phenyl)octanoic acid and of the oxidative degradation product. 
LipMs 17:561-569, 1982. 

INTRODUCTION 

The long-chain phehols (2) o f  Anacardium 
occidentale in natural cashew nut-shell l iquid 
are anacardic acid (I; R I=CO2H,  R2=OH, R 3= 
R4=H, n=0,2,4.6) ,  cardol (I; R I = R 4 = H j  R2=R~ 
=OH, n=0,2,4,6),  2-methylcardol  (I; R =H, R 
=R 3 =OH, R 4 =CH3, n=0,2,4,6) and cardanol (I; 
R I = R 3 = R 4 = H ,  R2=OH, n=0,2,4,6)  whereas in 
the decarboxyla ted  technical  cashew nut-shell 
liquid only the last three componen t s  are pres- 
ent. They have all been described (3-5) as con- 
taining a Cls side-chain with unsatura t ion  com- 
mencing at the 8-position. Early views that  car- 
danol  conta ined a C14 side-chain (6) which was 
dienoid (7) were discarded fol lowing oxidat ive 
(5) and ozono ly t i c  (3,4) degradations af ter  sep- 
aration of  the methyla ted  const i tuents  (n=0,2,  
4,6) by chromatography  and by low-tempera-  
ture crystall ization.  

Reduct ive cleavage of  the ozonides  f rom the 

! For part XIX, see ref. 1. 
RRT = relative retention time; 2,4DNP = 2,4-dini- 

trophenylhydrazone. 

monoene ,  diene and triene of  methyla ted  carda- 
nol, fol lowed by mild oxidat ion,  gave an acid 
which was considered (3) f rom its e lementary  
anlysis to be "8 - (3 -methoxypheny l )capry l i c  
ac id"  (II ;  R I = R 2 = R 4 = H ,  R2=OCH3,  X=CO2H, 
m=7). For  methyla ted  cardol, no  practical re- 
sults have been repor ted  (4). The d imethyl  de- 
rivative o f  anacardic acid, upon  oxidat ive treat- 
ment  (5) with potassium permanganate ,  gave an 
impure acid which from e lementary  analysis 
was concluded to be "8- (2-carboxy-3-methoxy-  
phenyl)capryl ic  acid" (II;  R 1=CO2H, R 2= 
OCH3, R3=R4=H,  X=CO2H, m=7).  The pres- 
ence o f  a Cls side-chain was based on the non- 
aromat ic  oxidat ive by-products  isolated such as 
heptanal  in the case of  15 : 1-cardanol. Our own 
mass spectroscopic  work (1) on the constitu- 
ents of  these c o m p o n e n t  phenols  has conf i rmed,  
f rom accurate mass measurements ,  the presence 
of  a Cls side-chain together  wi th  a minor  pro- 
por t ion  of  C17. It was desirable to synthesize 
the aromatic  ox ida t ion  products  since, in the 
absence of  in format ion  on their  molecular  
weights,  the e lementary  analyses on the impure  

LIPIDS, VOL. 17, NO. 8 (1982) 
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materials could be interpreted in terms of close- 
ly related methylenic chain lengths (II; m=6,8). 

8-(3-Methoxyphenyl)octanoic acid (IV; 
R=H), 8-(3,5-dirnethoxyphenyl)octanoic acid 
(IV; R=OMe) and 6-(7-carboxyheptyl)salicylic 
acid methyl ether (VI ; n=7) have now been syn- 
thesized in a pure state by the routes shown in 
Scheme 1, from 7-(3-methoxyphenyl)heptanol, 
7-(3,5-dimethoxyphenyl)heptanol and 3-fluor- 
oanisole, respectively. The first two acids (IV; 
R=H) and IV; R=OMe) were reduced by lithium 
aluminium hydride to 8-(3-methoxyphenyl)oc- 
tanol and 8-(3,5-dimethoxyphenyl)octanol, re- 
spectively, which were identical to the appro- 
priate oxidative degradation products from car- 
danol methyl ether and cardol dimethyl ether. 

R 4 R I f14 R 2 R1 OUe 

(ll (m ml~ 

A convenient oxidative degradation of the 
component phenols cardanol, cardol and ana- 
cardic acid consists of phase transfer methyla- 
tion, hydroxylation with performic acid, Mata- 
prade oxidation of the mixed vicinal diols with 
periodic acid and sodium borohydride reduc- 
tion to yield the respective methoxyarylalkanol. 

The oxidative degradation of methylated 
pelandjauol (III; R=H, n=2,4) obtained by de- 
carboxylation of methylated pelandjauic acid 
(III; R=CO2H, n=2,4) from Pentaspadon mot- 
leyi or Pentaspadon officinalis was stated (10) 
to have given 8-(3-methoxyphenyl)octanoic 
acid which was isolated as the anilide. We are 
indebted to Dr. J.A. Lamberton (CSIRO, Mel- 
bourne, Australia) for a sample of this material 
to which the anilide of the synthetic acid was 
found to be identical and this confirms the 
commencement of unsaturation at the 8-posi- 
tion in the C~7 as in the C~s series. 

. . . .  "tO . . . . .  7C . . . .  ~ [ C H 2 1 8 O H  R ~ ( C H 2 1 7 C H O  

[ill) ~OH.[ rOH C~4I OMt (~Me 

(IV) 2 4.ONP 

F (m~ LI.CII~H2IaORI hi PBr 3 l 
ill) CO 2 C02H (,,) "CN CO2H 
('"1 W30~ OM, (,,,) "OH ~,OD~ OM, 

[,*) H30 o : v i i  

~m~ (CH2)n 'CHO 

C ~  

SCHEME l 

The synthesis of 6-(8-hydroxyoctyl)salicylic 
acid methyl ether (V; n=8)from (HO-protected) 
7-chlorooctanol and 3-fluoroanisole in the pres- 
ence of lithium, although similar to that used 
(8,9) for 6-(7-hydroxyheptyl)salicylic acid 
methyl ether (V; n=7), was unsuccessful. How- 
ever, analogous reactions enabled 6-(3-hydroxy- 
propyl)salicylic acid methyl ether (V; n=3)and  
6-(6-hydroxyhexyl)salicylic acid methyl ether 
(V; n=6) to be synthesized. From the log (re- 
tention time) of the methyl esters of the Ca, C6 
and C7 compounds, the product from the oxi- 
dative degradation treatment of dimethyl ana- 
cardate was identified by gas liquid chromatog- 
raphy (GLC) as 6-(8-hydroxyoctyl)salicylic acid 
methyl ether. The unsaturation in the side- 
chains of the constituents of cardanol, cardol 
and anacardic acid thus commences at the 8- 
position and this synthetic work substantiates 
the findings from the oxidative and ozonolytic 
work (3-5). 

EXPERIMENTAL PROCEDURES 

Melting and boiling points are uncorrected. 

Thin Layer Chromatography (TLC) 

TLC was performed on laboratory-coated 
(0.25 cm-: ) microscope slides, 10 x 8 cm plates 
on Kieselgel or Silica Gel G (Merck), type 60 as 
described (1). Solvents used for development 
were (A) chloroform, (B) chloroform/ethyl ace- 
tate (95:5, v/v), and (C) chloroform/light petro- 
leum (40-60 C, 60:40, v/v). Direct elution with 
ether could sometimes be used to avoid extrac- 
tion of the visualizing agent. 

Gas Liquid Chromatography 

Analytical GLC was carried out on a Pye 
104 chromatograph and on a Pye Unicam GCD 
equipped with a 'flame ionization detector and 
computing integrator. Glass columns (5 ft x 
3/16 in. were used with nitrogen as carrier gas 
(60 psi) at 18-cm3/min and column tempera- 
tures as indicated later. The columns used (sta- 
tionary phase, support) were: (A) 10% SE 30, 
100-120 Diatomite M, (B) 3% SE30, 60-80 
mesh Diatomite M, (C) 5% APL, 60-70 Diato- 
mite MQ, (D) 5% APL, 100-120 celite, (E) 5% 
Carbowax 20M, 50-60 Diatomite MQ, and (F) 
3% SE52, 60-80 Diatomite M. Relative reten- 
tions were determined four times and were 
found to be highly reproducible. 

Column Chromatography 

Column chromatography was done on silica 
gel (MFC) and alumina (Spence Grade H) and 
separations were monitored by TLC. 
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Spectroscopy 

Infrared (IR) spectra were recorded on Per- 
kin Elmer 700 and Unicam SP200 spectropho- 
tometers as films (liquids) and discs (solids). t t t  
nuclear magnetic resonance (NMR) spectra 
were determined with a Varian T60 instrument 
at 60 mHz with tetramethylsilane as an internal 
standard. Abbreviations for spectra are s=singlet, 
d=doublet,  t=triplet, q=quartet, quin=quintet,  
and m=multiplet.  Mass spectra were determined 
on an MS902 model and accurate mass determi- 
nations were carried out by the PCMU (Harwell) 
on Model MSS0 with a computer  facility. 

Elemental analyses were done by G. Crouch, 
School of Pharmacy, University of London and 
BMAC Ltd., Teddington, Surrey. Reactions 
with lithium were carried out under nitrogen in 
an evacuable apparatus equipped with manome- 
ter and release valve (11 ). 

6-Chloropropanol, 6-chlorohexanol and 8- 
chlorooctanol were prepared from the corres- 
ponding diols by the described procedure ( 1,12). 

The adducts (for [ tO-protection) of the above 
three chlorohs, drins with ethyl  vinyl ether were 
prepared as described for the C6 compound (1, 
12). The respective acetaldehyde chloroalkyl 
ethyl acetals were obtained as fragrant-smelling 
oils usually in theoretical yield. IR V(m ~x)(fi lm) 
for OH nil and having characteristic H NMR 
signals:  t~(CCI4) , 4 .50  (q,  1H, O_H_), 3.20-3.70 
(m, 6H, 2CH20 , CH_2C1), 1.60-2.0 [(CH2)n] , 
and 1.00-1.30 (s, t, 6H, Me2). The chlorohydrins 
all possessed the expected 1H NMR signals at 
(CC14), 3.5-4.0 (s, IH, OH, D20 exchange), 
3.40-3.70 (2t, 4H, CH20  , CI-IC1), and 1.5-2.0 
[m, (CH_,)n]. 

8-(3-Methoxyphenyl)octanoic Acid (IV; R=H) 

7-(3-Methoxyphenyl)heptanol was prepared 
as described (1) and the bromide was prepared 
in improved yield as follows. To stirred 7-(3- 
methoxyphen~l)heptanol  (3.044 g) in dry ben- 
zene (6.1 cm ), phosphorus tr ibromide (1.239 
g) in dry benzene (3 cm 3) was added in one 
portion at 0 C. After 1.5 hr, reaction was in- 
complete (TLC monitoring); further phosphor- 
us tr ibromide (1.239 g) in dry benzene (3 cm 3) 
was added, and the mixture was warmed to 60 
C (1.5 hr), by which time all the starting mater- 
ial had reacted. The mixture was diluted with 
aq sodium chloride (40 cm3), extracted with 
ether (3 x 50 cm3), and the combined extracts 
were washed with sodium carbonate solution to 
remove phosphite impurities. The dried ethereal 
solution was recovered to give 7-(3-methoxy- 
phenyl)heptyl  bromide as a pale yellow oil 
(2.43 g, 66%); ~ H NMR (CC14)5, 6.85 (m, 4H, 
HAr), 3.80 (s, 3H, CH30) ,  3.29-3.49 (t, 2H, 

CII2Br), 2.49-2.72 (t, 21I, CII2Ar),  and 1.43 
[m, 10H, (CH2)s ]. 

7-(3-Methoxyphenyl)heptyl  bromide (1.0 g) 
and potassium cyanide (0.362 g) in dimethyl  
sulfoxide (5.6 cm 3 ) containing water (0.25 cm 3) 
were stirred at ambient temperature (16 hr). 
TLC (solvent B) then indicated complete reac- 
t ion and the product  that was isolated in the 
usual way by addition of water, ethereal extrac- 
tion, drying (MgSO4"H20) and recovery gave 
7-(3-methoxyphenyl)heptyl  cyanide as an oil 
which was purified by preparative TLC. (Found:  
C, 78.35; H, 9.35; N, 6.1. CIsH21OH requires 
C, 77.90; H, 9.10; N, 6.10%), IR/)(max) (film) 
2260 .cm -1 (CN); 1tt NMR (CC14) 5, 6.85 (m, 
4H, _HAr), 4.00 (s, 3H, C H30) ,  2.63-2.86 (t, 
2H, CII2Ar),  2.32-2.52 (t, 2H, CH_2CN)and 
1.55 [m, 10H, (CH2) s ]. 

7-(3-Methoxyphenyl)heptyl  cyanide (0.728 
g) in ethanol (6 cm 3) containing potassium hy- 
droxide (0.6 g) was refluxed (20 hr), and the 
mixture was concentrated;  water (50 cm 3) was 
added and the mixture was then acidified. 7-(3- 
Methoxyphenyl)octanamide was detected as an 
intermediate product  in TLC monitoring of the 
hydrolysis. After ethereal extraction (3 • 50 
cm 3), extraction with aq sodium carbonate and 
acidification of the alkaline solution, 8-(3-meth- 
oxyphenyl)octanoic  acid was obtained (0.337 
g) as prisms, mp 54-55 C (lit. [31 52-54C),  af- 
ter recrystallization (light petroleum, [ bp 40-60 
e l ) .  (Found:  C, 76.1; H, 10.35. C15[I2303 re- 
quires C, 75.70;t1,  9.91%), l t I  NMR (CC14)5, 
12.00 (s, 1H, CO2H, D20 exchange), 6.85 (m, 
4H, HAr), 3.38 (s, 3H, C[[aO),  2.0-2.80 (m, 4tt ,  
CH2Ar, C_H2CO), and 1.40 [m, 1011, (CH2)s] .  
From the acid (0.2 g) and thionyl  chloride (0.3 
cm 3) warmed together followed by removal of 
the excess of the thionyl  chloride, and refluxing 
with benzene (0.2 cm ~ and aniline (0.3 cm3), 
the crude anilide was obtained which was puri- 
fied by acidic and water washing and prepara- 
tive TLC (solvent B) to give prisms (benzene/ 
light petroleum [bp 40-60 e l ) ,  mp 67-69 C, 
mixed mp 67-68 C with a sample (mp 66-67 C) 
(10). (Found:  C, 77.55; H. 8.35; N, 4.35. C2t- 
H2702N requires C, 77.54; H, 8.31;N, 4.31%.) 

8-(3-Methoxyphenyl)octanol 

To 8-(3-methoxyphenyl)octanoic acid (0.088 
g) in te t rahydrofuran (3 cm 3) was added, at 0 C, 
lithium aluminium hydride (0.0616 g). After 
stirring at 0 C (1 hr), the mixture was warmed 
to ambient temperature and finally refluxed (8 
hr). Work-up in the usual way, following addi- 
tion of ethyl acetate (1 cma), by acidification 
and ethereal extract ion gave 8-(3-methoxy- 
phenyl)octanol  as an oil which was purified by 

LIPIDS, VOL. 17, NO. 8 (1982) 



564 M ETHODS 

preparative TLC (solvent B). (Found: C, 76.45; 
H, 9.95. C1sH240 requires C, 76.27;H, 10.17%), 
1H NMR (CC14) 5, 6.97-7.32 (m, 1H, _H_Ar), 
6.50-6.77 (m, 3H, HAr), 4.27 (s, 111, Oil, D20 
exchange), 3.77 (s, 3tt, C_H30), 3.43-3.63 (t, 
21t, CH20), 2.40-2.67 (t, 2H, CH2Ar), and 
1.33 [m, 12H, (C_H2)6]. Rf 0.24 (solvent B). 

8-(3-Methoxyphenyl)octanal 

To stirred 8-(3-methoxyphenyl)octanol 
(0.025 g) in dichloromethane (3 cm 3), pyridin- 
ium chlorochromate (13) (0.157 g) was added 
over 2 hr. TLC (solvent B) then indicated near- 
ly complete reaction and the mixture was kept 
at 0 C for 16 hr, extracted with ether, filtered, 
and the recovered material was extracted with 
light petroleum (40-60 C) to give, upon con- 
centration, 8-(3-methoxyphenyl)octanal as an 
oil, (Rf 0.61, solvent B); IH NMR (CC14) 5, 
9.70 (s, 1tt, CHO), 6.93-7.37 (m, 1H, liAr), 
6.50-6.93 (m, 3H, HAr), 3.72 (s, 3H, CH30), 
2.23-2.77 (2t, 411, CH_2Ar , C_H2CO), and 1.20- 
1.93 [m, 10H, (CH2)s ]. 

The 2,4-dinitrophenylhydrazone by the 
addition of Brady's reagent to the aldehyde in 
methanol ( 1 cm 3) was a yellow-orange oil which 
semisolidified and was purified by preparative 
TLC (Rf 0.68, solvent B) to give pale yellow 
prisms (light petroleum/chloroform), mp 51-52 
C (Found: C, 60.8; H, 6.35; N, 13.55. C21H26- 
OsN 4 requires C, 60.86; H, 6.28; N, 13.52%.) 

8-(3,5-Dimethoxyphenyl)octanoic Acid (IV; R=OMe) 

7-(3,5-Dimethoxyphenyl)heptyl bromide 
(12) (1.0 g) and potassium cyanide (0.457 g) in 
dimethyl sulfoxide (10 cm 3) containing water 
(0.25 cm 3 ) were stirred (20 hr) at ambient tem- 
perature; reaction was then complete (TLC 
monitoring, solvent B). Work-up as for the 3- 
methoxy compound gave 7-(3,5-dimethoxy- 
phenyl)heptyl cyanide (0.70 g, 84%) as an oil. 
Preparative TLC (solvent B) of 0.48 g gave pure 
material with a single TLC band. (Found: C, 
72.7; H, 8.8; N, 4.75. CIsH2302N requires C, 
73.60; H, 8.80; N, 5.30%), IR P(max) film 
2250 cm -l (CN), I l l  NMR (CC14) 6, 6.32 (m, 
3H, HAr), 3.80 (s, 6H, 2CH_30), 2.20-2.63 (2t, 
4H, C/-I2Ar , CHzCN), 1.23 [m, 10H, (C||2)s ]. 

A mixture of  7-(3,5-dimethoxyphenyl)heptyl 
cyanide (0.420 g) and 10% aq potassium hy- 
droxide from ~potassium hydroxide (0.5 g) in 
ethanol (5 cm ~ was refluxed for 20 hr. After 
work-up as for the 3-methoxy compound, an 
oil was obtained which was crystallized (light 
petroleum) to give 8-(3,5-dimethoxyphenyl) 
octanoic acid as prisms, mp 58-59 C. (Found: 
C, 68.55; H, 8.85. C16H2404 requires C, 68.60; 
H, 8.60%), IH NMR (CC14) 5, 12.05 (s, 1H, 

CO2H , D20 exchange), 6.30-6.50 (m, 3H, 
_HAr), 3.83 (s, 6H, 2CH30), 2.26-2.72 (2t, 4H, 
CH2Ar, C_H2CO), and 6.43 Ira, 10H, (CH2)s].  
Symes and Dawson (3) do not record a m p  or 
description for their product of ozonolysis and 
oxidation. 

8- (3,5-Dimethoxyphenyl) octanol 

To stirred 8-(3,5-dimethoxyphenyl)octanoic 
acid (0.0557 g) in tetrahydrofuran (5 cm a) at 0 
C, lithium aluminium hydride (0.1089 g) was 
added. Reaction and work-up as for the 3-meth- 
oxy compound gave 8-(3,5-dimethoxyphenyl) 
octanol as an oil which was purified by prepara- 
tive TLC. (Found: C, 72.65;H, 9.95. C16H2603 
requires C, 72.18; H, 9.79%), l H NMR (CC14)5, 
6.20 (m, 3tt, H Ar), 3.73 (2s, 6H, CH_30), 3.40- 
3.60 (t, 2H, CH20), 2.86 (s, 1H, OH D2Oex- 
change), 2.32-2.60 (t, 2H, C_H2Ar) , and 1.3 (m, 
12H, (CH2)6) , Rf (solvent B) 0.25. By GLC/MS, 
m/e 266 M § C16H2603 requires 266. 

8-(3,5-Dimethoxyphenyl)octanal 

8-(3,5-Dimethoxyphenyl)octanol (.017 g) in 
dichloromethane (4 cm 3) was stirred and 
treated with pyridinium chlorochromate (0.159 
g) during 2 hr. After 16 hr at 0 C, the mixture 
was worked-up as for the 3-methoxy compound 
to give 8-(3,5-dimethoxyphenyl)octanal as an 
oil, 1H NMR (CC14) 5, 9.72 (s, 1H, CHO), 6.20 
(m, 3H, HAD, 3.77 (s, 6H, CH30), 2.10-2.63 
(2t, 4H, CH2Ar, C_H2CO), and 1.07-1.67 [m, 
10H, (CH2) s l. 

Addition of Brady's reagent to the aldehyde 
in methanol (1 cm 3 ) gave a thick yellow turbid- 
ity followed by separation of the 2,4-dinitro- 
phenylhydrazone as a yellow-orange oil which 
slowly solidified. Filtration and purification by 
preparative TLC (solvent B) gave the pure de- 
rivative as yellow spheres (from chloroform/ 
light petroleum, bp 40-60 C), mp 66-68 C (Rf 
0.60, solvent B). Found: C, 59.55; H, 6.25; N, 
12.65. C22H2aO6N4 requires C, 59.46;H, 6.31; 
N, 12.61%.) 

Homologous Compounds in the 6-Alkylsalicylic 
Acid Methyl Etfier Series - 6-(7-Hydroxyheptyl)- 
salicylic Acid Methyl Ether (V; n=7) 

Acetaldehyde 7-chloroheptyl ethyl acetal 
was prepared as described (8,12) and 6-(7-hy- 
droxyheptyl)salicylic acid methyl ether was ob- 
tained in much improved yield. 

Acetaldehyde 7-chloroheptyl ethyl acetal 
(60 g) in ether (500 cm 3) was converted into 
the fithium derivative by reaction with lithium 
(7.0 g). To the mixture, 3-fluoroanisole (6.3 g) 
was added during 5 min, and after an exothermic 
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reaction, the stirred mixture was kept  at am- 
bient temperature for 1 hr. It was then filtered 
to remove unreacted lithium and the filtrate 
was poured onto solid carbon dioxide. The or- 
ganic acidic material isolated by extraction with 
ether of the acidified mixture and work-up as 
before was a viscous off, 6-(7-hydroxyheptyl)  
salicylic acid methyl ether, giving a single spot 
(TLC), (5.43 g, 41%). (Found:  C, 69.1 ;H, 7.7. 
C1sH2204 requires C, 67.66; H, 8.27%), I H 
NMR (CDCI3) 6, 6.60-7.43 (m, 3H, H Ar), 6.50- 
6.60 (bs, l t I ,  CO2H, D20 exchange), 3.87 (s, 
3H, C1t30), 3.40-3.70 (t, 2H, Ct I20)  , 2.06- 
2.87 (t, 4H, C H2Ar), 2.20 (bs, IH, OH, D20 
exchange), and 0.97-1.86 [m, 10H, (CH2)s] .  
By treatment of the foregoing alcohol acid in 
ether solution with ethereal diazomethane, the 
methyl ester was formed having in its I H NMR 
signals similar chemical shifts with, in addition, 
5(CC14) at 3.90 (s, 3It, CO2Me). 

In a similar way, 6-(3-hydroxypropyl)salicy!ic 
acid methyl  ether (V; n=3) was prepared, mp 
89-90 C. (Found:  C, 62.85; H, 6.75. C11111404 
requires C, 62.86; h, 6.67%.) 6-(3-Hydroxy- 
hexyl)salicylic acid methyl ether (V; n=6) was 
also obtained, mp 98-99 C. (Found:  C, 66.3; II, 
7.95. Ct4H2004 requires C, 66.66; H, 7.94%.) 

6-(7-Carboxyheptyl)salicylic 
Acid Methyl Ether (VI; n=7) 

6-(7-Hydroxyheptyl)salicylic acid methyl 
ether (2.5 g) in dry benzene (25 cm 3) was 
treated with phosphorus tr ibromide (6 cm 3) 
and the mixture was warmed (2 hr) at 60 C 
(TLC monitoring then indicated complete reac- 
tion). After work-up as before, the crude 6-(7- 
bromoheptyl)salicylic acid methyl  ether in 
ethereal solution was methylated with ethereal 
diazomethane and then ptirified by column 
chromatography to give methyl 6-(7-bromohep- 
tyl)salicylate methyl ether (1.87 g; 58%); MS, 
m/e 342.0835, 344.0808 (M+). Ct6H220379Br 
requires 342.0831. C16 H230381 Br requires 
344.0811. 

Methyl 6-(7-bromoheptyl)salicylate methyl  
ether (1.3 g) in dimethyl sulfoxide (20 cm ~) 
containing water (4 cm 3) was stirred with po- 
tassium cyanide (3 g) for 16 hr. After work-up 
and c o l u m n  chromatographic purification, 
methyl  6-(7-cyanoheptyl)salicylate methyl  
ether (0.88 g; 80%) was obtained as a colorless, 
viscous oil ; MS, m/e 289.1674 (M+). C 17H2303 N 
requires 289.1677. IH NMR (CC14) 6, 7.07- 
7.32 (2d, 4-ti, HAL Jo 8 Hz), 6.57-6.77 (2d, 5- 
H, 3-H, t tAr,  Jo=811z, Jm=2llz) ,  3.80, 3.83 (2s, 
6II, CH30),  CO2 Me), 2.10-2.63 (2t, 4It, CI-I 2 Ar, 
CHzCN) and 1.12-1.73 [m, 10H, (CI12) s ]. 

Methyl 6-(7-cyanoheptyl)salicylate methyl 

ether (0.5 g) was hydrolyzed by warming it in 
ethanol (10 cm 3) and water (20 cm 3) contain- 
ing potassium hydroxide (2.5 g), for 20 hr. After 
work-up as before, 6-(7-carboxyheptyl)salicylic 
acid methyl ether was obtained as a waxy solid, 
showing a single spot (TLC). Crystallization 
(light petroleum, bp 40-60 C/ether) gave prisms, 
mp 72-74C (0.18 g; 35%), lit. (5) a waxy solid 
(no mp given). (Found:  C, 65.66; H, 7.6. C16- 
H22Os requires C, 65 .31 ;H,  7.48%.) IH NMR 
(CDCI3) 5, 10.89 (bs, 1II, CO2H, D20 ex- 
change), 6.50 (m, 3H, HAr), 3.87 (s, 3H, Ct!30) ,  
2.30-2.73 (2t, 4H, C_H2Ar, CH2CO2H), and 
2.52-2.87 [m, 10H, (CH2)s] .  6-(8-Hydroxy- 
octyl)salicylic acid methyl ether could not be 
prepared by reduction of the preceding acid 
with lithium aluminium hydride as in the 3- 
methoxy and 3,5-dimethoxyphenyl  series be- 
cause of simultaneous reduction of the aromatic 
carboxyl  group and the lack of a selective rea- 
gent. The acetal of octamethylene chlorohydrin 
with ethyl vinyl ether treated with lithium 
failed to react with 3-fluoroanisole. 

Methyl 6--(7-FormylhexylJsalicylate Methyl Ether 

To methyl 6-(7-hydroxyheptyl)sahcylate 
methyl  ether (0.0143 g) in dichloromethane (3 
cm3), pyridinium chlorochromate (0.0684 g) 
was added. After 2 hr TLC, the oxidation 
appeared nearly complete and, following 16 hr 
at 0 C, the mixture was worked-up as in the 
previous oxidations to give an oil which was 
purified by preparative TLC (solvent: chloro- 
form/ethyl  acetate, 90: 10, v/v). Several minor 
impurities were separated and methyl  6-(7-for- 
mylhexyl)salicylate methyl ether was obtained 
as an oil. Upon treatment in methanol(0.5 cm 3) 
with Brady's reagent, the 2,4-dinitrophenylhy- 
drazone separated as a yellow, viscous oil which 
was crystallized (chloroform/tight petroleum) 
to give orange needles, mp 116-117 C (Rf, 0.66, 
solvent B). 

Oxidative Degradations of Methylated Component 
Phenols from Anacardium occidenta/e 

Anacardic acid was separated from natural 
CNSL as described (1 1,14). Cardol and cardanol 
were obtained from technical CNSL and from 
the filtrate from the separation of anacardic 
acid (1,14). Methylation was best effected by 
the phase transfer method (I ,14).  Residual di- 
methyl  sulfate was only removed satisfactorily 
by preparative TLC (solvent C). Both from the 
1H NMR spectrum of the recovered methyl 
ether and its mass spectrum, structural informa- 
tion (OMe to HAr ratio, and m- or o[p substitu- 
tion) of value in the case of novel phenols (11, 
15), can be derived. In each case, the methyl 
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ether contained the saturated monoene, diene 
and triene constituents. Although hydroxyla-  
tions of  the phenolic acetates could be effected, 
the phenolic methyl  ethers were generally more 
suitable and more convenient for GLC purposes. 
With other phenolic lipids of totally unknown 
constitution, argentation TLC (16) separation 
of unsaturated constituents, before hydroxyla-  
tion and oxidat ion of each, would be desirable 
since they might not possess a common first 
double bond position in the side-chain. 

8-(3-Methoxyphenyl)octanol from Cardano! 

To cardanol (1.00 g; 0.0033 mol, averaw 
molecular wt 300) in dichloromethane (16 cm ) 
and water (12 cm 3) containing 3 M sodium hy- 
droxide (3.6 cm 3) and Triton B (0.25 cm3), di- 
methyl  sulfate (0.5 cm 3) was added and the 
mixture was vibromixed. After 2 hr, the cloudy 
emulsion had disappeared and the clear mixture 
was acidified. The separated organic layer was 
washed repeatedly with water, dried and con- 
centrated to give the methyl ether. TLC (solvent 
C, Rf 0.35) showed the absence of cardanol. 
Preparative TLC gave the methylated material 
free from dimethyl  sulfate, and oxidized and 
polymeric material, with IH NMR (CC14) 8, 
6.50-7.16 (m, 3H, HAr), 4.96-5.53 (m, C H=CH, 
Ctt=CH2), 3.86 (s, 3H, MeO), 2.37-2.93 (m, 
C_H2Ar, C_H2-(CH=CH)2), 1.83-2.12 (m, CH2- 
CH=CH), 1.33 (m, (CtI2)n), and 0.77-1.03 (t, 
C_H3). 

Cardanol methyl ether (3.762 g; 0.0125 mol, 
average molecular wt 314) in 98% formic acid 
(23 cm 3) was stirred and treated with 30% hy- 
drogen peroxide (1.49 g) at ambient tempera- 
ture. After 20 min (TLC monitoring, solvent C), 
reaction was complete, the excess of formic 
acid was removed under reduced pressure, and 
the residue was diluted with water (50 cm3). 
The mixture was extracted with ether and the 
recovered oil from the extract  was stirred and 
warmed to hydrolyze formate esters (for small- 
scale work, removal of formic acid was not 
done and extract ion with ether of the hydroxy-  
lated product  diluted with water was used). The 
acidified mixture was extracted with ether, the 
extract  was washed with water until it was neu- 
tral, then was dried and hydroxylated cardanol 
methyl ether was recovered upon concentra- 
tion. 1H NMR (CC14) showed absence of olefin- 
ic absorption, of methylenic absorption adja- 
cent to unsaturation, and the presence of -Ctt- 
(OII) groups (8, CH, 3.17-3.47). 

Malaprade oxidation was carried out  with 
less than the stoichiometric proport ion of po- 
tassium periodate. 

To the stirred hydroxylated product in 
ethanol (120 cm3), potassium periodate (3.0 g) 

in 1M aqueous sulfuric acid ( 150 cm 3) was added 
in one portion and the mixture was kept  at 40 
C (15 min). After it had been cooled, the mix- 
ture was extracted with ether; the extract was 
dried and concentrated. The mixture of alde- 
hydes (odor of heptanal) showed (1 H NMR) ab- 
sence of the -CH(OH) and the presence of -CliO 
(5, CC14, 9.77). The crude oxidation product  
(0.142 g) in methanol (3 cm 3) was treated with 
sodium borohydride (0.0882 g). The mixture 
was stirred (3 hr), acidified and extracted with 
ether. The crude product  possessed a major in- 
gredient identical (Rf 0.26, solvent B) to 8-(3- 
methoxyphenyl)octanol .  Preparative TLC (sol- 
vent B) gave three bands, the lowest (main) one 
of which was eluted and the product  was recov- 
ered to give the pure product  identical in TLC, 
GLC (relative retention time [RRT] ,  column B 
[180 C] ,  7.45 rain; [200 c],  3.50 min )and  1H 
NMR spectrum, with synthetic 8-(3-methoxy- 
phenyl)octanol.  MS, m/e 236.1774 (M§ Cts- 
H2402 requires 236.1770. 

Methyl 6-18-hydroxyoctyl)salicylate 
Methyl Ether from Anacardic Acid 

Methylation of the carboxyl group in anacar- 
dic acid was effected at 0 C with ethereal diazo- 
methane and the product was purified by pre- 
parative TLC (solvent, chloroform/light petro- 
leum, 20:80, v/v). 

Methyl anacardate (0.3787 g; 1.057 x 10 
tool, average molecular wt 358) in dichloro- 
methane (4 cm 3) and Water (3 cm 3) was 
treated with 3 M sodium hydroxide solution (1 
cm 3) and Triton B (0.10 cm3). To the vibro- 
mixed mixture, dimethyl  sulfate '(0.5 cm 3) was 
added and, after 6 hr, a further 0.1 cm 3 was 
added. A cloudy emulsion formed which became 
a clear, two-phase solution. It was acidified, ex- 
tracted with ether, then the ethereal extract 
was copiously washed with water, dried and 
purified by preparative TLC (solvent, chloro- 
form/light petroleum by 40-60 C, 20:80, v/v, 
since some methyl anacardate and dimethyl  
sulfate were present. The second band from the 
top consisted of dimethyl  anacardate which was 
eluted and the product  was recovered (dimethyl 
sulfate remained near the baseline and residual 
methyl  anacardate was the top band), 1H NMR 
(CC14) 5, 6.54-7.30 (m, 3tl, HAr), 4.93-5.50 
(m, CH=C_H2), 3.80, 3.87 (2s, 6tt, OMe, CO 2- 
Me), 2.27-2.87 (m, CH2Ar, CH2(CH=CH)2), 
1.70-2.20 (m, C_H2CH=CH), and 1.33 [m, 
(Ctt2)n] , 1.72-1.92 (t, C H3). The initial methyl 
anacardate had a similar spectrum which also 
contained a single OMe signal and a low-field 
OH signal (5, 9.23, D20 exchange). 

Dimethyl anacardate (0.1734 g) in 98% for- 
mic acid (2 cm 3) was stirred and treated with 
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30% hydrogen peroxide (0.1 cm 3) during 1 hr. 
The mixture was  worked-up as before and 1H 
NMR (CC14) examination showed the absence 
of olefinic and adjacent methylene groups and 
th presence of CHO (6, 8.0-8.10) as formate es- 
ters. Hydrolysis of the recovered oil at ambient 
temperature by stirring with 3 M sodium hy- 
droxide solution and isolation of  the product  
by extract ion with ether gave hydroxyla ted  di- 
methyl  anacardate as an oil (Rf 0.15, soNent B), 
1H NMR (CC14) 6, 6.52-7.37 (m, 3H, H Ar), 
3.80, 3.85 (2s, 6H, OMe, CO2Me), 3.53 (m, 
C_H(OH)), 3.03-3.40 (m, OH), 2.30-2.63 (t, 2H, 
C H2Ar) , 1.33 (m, (CH2)n) and 1.77-1.97 (t, 
C_Ha). 

To hydroxyla ted  dimethyl  anacardate 
(0.1034 g) in methanol  (6 cm a), potassium per- 
iodate (0.2 g) in 1 M sulfuric acid solution (10 
cm a) was added in one portion. An immediate 
odor of heptanal was observed and, after 45 
rain, the reac t ionmixture  was worked-up by di- 
lution with water and extract ion with ether. An 
aliquot of the extract was concentrated and the 
residual material (0.0518 g) (Rf 0.80, solvent 
B), in methanol  (2 cm 3 ) was treated with sodium 
borohydride (0.0803 g) during 30 min. The 
mixture was acidified and the product  was re- 
covered by extraction with ether. I t  contained 
one prominent  spot (Rf 0.20, solvent B) in 
agreement with the reference compound methyl  
(6-hydroxyhexyl)sal icylate methyl  ether. It 
possessed by GLC, RRT (column B, 200 C) 8.35 
rain. By comparison with the reference com- 
pounds, methyl  (3-hydroxypropyl)sal icylate 
methyl  ether (log [RRT] 1.23), the 6-hydroxy- 
hexyl  compound (log [RRT] 1.63) and the 7- 
hydroxyhepty l  compound (log [RRT] 1.78), 
and a plot of their log (RRT) against respective 
n value, the natural degradation product  was 
clearly methyl  (8-hydroxyoctyl)  salicylate 
methyl  ether with log (RRT) 1.92. The prepar- 
atively purified reduction product  (TLC solvent, 
chloroform/ethyl  acetate, 80:20, v/v) gave a 
single GLC peak. MS, m/e 294.1832 (M+). C17- 
H2604 requires 294.1830. 

8-(3,5-Dimethoxyphenyl)octanol from Cardol 

Cardol (0.4115 g, 1.302 • 10 -a tool, averaw 
molecular wt 316) in dichloromethane (13 cm ) 
and water (9.6 cm 3) containing 3 M sodium hy- 
droxide solution (2.90 cm 3) and Triton B (0.20 
cm 3) was vibromixed with dimethyl  sulfate 
(0.8 cm3). Methylation was soon e f f e c t e d ( 2  
hr), as shown by the two clear layers formed 
and TLC monitoring (solvent C). The mixture 
was acidified, extracted with ether and the re- 
covered organic material was purified by pre- 
parative TLC (solvent C) which removed di- 
methyl  sulfate and a small amount of polymer- 

ic material and gave cardol dimethyl  ether, 1H 
NMR (CC14) 6, 6.03 (m, 3H, HAr), 4.72-5.27 
(m, C_H=CH, C_H=CH2), 3.77 (2s, 6H, 2CH30),  
2.37-2.92 (m, C H2Ar , C H2 (CH=CH)2), 1.77- 
2.24 (m, C H2CH=CH), 1.30 [m, (C_H2)n], 
and 0.70-1.03 (t, C_H3). 

Cardol dimethyl  ether (0.1925 g) in 98% for- 
mic acid (3 cm a) was stirred and treated gradu- 
ally with 30% hydrogen peroxide solution (0.25 
cm 3) during 24 hr. After work-up as before,  an 
oil (0.2318 g) was recovered. TLC indicated the 
presence of some unchanged cardol dimethyl 
ether. 1H NMR indicated the presence of for- 
mate ester (6 CC14 9.07) and modified aromatic 
absorption consistent with the presence of a 

'qu inone  resulting from nuclear hydroxytat ion.  
The material was hydrol~(zed with M sodium 
hydroxide solution (3 cm ~ at ambient temper- 
ature under nitrogen, during which the reaction 
mixture became deep brown in color. The alka- 
line mixture after 16 hr was diluted with water, 
extracted with ether and recovery gave a yellow 
oil (0.0451 g) having 1H NMR signals for hy- 
droxylated cardol dimethyl  ether. Acidification 
of the alkaline layer and extract ion with ether 
gave, upon recovery, colored and acidic material 
(0.113 g) which lacked a methoxyl  group and 
evidently comprised several substances. 

The neutral product  in methanol (3 cm 3) 
was stirred and treated with 2% l?eriodic acid in 
M sulfuric acid solution (2.0 cm ~ and the mix- 
ture, after 16 hr, was diluted with water and ex- 
tracted with ether. The recovered product  
(0.0241 g), which had a pronounced odor of n- 
heptanal,  was stirred in methanol (2.5 cm 3) and 
the mixture was treated with sodium borohy- 
dride (0.1108 g). The solution was acidified and 
extracted with ether; the recovered product  was 
purified by preparative TLC (solvent B). A 
band corresponding in Rf to synthetic 8-(3,5- 
d imethoxyphenyl)octanot  was recovered. GLC 
examination (column B, t80 C) indicated a 
component  with a retent ion of  16.9 min, (200 
C, 6.65 min) identical to that  of synthetic 8-(3, 
5-dimethoxyphenyl)octanol .  By GLC/MS, m/e 
266 (M+). C16H2603 requires 266. 

RESULTS AND DISCUSSION 

The synthesis of 8-(3-methoxyphenyl)octa-  
noic acid and of 8-(3,5-dimethoxyphenyl)octa-  
noic acid from the available heptanols (1,12) 
proceeded smoothly from the corresponding 
alkyl bromides to the nitriles, the hydrolysis of 
which afforded the required products.  The 
acids were readily converted to the correspon- 
ding alcohols and then to the aldehydes, which 
were characterized as their 2,4-dinitrophenyl 
hydrazones for the first time. 6-(3-Hydroxy- 
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octyl)salicylic acid methyl ether could not be 
prepared from (HO-protected)8-chlorooctanol 
ana we were unable to f'md a selective reagent 
for the reduction for the terminal carboxyl 
group in 6-(7-carboxyheptyl)salicylic acid 
methyl ether. Because of this, identification of 
the natural degradation product from dimethyl 
anacardate was effected by a chromatographic 
method with the appropriate homologous ref- 
erence compounds which could be synthesized. 

Methylation of the component phenols, car- 
danol, cardol and anacardic was readily achieved 
by the phase transfer technique. With anacar- 
die acid, dimethyl anacardate was formed 
whereas, with diazomethane, only the carboxyl 
group was methylated. The formation of di- 
methyl anacardate in this reaction has been des- 
cribed (17), although the product was not char- 
acterized and we believe the ensuing reactions 
in that report actually had been carried out un- 
knowingly with methyl anacardate. 

We have examined a number of ways of oxi- 
datively degrading the methylated component 
phenols of A. occidentale. Neither initial hy- 
droxylation with potassium permanganate (18), 
with osmic acid (19) (or in combination with 
potassium permanganate), acetoxylation with 
lead tetraacetate, ozonide formation (20), nor 
iodine and silver benzoate (21,22) (Prdvost rea- 
gent), which led to ring iodination, was suited 
for our purpose. Hydroxylation with performic 
acid (from hydrogen peroxide and formic acid) 
proceeded smoothly with cardanol methyl 
ether and dimethyl anacardate, however, and 
the Malaprade reaction then led to specific clea- 
vage of the mixture of vicinal diols. A number 
of volatile aldehydes, formaldehyde from 
trienes, butanal from dienes and heptanal from 
monoenes, were identified by TLC and GLC of 
their 2,4-dinitrophenylhydrazones and this 
work will be described separately. In our exper- 
ience, oxidation of the aromatic aldehydic frag- 
ment by potassium permanganate in acetone 
solution as reported in low yield (3) did not 
proceed efficiently because of spectral evidence 
of aldehyde self-condensation and interaction 
with the solvent. Reduction of the reaction 
product with sodium borohydride in methanol 
occurred smoothly. 

Although side-reactions involving the aroma- 
tic ring have been reported in the interaction of 
various peracids with alkyl benzenes and pheno- 
lic methyl ethers, such as double bond cleavage 
and quinone formation (23), demethoxylation 
accompanying quinone formation (24,25), and 
alkyl group migration (26), we have found 
that cardanol methyl ether and cardanol di- 
methyl anacardate reacted essentially at the 
side-chain and were immune to such nuclear 

oxidation probably due to steric hindrance 
and additionally some deactivation in the 
latter compound. With cardol dimethyl ether, 
side-chain hydroxylation was accompanied by 
nuclear oxidation, although reaction mix- 
tures still contained some unreacted starting 
material. In this compound, sufficient acti- 
vation evidently exists to induce some quin- 
one formation and demethoxylation as evi- 
denced by our spectral information. The reac- 
tion sequence may well be as shown (Scheme 2) 
(R = C1sH31_ n or a modified grouping). 

oH H~ 

1 l 
o 

. . . . . . . . . . . . .  C r  i q".R7 n3 o~ ,  
HIO4 ~1 R4.H 

SCHEME 2 

The constituents of the component phenols 
of A. occidentale and of the Rhus genus all 
have unsaturation commencing at the 8-position 
as confirmed in this work for the first group of 
compounds. Recently, with other products, un- 
saturation has been observed at other positions 
as in the phenols of Grevillea pyrarnidalis (27) 
(Cls resorcinol with unsaturation at the 10-po- 
sition), Persoona elliptica (28) (C11 resorcinol 
with unsaturation at the 3-position), and Cy- 
stophora torulosa (29) (C14 and CIS resorci- 
nols unsaturated at the 5-position). In Pistachio 
vera (C13, ClS and C17 anacardic acids) mono- 
unsaturation has been found at the 8-position 
(J.H.P. Tyman and M. Yalpani, unpublished 
work). 

The GLC procedure used in the present 
work with homologous synthetic compounds 
for determining the first double bond position 
in the side-chain of constituents of anacardic 
acid has, in our view, a wider use for phenolic 
and other lipids. Related homologous com- 
pounds have been prepared and this work will 
be reported subsequently. 

The conversion of the methylated component 
phenols of A. occidentale into water-soluble 
acids also represents an alternative way of utili- 
zing the natural products (cf. ref. 30), provided 
such conversions can be effected economically. 
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ABSTRACT 

The lingual lipase in gastric aspirates from premature infants was found to be partially stereo- 
.specific for sn-3 esters of synthetic enantiometric triacylglycerols containing 18:1 and 16:0. The sn-3 
ester was hydrolyzed about 4 times faster than the acid at the sn-1 position with no difference in rates 
between 18:1 and 16:0. The sn-2 was also hydrolyzed to some extent. 
Lipids 17:570-572, 1982. 

INTRODUCTION 

Lingual lipase is secreted from yon Ebner's 
glands located on the posterior surface of  the 
tongue in humans and other species (1). The 
enzyme starts digestion of dietary TG in the 
stomach, producing DG, MG, FFA and gly- 
cerol, and contributes significantly to lipolysis 
of dietary TG in preterm and term infants 
whose pancreatic function and syntheses of  bile 
salts have not fully developed. The delivery of  
the MG and FFA formed by lingual lipase into 
the small intestine should initiate the immedi- 
ate formation of mixed micelles followed by 
rapid absorption. The enzyme assists in the 
digestion of milk fat beyond initial lipolysis. 
Native milk fat globules have been reported 
as being resistant to the action of pancreatic 
lipase under the conditions studied but prior 
exposure of the globules to lingual lipase in- 
creased the rate of lipolysis (2). The enzyme 
therefore enhances absorption of dietary lipids 
at a crucial period in the infant's life. 

The identity of the digestion products 
passed from the stomach into the small in- 
testine will be controlled in part by the speci- 
ficity of lingual lipase. Rat lingual lipase is par- 
tially specific for primary esters of  TG and for 

ISeientific contribution no. 949, Storrs Agricul- 
tural Experiment Station, University of Connecticut, 
Storrs, CT 06268. 

Abbreviations: TG, triacylglycerol; DG, diacyl- 
glycerol; MG, monoacylglyceroi; FFA, free fatty 
acids; sn-I 8: l-I 6:0-16:0, 1-oleoyl-2,3-dipalmitoyl-s~- 
glycerol; sn-16:0-16:0-18:1, 1,2-dipalmitoyl-3-oleoyl- 
sn-glyceroi; and sn-16:0-18:1-18:1, l-p',dmitoyl-2,3- 
dioleoyl-sn-glycerol. 

the sn-3 as compared to the sn-I  ester (3). This 
latter type of preferential lipolysis has been 
termed stereospecificity. We have investigated 
the stereospecificity of lingual lipase from 
premature infants using synthetic TG as sub- 
strates and present our ffmdings in this paper. 
A preliminary report on these data has been 
published (4). 

MATERIALS AND METHODS 

Gastric aspirates containing the lingual lipase 
were obtained as part of routine postnatal care 
at the Georgetown University Hospital. The 
samples were taken from infants whose gesta- 
tional age was 33 to 42 weeks and the sample 
volumes were 0.5-5.0 ml. The samples were 
assayed for lipolytic activity and 32 with the 
highest levels were frozen on dry ice and sent 
to the University of Connecticut in a Styro- 
foam shipper. All arrived and were stored in a 
freezer at -75 C. 

The digestion mixture was 0.1% citrate- 
Na2HPO4 buffer at pH 5.4, which contained 
5% bovine plasma albumin and 0.1% gum arabic 
with a final volume of 25-50 ml. Prior to diges- 
tion, 2% of the desired TG was added, melted 
by heating on a steam bath if necessary and 
emulsified with a Branson Sonifier. The mix- 
ture was equilibrated at 37 C in a water bath 
and the gastric aspirate was added. The amount 
of aspirate used varied depending on the 
volume of the sample, but usually 2 equal por- 
tions were used, one for the TG and one for a 
control without substrate. Two samples were 
divided into 3 portions and both enantiomers 
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were digested separately because of the relative- 
ly large volume. This procedure was necessary, 
as was the addition of an internal standard 
later, because each aspirate contained some 
lipid. We wanted to avoid the risk of denaturing 
the lipase by extraction of the aspirates with 
solvent. The length of incubation was 30-60 
min depending on the activity of the aspirate. 

The TG used as substrates were:  sn-18:1- 
16:0-16:0, sn-16:0-16:0-18:1, sn-16:0-18:1-  
18:1 and trioleoylglycerol. The TG were syn- 
thesized as described by Jensen and Pitas (5). 

After the desired period of incubation, the 
samples were extracted, the digestion products 
were separated by thin layer chromatography 
and the fatty acids were identified by gas liquid 
chromatography (GLC) after conversion to 
methyl esters (6,7). A known amount of 
methyl heptadecanoate was added to each frac- 
tion prior to analysis by GLC. The fatty acids 
in the aspirate controls were subtracted from 
each analysis of digestion product after equaliz- 
ing the internal standards and adjusting the 
amounts of  other acids accordingly. 

To check our findings on stereospecificity, 
we determined specific rotations Of the 1,2- 
(2,3) DG from a digestion of trioleoylglycerol. 
The sn-l ,2 dioleoylglycerol has a specific rota- 
tion o f -2 .8  in CIIC13 (8), which we confirmed 
with a standard. The specific rotation of  the 
sn-2,3 enantiomer is +2.8. If a lipase is stereo- 
specific, the optical rotation of DG formed by 
the enzyme would approach one or the other 
of these figures. A nonspecific lipase would pro- 
duce a racemic mixture of DG with no optical 
rotation. 

RESULTS AND DISCUSSION 

The compositions of  the original TG and the 
MG and FFA from the digestions of  the TG are 
presented in Table 1. The preponderance of 

sn-3 acid in the FFA is clear evidence for the 
partial stereospecificity of lingual l ipase-about  
4:1 for the sn-3 ester. The composition of the 
MG was mostly the acid originally in the sn-2 
position. The acid in the sn-3 position, whether 
16:0 or 18:1, was hydrolyzed at equimolar 
rates. We calculated these data by reference to 
the internal standard. There was some digestion 
of sn-2 esters in contrast to pancreatic lipase 
which is very specific for the sn-1 a n d - 3  
positions. 

Further confirmation of our data was pro- 
vided by our determination of the specific rota- 
tion of the DG produced by the lipase. The 
specific rotation of  the 1,2-(2,3) DG recovered 
from the digestion of trioleoylglycerol was 
-2.8 ~ The configuration of the DG was there- 
fore almost totally sn-l ,2 as the reported rota- 
tion is -2.8 ~ (8). This overlooked method for 
the determination of lipase specificity has the 
advantages of being nondestructive and simple. 
The disadvantage is lack of sensitivity. The 
specific rotation of  either enantiomeric DG is 
so small that dilution with the antipode would 
obliterate the difference between 2.8 ~ and zero. 
Preparation of  a derivative would increase the 
specific rotation and improve the sensitivity. 

Stereospecificity is a novel characteristic in 
glycerol ester hydrolases. The property has 
been observed only in various serum stimulated 
lipoprotein lipases (9), rat lingual lipase (3) and 
hepatic lipoprotein lipase (10). Interestingly, 
the specificity of  the lipoprotein lipases is par- 
tially for the sn-1 position. We cannot explain 
the physiological significance of the sn-3 spe- 
cificity of the lingual lipases. However, we can 
postulate that the sn-l ,2 DG are better sub- 
strates for pancreatic lipase than the enantio- 
mers, although in vitro, the rates of  digestion 
are influenced by the fatty acid composition 
of the DG. Morley et al. (9) noted that the 
dipalmitoyl DG accumulated when either 

TABLE 1 

Fatty Acid Composition of the Original Triacylglycerols, and the Monoacylglyeerols 
and Free Fatty Acids Produced by Lipolysis with Premature Human Infant Lingual Lipase 

Substrate and Triacylglycerol Monoacylglycerol Free fatty acids 

enzyme source N 16:0 18:1 16:0 18:1 16:0 18:1 

Human (M%) 

sn-I 6:0-16:0-18: I a 5 64.2 35.8 84.8 15.2 24.4 75.6 
SEM 0.35 7.10 5.13 

sn-I 8:1-16:0-16:0 5 64.4 35.2 77.8 22.2 85.8 14.2 
SEM 0.56 6.28 2.20 

sn-16:0-18:1-18:1 2 34.0 66.0 27.5 72..~ 12.5 87.5 

a 1,2-Dipalmitoyl-3-oleoyl-sn-gly cerol. 
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sn-16:0-16:0-18:1  or sn -18 :1-16 :0-16 :0  was 
digested with pancrea t ic  lipase. We can also 
pos tu la te  tha t  the sn-l,2-DG act as messengers  
for  r ecep to r  sites in the in tes t ine ,  much  as F F A  
st imulate  the release of  cho lecys tok in in  f rom 
the  intest inal  wall (11).  A n o t h e r  possibi l i ty 
might  be related to  the inabil i ty of  the e n z y m e  
to  hydro lyze  the  ester i f ied fa t ty  acids o f  sn-3 
phospha t idy lcho l ine ,  a l though the inf luence  
is no t  obvious (12).  To summar ize ,  the  lipase 
in the gastric aspirates of  n e w b o r n  p rematu re  
infants  is partially s tereospeci f ic  for  sn-3 esters  
o f  TG. 
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ABSTRACT 

The activity of hepatic triglyceride lipase (H-TGL) of plasma membranes isolated from rat liver is 
shown to be reduced by fasting. Refeeding restores the enzyme activity. The suppressed activity of tt- 
TGL in streptozotocin diabetic rats is restored by insulin treatment. The behavior of the enzyme activ- 
ites in both situations coincides with that of plasma insulin levels. The results suggest that the H-TGL 
of rat liver plasma membranes is under hormonal regulation by insulin. 
Lipids 17:573-575, 1982. 

INTRODUCTION 

The presence of triglyceride lipase in the liver 
is well known. However, the function of the en- 
zyme remains obscure. Assmann et al. (1) con- 
ducted a study on subcellular distribution of 
the lipase in rat liver and first reported that tri- 
glyceride lipase released from liver by heparin 
originates primarily in the plasma membranes. 
Groener and Knauer (2) documented the fact 
that the rat liver had only one alkaline trigly- 
ceride lipase and most of it resided on the 
plasma membranes. It is also known that hepa- 
tocytes isolated by the collagenase method lack 
the enzyme activity (3), suggesting the presence 
of the enzyme in the outer surface of the cells. 
Such a localization of the lipase in the liver sug- 
gests a role of the enzyme in extraceUular lipid 
metabolism, in the hydrolysis of serum lipid. 
Nevertheless, no at tempt has been made to clar- 
ify the function of the lipase associated with 
plasma membranes. 

The aim of this study was to ascertain 
whether hepatic triglyceride lipase (H-TGL) in 
plasma membranes isolated from rat liver is 
changed by alteration of the hormonal environ- 
ment, e.g., fasting and streptozotocin diabetes. 
The results strongly suggest that plasma mem- 
brane-associated H-TGL is under hormonal reg- 
ulation by insulin. 

MATERIALS AND METHODS 

Male Wistar rats (250-300 g) were used. Stan- 
dard laboratory chow containing 5.1% (w/w) 
lipid was obtained from the Oriental Yeast Co. 
(Tokyo, Japan). In the fasting experiments, the 
animals were deprived of food for 48 hr. Some 
fasted animals were refed for 12 hr. Diabetes 

was induced by a single intravenous injection of  
streptozotocin (STZ) (Sigma Co., St. Louis, MO) 
65 mg/kg body weight. Some diabetic rats were 
treated by daily subcutaneous injection of lente 
insulin (Novo Laboratory, Copenhagen, Den- 
mark), 4 units per animal at 5 p.m. for 3 days. 
The animals were fed on the diet ad libitum. The 
rats were killed by decapitation in pairs at 9 
a.m. The blood was collected in tubes for the 
determination of serum triglyceride (Glycerol 
and Neutralfat UV Test, Boehringer, Mannheim, 
West Germany) and plasma immunoreactive in- 
sulin (IRI) (IRI Radio-immunoassay Kit, Dain- 
abot, Tokyo, Japan). 

The livers were immediately excised. Par- 
tially purified plasma membranes from the rat 
livers were prepared by a modification of the 
procedure of Neville (4) as described by Ray 
(5). In our determination (6), the specific activ- 
ity of 5'-nucleotidase in the plasma membranes 
was ca. 20 times higher than the homogenate. 
The plasma membranes'  protein content was 
quantified by the method of Lowry et al. (7) 
with bovine serum albumin as the standard. Part 
of  the obtained plasma membranes (5 mg pro- 
tein/ml of I mM NaHCO3, 0.5 mM CaCI~, pH 
7.5) was incubated in the presence of 50 units 
of hepalin (Sigma) per ml for 15 min at 37 C. 
After the end of incubation, plasma membranes 
were sedimented for 15 min (4 C) at 50,000 • 
g and the supernatant was obtained as heparin- 
released material. Preliminary data showed that 
50 units per ml of heparin was sufficient to 
cause maximal solubilization (65%) of H-TGL 
from plasma membranes. The H-TGL activity 
of plasma membranes and heparin-released ma- 
terial was measured as described by Assman et 
al. (1) using emulsified tri-[1-1"C]oleate as a 
substrate. The fatty acids were extracted by the 

LIPIDS, VOL. 17, NO. 8 (1982) 



574  COMMUNICATIONS 

m e t h o d  of  Scho tz  et  al. (8)  and  c o u n t e d  us ing 
t he  Aloka  l iquid sc in t i l la t ion  sys tem LSC-751,  
equ ipped  wi th  a u t o m a t i c  ex te rna l  s t andard iza -  
t i o n  to measure  q u e n c h i n g  (Aloka ,  T o k y o ,  Ja- 
pan) .  

RESULTS A N D  DISCUSSION 

H-TGL act ivi ty  loca ted  on  the  p lasma m e m -  
b ranes  was reduced  by fasting,  whereas  the  
act ivi ty  was par t ia l ly  res tored  by  refeeding  (Ta- 
ble 1). The  H-TGL act ivi ty of  hepar in- re leased  
mate r ia l  also changed  similarly u n d e r  these  con-  
d i t ions .  STZ d iabe tes  p roduced  a m a r k e d  de- 
crease b o t h  in p lasma m e m b r a n e - b o u n d  and  he- 
par in-re leased lipase act ivi t ies  (Table  2). The  re- 
duced  act ivi t ies  were par t ia l ly  res tored  by  in- 
sulin t r e a t m e n t .  

Thus ,  this  s tudy  first made  it  clear t ha t  H- 
T G L  act ivi ty  loca ted  on  p lasma m e m b r a n e s  
changed  dramat ica l ly  accord ing  to  the  al tera-  
t ion  in h o r m o n a l  e n v i r o n m e n t ,  e.g., fas t ing and  
STZ diabe tes .  The  similar  e f fec ts  of  fas t ing and  
STZ d iabe tes  on H-TGL act iv i ty  have been  
d e m o n s t r a t e d  by the m e a s u r e m e n t  o f  the  en- 
z y m e  act ivi ty in  the  a c e t o n e / e t h e r  ex t r ac t s  of  
l iver (9) or  in the  pos t -hepar in  p lasma (10).  
However ,  we emphas ize  the  i m p o r t a n c e  of  d i rec t  
m e a s u r e m e n t  of  p lasma m e m b r a n e - b o u n d  H- 
T G L  for  the  e luc ida t ion  of  the  f u n c t i o n  of  the  
e n z y m e  in the  liver because  o f  the fo l lowing  
two  lines o f  reasoning.  Firs t ,  when  H-TGL ac- 
t ivi ty  in pos t -hepar in  p lasma is measured ,  it 
covers  n o t  on ly  the  e n z y m e  act ivi ty  o r ig ina t ing  
in the  liver, b u t  also the  act ivi ty  f rom the  ovaries 
and  adrena l  glands of  ra ts  (11).  Second,  r ecen t  
s tudies  (1 ,2)  have ind ica ted  t ha t  H-TGL of  the  
liver is main ly  loca ted  on  t he  p lasma m e m b r a n e s  
and  is the  origin o f  the  l ipase released f rom liver 
by hepar in .  

The  p lasma IRI  level o f  fasted rats  was 21.0  
+ 3 . 4 / a U / m l  ( m e a n  + SEM) and  was s ignif icant-  
ly ( p < 0 . 0 5 )  lower  t h a n  the  fed rats  (60.3 -+ 8.3 
luU/ml). Refeed ing  p r o d u c e d  a m a r k e d  rise ( p<  
0 .05)  in the  IRI  level (73.7  + 11 .4 /aU/ml) .  T he  
plasma IRI  level of  the  d iabet ic  ra ts  was r educed  
( p < 0 . 0 . 5 )  to  12.2 + 3 .2 /~U/ml  ( t he  n o r m a l  ra ts  
had  a level of  55 .0  + 8.5 /aU/ml).  These  resul ts  
ind ica te  t h a t  the  changes  of  the  e n z y m e  activi- 
t ies co inc ide  wi th  those  of  the  p lasma IRI  levels 
and  s t rongly  suggest tha t  the  H-TGL associa ted 
wi th  p lasma m e m b r a n e s  is u n d e r  h o r m o n a l  reg- 
u l a t i on  by  insulin.  

The  u n d e r l y i n g  m e c h a n i s m  of  the  insul in  ac- 
t ion ,  however ,  is n o t  ye t  clear. H-TGL is assumed 
to be  syn thes ized  and  secre ted b y  p a r e n c h y m a l  
ceils and b o u n d  to cell m e m b r a n e s ,  pe r haps  of  
n o n p a r e n c h y m a l  cells (12) .  Insul in  migh t  reg- 
ula te  some of  the  above  processes  and  change  

TABLE l 

Effect of Fasting and Refeeding on Hepatic Triglycer- 
/de Lipase Activity of Rat Liver Plasma Membranes a 

Hepatic triglyceride lipase activity 
(~mol/hr/mg protein) 

Plasma membranes Heparin-released 

Fed 0.59 • 0.11 1.26 +_ 0.31 
Fasted (48 hr) 0.15 • 0.03 b O. 16 -+ 0.04 b 
Fasted (48 hr)- 0.38 + 0.04 c 0.61 • 0.11 c 

refed (12 hr) 

aFive pairs of rats were killed. Results are expressed 
as means • SEM. 

p v',dues are statistical differences from fed rats; b 
p<O.05, from fasted rats; Cp<0.05. 

TABLE 2 

Effect of Streptozotocin Diabetes and 
Insulin Treatment on Hepatic Triglyceride Lipase 

Activity of Rat Liver Plasma Membranes a 

Hepatic triglyceride Iipase activity 
(~umol/hr/mg protein) 

Plasma membranes Heparin-released 

Normal 0.49 • 0.09 1.18 +- 0.2"/ 
STZ 0.18 +- 0.04 b 0.26 +- 0.10 b 
STZ + Insulin 0.37 • 0.05 c 0.74 -+ 0.15 c 

asix pairs of rats were killed. Results are expressed 
as means • SEM. 

p values are statistical differences from normal rats; 
bp<0.05, from STZ; Cp<0.05. 

the  a m o u n t  of  the  e n z y m e  associated wi th  plas- 
ma  membranes .  

H-TGL loca ted  on  the  p lasma m e m b r a n e s  is 
bel ieved to pa r t i c ipa te  in the  ex t race l lu la r  l ipid 
me tabo l i sm,  e.g., the  ca tabo l i sm of  very low 
dens i ty  l i popro te ins  ( V L D L )  and  c h y l o m i c r o n  
r e m n a n t s  (13).  However ,  r ecen t  works  have pre- 
sen ted  evidence  t ha t  H-TGL act iv i ty  measu red  
in vi t ro against  V L D L  tr iglyceride or  art if icial  
t r ig lycer ide emuls ion  is i nh ib i t ed  in the  pres- 
ence  o f  whole  se rum ( 1 4 ) o r  a p o p r o t e i n s  l ike C 
(15),  A-I and  A-II (16) .  These  f indings  make  
the  physiological  s ignif icance of  the  e n z y m e  
more  obscure .  Our  se rum t r ig lycer ide  de te rmi-  
n a t i o n  revealed a typica l  hype r t r ig lyce r idemia  
(313  -+ 27 mg/d l )  in d iabe t ic  rats ,  c o m p a r e d  to 
87 + 14 mg/d l  in n o r m a l  rats.  W h e t h e r  the  re- 
duced  H-TGL act iv i ty  o f  plasma m e m b r a n e s  in 
d iabe t ic  animals  is a c o n t r i b u t i n g  fac to r  to  the  
e leva t ion  of  se rum t r ig lycer ide  needs  r o b e  fur- 
the r  invest igated.  
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Increased Thromboxane B 2 Biosynthesis in Piatelets 

H. KAWAGUCHI*, T. ISHIBASHI and Y. IMAI, Department of Biochemistry, School of 
Medicine, HoRkaido University, Sapporo 060, Japan 

ABSTRACT 

The synthesis of thromboxane B 2 is increased in platelets from rabbits with experimental hyper- 
cholesterolemia, but the increase is not due to increased phospholipids hydrolysis. We have clarified 
the mechanism for the increased thromboxane synthesis. The biosyntheses of prostaglandin H 2 and 
thromboxane B 2 were unaffected by superoxide dismutase, xanthine oxidase, mannitol, or benzoate 
in other experiments designed to study the possible involvement of reactive oxygen species. These 
results suggest that 02"- and OH" were not likely to be involved as intermediates in the synthesis of 
prostaglandin H 2 and thromboxane B 2 in platelets. The rate of prostaglandin H 2 biosynthesis was 
promoted in deuterium oxide, and this deuterium oxide enhancement effect was reversed by 2,5- 
diphenylfuran, suggesting that singlet oxygen may be involved in prostaglandin H 2 biosynthesis. The 
biosynthesis of prostaglandin H 2 was promoted by ADP-Fe 3§ but inhibited by EDTA and EDTA-Fe 3+. 
The effect of ADP-Fe 3+ could not be replaced by EDTA-Fe 3+. The effects of glutathione, gtutathione 
peroxidase and H202 on cyclooxygenase and thromboxane synthetase were studied by using partially 
purified enzymes and platelet microsomes. Glutathione and glutathione peroxidase inhibited the activ- 
ity of cyclooxygenase but did not inhibit that of thromboxane synthetase. H202 caused the inactiva- 
tion of cyclooxygenase, but the addition of H202 did not inhibit the formation of thromboxane B 2 
from prostaglandin H 2. An examination of glutathione concentration and glutathi0n e peroxidase 
activity in platelets from normal and experimentally hypercholesterolemic rabbits demonstrated that 
both were decreased in platelets from later group. The observed alterations in glutathione levels and 
glutathione peroxidase activity are large enough to cause increased thromboxane B 2 synthesis in plate- 
lets but the possibility that other unidentified factors may also contribute cannot be excluded. 
Lipids 17:577-584, 1982. 
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We have shown that the biosynthesis of 
thromboxane B2 is increased in the platelets 
from hypercholesterolemic rabbits (1). This was 
shown (1) to not  be due to increased phospho- 
lipids hydrolysis, suggesting that the alteration 
must be in the efficiency of  conversion of  free 
arachidonic acid to thromboXane B 2. It has 
been well established that the oxygenation of 
arachidonic acid by the microsomal prostaglan- 
din synthetase complex generates prostaglan- 
dins and thromboxanes (2-4). Cyclooxygenase, 
the first enzyme in the complex to act on 
arachidonic acid, catalyzes the abstraction of  
hydrogen atoms from the fatty acids, and incor- 
porates 2 molecules of oxygen into the ensuing 
organic radical to generate prostaglandin G2 
(5). During this process, the cyclooxygenase 
is irreversibly deactivated (6). A variety of 
studies indicate that various reactive oxygen 
species are involved in various prostaglandin 
biosynthesis systems. It has been demonstrated 
that methional and phenol (hydroxy radical 
scavengers) enhanced oxygen uptake and 
prostaglandin biosynthesis in microsomes (5-8), 
suggesting that the hydroxy radical was formed 
during prostaglandin biosynthesis in micro- 
somes (7). Prostaglandin biosynthesis is stim- 

*Author to whom correspondence should be 
addressed. 

da t ed  by hemes, indoles (9), and reduced gluta- 
thione (10,1 I). These compounds  act either by 
increasing the rate of oxygen incorporation into 
fatty acid or by stimulating the metabolism of 
the cyclic peroxides into a particular prosta- 
glandin. Marnett et al. (8) reported that 1,3- 
diphenylisobenzofuran (a singlet oxygen scav- 
enger) inhibited the conversion of fatty acids 
into other products, and concluded that singlet 
oxygen functioned in the co-oxygenating sys- 
tems of sheep vesicular glands. However, it is 
usually difficult to ascertain the direct involve- 
ment of  reactive oxygen in specific reactions 
because these species are interconverted rapidly 
under conditions suitable for prostaglandin 
synthesis. As previously reported (12), prosta- 
cyclin synthetase, but not  thromboxane synthe- 
tase, is very sensitive to destruction by an oxi- 
dizing agent, an observation which may have 
important  physiological implications. We have 
investigated the mechanism of  increased throm- 
boxane B2 synthesis in experimental hypercho- 
lesterolemia in rabbit by studying the effect of 
various inhibitors and activators of  thrombox- 
ane B2 synthesis and effects of various trapping 
agents for specific types of  reactive oxygen 
species. These studies indicate that decreased 
glutathione peroxidase activity in Platelets from 
rabbits with experimental hypercholesterolemia 
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can account for increased synthesis of  throm- 
boxane B2, although the possibility that  other 
factors contr ibute cannot be excluded. 

MATERIALS AND METHODS 

Chemicals 

[1-X4C] Arachidonic acid (60.2 mCi/mmol)  
was purchased from the Radiochemical Centre, 
Amersham, England. [1-1aC]Prostaglandin H 2 
(1 Ci/mol) was prepared as described (2). 
Arachidonic acid, glutathione reductase, cata- 
lase, xanthine oxidase, horseradish peroxidase, 
superoxide dismutase, cytochrome c, mannitol,  
deuterium oxide (D20), L-tryptophane,  and 
ADP were purchased from Sigma Chemical Co., 
St. Louis, MO. NADPH, reduced glutathione 
(GSH), oxidized glutathione (GSSG), and 
EDTA were purchased from the Kyowa Hakko 
Co., Tokyo,  Japan. N-Ethylmaleimide (NEM), 
xanthine, and benzoate were obtained from 
Wako Chemicals, Tokyo,  Japan. Prostaglandin 
(PG) A2, E2, F2,~, H2, and thromboxane (TX) 
B2 were generous gifts from Ono Pharmaceu- 
tical Co., Ltd., Osaka, Japan. 

Experimental Animals 

Hypercholesterolemia was induced in rabbits 
weighing 3-4 kg by daily feeding with food 
pellets containing 1% cholesterol for 3 months.  
The plasma cholesterol levels in control  and 
hypercholesterolemic rabbits were 2 mM and 
19 raM, respectively, indicating that hypercho-  
lesterolemia was induced in the experimental  
rabbits. They were divided into four groups. 

Preparation of Microsomal Fractions 
from the Platelets 

Blood was collected into a 3.8% solution of  
sodium citrate (9 vol blood: I vol citrate). Plate- 
let-rich plasma was prepared by centrifugation 
of citrated blood at 200 • g for 10 rain. The 
resultant supernatant was again centrifuged at 
2,000 • g for 20 rain. The precipitate obtained 
was washed twice with Tyrode 's  solution, sus- 
pended in 0.1 M Tris-HC1 buffer (pH 7.4), and 
disrupted by sonication (two 30-sec t reatment  
with 2-rain intervals), the microsomal prepara- 
t ion was prepared by differential centrifugation 
(2,000 • g, 15 min; 12,000 • g, 15 min; 
105,000 • g, 1 hr). The pellets after the final 
centrifugation were suspended in the same 
buffer and stored in small aliquots at -70 C. 

Enzyme Assays 

The conversion of  arachidonic acid to TXB2 
was measured by quantitative radioisotopic thin 
layer chromatography (TLC). A standard mix- 

ture (1.0 ml) containing [1J4C]arachidonic  
acid (20/aM, 2.22 • l0  s dpm), 0.I M Tris-HCl 
(pH 7.4), and 0.4 mg of platelet microsomal 
protein was incubated at 37 C for 5 min. The 
mixture was acidified to pH 3.0 and extracted 
with ethyl acetate. TLC was performed with 
ethyl acetate/acetic acid (99: 1, v/v) as the sol- 
vent as described previously (13). Following 
development,  the plates were visualized with 12 
and the zones corresponding to PG standards 
were scraped and counted. 

The conversion of  arachidonic acid to pros- 
taglandin endoperoxides was determined by 
modification of a previously reported method 
(14). The standard reaction mixture containing 
[1J4C]arachidonic  acid (10 /.tM), 0.1 M Tris- 
HC1 (pH 7.4), and 0.4 mg of platelet micro- 
somal protein was incubated at 24 C for 2 min. 
The extract ion with ether was completed 
within 5 min. All procedures were done within 
20 rain and TLC was developed at -20 C. The 
solvent system was ethyl e ther /petroleum ether/  
acetic acid (85:15:0.5,  v/v/v). Cyclooxygenase 
and thromboxane synthetase were prepared as 
described (15), and the enzyme activities of 
these enzymes were checked according to their 
method (15). These enzymes were incubated 
with PGH 2 or arachidonic acid as follows: (a) a 
reaction mixture (0.2 ml) containing 10 /~M 
[1-14C]arachidonic acid, 0.5 mM L-trypto- 
phane, 0.1 /aM hemoglobin,  0.1 M Tris-HC1 
(pH 7.4) and cyclooxygenase (0.1 ml) was incu- 
bated at 24 C for 30 sec. (b) The reaction mix- 
ture (0.2 ml) contained 20 /aM [1-14C]PGH2, 
0.5 mM L-tryptophane,  0.1 /aM hemoglobin,  
0.1 M Tris-HC1 (pH 7.4) and thromboxane syn- 
thetase (0.1 ml). The mixture was incubated for 
1 rain at 24 C. Extraction and TLC analysis 
were performed as already described. 

Effect of Various Agents 
on Prostaglandin Biosynthesis 

Compounds were added to standard assay 
mixture just described for PG endoperoxides 
and TXB2. 

Other Methods 

The activities of NADPH-cytochrome c 
reductase (16), superoxide dismutase (17), 
catalase (18), and glutathione peroxidase (19) 
were assayed as previously described. The H202, 
which was generated in the incubation mixture, 
was determined by the established method (20, 
21). The glutathione peroxidase was purified 
from rabbit  blood according to the method of 
Awasthi et al. (22). The amount  of  GSH was 
measured according to the method of Tietze 
(23). Protein was determined by the Lowry et 
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al. method (24) with bovine serum albumin as 
standard. Triplicate samples were analyzed in 
all experiments. 

RESULTS 

In earlier work (1), we confirmed that the 
biosynthesis of TXB2 by washed ptatelets was 
increased about three-fold in hypercholesterol- 
emic rabbits compared to control. The apparent 
Km values for arachidonic acid were 19 /~M 
(hypercholesterolemia) and 50 btM (control), 
respectively. It was also demonstrated that 
increased TXB2 synthesis was not  due to in- 
creased release of arachidonic acid from phos- 
pholipids, but rather to increased efficiency of 
conversion of re/eased arachidonic acid to 
TXB2 (1). We initiated a series of experiments 
in an attempt to determine the biochemical 
basis of this alteration. 

Enzyme Activities in Microsomes from Normal 
and Hypercholestero#emic Rabbits 

The initial approach used was to determine 
if there were significant differences in specific 
reactive oxygen species which might account 
for observed differences in TXB2 synthesis 
either by inhibiting TXB2 synthesis in normal 
platelets or by stimulating it in hypercholes- 
terolemic platelets. The enzymes examined 
were: (a) NADPH-cytochrome c reductase, 
which can be expected to alter TXB 2 synthesis 
by electron transport; (b) superoxide dismutase, 
which can be expected to alter TXB 2 syn~esis  
by removing superoxide anion radical (02 -) as 
has been observed in bovine seminal vesicular 
glands (8); (c) catalase, which can be expected 
to alter TXB2 synthesis by removing H202 as 
has been observed in sheep seminal vesicular 
glands (25); and (d) glutathione peroxidase, 

which can be expected to alter TXB2 synthesis 
because it removes GSH and H202. 

NADPH-cytochrome c reductase was not  sig- 
nificantly altered in platelet microsomes from 
hypercholesterolemic rabbit (HCR)(Table  1). 
As shown in Table 1, superoxide dismutase was 
not significantly different in platelet micro- 
somes from normal and HCR, suggesting that 
differences in the destruction of superoxide 
anion radical cannot account for the observed 
differences in TXB2 synthesis. Additional evi- 
dence was provided studying the effect of 
added superoxide dismutase on TXB2 synthe- 
sis. As shown in Table 2, superoxide dismutase 
did not  show any significant effect on the bio- 
synthesis of TXB2. Fu_rther evidence to support 
the exclusion of 02 as a mediator of PGH2 
and TXB2 biosyntheses is that there was no 
significant change in these biosyntheses when 
xanthine+xanthine oxidase, which generates 
02"- (26,27), was added to the reaction mixture 
(Table 2). As shown in Table 1, there was a 
three-fold increase in catalase activity in micro- 
somes from HCR. This increase suggests that 
hydrogen peroxide may influence the TXB2 
biosynthesis in the platelets from HCR. As 
shown in Figure la, the oxidation of NADPH 
was observed in the reaction mixture of the 
TXB2 biosynthesis system. When a catalase was 
present in the reaction mixture, the oxidation 
of NADPH was inhibited about 60% (Fig. lb) .  
With the addition of  horseradish peroxidase, 
the oxidation of NADPH was markedly pro- 
moted (Fig. lc). These data indicated that 
H202 was generated in the TXB2 biosynthesis 
system. As shown in Table 2, the addition of 
H202 (0.1 mM-30 mM) did not  inhibit the bio- 
synthesis of TXB2. Van Der Quderaa et al. (25) 
have described that the addition of H202 or 
ROOH strongly enhanced the inactivation of 

TABLE 1 

Effect of Hypercholesterolemia on the Activities of NADPH-Cytochrome c Reductase, 
Superoxide Dismutase, Catalase and Glutathione Peroxidase a 

Enzyme activities Control HypercholesterOlemia 

NADPH-cytochrome c reductase 
(nmoi/min/mg protein) 

Superoxide dismutase 
(units/mg protein)  

Catalase (units/rag protein) 
Glutathione peroxidase 

(nmol/min/mg prote in)  

3.7• 2.8• 

1.2• 0.9• 
5.7• 16.6• b 

4.9• 0.4• b 

aThe enzyme activities were determined by using platelet microsomes from pooled plate- 
lets of two groups. The values given represent the means  of four hypercholesterolemic 
groups and four control groups. Student's t-test was  used to analyze the results .  

bp<0.01 compared to control. 
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TABLE 2 

Effect of Various Compounds on Prostaglandin H~ and Thromboxane B2 Biosynthesis a 

TXB~ synthesis 

PGH~ synthesis b Microsomes c 
Additions pmol (% of control) pmol (% of control) 

TX synthetase d 
nmol (% of  control) 

None (control) 430 • 51(100) 397 -+ 21(100) 
Catalase, 2500 units 645 +- 45(150) 376 -+ 10(95) 
H20~, 0.1 mM 131 • 14(30) 416 • 15(105) 

30mM 43 • 2(10) 458 + 37(115) 
Superoxide dismutase, 100 units 430 -+ 51 (100) 410 -+ 15(103) 
Xanthine, 0.4 mM+xanthine 

oxidase, 30/.tg 427 -+ 52(100) 460 • 40(115) 
Mannitol, 10 mM 427 • 52(100) 442 • 5(110) 
Benzoate, 10 mM 429 • 50(100) 397 -+ 13(100) 
2,5-Diphenylfuran, 2 mM 252 -+ 6(60) 374 -+ 9(95) 
D20 in place of H20 1083 • 20(250) 798 +- 33(200) 
Diphenylfuran, 2 mM, in D20 170 • 13(40) 257 • 20(65) 

1.43 • 0.1(100) 
1.43 -+ 0.05(100) 
1.43 -+ 0.1(100) 
1.14 • 0.1(80) 
1.41 • 0.08(100) 

1.64 • 0.03(1 ] 5) 
1.64 -+ 0.03(115) 
1.43 + 0.2(100) 
1 . 4 2  • 0.06(100) 
1.42 + 0.06(100) 
1.43 +- 0.05(100) 

aAli conditions were the same as those described in Methods. 

bCyclooxygenase was assayed with araehidonic acid. The values represent the means -+ SE (pmol/cyclooxy- 
genase 0.1 ml/30 see). 

CAssayed with arachidonic acid. The values represent the means • SE (pmol/mg protein/5 rain). 
dAssayed with PGH~. The values represent the means -+ SE (nmol/TX synthetase 0.1 ml/min).  

a b 

! 

i J J ' J ' i  ' ~ 1 7 6 1 7 6  
1 .5"  ._ .  " : 

| ! A ~ ~ ;~" ~r :-~- ! i:~ ~ ~i i ! i .~.. .... 

,.o i .o I l' I~ ;:" ' : , , I  
l_!--~ ~ ~ :  ..... I l, ! . i " ~  3o'*~ 

o . s  i ' : ','~ 

- i iti, f i i i - \  

300  340  400  nm 300  340  400  11  300  340  400  

FIG. 1. HzO 2 generation was determined by the change of  NADPH concentration in reaction mixture, a: The 
standard reaction mixture contained platelet microsomes, 0.4 mg protein; NADPH, 0.4 raM; arachidonic acid, 
20 pM; and Tris-HC1, 0.1 M, pH 7.4. b :  Standard reaction mixture plus catalase, 2,500 units, c: Standard reac- 
tion mixture plus horseradish peroxidase, 600 units. 
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pur i f ied  PG s y n t h e t a s e  f rom sheep semina l  
vesicular  glands.  In our  e x p e r i m e n t s ,  cyc looxy-  
genase was s t rongly  inac t iva ted ,  bu t  the  bio- 
syn thes i s  of  TXB2 was n o t  i n h i b i t e d  in any  o f  
c o n c e n t r a t i o n  of  H202  used in the  p la te le t  
m i c r o s o m a l  sys t em and  the  m e d i u m  c o n t a i n i n g  
t h r o m b o x a n e  syn the t a se .  The  add i t i on  o f  cata-  
lase sl ightly s t imu la t ed  PGH 2 b iosyn thes i s ,  b u t  
there  was n o  ef fec t  on  t h r o m b o x a n e  B2 b iosyn-  
thesis .  These  resul ts  suggest  tha t  the  a l te red  
catalase act ivi ty  is p r o b a b l y  respons ib le  for  
PGH2 synthes is  in p la te le ts  f rom HCR. As 
s h o w n  in Table  1, GSH perox idase  act iv i ty  was 
suppressed  a b o u t  92% in p la te le t  m i c r o s o m e s  
f rom HCR. The GSH q u a n t i t y  was also de- 
creased a b o u t  70% in p la te le t  f rom HCR.  These  
resul ts  suggest  t h a t  GSH perox idase  m ay  play a 
role in the  increased  TXB2 synthes i s  in p la te le t s  
f rom HCR. Several workers  have s h o w n  t h a t  
GSH s t imula tes  the  select ive e n z y m a t i c  i somer-  
i za t ion  of  PGH 2 in to  PGE2 (10,1 1). GSH was 
f o u n d  to  be a power fu l  s t i m u l a t o r  of  the  fo rma-  
t ion  o f  PGE2 at the  expense  o f  a r educed  for-  
m a t i o n  of  PGF2~ and  o t h e r  PG. In ou r  s t anda rd  
reac t ion  m i x t u r e ,  0.4 n m o l / 5  m i n / m g  p r o t e i n  

and  0.6 n m o l / 2  m i n / m g  p ro t e in  o f  a r ach idon ic  
acid were conve r t ed  in to  TXB2 and  PGH2,  
respect ively .  The  convers ions  f rom a rach idon ic  
acid to  TXB2 and  PGH2 in p la te le t  m i c r o s o m e s  
f rom HCR were 1.2 n m o l / 5  m i n / m g  p r o t e i n  
and  2.0 n m o l / 2  m i n / m g  p ro t e in ,  respect ively .  
The  zones  c o r r e s p o n d i n g  to PGE2 and  PGF2a  
on  the  TLC were 0 .07 n m o l / 5  m i n / m g  p ro t e in  
and  0.05 n m o l / 5  m i n / m g  p ro t e in ,  respect ively .  
As s h o w n  in Table  3 (A and  B), and  Figure 2, 
GSH inh ib i t ed  the  b iosyn thes i s  o f  PGG2, PGH2,  
TXB2 and  o x y g e n a t i o n  of  a rach idon ic  acid.  
The  P G H 2 / P G G  2 ra t io  increased when  GSH 
perox idase  was added .  However ,  cyc looxy-  
genase act ivi ty  was suppressed.  T h r o m b o x a n e  
syn the t a se  act iv i ty  was n o t  a f fec ted  by  e i t he r  
of  t h e m .  The  levels o f  TXB2 b iosyn thes i s  in 
p la te le t  m ic rosomes  f rom n o r m a l  r abb i t s  and  
HCR af ter  t r e a t m e n t  of  GSH perox idase  (20  
un i t s )  were 0 .18  n m o l / 5  m i n / m g  p ro t e in  and  
0.51 n m o l / 5  m i n / m g  p ro t e in ,  respect ively .  
The  add i t i on  of  NEM reversed the  i n h i b i t i o n  
of  PGH2 and  TXB2 b iosyn thes i s .  S o m e w h a t  
h igher  a m o u n t s  o f  TXB2 and  PGH 2 were pro-  
duced  by t r e a t m e n t  of  NEM w i t h o u t  GSH. 

TABLE 3 

Effect of Glutathione and Glutathione Peroxidase on Prostaglandin Synthesis a 

A TXB~ synthesis 

PGH 2 synthesis b Microsomes c TX synthetase d 
Additions pmol (% of control) pmol (% of control) nmoi (% of control) 

None (control) 430 +- 51(100) 397 + 21(100) 1.43 -+ 0.1(100) 
GSH, 2 mM 167 • 13(40) 213 -+ 34(53) 1.42 + 0.1(100) 
GSH peroxidasc, 20 units 167 -+ 16(40) 233 +- 48(58) 1.41 -+ 0.03(100) 
NEM, 2 mM 602 +- 17(140) 602 -+ 36(150) 1.43 -+ 0.05(100) 
NEM, 2 mM, + GSH, 1 mM 602 -+ 21(140) 632 -+ 49(160) 1.71 -+ 0.1(120) 
GSSG, 2 mM 431 +- 50(100) 380 -+ 16(96) 1.43 +- 0.1(100) 
GSSG reductase, 1 unit 214 -+ 11(50)  228 -+ 27(58) 1.36 +- 0.07(95) 
GSSG, 2 mM, + NADPH, 2 mM 

+GSSGreductase,  1 unit 86-+ 5(20) 114 +- 2(29) 1.34-+ 0.09(93) 
NADPH, 2 mM 431 -+ 42(100) 376 + 17(95) 1.41 -+ 0.07(100) 

B e PG synthesis in microsomal system 

Additions PGG 2 PGH 2 PGH2/PGG 2 AA f 

None (control) 100 100 100 100 
GSH, 2 mM 37 47 126 120 
GSH peroxidase, 20 units 14 52 371 130 
NEM, 2 mM 207 211 100 80 

aAll conditions were the same as those described in Methods. 
bCyclooxygenase was assayed with arachidonic acid. The values represent the means +- SE (pmoi/cyclooxy- 

genase, 0.1 ml/30 see). 
CAssayed with arachidonic acid. The values represent the means +- SE (pmol/mg protein/5 min). 
dAssayed with PGH 2. The values represent the means -+ SE (nmol/TX synthetase, 0.I ml/min). 
eThe control values were designated as 100. 
fUnconverted arachidonic a~id. 
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20 

1 2 3 t~ 5 
mH 

FIG. 2. Effect of GSH (o,o), GSSH (%A), DPF 
(u,i), and EDTA (%r on PGH2 biosynthesis (o,zx,t~,<>) 
and TXB 2 biosynthesis (o,A,l,r PGH2 biosynthesis 
was determined by using cyclooxygenase. TXB 2 bio- 
synthesis was determined by using platelet micro- 
somes. DPF was added to the D20-contaJning medium. 

GSH was added  to  t he  m i c r o s o m a l  sys tems.  The  
e x t e n t  of  increased  PGE2 ha rd ly  a f fec ted  the  
convers ion  ra te  o f  TXB 2. 

Effect of Other Oxidizing Species of T X B  2 Synthesis 

The  h y d r o x y  radical  ( O H ' )  is k n o w n  to  be  a 
higl?.ly oxida t ive  species,  and  t he  gene ra t ion  o f  
OH in PG b iosyn thes i s  has  b e e n  descr ibed pre-  
viously (7) .  Mann i to l  and  b e n z o a t e  have  been  
widely used  as scavengers  of  OH (21) .  In ou r  
expe r imen t s ,  n e i t h e r  m a n n i t o l  n o r  b e n z o a t e  
had  any  ef fec t  on  t he  b iosyn thes i s  o f  TXB2 
(Table  2). These resul ts  suggest t h a t  the  reac- 
t ion  was n e i t h e r  m e d i a t e d  n o r  i n h i b i t e d  b y  OH 
in b o t h  o f  the  cyc looxygenase  and  t h r o m b o x -  
ane  syn the ta se  systems.  2 ,5 -Dipheny l fu ran  
(DPF)  has  been  r epo r t ed  to be  a s inglet  oxygen  
( 1 0 2 )  t rap  (28) .  In ou r  inves t iga t ions ,  DPF did 
n o t  a f fec t  TXB2 b iosyn thes i s  in o u r  s t anda rd  
m i c r o s o m a l  and  t h r o m b o x a n e  syn the t a se  sys- 
t ems  (Table  2), whereas  PGH2 b iosyn thes i s  
decreased.  The  rate  of  PGH 2 b iosyn thes i s  in- 
creased w h e n  the  H 2 0  in the  bu f f e r  was re- 
p laced wi th  D 2 0  (Table  2), b u t  t h r o m b o x a n e  
s y n t h e t a s e  act iv i ty  was una f f ec t ed .  This D 2 0  
e n h a n c e m e n t  e f fec t  is general ly  observed  in 
singlet  oxygen  reac t ions  (29 ,30) ;  t he re fo re ,  102 
p r o b a b l y  is a m e d i a t o r  in the  b iosyn thes i s  o f  
PGH2. 

GSSH had  no  ef fec t  on  the  b iosyn thes i s  o f  
TXB2 (Table  3A, Fig 2.). However ,  GSSH 
reduc tase  and  GSSH + N A D P H  + GSSH reduc-  
tase i nh ib i t ed  PGH 2 b io syn thes i s  (Table  3A).  
The  zone  co r r e spond ing  to  PGE 2 on  the  TLC 
was sl ightly inc reased  w h e n  GSH perox idase  or  

Effect of Metal Ions on T X B  2 Biosynthesis 

To tes t  the  poss ible  in f luence  o f  t race  me ta l  
ions  in  t he  sys t ems  u n d e r  e x a m i n a t i o n ,  E D T A  
was added .  As s h o w n  in Table  4 and  Figure 2, 
t he  add i t i on  o f  E D T A  effec t ively  i n h i b i t e d  t h e  
f o r m a t i o n  of PGH2 b iosyn thes i s .  EDTA-Fe  3§ 

TABLE 4 

Effect of Metal Ions on Prostaglandin H 2 and Thromboxane B 2 Biosynthesis a 

Additions 
PGH 2 synthesis b 

pmol (% of control) 

TXB 2 synthesis 

Microsomes c 
pmol (% of control) 

TX synthetase d 
nmol (% of control) 

None (control) 430-+ 51(100) 397+- 21(100) 1.43-+ 0.1(100) 
Fe 3+,0.1 mM 429-+ 52(100) 415+ 15(105) 1.43+ 0.05(100) 
EDTA, 1 mM 213-+ 26(50) 143-+ 9(35) 1.19+- 0.07(85) 
EDTA, 1 mM-Fe 3§ 0.1 mM 213 +- 26(50) 164 -+ 11(42) 1.31 -+ 0.09(90) 
ADP, 1.5mM 425-+ 52(100) 417-+ 31(105) 1.43-+ 0.09(100) 
ADP, 1.5 mM-Fe a+, 0.1 mM 1267 -+ 160(300) 1036 -+ 35(250) 1.36 -+ 0.05(95) 
ADP, 1.5 mM-Fe 3+, 0.1 mM 

+ superoxide dismutase, 100 U 427 -+ 52(100) 395 -+ 15(100) 1.36 -+ 0.05(95) 

aAll conditions were the same as those described in Methods. 
bCyclooxygenase was assayed with araehidonic acid. The values represent the means +- SE (pmol/cyclooxy- 

genase, 0.1 ml/30 sec). 
CAssayed with arachidonic acid. The values represent the means -+ SE (pmol/mg protein/5 mill). 
dAssayed with PGH 2. The values represent the means -+ SE (nmol/TX synthetase, 0.1 ml/min). 
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also inhibited the biosynthesis of PGH2. The 
addit ion of ADP-Fe a+, however, enhanced the 
biosynthesis of PGH2. This enhancement by 
ADP-Fe a+ was completely inhibited by super- 
oxide dismutase (Table 4). ADP-Fe 3+ was read- 
fly reduced by the reactive oxygen species or 
electrons from the enzyme (31). These results 
suggest that the reduction of  ADP-Fe 3+ may 
have promoted the biosynthesis of  PGH:.  This 
conclusion is supported by the observation that  
superoxide dismutase had no significant effect 
without ADP-Fe 3+ in PGH 2 biosynthesis (Table 
2). 

DISCUSSION 

TXB2 biosynthesis was increased in platelets 
from HCR. We investigated that  the effect of  
reactive oxygen species, catalase, NADPH cyto- 
chrome c reductase, superoxide dismutase and 
GSH peroxidase on the TXB2 biosynthesis to 
study the mechanism of enhanced TXB2 bio- 
synthesis in platelets from HCR. GSH concen- 
trat ion and GSH peroxidase activity were 
decreased under the same conditions. There- 
fore, cyclooxygenase, thromboxane synthetase 
and platelet microsomes were incubated with 
either GSH or GSH peroxidase to study the 
influence of  these compounds on the increased 
biosynthesis of  TXB2. In earlier reports,  Smith 
and Lands demonstrated that GSH peroxidase 
inhibited the oxygenation of 5,8,11,14-eicosa- 
tetraenoate by sheep vesicular gland homog- 
enates, and catalyzed the nucleophilic cleavage 
of lipid hydroperoxide  in the presence of  GSH 
(6,32). Egan et al. have also reported that 
sulfhydryl-containing compounds such as GSH 
and DTT inhibited PG cyclooxyger~ase (5). 
Ohki et al. have reported that  GSH peroxidase 
catalyzed the conversion of PGG1 to PGH1 
(33). Our present results may support  these 
previous data. After  the addition of GSH 
peroxidase, the ratio of PGH2/PGG2 increased, 
but the total  conversion from arachidonic acid 
to PG decreased (Table 3). This result shows 
that  GSH peroxidase accelerates the conversion 
from PGG2 to PGH2, but  it inhibits the activity 
of cyclooxygenase. When NEM was added to 
the reaction mixture,  the inhibition by GSH 
was abolished (Table 3). The st imulatory effect 
on TXB2 biosynthesis by GSH has been re- 
ported previously (34). However, since the 
microsomal fraction from the platelets used in 
that study contained EDTA, there may have 
some modification of TXB2 biosynthesis in 
the assay system. We conclude from our own 
investigation that GSH and GSH peroxidase 
inhibit  the activity of cyclooxygenase. These 
results suggest that  GSH and GSH peroxidase 

B 2 BIOSYNTHESIS 583 

might affect the TXB2 biosynthesis in platelets 
from HCR, especially on PG endoperoxides 
biosynthesis. 

A previous investigation has shown that  the 
accumulation of any hydroxyl  derivatives of 
fat ty acids is harmful to the purified enzyme 
and leads to inactivation (25). The H202 gen- 
erated in our microsomal systems, however ,  
did not  inhibit TXB2 biosynthesis in micro- 
somal and TX synthetase systems. To explain 
this phenomenon,  two points must be con- 
sidered. First,  since there were H202 scavengers 
in the microsomes, the H202 could be easily 
and quickly trapped.  Second, TX synthetase 
was less sensitive to inhibition by the oxidizing 
agent (11). These combined mechanisms may 
have protected the microsomal enzyme from 
inactivation by the hydroxide.  As shown in 
Table 2, our results confirmed these sugges- 
tions. 

In various biological reactions involving 
reactive oxygen species, it  has frequently been 
difficult to identify unequivocally the specific 
reactions. Some workers have reported that  all 
of reactive oxygen species are closely inter- 
related (27). Other investigators have reported 
the possible involvement of  singlet oxygen in 
PG biosynthesis (8). In our standard incubation 
system, TXB2 biosynthesis was not  inhibited 
by the addit ion of DPF, but  PGH 2 synthesis 
was slightly suppressed. Furthermore,  when 
D20 was substi tuted for H20 in the buffer, 
the enhancement of  PGH 2 biosynthesis was 
observed, and this promot ion by D20 was 
destroyed by the addit ion of DPF. DPF and 
D20 did not  affect TX synthetase. If 102 is 
a mediator,  the increase of its lifetime in D20 
increases the steady-state concentration of 
available 102 needed to react with a substrate. 
Thus, D20 potentiates the rate of PGH2 bio- 
synthesis. These results support  the previous 
hypothesis (8), and suggest strongly that  singlet 
oxygen was, indeed, one of  the mediators in 
the biosynthesis of PGH2, but  not of  TXB~. 
Panganamala et al. has reported that  PGE1 bio- 
synthesis by the bovine vesicular glands was not  
enhanced in D20 for 30 min at 37 C (35). How- 
ever, in other reports,  the reaction of singlet 
oxygen was found to be rapid, and brief incuba- 
tion times were important  for detecting the 
involvement of singlet oxygen (21,29). It is 
then possible that, in D20, the enhancement 
by singlet oxygen is not detectable in long 
incubation times. 

We have confirmed that the ADP-Fe 3+ and 
D~O enhancement effect provide the evidence 
that ferric ion and singlet oxygen affect PGH2 
biosynthesis. But we have not  measured the 
concentration of  these substances in platelets 
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from HCR and it is uncertain that these agents 
are involved in enhanced TXBa biosynthesis 
in platelets from HCR. Further  experiments are 
needed to elucidate the detailed effect of these 
agents on TXB2 biosynthesis in platelets from 
HCR. 
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Influence of Partially Hydrogenated Vegetable and 
Marine Oils on Lipid Metabolism in Rat Liver and Heart 1 
G. HO LMER*, C.-E. HOY and D. KIRSTEIN, Department of  Biochemistry and Nutrition, 
The Technical University of  Denmark, Bldg. 224, DK-2800 Lyngby, Denmark 

ABSTRACT 

Partially hydrogenated marine oils containing 18:1-, 20:1-and 22:1-isomers and partially hydro- 
genated peanut oil containing 18:1-isomers were fed as 24-28 wt % of the diet with or without supple- 
ment of linoleic acid. Reference groups were fed peanut, soybean, or rapeseed oils with low or high 
erueic acid content. Dietary monoene isomers reduced the conversion of linoleie acid into arachidonic 
acid and the deposition of the latter in liver and heart phosphatidylcholine. This effect was more pro- 
nounced for the partially hydrogenated marine oils than for the partially hydrogenated peanut oil. The 
content of trans fatty acids in fiver phospholipids was similar in groups fed partially hydrogenated fats. 
The distribution of various phospholipids in heart and liver was unaffected by the dietary fat. The de- 
crease in deposition of arachidonic acid in rats fed partially hydrogenated marine oils was shown in 
vitro to be a consequence of lower ~x6-desaturase activity rather than an increase in the peroxisomal/3- 
oxidation of arachidonic acid. The lower amounts of arachidonic acid deposited may be a result of 
competition in the ~6-desaturation not only from the C22- and C20-monoenoic fatty acids originally 
present in the partially hydrogenated marine oil, but also from C18- and C16-monoenes produced by 
peroxisomal #-oxidation of the long-chain fatty acids. 
Lipids 17:585-593, 1982. 

INTRODUCTION 

Long-chain C22-monoenoic fatty acids, es- 
pecially erucic acid, can provoke lipidosis in 
heart tissues of rats and monkeys after short- 
term feeding (3-5 days) (1). This triglyceride 
deposition disappears when the feeding is ex- 
tended for several weeks; however, long-term 
degenerations have also been described in heart 
tissue (1). 

The reversal of  heart lipidosis may be caused 
by either a change in the fatty acids supplied by 
VLDL from the liver due to chain shortening (2, 
3), and/or an increased peroxisomal degradation 
of long-chain fatty acids in the heart (4). 

The symptoms just mentioned were first ob- 
served in rats fed diets containing erucic acid. 
Corresponding findings in animals fed partially 
hydrogenated marine oils, which contain a broad 
spectrum of C22- and C20-monoenoic fatty 
acids including t rans  isomers, have been reported 
(5-7). In other experiments (8), however, only 
lipidosis and no long-term lesions could be dem- 
onstrated in hearts from rats fed partially hy- 
drogenated marine oils. 

Partially hydrogenated marine oils are used 
in substantial amounts in northern Europe for 
margarine production. It is, therefore, of  interest 
to elucidate the influence of  long-term feeding 
of these partially hydrogenated fats on lipid 
metabolism. 

Three different experiments with rats were 

*Author to whom correspondence should be ad- 
dressed. 

1part of this work was presented at the ISF-AOCS 
Congress, New York City, 1980. 

performed. The first experiment  showed that 
partially hydrogenated oils, especially partially 
hydrogenated marine oil, supplemented with 
adequate amounts of linoleic acid, influenced 
the fatty acid distribution in membrane phos- 
pholipids from liver mitochondria. In the second 
experiment, it was examined whether long-term 
feeding with fats containing C22-monoenoic 
fatty acids was followed by changes in the 
amount and distribution of  phospholipids in 
heart and liver and in the fatty acid composition 
of  the phospholipids in order to reveal possible 
alterations of membrane structures. In the third 
experiment, the influence of the dietary fat on 
the metabolism of linoleic acid was examined. 

It will be discussed whether the changes in 
the distribution of membrane fatty acids ob- 
served are due to differences in the conversion 
of linoleic acid or rather an increased peroxi- 
somal oxidation of the long-chain polyunsatur- 
ated fatty acids in the groups fed long-chain 
monoenoic fatty acids. 

EXPERIMENTAL PROCEDURES 

Animal Experiments 

Weanling male Wistar rats (specific pathogen- 
free, M~bllegaard Laboratory, LI. Skensved, Den- 
mark) were divided into groups, each containing 
10 animals. The diets in the first (exp. I) and 
the third experiments (exp. III) contained 28% 
fat (by wt), 20% casein, 46% sucrose and appro- 
priate amounts of  vitamins and trace elements 
as described previously (9). 

The fatty acid composition of  the dietary fats 
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is given in Table 1. The partially hydrogenated 
marine oils, HMO and ltHO, contained 22:1 
and 20:1 isomers as well as 18:1 and 16:1 iso- 
mers, whereas the partially hydrogenated peanut 
oil, HAO, mainly contained 18:1 isomers. The 
total trans fatty acid contents of the oils were 
similar. Diets and water were given ad libitum 
for 16 weeks (exp. I )or  12-14 weeks (exp. 11I). 
The animals were killed by decapitation, and 
the organs were excised and cooled to about 0 
C as soon as possible. 

Experiment II was done in cooperation with 
the National Food Institute, Institute of Toxi- 
cology, M~brkh~bj, Denmark. Fat comprised 20% 
(by wt) of the diet, but an additional 4% soy- 
bean oil was given to all groups together with 
the vitamins. Carbohydrates were corn starch 
(42%), cellulose (7%) and sucrose (2.3%); the 
protein source was sodium caseinate (20%). 
Diets were given ad libitum for 26 weeks. The 
fatty acid composition of the dietary fats is 
given in Table 1. 

Isolation and Analysis of Mitochondrial Lipids 

Rat liver mitochondria were prepared in ice- 
cold 0.25 M sucrose in 1 mM EDTA, pH 7.4, 
from three different pools, each containing 
equal weights of three livers. Isolation and prep- 
aration of mitochondrial membranes were as 
previously described (10). The purity of the 
mitochondrial fraction was checked with marker 
enzymes (11). 

Total lipids were extracted with chloroform/ 
methanol (2:1, v/v) and phospholipid classes 
were isolated and quantitated as previously des- 
cribed (10,11). Methyl esters of phosphatidyl- 
cholines (PC) were prepared by interesterifica- 
tion with dry methanol/tiC1 (11). Gas liquid 
chromatography (GLC) was performed on a 
Hewlett-Packard 5830A dual column instrument 
with flame ionization detector (FID) using 1/8 
in. od x 6 ft stainless steel columns packed 
with 15% DEGS on Chromosorb W (AW), 80/ 
100 Mesh (Applied Science Lab., State College, 
PA) at 180 C. Carrier gas was helium with a 
flow rate of 32 ml/min. 

Analysis of Organ Lipids 

Total lipids from liver and hearts were ex- 
tracted with chloroform/methanol (2:1, v/v), 
essentially according to Folch et al. (12) with a 
ratio of 1:15 between organ weight and solvent 
volume. Phospholipid distribution and fatty 
acid composition were determined as already 
described for m i t o c h o n d f i a l  lipids. 

Determination of Microsomal A6-Desaturase Activity 

The microsomal fraction was prepared accor- 
ding to Larsson and Brimer (13), with the "fluffy 

layer" just above the microsomal pellet included. 
Incubations were done at 37 C for 20 min using 
10 mg of microsomal protein and 1 nmol (0.05 
/a Ci) of [1J4C]linoleic acid from the Radio- 
chemical Centre, Amersham, England (added in 
25 #1 of propylene glycol) in a total volume of 
3.5 ml. The final concentrations in the incuba- 
tion mixture were: 200 mM sucrose, 150 mM 
KC1, 4.5 mM MgCla, 35 mM KF, 0.3 mM nia- 
cinamide, 3 mM ATP, 1 mM NADH, 0.175 mM 
CoA, and 50 mM potassium phosphate, pH 7.0 
(13). 

The incubations were terminated by adding 
2 ml 10% methanolic KOH. After refluxing for 
2 hr at 80 C, the mixture was acidified with 1 
ml 6 N HCI and the free fatty acids were extrac- 
ted with 3 • 4 ml of hexane. Methyl esters 
were then prepared (11) and separated accor- 
ding to unsaturation on Silica Gel G plates im- 
pregnated with 12.5% AgNO3 by development 
in benzene/hexane (9:1, v/v) twice. The bands 
were identified using appropriate standards and 
scraped off into scintillation vials containing 15 
ml of scintillation fluid (0.4% PPO and 0.01% 
dhnethyl-POPOP in toluene). 

Desaturation activities were calculated, after 
quench corrections by the channels ratio meth- 
od, as 14C-7-1inolenic acid formed, in percen- 
tages of the total radioactivity (remaining sub- 
strate plus desaturation product). 

Determination of Peroxisomal Enzyme Activities 

As a measure of peroxisomal induction, cata- 
lase activity was determined in two liver fractions 
prepared according to Neat and Osmundsen (14), 
a supernatant from a centrifugation at 600 g for 
10 min of a 10% homogenate, and a fraction 
enriched in peroxisomes (L-fraction), Further- 
more, the peroxisomal /3-oxidation capacity of 
the L-fraction Was examined. Catalase was de- 
termined by following the decrease in hydrogen 
peroxide absorption at 240 nm (15)using a final 
concentration of 0.1% (w/w) BRIJ 58 (Sigma, 
St. Louis, MO) for membrane solubilization as 
suggested by Flatmark et al. (16). The rate con- 
stant K' was calculated by linear regression of 
corresponding values of In (A240 (sample)-A240 
(blank)) and time. 

Palmitoyl-CoA oxidation was determined as 
described by Lazarow and de Duve (17), except 
that 0.25 /ag Antimycin A in 96% ethanol was 
used as an inhibitor of mitochondrial ~-oxida- 
tion. The results are given as nmol NADH pro- 
duced/min/mg protein. Protein was determined 
by the Lowry et al. method (18). 

RESULTS AND DISCUSSION 

Phospholipids in Mitochondrial Membranes (Exp. I) 

The content of total phospholipid and the 
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T A B L E  2 

Phosphol ip ids  (%) in Mi toehondr ia l  M e m b r a n e s  f r o m  Rat  Liver  -- E x p e r i m e n t  I 

22% H H O  + 22% H A O  + 
Dietary fat  28% H H O a  6% A O  28% A O  28% H A O  6% A O  

Tota l  phos-  
phol ip ids  ( m g ]  
rag to ta l  l ipid) 0 .83 -+ 0.02 0 .90  -+ 0.02 0.94 • 0 .08  0.81 + 0 .02  0.82 -+ 0 .03  

%P %P %V %P %P 

PC + (PS) b 64.4 -+ 0.9 c 61 .8  + 1.5 65.7 + 0.8 64 .8  + 0.3 65.8 -+ 0.7 
PE 26.5 -+ 1.0 29 .8  -+ 1.1 23.2 + 0.5 d 23.5 -+ 0.2 24 .6  -+ 0.4 
CL 4 .0  + 0.2 5.1 + 0.8 6.6 -+ 0.5 6.2 + 0.3 6.6 +- 0.5 
SPH 5.1 • 0.3 3.3 -+ 0.1 4.5 + 0.4 5.5 • 0 .4 3.0 + 0.5 

aAbbrev i a t i ons  as in Table  1. 

b p c ,  Phospha t idy l cho l ine ;  PS, phospha t idy i se r ine ,  PE, p h o s p h a t i d y l e t h a n o i a m i n e ;  CL, cardiol ip in;  SPH, 
sph ingomye l in .  

CMean + SD; n = 3 individual  pools.  

d Inc lud ing  1.8% lyso PE. 

T A B L E  3 

F a t t y  Acids  (%) in Phospha t idy l cho l ines  f r o m  Rat  Liver  Mi tochondr ia l  M e m b r a n e s  -- 
E x p e r i m e n t  I a 

Die ta ry  fat  22% H H O  + 6% A O  28% A O  22% H A O  + 6% A O  

F a t t y  acid 
16:0  12.1 -+ 0.2 b 10.7 +- 0.1 9.5 -+ 0.4 
16:1(n-7)  3.6 + 0.2 c 0.4 + 0.1 2.1 -+ 0.2 c 
18:0  13.5 + 0.7 20 .0  +- 0.7 13.5 -+ 0.3 
18 :1(n-9)  16.4 • 0.2 c 5.7 + 0.2 17.6 -+ 1.2 c 
18 :2(n-6)  21 .4  + 1.5 c 9.7 -+ 0.7 14.1 + 0.9 c 
20 : 3 (n -6 )  7.7 -+ 0.2 1.1 + 0.2 2.7 -+ 0.1 
2 0 : 4 ( n - 6 )  19.7 -+ 1.7 38.0 + 0.9 29.0 -+ 1.8 
22 : 4 (n -6 )  t r  1.0 + 0.1 0.8 +- 0.1 
22 : 6 (u -3 )  1.3 + 0.1 6.0 -+ 0.4 3.1 -+ 0.2 

Tota l  t r a n s  d 18.0 0 18.1 

a D e t e r m i n e d  by  GLC. 

bMean  -+ SD; n = 3 individual  pools ,  each o f  3 livers. 

CIncludes isomers.  

dBy  IR. 

phospholipid distribution in liver mitochon- 
drial membranes after 16 weeks of experiment 
are presented in Table 2. The groups fed par- 
tially hydrogenated herring oil (HHO) or par- 
tially hydrogenated peanut oil (HAO), both 
without EFA-supplement, had decreased phos- 
pholipid (PL) contents compared to the control 
group fed peanut oil (AO). Partially hydrogen- 
ated herring oil did not affect the total PL con- 
tent,  when peanut oil was supplemented (HHO 
+AO). However, supplementation of AO to the 
partially hydrogenated peanut oil (HAO+AO) 
did not raise the amount of total PL. 

The PL distribution, which also might re- 
flect membrane changes, did not  show major 

differences, even for the EFA-deficient groups. 

Fatty Acids in Phosphatidylcholines 
from Mitochondrial Membranes (Exp. I).  

The fatty acid distribution in PC from liver 
mitochondrial membranes of rats fed partially 
hydrogenated oils (HHO or HAO)supplemented 
with peanut oil (AO) is given in Table 3. Dis- 
tinct changes in the fatty acid pattern occurred 
with decreased amounts of arachidonic acid, 
but the content of docosahexaenoic acid was 
also lower. The decrease in arachidonic acid, 
which was accentuated in the group fed herring 
oil, was followed by a corresponding increase in 
18:2 and 20:3(n-6). This might indicate a re- 
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duced conversion of linoleic acid to arachidonic 
acid, when large amounts of isomers were pres- 
ent in the dietary fat. 

The deposition of trans fatty acids was equal 
for the two groups fed partially hydrogenated 
fats. Long-chain C20- and C22-monoenoic acids 
were only present in very small amounts in the 
membrane PC from rats fed (HHO+AO), 0.3% 
and 0.2%, respectively, although appreciable 
amounts were present in the diet. 

Phospholipids in Total Liver and Heart (Exp. II) 

In experiment II, the effect of feeding par- 
tially hydrogenated oils containing isomers of 
varying chain length and oils containing erucic 
acid on the phospholipids of total liver and 
total heart was examined. 

The amount  of total phospholipid (mg/g 
tissue) in liver and heart (Table 4 )d id  not  show 
significant differences between the experimental 
groups (p<0.05). The distribution among phos- 
pholipid classes (Table 4) was not  greatly influ- 
enced by the dietary regimen, but a slight de- 
crease in the amount  of PE is observed for the 
groups fed rapeseed oil diets, even the one with 
low-erucic acid. The dietary level of erucic acid 
did not  influence the distribution among phos- 
pholipid classes. Correspondingly, the groups 
fed hydrogenated marine otis with low (HMO+ 
SBO) and high levels (HMO) of 22:1 isomers 
showed the same amounts of PC and phospha- 
tidylethanolamine (PE) present, which may be 
interpreted as the normal amount  of these phos- 
pholipids in membrane structures. 

These findings are in accordance with the re- 
suits found for liver mitochondrial membranes. 
Long-term lesions are therefore not correlated 
with changes in the distribution of phospholipid 
classes. 

Fatty Acids in Phosphatidylcholines 
from Liver and Heart (Exp. I I )  

Liver. The fatty acid profile of PC (Table 5) 
from the group fed the highest level of 22:1, 
originating from partially hYdrogenated marine 
oil (HMO), revealed changes parallel to those 
observed for liver mitochondrial membranes 
isolated from rats fed the partially hydrogenated 
herring oil (HHO+AO), i.e., decreased deposition 
of arachidonic acid and increased amount of 
the precursors linoleic acid and 20:3(n-6)com- 
pared to the two control groups fed either soy- 
bean oil (SBO) or peanut oil (AO). 

However, such changes were not significant 
for the~groups fed 22:1(n-9) at 1.6 or 3.3% die- 
tary levels. This points to a specific effect of 
the isomers present in the partially hydrogenated 
marine oil. 

Heart. The corresponding data for heart PC 

(Table 5) showed the highest values for linoleic 
acid when 22:1 acids were present in the diet, 
especially for the group fed partially hydrogen- 
ated marine oil with the lowest supplement of 
EFA (HMO). This increase is counterbalanced 
by a decrease in arachidonic acid, giving a nearly 
constant amount  of total (n-6) fatty acids in PC 
for all dietary groups except  the one fed low- 
erucic-acid rapeseed oil (LERSO), where the 
higher dietary 18:3(n-3)/18:2(n-6) ratio de- 
creases the total amount of (n-6) fatty acids in 
the PC. Astorg and Cluzan (19) have reported 
a similar decrease in arachidonic acid from total 
heart phospholipids after feeding high amounts 
of 22:1 to rats for 16 weeks, and Dewailly et al. 
(20) have reported a decrease for rats fed LER- 
SO. 

Linoleic Acid Metabolism in Rats Fed High 
Amounts of Docosenoic Fatty Acids (Exp. I I I )  

The metabolism of linoleic acid in rat liver 
is summarized in Figure 1. Linoleic acid may 
either be desaturated and chain-elongated or 
catabolized through/3-oxidation. 

Until Lazarow and de Duve (17) reported 
the existence of peroxisomal ~-oxidation, the 
degradation of fatty acids was believed to occur 
exclusively in the mitochondria. It has since 
been shown that peroxisomal oxidation can be 
induced not only by certain drugs such as clofi- 
brate, but also after a high dietary fat intake 
(21,22). This induction was most pronounced 
for groups fed C22 fatty acids in the diet, but 
also C16 and C18 fatty acids from plant oils 
seemed effective. The increase in peroxisomal 
activity was shown to correspond with chain- 
shortening of the long-chain fatty acids (4,23) 
and, therefore, may aid in the elimination of 
lipidosis. 

However, an increased peroxisomal activity 
might also influence the content of arachidonic 
acid either by a direct oxidation of this acid, or 
by the degradation of the dietary C22 and C20 
monoenes to the corresponding C18 and C16 
monoenes which, in turn, together with the re- 
maining long-chain monoenes, may compete 
with 18:2(n-6) in the A6-desaturation process, 
the rate-limiting step in the formation of arach- 
idonic acid (24,25). 

In the third experiment, a preliminary inves- 
tigation of the induction of peroxisomal activ- 
ity in the liver of rats fed high-fat diets with 
and without isomeric fatty acids of varying 
chain lengths and the influence of these diets 
on the A6-desaturation of linoleic acid was 
done. 

Peroxisomal induction, measured as catalase 
activities and palmitoyl-CoA oxidation, is given 
in Table 6. The catalase activities were signifi- 
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cantly higher for  bo th  liver fract ions examined  
when part ial ly hydrogena ted  marine oil was the 
dietary fat (HMO+AO),  as an indicat ion of  in- 
creased peroxisomal  activity.  In the  enr iched 
peroxisomal  f ract ion (L-fract ion),  an increase in 
act ivi ty was also observed for the group fed eru- 
cic acid (RSO + LERSO)  which indicates  a cor- 
relat ion be tween  peroxisomal  act ivi ty and the 
dietary con ten t  of  22:1 fa t ty  acids. 

The peroxisomal  /~-oxidation of  pa lmi toyl -  
CoA was no t  significantly different  for any of  
the  groups (Table 6). This is in contrast  to the 
findings of  Neat  et al. (21), who  repor ted  a sig- 
nif icant  increase in peroxisomal  act ivi ty  for rats 

"~ 18:2 n-6  

l /x 6 desa t .  

18:3 n - 6  

l e long .  

20:3 n-6 

mitoc hondrial 
/ "  

13-ox idation 

~ p e r o x i s o m  al 

A5desa t .  

20:4 n-6 

FIG. 1. Possible effects of dietary long-chain mon- 
oenoic fatty acids on linoleic acid metabolism in 
rats. Changes are shown by arrows. Filled arrows cor- 
respond to major changes. 

fed high amounts  of  22:1 fa t ty  acids. The per- 
oxisomal  activities observed in our  exper iments  
canno t  explain the decreases in the  conten ts  o f  
arachidonic  acid, 20:4(n-6),  in various tissues 
f rom rats fed part ial ly hydrogena ted  marine oils. 
The deviat ion be tween  our  results and the def- 
ini te  changes in /3-oxidation capaci ty repor ted  
by Neat  et al. (21) may  arise f rom differences 
in the animal exper iments ,  since Neat  et al. used 
adult  rats fed exper imenta l  diets for a short  pe- 
riod, whereas we examined  rats fed diets for  an 
ex tended  per iod f rom weanling, which may  have 
accus tomed  the rats to the dietary fa t ty  acids. 
Our approach is comparab le  to human  consump- 
tion. It  remains to be  clarified whe ther  induc t ion  
of  peroxisomal  ~-oxidat ion of  fa t ty  acids is a 
mechanism -which is effect ive only  for a l imi ted 
per iod or  a pe rmanen t  pa thway  in the catabol ism 
of  dietary substances. Fur the rmore ,  it is impor-  
tant  to evaluate whe the r  dietary fats induce ad- 
di t ional  peroxisomal  enzyme systems and to 
examine  the possible consequences  thereof .  

The decrease in the con ten t  of  arachidonic 
acid could also be a result o f  decreased conver-  
sion of  l inoleic acid to long-chain polyunsatur-  
ates (Fig. 1). The inf luence o f  the  diet  on the 
A6-desaturat ion of  l inoleic acid is shown in 
Table 7. The two  groups that  were fed partial- 
ly hydrogenated  fats ei ther  received a large 
a m o u n t  of  18:1 isomers or  a similar amoun t  o f  
m o n o e n e  isomers equally distr ibuted be tween  
18:1, 20:1 and 22:1.  These two  groups have 
significantly lower  A6-desaturase activities than 
a cont ro l  group fed 28% peanut  oil (AO). The 
decrease in the conversion of  1 8 : 2 ( n - 6 ) m i g h t  
be related to the presence o f  isomers which can 
compe te  in the A6-desaturase reaction.  Fo r  the 
HAO-group,  the  isomers are p redominan t ly  C 18 
monoenes .  It  remains to be clarified whether  
the HMO exerts  its effect  th rough bo th  the C20 

TABLE 6 

Effect of Diet on Peroxisomal Enzyme Activities in Rat Liver - Experiment III 

22% HAO + 22% HMO + 
Dietary fat 28% AO a 6% AO 6% AO 28% RSO + LERSO 28% 00 

Catalaseacti~ty 
~ ( m m - 1 X m g p r o t e i n  -I) 

Supernatant 1 17.2• b 20.1•  21.9• A 18.3• 16.6• B 
L-~action 52.7• B 59.0• 64.9• 3.9 A 63.8• A 50,6• B 

Palmitoyl-CoA oxidation 
(nmol NADH X min -1 • 
mg protein - t  ) 

L-fraction 
3.9•  4 .3•  5 .2•  4 .8•  3.8•  

aAbbreviations as in Table 1. 
bMean +- SD; n = 4-5 individual pools. Significantly different results indicated by A and B. B<A, p<0.05 by 

Student's t-test. 
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TABLE 7 

Effect of  Diet on A6-Desaturase Activity in Rat Liver 

A6-Desaturase activity 
Dietary fat (% conversion) 

28% A O  a 7.9 +l .4b,  B 
22% HAO + 6% AO 5.1 +-1.2 A 
22% HMO + 6%AO 4.5 -+1.2 A 
28% RSO + LERSO 7.0 +- 1.4 
28% OO 6.8 +-2.2 

aAbbreviations as in Table 1. 
bMean +- SD; n = 5 individual pools. A < B, p < 

0.05 by Student's t-test. 

and C22 isomers and the C18 isomers. The ab- 
sence of C20 and C22 monoenes in liver lipids 
might be explained by a chain-shortening of 
these fatty acids by the peroxisomes. This is 
supported by the fact that the total content  of 
18:1 acids, as well as the amount  of trans fatty 
acids, are similar in the groups fed HAO + AO 
and HMO + AO, respectively. 

As the decrease in arachidonic acid in various 
tissues may be due to a competition between 
the substrates for A6-desaturation, a change in 
the ratio of the linoleic acid and the isomers from 
the partially hydrogenated oils can overcome 
tile retardation of the 18:2(n-6) conversion. 
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Morphology and Fatty Acid Composition of Reticulocytes 
from Phenylhydrazine-Treated Rats 1 

S.C. GOHEEN* ,  E.C. LARKIN and G. A N A N D A  RAO, Hematology Research Laboratory, 
Veterans Administration Medical Center, Martinez, CA 94553 

ABSTRACT 

Reticulocytosis was induced in rats by injecting phenylhydrazine, a potent oxidizing agent. Red 
cell morphology was analyzed by scanning electron microscopy. The majority of red cells from rats 
given injections of phenylhydrazine were types 2 and 3 echinocytes. Stomatocytes were also observed, 
but pitted lobular reticulocytes were not detected. Echinocytes have not previously been observed in 
reticulocyte populations. In the reticulocytes, the relative levels of t6:1 and 18:1 were significantly 
greater than in erythrocytes. These differences in monoenoic acids may be due to the presence of 
endoplasmic reticulum, the site of desaturase activity in reticulocytes. Of all the fatty acids, the poly- 
unsaturates are the most susceptible to attack during peroxidation. However, the polyunsaturated 
fatty acid composition of teticulocytes was similar both to that of erythrocytes and to reported values 
of young erythrocytes isolated by density. Therefore, it is unlikely that lipid peroxidation caused the 
formation of echinocytes. 
Lipids 17:594-597, 1982. 

INTRODUCTION 

The fatty acid compositions of young red 
cells isolated according to density from humans 
(1,2) and rats (3) have been reported. In each 
case, the younger cells contained less linoleic 
acid (18:2) and more arachidonic acid (20:4) 
than the older cells. In these studies, the young- 
est cell fractions contained less than 50% reticu- 
locytes. An alternate method of generating 
reticulocytes is by daily injections of phenylhy- 
drazine. Using this method, 80-100% of the cir- 
culating red cells are reticuloyctes (4). We 
analyzed the fatty acid composition of reticulo- 
cytes collected by this method from rats to 
investigate whether the elevated levels of 20:4 
and reduced levels of t8:2 seen previously (1-3) 
are characteristic of the fatty acids in reticulo- 
cytes. 

It has been suggested that the morphology 
of red cells may be related to their level of 18:2 
(5). The shape of reticulocytes has been re- 
ported (6-8). However, their morphology 
appears to vary with age (8). We examined 
the morphology of red cells by scanning elec- 
tron microscopy to determine whether pre- 
viously reported cell forms are adequate to 
describe cells from rats made severely anemic 
with consecutive injections of phenylhydrazine. 

MATERIALS AND METHODS 

Materials 

1presented at the 72nd Annual AOCS Meeting, 
New Orleans, May 1981. 

*Author to whom correspondence should be 
addressed. 

Phenylhydrazine hydrochloride was pur- 
chased from Sigma (St. Louis, MO). Other 
reagents and solvents were of the highest purity 
available. 

Animals 

Three male Sprague-Dawley rats (Hilltop 
Lab Animals, Chatsworth, CA) were made 
anemic by injecting phenylhydrazine hydro- 
chloride (6 mg/kg body wt) in saline intra- 
muscularly each day for 10 days_Three control 
rats were given no injections. All rats were 
maintained on a Lab Blox diet (Allied Mills, 
Chicago) and weighed about 400 g. 

Isolation of Cells 

Rats were anesthetized 24 hr after their last 
phenylhydrazine injection by an intraperitoneal 
injection of sodium pentobarbital (170 mg/kg 
rat) and exanguinated using heparin-washed 
syringes and needles. The  number  of reticulo- 
cytes present in the blood was determined by 
counting 1,000 cells on blood smears made 
after staining blood with New Methylene Blue. 
More than 80% reticulocytes were found in red 
blood cells from phenylhydrazine-treated rats. 
The hematocrit value of rats given phenyl- 
hydrazine was 34 + 2% whereas that of controls 
was 46 + 2%. Whole blood was transferred with- 
out pressure into heparinized vacutainer tubes. 
Immediately after the blood was obtained, a 
0.05-ml sample was fixed in 0.5% glutaralde- 
hyde in standard incubation medium (SIM), 
which contained NaC1 (141 mM), KC1 (10 mM), 
MgC12 (1 mM), CaC12 (1.3 mM), NaH2PO4 (0.8 
raM) and Na2HPO4 (5 raM). These samples 
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were processed  for  scann ing  e l ec t ron  micros-  
copy  as descr ibed previously  (6).  Basical ly,  
samples  were  s e d i m e n t e d  on  glass slides, dehy-  
d ra t ed  in a graded a lcohol  series, and  cri t ical  
po in t -d r ied .  Af t e r  be ing  c o a t e d  w i t h  gold- 
pa l l ad ium,  t hey  were e x a m i n e d  and  classified 
us ing  an ETEC A u t o s c a n  scann ing  e l ec t ron  
mic roscope .  

Fatty Acid Analysis 

Whole b l o o d  was cen t r i fuged  at 800  x g, 
22 C for  10 min  (Dynac  cent r i fuge) .  The  
p lasma  and  b u f f y  layer  was r e m o v e d  and  dis- 
carded.  Red  cells were washed  th r ee  t imes  w i th  
r e suspens ion  in  SIM and  cen t r i f uga t i on  at  800  
x g for  5 min .  

Tota l  l ipids f rom e r y t h r o c y t e s  were ex- 
t r a c t ed  as descr ibed  by  Rose and  Ok lande r  (9). 
F a t t y  acid m e t h y l  esters o f  e r y t h r o c y t e  t o t a l  
l ip ids  were p repa red  and  pur i f ied  as descr ibed  
previous ly  (5). Analysis  o f  f a t ty  acid m e t h y l  
es ters  was d o n e  b y  gas l iqu id  c h r o m a t o g r a p h y  
( G L C )  at 190 C in a Var ian  3700  ae rograph  
us ing  a f l ame  ion i za t i on  d e t e c t o r  and  a glass 
capil lary c o l u m n  coa ted  w i th  FFAP.  Areas o f  
peaks  and  pe rcen tage  c o m p o s i t i o n  o f  f a t t y  acid 
m e t h y l  esters were c o m p u t e d  using a Var ian  
C h r o m a t o g r a p h y  Data  Sys tem (CDS-111) .  

(a) 
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RESULTS 

Morphology 

The  morpho log ica l  d i f ferences  b e t w e e n  
d iscocytes ,  kn i zocy te s ,  s t o m a t o c y t e s  and  types  
1, 2 and  3 e c h i n o c y t e s  have  been  r e p o r t e d  in 
detai l  (6).  In con t ro l  ra ts  fed an  adequa t e  die t ,  
more  t h a n  70% of  the  red  cells are d i scocy tes  
(Table  1) (7). Blood f r o m  rats  given pheny l -  
h y d r a z i n e  had  relat ively more  kn izocy tes ,  
s t o m a t o c y t e s  and t ype  3 ech inocy te s  t h a n  
cont ro l s .  Typica l  mic rographs  depic t ing  red 
cells f r om c o n t r o l  and  p h e n y l h y d r a z i n e - t r e a t e d  
rats  are s h o w n  in Figure 1, a and  b, respect ively.  

(b) 

FIG. 1. Scanning electron micrographs of red cells 
from (a) control and (b) phenylhydrazine-treated rats. 
Fresh, whole blood was fixed with 0.5% glutaralde- 
h y d e  in standard incubation medium (5). A type 3 
echinocyte is indicated by an arrow (X 3,650). 

TABLE 1 

Morphology of Red Ceils from Rats Treated or Not Treated with Phenylhydrazine 

Group Disco. Knizo. Stomato. Ech. 1 Ech. 2 Ech. 3 

Percent of total cells 

Control 70.8 -+ 2.8 0.9 -+ 0.1 1.8 -+ 0.2 14.3 -+ 2.1 10.3 + 0.9 1.8 +- 0.2 
Phenylhydrazine-treated 30.9 -+ 3.2 a 3.6 -+ 0.8 b 10.7 -+ 3.6 c 13.7 -+ 0.6 13.3 -+ 3.2 26.9 -+ 3.7 c 

Abbreviations of the various cell types represent discocytes, knizocytes, stomatocytes and type 1, 2 and 3 
echinocytes, respectively. Values given represent the mean of measurements of blood samples from three rats in 
each group -+ SEM. Percentages are significantly different from controls by the two-tailed t-test when accom- 
panied with a superscript: ap<0.001, bp<0.05 and Cp<0.01. 
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Fatty Acid Composition 

The c o m p o s i t i o n s  o f  the  f a t ty  acids f r o m  
to t a l  l ipids of  r e t i cu locy te s  and  e r y t h r o c y t e s  
are s h o w n  in Table  2. Re t i cu locy te s  have  a sig- 
n i f i can t ly  h ighe r  level o f  16:1 ,  18:1 and  20 :4 ,  
and  a lower  level of  18 :0  t h a n  e r y t h r o c y t e s .  
Previously,  i t  was s h o w n  t h a t  y o u n g  red  cells 
have  s ignif icant ly  more  16:0,  20 :4  and  22 :4 ,  
and  less 18 :0  and  18:2  t h a n  m a t u r e  cells (3). 
The  small  d i f fe rences  b e t w e e n  our  resul ts  and  
those  of  Walker  and  Y u r k o w s k i  (3)  m ay  be  
a t t r i b u t e d  to  t he  d i f fe rences  in  the  cell popu la -  
t ions .  The  cells used in the  p re sen t  s t u d y  were 
nea r ly  all r e t i cu locy tes ,  whereas  the  y o u n g  cell 
f r ac t i on  i so la ted  by  Walker  and  Y u r k o w s k i  (3)  
may  have  c o n t a i n e d  on ly  ca. 30% of  these  ceils. 
E r y t h r o c y t e s  and  re t i cu locy tes  had  similar  
levels o f  o t h e r  long-chain  f a t t y  acids (Tab le  2). 
The  ra t ios  of  t he  pe rcen tages  1 6 : 0 / 1 6 : 1  and  
1 8 : 0 / 1 8 : 1  were s igni f icant ly  smal ler  in  re t icu lo-  
cy tes  t h a n  in e r y t h r o c y t e s .  B o t h  o f  these  ra t ios  
have  b e e n  used previous ly  as a qua l i ta t ive  evalu- 
a t i o n  of  the  act ivi ty  o f  the  desa turase  e n z y m e  
sys t em.  

DISCUSSION 

In rats, t h ree  morpho log i ca l  fo rms  o f  re t i cu-  
locy tes  have  been observed :  p i t t ed  lobu la r  

f o r m s  (R1), p i t t e d  discoid cups  (R2)  a n d  un-  
p i t t e d  discoid cups  (R3)  (7).  These s t ruc tu res  
were observed  in ra ts  m a d e  anemic  b y  bleeding.  
The  ra t io  R1/(R1 + R2) increases  wi th  the  
sever i ty  o f  a n e m i a  (7).  W e  have  used t h e  uni -  
versal  c lass i f icat ion sys tem for  red  cell m o r p h -  
ology to  descr ibe  t he  s t ruc tu r e  o f  r e t i cu locy te s  
p r o d u c e d  in p h e n y l h y d r a z i n e - t r e a t e d  rats. In  
the  universal  sys tem,  R1 fo rms  would  be classi- 
f ied as re t i cu locy tes ,  and  b o t h  R2 and  R3 
would  be classified as s t o m a t o c y t e s .  Less t h a n  
1% re t i cu locy tes  ( the  R1 f o r m ) w e r e  observed  
b y  scann ing  e l ec t ron  m i c r o s c o p y  in this  s t u d y  
(Tab le  1), whereas  more  t h a n  80% of  t he  cells 
were iden t i f i ed  as r e t i cu locy tes  in the  same 
an imals  b y  New M e t h y l e n e  Blue staining.  The  
h igher  level o f  s t o m a t o c y t e s  seen in b l o o d  f rom 
p h e n y l h y d r a z i n e - t r e a t e d  ra ts  re f lec ts  an in- 
crease in r e t i cu locy te s  o f  t he  R2 and  R3 fo rms  
(Table  1 ) ( 7 ) .  However ,  since r e t i cu locy tes  have  
n o t  previously  been  r e p o r t e d  to  be  o f  ech ino-  
cyt ic  shape,  e i t he r  t he  p h e n y l h y d r a z i n e  or  the  
sever i ty  of  the  anemia  was respons ib le  for  the  
effect .  

Types  1, 2 and  3 ech inocy te s  have been  
s h o w n  to  be  p r o d u c e d  in vivo w h e n  the  level o f  
l ino lea te  in t he  red  cells is r educed  (5).  Yet ,  in  
th is  s t u d y ,  e c h i n o c y t e s  appea r  to  con t a in  as 
m u c h  18:2  as e r y t h r o c y t e s  (Tables  1 and  2). 

TABLE 2 

Fatty Acid Composition of Red Blood Cell Total Lipids 
from Rats Treated or Not Treated with Phenylhydrazine 

Fatty acid Control 

Group 

Phenylhydrazine-treated 

16:0 28.3 +-2.5 27.3 +- 1.8 
16:16o7 0.7 -+ 0.1 1.3 -+ 0.5 a 
17:0 c 0.7 -+ 0.1 0.6 -+ 0.1 
17:1 d 1.3 + 0.2 1.2 -+ 0.2 
18:0 16.3 • 0.9 11.7 -+ 0.7 b 
18:16o7+6o9 7.2 -+0.6 10.3 + 1.1 a 
18:26o6 10.4 -+ 1.4 9.6 -+ 1.3 
20:36o6+ 6o9 1.1 • 0.1 1.5 -+ 1.2 
20:46o6 23.2 -+ 0.9 24.9 -+ 0.2 a 
22:4t~J6 1.6 -+ 0.6 1.5 -+ 0.2 
22:5606 1.5 -+ 0.7 1.4 -+ 0.2 
22:66o3 + 24:0 4.2 -+ 1.0 4.4 -+ 0.2 
24:16o9 1.2 • 1.5 • 0.2 
16:0/16:1 40.8 -+ 9.8 23.3 -+ 8.9 b 
18:0/18:1 2.3 -+ 0.3 1.2 -+ 0.2 a 
18:2/20:4 0.45 -+ 0.08 0.38 + 0.03 

Values are given as the weight percent of total fatty acids. Values are given as the mean 
from three rats in each group + SD. Percentages were significantly different from control by 
the two-tailed t-test with : 

ap<0.05. 
bp<0.01. 
CThe assignment of 17:0 was based on the retention time of a standard. 
dan  alternate assignment for 17:1 is branched 18:0. 
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Therefore, reduced levels of  18:2 cannot alone 
be responsible for converting erythrocytes to 
echinocytes. 

Phenylhydrazine injections in rats promote 
peroxidation of  membrane phospholipids (4,10, 
11). However, only minor differences exist be- 
tween the fatty acid composition of reticulo- 
cytes and that of erythrocytes (Table 2). Hence, 
it seem unlikely that peroxidation of  polyun- 
saturated fatty acids could have induced the 
generation of echinocytes. When peroxidation 
of  membrane phospholipids was observed pre- 
viously, blood samples were analyzed only 12 
hr after the large doses (14 mg/kg) of phenyl- 
hydrazine (11). In other studies, peroxidation 
was observed either two days after very high 
doses of phenylhydrazine (30 mg/kg) were 
given (4) or immediately after similar doses 
(20 mg/kg) (10). In our study, 6 mg/kg phenyl- 
hydrazine was administered and blood samples 
were not taken until 24 hr after the last injec- 
tion. If reticulocytes are harvested 24 hr after 
the last low dose of phenylhydrazine, lipid 
peroxidation may be insignificant. 

Small differences have also been observed 
between reticulocyte plasma membrane pro- 
teins from bled animals and those treated with 
phenylhydrazine (11,12). In one of these 
studies (12), blood was collected two days after 
phenylhydrazine treatments (12 mg/kg). These 
conditions are less severe than those which 
induce lipid peroxidation. In sickle cell anemia, 
the functional groups of  erythrocyte membrane 
proteins are abnormal (13-15). The odd morph- 
ology of sickle cells has been attributed to these 
differences, as well as the unusual asymmetry in 
their membrane phospholipids (16). Whether 
phenylhydrazine causes changes in membrane 
phospholipid asymmetry or protein functional 
groups is unknown. 

Earlier investigations of young red cells 
demonstrated reduced levels of 18:2 and ele- 
vated levels of 20:4 when compared to older 
ceils (1-3). In the present study, levels of 18:2 
and 20:4 were the same in reticulocytes and 
erythrocytes. Therefore, as reticulocytes mature 
and lose membrane lipids, 18:2 is not lost pref- 
erentially as has been suggested (1). Alternative- 
ly, elevated levels of 20:4 and reduced levels of 
18:2 may be characteristic of  young erythro- 
cytes as well as of reticulocytes, tlowever, we 
have also observed additional and more signifi- 
cant differences between the fatty acid compo- 
sition of reticulocytes and erythrocytes (Table 
2). 

The most significant differences between the 
fatty acids from reticulocytes and erythrocytes 
were in the ratios of monoenoic to saturated 
acids. For example, the relative level of 18:1 

v-as greater than the level of 18:0 in reticu!o- 
cytes when compared to these acids from ery- 
throcytes. This difference may be due to the 
presence of endoplasmic reticulum, the site of  
desaturase activity. Previous studies of young 
erythrocytes may have failed to demonstrate 
this difference since erythrocytes are devoid of 
this membranous organelle. 

In this study, the fatty acid composition and 
morphology of reticulocytes isolated from 
phenylhydrazine-treated rats is described. The 
fatty acid composition was similar to that de- 
scribed in earlier reports. Yet, the morphology 
of reticulocytes from phenylhydrazine-treated 
rats appeared unusual. These morphologies may 
reflect the influence of phenylhydrazine on 
membrane proteins. Also, if ceils are harvested 
at least 24 hr after the last injections of rela- 
tively low doses of  phenylhydrazine, membrane 
lipid loss from peroxidation is probably insig- 
nificant. 
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ABSTRACT 

Weanling rats were fed a riboflavin-deficient diet. The mitochondrial fatty acid oxidation in liver 
was depressed in riboflavin deficiency but restored after supplementation of riboflavin. Among the 
enzymes involved in this system, only the acyl-CoA dehydrogenase (EC 1.3.99.2 and 1.3.99.3) activi- 
ties varied with the change in fatty acid oxidation. An accumulation of the apoforms of acyl-CoA 
dehydrogenases was found in riboflavin deficiency. The levels of electron transfer flavoprotein and 
other enzymes involved in the /3-oxidation system remained unchanged. The peroxisomal fatty acid 
oxidation and levels of individual enzymes of this system remained constant. No accumulation of the 
apoform of acyl-CoA oxidase was observed under simple, riboflavin-deficient conditions. However, 
accumulation of a large amount of apo-acyl-CoA oxidase was observed when the peroxisomal system 
was induced by administration of a peroxisome proliferator, di(2-ethylhexyl)phthalate, under ribo- 
flavin-deficient conditions. 
Lipids 17:598-604, 1982. 

INTRODUCTION 

When rats are deprived of riboflavin (vitamin 
B2), the lessening of the ability of the mito- 
chondrial fatty acid oxidation in liver is one of 
the most dramatic effects (1). The dehydrogen- 
ation of acyl-CoA in the rnitochondrial system 
is catalyzed by three r av in  enzymes, which are 
classified by their substrate specificities into 
short-, medium- and long-chain fatty acyl-CoA 
dehydrogenases (EC 1.3.99.2 and 1.3.99.3). 
Hoppel et al. suggested that the most probable 
candidate for the decrease in the H-oxidation 
capacity is the acyl-CoA dehydrogenases-ETF 
system although they could not  determine the 
ETF activity (I) .  

The other fatty acid /3-oxidation system is 
located in peroxisomes (2). The activity of the 
peroxisomal system may be comparable to that 
of the mitochondrial system in rat liver (3,4). 
The initial step of the peroxisomal system, 
which is considered to be rateqimiting, is cata- 
lyzed by acyl-CoA oxidase, a flavoprotein (5-8). 
The following reactions in this system are cata- 
lyzed by the peroxisome-specific enzymes 
(9,10). 

In this study, weanling rats were fed a ribo- 
flavin-deficient diet. The oxidation of fatty 
acids and activities of individual enzymes of 
both particles in rat liver were determined. The 
mitochondrial ~3-oxidation was dePressed under 
the riboflavin-deficient conditions. Three acyl- 
CoA dehydrogenase activities were depressed 
but other enzymes of the mitochondrial /3- 

*Author to whom correspondence should be sent. 
Abbreviations: ETF, electron transfer flavoprotein; 

DEHP, di(2-ethylhexyl)phthalate. 

oxidation system, including ETF, remained 
unchanged. The peroxisomal H-oxidation and 
activities of all peroxisomal enzymes were 
not altered under the riboflavin-deficient 
conditions. 

The peroxisomal system is inducible in con- 
trast to the mitochondrial system which is 
rather constitutive (2,11). When a typical 
peroxisomal proliferator, DEHP, was admin- 
istered to riboflavin-deficient rats, a marked 
accumulation of the apoenzyme of acyl-CoA 
oxidase was found. 

METHODS 

Animals 

Male Wistar weanling rats weighing 50-60 g 
were randomly distributed among the test 
groups. The control (standard A) and ribo- 
flavin-deficient, semi-synthetic diets were ob- 
tained from Oriental Co. (Tokyo, Japan). The 
control diet contained 38% corn starch, 25% 
vitamin-free casein, 10% a-starch, 8% cellulose, 
6% safflower oil, 5% sucrose, 6% salt mixture 
and 2% vitamin mixture. The riboflavin-bury- 
rate diet was supplemented with riboflavin 
butyrate ester at a level of 1 .2  g/kg in the 
riboflavin-deficient diet. During the first period 
of feeding for 28 days, animals were main- 
tained on either the control or the riboflavin- 
deficient diet. Then, animals were fed various 
diets in the second feeding period. DEHP was 
added to diets at a level of 2% (w/w) for induc- 
tion of the peroxisomal enzymes. The duration 
of feeding of the DEHP-containing diets was 3 
days, since all of the animals which had been 
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fed a riboflavin-deficient diet died 4-5 days 
after introduction of the reagent into the diet. 
The duration of feeding the diets without the 
reagent was 7 days. 

Fatty Acid Oxidation 

The mitochondrial fractions were prepared 
according to the method of de Duve et al. (12), 
except that the heavy and light mitochondrial 
fractions were not  separated because perox- 
isomes were concentrated in the light fraction. 
The mitochondrial fractions were suspended in 
the basal medium that contained 300 mM 
mannitol, 10 mM N-2-hydroxyethylpiperazine- 
N'-2-ethanesulfonic acid, 7 mM potassium 
phosphate and 0.! mM ethylene glycol-bis(2- 
aminoethylether)-N,N,-NLN'-tetraacetic acid at 
a final pH of 7.4. 

Fatty acid-dependent O2 consumption by 
the mitochondrial fractions at 30 C was mea- 
sured With a galvanic oxygen electrode (Bioxy- 
graph; Kyusui-Kagaku Institute, Tokyo, Japan) 
(13). 

The data are summarized as nmol O2 con- 
sumed/min/g liver. Recoveries of mitochondria 
and peroxisomes in the subcellular fractions 
were based on recoveries of the marker en- 
zymes glutamate dehydrogenase (EC 1.4.1.3) 
and catalase (EC 1.11.1.6), respectively. 

Enzyme Assays 

Activities of acyl-CoA dehydrogenases and 
ETF were assayed as described previously (14). 
Cyanide-insensitive palmitoyl-CoA-dependent 
NAD + reduction (11) and acyl-CoA oxidase 
activity with use of palmitoyl-CoA (15) were 
assayed as described previously. To distinguish 
other enzymes of both the peroxisomal and the 
mitochondrial systems, the immunoglobulins to 
the respective enzymes were used (16). 

Glutamate dehydrogenase (17), catalase 
(18), and carnitine acyltransferases (EC 2.3.1.7 
and 2.3.1.23) (19) were assayed according to 
the published procedures. 

All enzyme activities were assayed at 30 C. 
Units of enzyme activities are expressed as 
/~mol of substrate utilized or products formed/ 
min. The data are summarized as units/g liver. 

RESU LTS 

Gross Changes 

The weight gains of rats in the riboflavin- 
deficient group were nearly zero. After 2 
weeks, the epidermal change was observed in 
the riboflavin-deficient groups. At the end of 
the first feeding period (28 days), the body 
weights of the control animals were 250-260 g 

but those of the riboflavin-deficient animals 
were 60-65 g. However, the weight gain of the 
riboflavin-deficient animals was similar to that 
of the control (7-8 g/day) after they received 
the control or the riboflavin-butyrate diet in 
the second feeding period. The sizes of the liver 
(g wet weight/100 g body weight) were 4.57 + 
0.19 for the control and 5.02 +- 0.21 for the 
riboflavin-deficient animals. The values o f  the 
second group seemed to be reduced after they 
received the control (4.73 + 0.35) or the ribo- 
flavin-butyrate diet (4.81 + 0.29) in the second 
feeding period. The sizes of the liver were in- 
creased after DEHP administration in the 
second feeding period: 6.11 + 0.20 for the 
group that had received the control diet in the 
first and the control diet containing DEHP in 
the second feeding period; 7.98 + 0.49 for the 
group that had received the riboflavin-deficient 
diet in the first and the riboflavin-deficient diet 
containing DEHP in the second feeding period. 

Fatty Acid Oxidation 

The activity of glutamate dehydrogenase 
of the control group was 233 + 44 units/g liver 
and that of the riboflavin-deficient group was 
418 + 66 units/g liver. Enzyme activity of the 
riboflavin-deficient animals was decreased to 
the control level after they received the control 
or the riboflavin-butyrate diet. Enzyme activity 
was unchanged after DEHP administration in 
the second feeding period. The recoveries of the 
glutamate dehydrogenase in the mitochondrial 
fractions were 35-40% in all groups. The activ- 
ity of catalase of the control group was 135 +- 
4 • 103 units/g liver, and that of the riboflavin- 
deficient group was 121 + 8 • 103 units/g liver. 
The enzyme activity of the second group re- 
mained unchanged after the second feeding of 
the control and the riboflavin-butyrate diets. 
The catalase activity was slightly increased after 
administration of DEHP; increases were 1.30- 
fold for the control and 1.26-fold for the 
riboflavin-deficient group, respectively. The 
recoveries of the catalase activity were 50% or 
more for all groups. 

As shown in Table 1, the mitochondrial 
fatty acid oxidation with palmitoyl-CoA was 
344 + 164 nmol O2/min/g liver in the control. 
That of the riboflavin-deficient group was 32 + 
10 nmol O2/min/g. The low capacity for fatty 
acid oxidation was overcome after the change 
of the diet to the control or to the riboflavin- 
butyrate diet. Administration of DEHP resulted 
in an increase in the mitochondrial/3-oxidation 
(13). In this experiment, DEHP administraUon 
showed no effect in the control. This seems to 
be due to the short feeding period of 3 days. 
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TABLE l 

Palmitoyl-CoA Oxidation 

Diet a I Control Control B2-deficient B2-deficient B2-deficient B2-deficient 
II Control Control-DEHP B2-deficient B2-deficient-DEHP Control B2-butyrate 

nmol O2/min g liver b 

Mitoehondria c 344 +- 164 350 -+ 153 32 +- 10 173 +- 87 203 -+ 105 312 • 136 
Peroxisomes d 336-+ 10 1,103-+ 256 304-+ 28 549-+ 86 352-+ 29 360 • 33 

aRats were fed the control or the B2-deficient diet in the first feeding period for 28 days (diet I), and then 
they were fed various diets (diet II) in the second feeding period. The durations of the second feeding period 
with diet II were 3 days for the groups with DEHP-containing diets and 7 days for the groups without the re- 
agent. B2, riboflavin; B2-butyrate, riboflavin butyrate ester. 

bMean -+ SD (n=4). 
CThe reaction mixture contained the mitochondrial fraction and the basal medium (compositions are de- 

scribed in Methods) containing 1 mg/ml of defatted bovine serum albumin (from Sigma), 1 mM ADP, 5 mM Tris- 
malonate, 2 mM L-carnitine, and 20 #M palmitoyl-CoA. The peroxisomal r-oxidation was inhibited by bovine 
serum albumin due to palmitoyl-CoA binding. 

dThe reaction mixture contained the mitochondrial fraction and the basal medium containing 0.l ram CoA, 
0.2 mM NAD +, 50 #M palmitoyl-CoA and 0.5 ng/mi antimycin A. Antimycin A inhibited the mitochondrial 
/3-oxidation but did not affect the peroxisomal one. 

However ,  DEHP a d m i n i s t r a t i o n  to the  r ibo-  
f lav in-def ic ient  g roup  resu l ted  in an  increase  in 
the  ac t iv i ty .  

In con t r a s t  to  the  m i t o c h o n d r i a l  ac t iv i ty ,  t he  
pe rox i soma l  ac t iv i ty  r e m a i n e d  u n c h a n g e d  by  
r ibof lav in  dep r iva t i on  or  by  i ts  r e a l i m e n t a t i o n .  
The  increase  in t he  pe rox i soma l  ac t iv i ty  a f te r  
D E H P  a d m i n i s t r a t i o n  was a b o u t  th ree - fo ld  in 
b o t h  the  con t ro l  and  the  r ibof lav in-def ic ien t  
g roup .  

0.8 

-~ c 0.6 

E 
0.4 

o 

6 02 

6 8 10 12 14 16 18 
Carbon chain length 

FIG. 1. Mitochondrial fatty acid oxidation with 
saturated fatty acids having various carbon chain 
lengths. Mitocho.ndrial fractions prepared from pooled 
livers (n=4) were used. The reaction mixture was the 
same as that described in Table 1 except that 50 #M 
fatty acids in place of palmitoyl-CoA was used and 
2 mM MgC12 and 1 mM ATP in place of ADPwere 
added. O 2 consumption = #tool OJmin /g  liver. Nutri- 
tional conditions were as described in Table 2. o, con- 
t rol -control ;  • riboflavin-deficient-riboflavin-defi- 
cient; o, riboflavin-deficient-control; A riboflavin- 
deficient-riboflavin-butyrate. 

Capaci t ies  for  m i t o c h o n d r i a l  o x i d a t i o n  wi th  
var ious s a tu r a t ed  f a t t y  acids are s u m m a r i z e d  in 
Figure 1. Pa t t e rns  o f  subs t r a t e  speci f ic i ty  in all 
g roups  were t he  same,  i r respect ive  o f  t he  oxida-  
t i on  capacit ies .  Subs t ra te -ac t iv i ty  p a t t e r n s  very  
similar  to  those  in Figure 1 were f o u n d  w i th  
var ious  sa tu ra ted  fa t ty  acyl -CoA (da ta  n o t  
shown) .  

E n z y m e  Act iv i t i es  

Activi t ies  o f  c a rn i t i ne  acyl t ransferases  w i th  
var ious  acyl -CoA as subs t ra t e s  were u n c h a n g e d  
by  r ibof lav in  depr iva t ion  (da ta  n o t  shown) .  
Ac t iv i ty  of  acyl-CoA d e h y d r o g e n a s e  t o w a r d  
pa lmi toy l -CoA was r educed  to  a b o u t  one - th i rd  
b y  r ibof lav in  dep r iva t i on  and  recovered  to  the  
con t ro l  level a f t e r  i ts  r e a l i m e n t a t i o n  (Tab le  2).  

The  chain  l eng th  specif ic i ty  of  the  mi to -  
chondr i a l  acyl -CoA d e h y d r o g e n a s e  is s h o w n  in 
Figure 2, which  gives sums o f  the  t h r e e  acyl- 
CoA dehydrogenases .  In c o m p a r i s o n  to  p a t t e r n s  
of  the  pur i f ied  e n z y m e s  (Fig, 3 in  Ref.  14), t h e  
depress ion  of  the  acyl -CoA d e h y d r o g e n a s e  
act ivi ty in t h e  r ibof lav in -def ic ien t  g roup  was 
more  m a r k e d  wi th  sho r t - cha in  subs t ra tes .  Pre- 
i n c u b a t i o n  o f  the  e n z y m e  f rac t ion  wi th  100 /aM 
F A D  at 25 C for  5 min  pr io r  to  the  assays 
s h o w e d  n o  e f fec t  in the  con t ro l ,  as s h o w n  in 
Figure 2. However ,  t he  p r e i n c u b a t i o n  inc reased  
the  activi t ies t oward  shor t - ,  m e d i u m -  and  
long-cha in- leng th  subs t ra tes  in the  r ibof lavin-  
de f ic ien t  g roup .  The  da ta  suggest  t h a t  t he  apo-  
e n z y m e s  of  these acyl-CoA dehydrogenases  
accumula t e  u n d e r  the  r ibof lav in-def ic ien t  con-  
di t ions .  

The  E T F  act iv i ty  was u n c h a n g e d  by  r ibo-  
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TABLE 2 

Activities of Acyl-CoA Dehydrogenase and ETF 

601 

I Control B2-deficient B~-deficient B2-deficient 
D i e t s  a II Control B2-defieient Control B2-butyrate 

munits/g liver b 

AcyI-CoA dehydrogenase 208 -+ 16 65 -+ 3 200 +- 23 215 +- 54 
ETF 9.1 -+ 0.9 8.4 +- 2.6 10.5 + 2.8 9.8-+ 3.2 

aNutritional conditions were the same as described in Table 1, but the experiments were 
conducted with other groups of rats (n=5). 

bMean -+ SD. The acyl-CoA dehydrogenase activities were assayed with palrnitoyl-CoA as 
substrate. 

0.E 

o~ 
> 

0.2 

4 6 8 I0 12 14 16 18 20 22 
Corbon choin length 

FIG. 2. Acyt-CoA dehydrogenase activities. Satu- 
rated fatty acyl-CoA were used as substrates. Samples 
from pooled livers from four rats were pooled and 
assayed with or without preincubation with FAD. 
For descriptions of the nutritional conditions, see 
Table 1. Control-control with (o) or without (o) 
FAD; riboflavin-deficient-riboflavin-deficient with 
(zx) or without (A) FAD; riboflavin-deficient-ribo- 
flavin-butyrate with (D) or without (=) FAD. 

ravin deprivation (Table 2). No effect on the 
ETF activity of preincubation with FAD was 
found in any group. 

The activities of  other enzymes involved in 
the two r-oxidation systems are summarized in 
Table 3. Activities of mitochondrial enoyl-CoA 
hydratase (EC 4.2.1.17) and 3-hydroxyacyl- 
CoA dehydrogenase (EC 1.1 .1 .35)were  unaf- 
fected by riboflavin deprivation. Mitochondrial 
3-ketoacyl-CoA thiolase (EC 2.3.1.16) seemed 
to be increased. Effects of administration of 
DEHP on the mitochondrial enzymes were not  
marked, since the duration was only 3 days. 

It has been reported that the apoenzyme of  
acyl-CoA oxidase is obtained under specified 
purification conditions and that this form of 

the enzyme showed full activity in the presence 
of FAD (20). As shown in Table 3, FAD 
prompted a slight increase in the activity of 
the enzyme, either before or after the induction 
of the peroxisomal system. Riboflavin depriva- 
tion slightly increased the FAD-dependent 
activity. Dramatic FAD-dependent activation of 
the enzyme activity was found in the riboflavin- 
deficient DEHP group. The acyl-CoA oxidase 
activities of liver extracts of the control-DEHP 
and riboflavin-deficient DEHP were titrated 
with anti(acyl-CoA oxidase)qmmunoglobulin 
(Fig. 3). The results indicated that the apo- 
enzyme was markedly increased by the peroxi- 
some proliferators in the riboflavin-deficient 
conditions. 

Activities of  individual enzymes of  the per- 
oxisomal system remained constant in ribo- 
fiavin-deficiency. After administration of  
DEHP, individual enzymes of  this system 
markedly increased irrespective of riboflavin 
deprivation. 

D I S C U S S I O N  

Activities of  individual enzymes of the mito- 
chondrial ~3-oxidation systems in rat liver were 
determined under deprivation and realimenta- 
tion of  riboflavin. Hoppel et al. (1) found that 
the mitochondrial fatty acid oxidation of  rat 
liver was dramatically decreased in riboflavin 
deficiency whereas the TCA cycle and oxidative 
phosphorylation were not decreased. Under 
their conditions, activities of acyl-CoA dehy- 
drogenases were dep res sed to  a great extent.  
Therefore, they have claimed that the site of 
the effect is the acyl-CoA dehydrogenation step 
(1). 

In our  study, it was found that all acyl-CoA 
dehydrogenase activities were depressed under 
riboflavin deficiency as described by Hoppel et 
al. (1). The activities of  the riboflavin-deficient 
group, however, were greatly activated when 
the enzyme samples were assayed after preincu- 
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FIG. 3. Quantitative precipitin reaction of acyl- 
CoA oxidase. Various amounts of liver extracts were 
added to the fixed amount of the antibody. After 
incubation at 25 C for 30 min in 0.15 M NaC1 and 10 
mM potassium phosphate (pH 7.5), the mixture was 
centrifuged, an aliquot of the supernatant was used 
for enzyme assay and the precipitate was used for 
protein assay. For descriptions of the nutritional 
conditions, see Table t. o, control-control-DEHP; o, 
riboflavin-deficient -rib0flavin-deficient-DEHP. Solid 
line, enzyme activity; dotted lines, protein precipi- 
tated. 

ba t ion  with  F A D  (Fig. 2). According  to  the  
substrate specificities of  the purif ied prepara-  
t ions of  rat liver acyl-CoA dehydrogenases  (Fig. 
3 in ref. 14), it is l ikely that  the  decrease in 
act ivi ty  toward  bu ty ry l -CoA is due to  the de- 
crease in the quan t i ty  o f  short-chain acyl-CoA 
dehydrogenase,  bu t  the decreases in activities 
of  medium-  and long-chain acyl-CoA dehydro-  
genases are due to a b lock in the  conversion of  
apoenzymes  to  ho loenzymes .  

The level o f  E T F  did no t  change with the 
deficiency of  r iboflavin nor  after  it was sup- 
plied (Table 2). An accumula t ion  o f  the  apo- 
fo rm was no t  found.  Activi t ies o f  carnit ine 
acyltransferases,  enoyl -CoA hydra tase ,  3-hy- 
d roxyacy t -CoA dehydrogenase ,  and 3-ketoacyl-  
CoA thiolase were no t  decreased in r iboflavin 
def ic iency.  

The dehydrogena t ion  step o f  the mi tochon-  
drial system is rate- l imit ing when  the  fat ty  acid 
ox ida t ion  is assayed with  the mi tochondr ia l  
f ract ion in the presence of  a suff ic ient  a m o u n t  
of  1-carnitine and o ther  substrates (13). There-  
fore,  a disturbance in the fo rmat ion  of  the 
h o l o f o r m  of  the acyl-CoA dehydrogenases  
seems to be the  cause o f  the decrease of  mi to -  
chondrial  /3-oxidation in r iboflavin deficiency.  

Peroxisomal  ~ o x i d a t i o n  capaci ty as well as 
activities o f  individual enzymes  of  the peroxi-  
somal system remained constant.  The initial 

step o f  the  peroxisomal  /3-oxidation, which is 
supposed to be rate-limiting, is catalyzed by 
acyl-CoA oxidase.  A decrease in the h o l o f o r m  
and /o r  an increase in the  apofo rm of  this flavin 
e n z y m e  were n o t  found  under  the simple ribo- 
f lavin-deficient  condi t ions.  However ,  an accum- 
ulat ion of  a large amoun t  o f  the apofo rm of  
the e n z y m e  was found when the peroxisomal  
system was induced under  r iboflavin def ic iency.  

Cont ro l  rats in this exper iment  were fed ad 
l ib i tum.  Simple pair-fed, riboflavin-supple- 
men ted  controls  were no t  provided since the  
feeding pat te rn  of  the  pair-fed controls ,  which 
consumed their  diet in a daily meal  o f  a few 
hours,  may have effects  on the metabol i sm and 
the  e n z y m e  activities (21). We could no t  keep 
the rats under  cont inuous  pair-fed condi t ions.  

Hoppel  et al. (1) found that  ox ida t ion  of  
fat ty acids and the acyl-CoA dehydrogenase  
activities decreased in an early stage of  r ibo- 
flavin def ic iency,  and that  these changes could 
not  be reproduced  by starvation of  the rats. 
We found  that  the  half-lives o f  three acyl-CoA 
dehydrogenases  in rat l iver were about  one day 
(13). These observat ions suggest tha t  turnovers  
of  acyl-CoA dehydrogenases  are at high rates, 
bu t  the decreases o f  these enzymes  in r iboflavin 
deficiency are n o t  due to the  shortage of  food  
intake.  
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Fatty Acid Synthesis in Isolated Spermatocytes 
and Spermatids of Mouse Testis 

W. MCLEAN GROGAN and JAMES W. LAM, Department of Biochemistry, Box 614 MCV 
Station, Medical College of Virginia, Virginia Commonwealth University, Richmond, 
VA 23298 

ABSTRACT 

In vitro incorporation of [ 1-1"C] acetate into fatty acids and lipid classes of spcrmatocytes, round 
spermatids and condensing spermatids enriched by Staput 1 • g sedimentation was measured by thin 
layer and gas radiochromatography. All three cell fractions showed the full range of de novo synthe- 
tase, elongation and desaturase activities necessary for biosynthesis of fatty acids characteristic of 
mouse testis, but synthesis of fatty acids of >16 carbons declined with progressive stages of differen- 
tiation. The magnitudes and patterns of distribution of fatty acid synthesis in the germinal cells were 
similar to those of whole testis incubated in vitro or injected in vivo with [14C] acetate. On the other 
hand, complex lipid synthesis was much more variable and incorporation into triacylglycerol was gen- 
erally much lower in dispersed germinal cells than in whole testis in vitro or in vivo. Cells remained 
viable throughout the 15-hr incubation. Thus, isolated germinal cells are fully capable of synthesizing 
their constituent fatty acids, including the long-chain polyenoic acids which they accumulate, but the 
intratubular environment or association with Sertoli cells may be necessary for maintenance of ade- 
quate complex lipid synthesis. 
Lipids 17:604-611, t982. 

INTRODUCTION 

The unique fatty acid metabolism and com- 
position characteristic of the mammalian testis 
undergoes dramatic changes during testicular 
development and differentiation (1). Many lines 
of evidence suggest that the fatty acid composi- 
tion plays an important role in n.ormal differen- 
tiation of the germinal cells. The successive 
stages of spermatogenesis (spermatogonial stem 
cells ~ primary spermatocytes ~ round sperma- 
rids ~ condensing spermatids ~ spermatozoa) 
have characteristic fatty acid compositions 
which are different from one another and from 
nongerminal (Sertoli and Leydig) cells (2-4). 
Germinal cells are especially characterized by 
the accumulation of  LCPA of the linoleic (n-6) 
and linolenic (n-3) acid families (5). 

Understanding of the complex metabolic 
interrelationships among the various germinal 
and nongerminal cell types of the testis requires 
knowledge of  the distribution of the metabolic 
activities involved. Fatty acid metabolism has 
been studied rather extensively in whole testis 
(1,5,6), in preparations containing highly 
heterogeneous mixtures of testis cell types 
(6,7) and in subcellular fractions representative 
of the entire testis cell population (8). Beckman 

Abbreviations: LCPA = long-chain polyenoic acids; 
20:4(n-6) = all cis-5,8,11,14-eicosatetraenoic (arachi- 
donic) acid; 22:5(n-6) = all cis-4,7,10,13,16-doeosa- 
pentaenoic acid; 22:6(n-3) = all eis-4,7,10,13,16,19- 
docosahexaenoic acid; PS = primary spermatocytes; 
RS = round spermatids; CS = condensing spermatids; 
RB = residual bodies; WS = whole suspension; WT = 
whole testis; RA = radioactivity. 

and Coniglio (9) have examined incorporation 
of intratesticular injections of polyunsaturated 
fatty acids into lipids of Sertoli cells and mixed 
germinal ceils in the rat, but fatty acid metab- 
olism of individual germinal cell types in vivo 
or of enriched germinal cell types in vitro has 
not  been reported. We report here the abilities 
of  15-hr cultures enriched in the various germ- 
inal cell types of  mouse testis to incorporate 
[1-14C]acetate into specific fatty acids and 
lipid classes. 

METHODS AND MATERIALS 

Germinal Cell Enrichment 

Testes from five white Swiss mice (Micro- 
biological Associates) were decapsulated and 
dispersed in Eagle's Minimum Essential Media 
(MEM) for suspension cultures (Flow Labora- 
tories) with hyaluronidase (Sigma, Type V) and 
collagenase (Sigma, Type II). Cells were sedi- 
mented at 1 g on an albumin density gradient 
using a Sta-Put apparatus as we have described 
in detail elsewhere (10). Fractions 12-17 (PS), 
24-30 (RS), and 31-36 (CS or RB) from the 40 
fraction gradients were pooled and found to be 
enriched in primary spermatocytes, round 
spermatids and condensing spermatids or resi- 
dual bodies (cytoplasmic remnants of spermatid 
maturation), respectively, by histological evalu- 
ation as described previously (10). Composition 
of the pooled fractions used for [14C]acetate 
incorporation is shown in Table 1. All solutions 
were filtered through a 0.2-/a filter, and glass- 
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TABLE 1 

Composition of Pooled Sta-Put Fractions Incubated with [ 1J4C] Acetate a 

Predominant Fractions % Composition of cells : 
cell type inclusive PS RS CS RB 

Primary spermatocytes (PS) 12-17 61 -+ 1 26 -+ 2 6 + 0.5 0 
Round spermatids (RS) 24-30 6 + 1 66 + 1 18 -+ 4 6 +_ 1 
Condensing spermatids (CS) 31-36 b 0 0 60 -+ 0 38 -+ 2 
Residual bodies (RB) c 31-36 b 0 2 -+ 2 17 +- 3 81 -+ 2 

aForty fractions were collected from the bottom of a Sta-Put 1-g albumin density gradi- 
ent. Fractions 1-11 contained most of the Leydig cells, Sertoli cells and cell aggregates. 

bThese fractions had variable amounts of RB and CS. Results of analyses are grouped 
according to the predominant particle present. 

CAnucleated cytoplasmic remnants of spermatid maturation.  

ware and apparatus were autoclaved prior to 
use. Solutions were additionally supplemented 
with Penicillin (25 units/ml), streptomycin 
(25/~g/ml), and Fungizone (2.5 pg/ml, Gibco). 
Concentrations of cells were determined by 
hemocytometer  counts. Viability was checked 
by trypan blue exclusion, by O 2 uptake using 
a Clarke oxygen probe (Yellow Springs Instru- 
ment Co.), by phase contrast microscopy and 
by [ 14C] acetate uptake. 

[14C] Acetate Incorporation 

Dispersed cells (2-14 • 106 PS, 10-24 • 106 
RS, 26-30 • l06 CS, 9-38 • 106 RB, and 8-22 
x 106 WS) or single whole decapsulated testes 
(WT) were incubated in sealed, silartized Ehrlen- 
meyer flasks at 35 C for 15 h r i n  3 ml of MEM 
supplemented with 120 pmol glucose and 10 
pCi [1-14C]sodium acetate (New England 
Nuclear, 56 mCi/mmol).  Sufficient headspace 
was provided to prevent significant depletion 
of 02 from the flasks during incubation, based 
on O 2 consumption of  0.5 nmol/min/106 cells 
measured by us and also reported by Romrell 
et al. (I1).  The pH of incubations was moni- 
tored by an indicator provided in the commer- 
cial MEM and did not vary significantly from 
7.4 during 15 hr of  iiacubation. For WT in vivo 
studies, mice were ether-anesthetized and in- 
jeered intratesticularly with 10 #Ci [1-14C]- 
sodium acetate through small abdominal 
incisions which were then closed by surgical 
staples. Mice were sacrificed at the end of  the 
incubation period and testes were removed. 
Incubations were terminated by extraction of 
the cells or tissues with CHCla/MeOH (1:1) as 
described below. 

Radiochromatographic Analyses 

Total lipids were extracted from cells and 

tissues by the modified Folch procedure of 
Bridges and Coniglio (12). Total radioactivities 
of the extracts were measured by liquid scintil- 
lation counting of  aliquots. The extract was 
dried under a stream of N2 and methyl esters of  
the f a t t y  acids were formed by transesterifica- 
tion with sodium methoxide as we described 
earlier (4). Methyl esters were analyzed for 
mass and radioactivity by a Packard 427 gas 
chromatograph equipped with a sample splitter 
(9:1) which divided the column effluent be- 
tween a Packard 497 gas proportional radiation 
counter (83% efficiency) and a flame ionization 
mass detector. Gas chromatography was other- 
wise carried out as we have described previously 
(4). Radioactivity was assigned to specific fatty 
acids by corresponding retention times. For WT 
incubations, aliquots of methyl esters were 
hydrogenated to confirm assignment of radio- 
activity by appearance of radioactivity in cor- 
responding saturated methyl esters as described 
by Coniglio et al. (7). 

14C Incorporation into Lipid Classes 

Total lipid extracts were separated into 
various lipid classes on Whatmak LHP-K silica 
gel thin layer plates developed with petroleum 
ether/ethyl ether/HOAc (80:20:1) as we have 
described previously (4). Bands of  lipid visual- 
ized in an 12 tank were scraped from the plate 
into counting vials and radioactivity was deter- 
mined by liquid scintillation counting. Lipid 
remaining at the origin was classified as phos- 
pholipid. 

RESULTS 

Viability of Cells 

Cells remained viable throughout the 15-hr 
incubation. Five hr after enzymatic dispersion, 
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93% of cells in the suspensions excluded trypan 
blue. The O 2 uptake of these cells was 0.5 
nmol/min/10 U cells in agreement with Romrell  
et al. (11). After 15 and 2 4 h r  of incubation,  
respectively, 90 and 82% of the ceUs still ex- 
cluded the t rypan blue. After  an initial equili- 
bration period, [ 14C] acetate incorporat ion into 
total  lipid of cell suspensions remained approx- 
imately linear with respect to time of incuba- 
tion from 10-24 hr (data not  shown). 

Incorporation of ~4C into Lipid Classes 

All enriched germinal cell fractions (PS, RS, 
CS) and WT in vitro incorporated [14C] acetate 
into total  lipid at different levels with respect 
to cell number (Table 2). Although variability 
precluded statistical significance, in each of  
three experiments,  values of dpm/106 ceils 
were ranked in the same increasing order as the 
mean values, i.e., CS > WT > PS > RS. The 
persistence of  this same pattern in values of  
dpm/106 cells for total  fatty acids (Table 3) 
from different experiments suggests that the 
differences in incorporat ion into total  lipid 
among the various groups are real. The same 
pattern also persisted among values for phos- 
pholipid incorporation (Table 2), but again, 
variability precluded statistical significance. 
Incorporation into diacylglycerol was much 
lower in enriched germinal cell fractions than in 
WT-signif icant ly so in PS and RS. In every 
case, incorporations into cholesterol and choles- 
teryl ester were significantly lower in enriched 
germinal cell fractions than in WT, probably 
reflecting the absence of Leydig ceils from the 
germinal cell incubations. Levels of radioactiv- 
i ty found in unesterified fat ty acid were high 
and quite variable in all enriched germinal cell 
incubations but  not  significantly different from 
WT values. The most striking differences among 
groups were in incorporat ion into triacylgly- 
cerol which was 83-97% lower in enriched 
germinal cells than in WT. 

The distribution of radioactivity (% RA) 
among lipid classes of  WT injected with [14C]- 
acetate (in vivo) was similar to that of WT incu- 

�9 bated with ['4C] acetate in vitro. WT in vivo 
incorporated a lower percentage of radioactiv- 
i ty into triacylglycerol and a correspondingly 
higher percentage into phospholipid.  Distribu- 
tions of radioactivity of enriched germinal 
cells reflect much higher incorporations into 
unesterified fatty acids and lower incorpora- 
tions into triacylglycerol than WT in vivo or 
in vitro. Total incorporat ion of in vivo injec- 
tions (2,300 dpm/106 cells) was of the same 
order of magnitude as that  of  ha vitro incuba- 
tions, although equilibration of [14C]acetate 
with body pools in vivo makes such compar- 
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isons questionable. 
Fa t ty  acid compositions of the enriched 

germinal cells (not shown) were similar to those 
which we have reported previously (4). The 
20:4 was lower and 22:5 was higher in RS and 
CS, the later stages of germinal differentiation, 
than in PS. The 22:5/20:4 ratios for each class 
of cells were 0.6 (PS), 1.1 (RS), and 1.1 (CS). 
Composition of lipid classes in similar prepara- 
tions were also reported previously (4). 

Incorporation of ~4C into Fatty Acids 

All enriched germinal and WT cell prepara- 
tions incorporated [14C]acetate into 12, 14, 
16, 18, 20, 22 and 24 carbon fat ty acids (Table 
3). The magnitudes of incorporations (dpm/106 
ceils) into total  fatty acid followed the same 
pattern observed for total  lipid, CS > WT > PS 
> RS. WS, containing all of the germinal cells, 
was intermediate and roughly equivalent to PS, 
whereas RB was lowest in total  incorporat ion,  
reflecting, respectively, the cellular heterogene- 
i ty of WS and the low propor t ion of actual cells 
(20%) in RB. In contrast to the similar pat tern 
seen in total  lipid incorporat ion,  these relation- 
ships are supported by statistical analysis. 

In vivo and in vitro incorporat ion patterns 
(% RA) were quite similar, although WT in vivo 
incorporated a much lower percentage into 
14:0 than any of the in vitro incubations. All 
groups incorporated the highest percentages of 
14C (40-66%) into 16:0 among the various fat ty 
acids. 

There were numerous significant differences 
in incorporat ion into various fat ty acids among 
the various groups. Some of these simply re- 
flected corresponding differences in total  fa t ty  
acid incorporat ion and were not  accompanied 
by significant differences in % RA. For  exam- 
ple, the values of % RA in 14:0 of  PS and RS 
were comparable,  but  values of dpm/106 cells 
differed by more than 300%, roughly propor- 
tional to the respective values of dpm[106 ceils 
for total fatty acid. However, due to the 
weighting effect of  cell number,  proport ional i ty  
between values of  dpm/106 cells and % RA was 
not  observed in every case. Moreover, values for 
% RA and dpm/106 cells sometimes showed 
opposite trends. For  example, the percentage 
of radioactivity incorporated into 16:0 in- 
creased with the  progressive stages of  germinal 
cell differentiation PS ~ RS -~ CS but  RS actu- 
ally incorporated 52% less dpm/106 cells than 
PS. 

The most striking and consistent differences 
in incorporation among the various germinal 
cell groups were seen in the 20-24 carbon fat ty 
acids. As a group, these long-chain fatty acids 
declined in both percentage RA and dpm/106 
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in the progressive stages of differentiation, PS 
RS ~ CS. The corresponding values for total  

incorporat ion into LCPA are 23 -~ 12 -~ 5%, 
and 771 ~ 164 ~ 197 dpm/106 cells. Differ- 
ences in values of  dpm/106 cells between PS 
and RS and CS are highly significant (p < .005). 
Among the individual long-chain polyenoic 
acids, incorporat ion into 22:4 was 73 and 91% 
lower in RS and CS, respectively, than in PS, 
incorporat ion into 22:6 was 83% lower in RS 
than in PS, and incorporat ion into 24:4 was 
75% lower in RS than in PS. Although these 
were the only statistically significant differ- 
ences, all individual LCPA had lower levels of  
incorporat ion in RS and CS than in PS. 

RB fractions, in which the major nucleated 
cell type is actually CS, distributed 14C among 
the fatty acids in a pat tern similar to that of  CS 
and the level (dpm/106 cells) of  incorporat ion 
into individual fatty acids was consistent with 
the number of  CS present in the incubations,  
without  regard to the RB present. WS, which is 
the mixture of all the cell types prior to separa- 
tion on the Sta-Put gradient, had a distr ibution 
of 14C consistent with this Cell composit ion.  
Absolute levels of incorporat ion (dpm/106 
cells) of  WS into individual fatty acids were 
generally intermediate between PS and RS or 
CS, also consistent with the cell composit ion.  
Values for dpm/106 cells of  WT, which did not  
go through the cell dispersal procedure,  were 
not  significantly different from those of  WS for 
any fatty acid, although there were substantial 
differences in the values of  percentage RA for 
14:0 and 16:0. 

DISCUSSION 

Patterns of incorporat ion of [14C] acetate 
into fatty acids in these studies suggested the 
presence in each of  the mouse testis cell popula- 
tions (PS, RS, CS, RB, WS, WT) of a full range 
of enzymatic activities necessary for biosynthe- 
sis of fatty acids, both de novo (12:0,  14~0, 
16:0) and by elongation-desaturation reactions 
(1,5). The presence of 14C in 16:1, 18:1, 
20:3(n-6), 20:4(n-6), 22:5(n-6) and 22:6(n-3) 
is evidence for the presence o f A  9 , A 8 , A  5 and 
A 4 desaturase activities. The patterns of  incor- 
porat ion of  in vitro incubations are unlike those 
reported for rat (6,13) or human (7) testis 
slices, although it must be noted that incuba- 
tion times differed greatly (3 hr vs 15 hr) and 
the present incubations took place in culture 
media as opposed to the phosphate buffer used 
in the earlier studies. On the other hand, the 
distribution of radioactivity (% RA) among 
fat ty acids of mouse WT in vivo is almost iden- 
tical to that  of rat testis (calculated from data 

presented in Wharton and Coniglio, ref. 6; data 
not  shown) injected with [14C] acetate, in spite 
of  the difference in incubation times. 

The striking similarity between the fatty 
acid incorporat ion patterns seen with the vari- 
ous in vitro incubations and in vivo intratesticu- 
lar injections is evidence that metabolic activi- 
ties of germinal and nongerminal cells are un- 
affected by the dispersal and separation proce- 
dures. The WT and WS incubations which con- 
tained substantial numbers of Sertoli cells were 
not  greatly different in incorporation into 
specific fat ty acids from the PS incubations, 
which were practically void of Sertoli cells. 
Therefore, the unique fatty acid metabolism of  
the mouse testis does not  seem to be mediated 
by the Sertoli cells at the level of fat ty acid bio- 
synthesis. The germinal cell preparations all 
had the capacity to synthesize 22:5(n-6) and 
22:6(n-3), the characteristic LCPA of mouse 
testis. From stoichiometric considerations, the 
relative biosynthesis of LCPA would actually 
be substantially greater than that  indicated by 
the incorporations of 14C shown in Table 3, 
since specific activities of these fatty acids 
which are synthesized by elongation-desatura- 
tion reactions would be only 12-38% of  the 
specific activity of  the fat ty acids synthesized 
de novo from the same [14C] acetate pool (5). 

LCPA biosynthetic activity was highest in 
PS among the germinal cell dispersions, declin- 
ing with later stages of  differentiation (RS,CS). 
This is consistent with previous evidence that  
LCPA accumulation occurs during the PS stage 
in the mouse (4). 

On the other hand, WT distributed the 
newly synthesized fat ty acid among the lipid 
classes somewhat differently from germinal 
cell types. The dispersed cell incubations were 
characterized by high levels of incorporat ion 
into unesterified fat ty acid. Incorporat ion into 
phospholipid and triacylglycerol was much 
more variable in the germinal cell preparations 
and PS and CS put  much less 14C into triacyl- 
glycerol than did WT in vitro or WT in vivo. 
Diacylglycerol contained less 14C ha each o f  the 
germinal cell preparations than in WT. These 
observations suggest that the aeylglycerol path- 
ways which operate in the WT may not have 
remained completely intact in the germinal 
cell incubations. Since the cells in these incuba- 
tions retained impermeable membranes and 
incorporated 14C throughout  the incubation 
period, it is unlikely that cell lysis would ex- 
plain these results. It is possible that  some 
substrate, cofactor or metabolic activity in 
these pathways may become limiting in germ- 
inal cells when they are isolated from the intra- 
tubular  environment or from other testis cell 
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types such as Sertoli cells. It is also possible 
that the cells may have deteriorated in more 
subtle ways, causing them to lose unesterified 
fatty acid to the media. High levels of incorpo- 
ration of [14C]acetate into unesterified fatty 
acids have also been observed in incubations of 
rat testis slices (13) and human testis sections 
(7) with only a 3-hr incubation time, but as we 
have already pointed out, incubation conditions 
were quite different. 

Beckman and Coniglio (9) have reported 
data suggesting that Sertoli cells are much more 
active in docosapentaenoic acid synthesis than 
germinal ceils in the rat. However, in vivo 
studies used intratesticular injections of 14C 
substrates prior to separation of  the testis cell 
population into enriched Sertoli cells and germ- 
inal cells. Since their germinal cell fraction 
probably consisted mainly of spermatids, the 
metabolic activity of spermatocytes was prob- 
ably not  substantially reflected. Our study sug- 
gests that, in the mouse, primary spermatocytes 
may be highest in the elongafion-desaturation 
activities necessary for LCPA biosynthesis. 
Although we have not measured [14C] acetate 
incorporation by isolated Sertoli cells, our WT 
incubations, which contained Sertoli Cells in 
intact tubules, did not  reflect any localization 
of LCPA biosynthesis to those cells. On the 
other hand, Sertoli cells may play a crucial role 
in triacylglycerol biosynthesis which was appar- 
ently 6-37 times higher in WT than in germinal 
cell incubations. Since triacylglycerols are ap- 
parently the major reservoirs of 22:5 in both 
rat and mouse testes (2,4), triacylglycerol bio- 
synthesis may be as important to accumulation 
of that LCPA as the biosynthesis of the fatty 
acid itself. The characteristic and highly special- 
ized lipid composition of  mouse testis germinal 
cells probably results from a complex metabolic 

interplay between the various germinal cell 
types and Sertoli cells, in which the germinal 
cells are capable of playing an important role, 
at least at the level of  fatty acid biosynthesis. 
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Fecal Steroids in Diarrhea-IV. Cholera 
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Department of  Pediatrics, Baylor College of  Medicine, Houston, TX 77030; and bCenter for 
Vaccine Development, University of  Maryland School of Medicine, Baltimore, MD 21201 

ABSTRACT 

Fecal bile acid and neutral sterol patterns were studied in eight healthy adult volunteers who were 
challenged with Vibrio cholerae classical Ogawa 395 strain in the course of vaccine development studies. 
Bacterial 7a-dehydroxylation of cholic and chenodeoxycholic acids was not altered during experimen- 
tally induced cholera diarrhea, despite the fact that fecal weight in g/day (wet wt) was increased greatly 
during diarrhea (1913 • 390 vs 161 • 11 in controls, p < 0.005). Consistent with the findings on bile 
acids, no significant changes in the production of coprostanol, epicoprostanol, or coprostanone were 
observed although the percentage of unmodified cholesterol was increased during the diarrheal episode 
(20.7 _+ 3.3% vs 11.9 _+ 2.3, p < 0.02). Total concentrations of both bile acids and cholesterol in mg/g 
of feces (wet wt) were decreased considerably as a result of diarrhea). However, total bile acid and 
neutral steroid excretions in mg/kg/day in subjects with and without diarrhea do not appear to be dif- 
ferent. Intestinal transit times, measured in eight subjects by the use of carmine red dye, were found 
to be shortened in diarrhea (5.8 _+ 1.1 hr vs 23.4 _+ 4.1 hr in controls, p < 0.001). The results from this 
study are similar to those observed in experimentally induced travellers' diarrhea associated with toxi- 
genic Escherichia cell, but they are in striking contrast to the changes in gastrointestinal steroid metab- 
olism observed in acute shigellosis, an invasive intestinal infection. 
Lipids 17:612-616, 1982. 

Extensive  changes  in fecal bile acid (BA) and 
neutral  s teroid  (NS) pa t t e rns  were  observed in a 
previous invest igat ion c o n d u c t e d  in normal  vol- 
un teers  who  were in fec ted  wi th  Shigellaflexneri 
(1). Bacterial degradat ion  o f  fecal s te ro ids  was 
found  to be r educed  despi te  the  fact  tha t  total  
bile acid and neut ra l  s terol  concen t r a t i ons  were 
di luted.  In a similar invest igat ion (2), volunteers  
w h o  had received a challenge of  en te ro tox igen ic  
Escherichia coli did n o t  have changes in the  gas- 
t ro in tes t ina l  me tabo l i sm o f  bile acids or neut ra l  
steroids.  This cont ras t ing  pa t t e rn  of  response  to  
diarrheal et iologic agents suggested specific al- 
te ra t ions  in bile acid me tabo l i sm associated 
wi th  the  e t io logy of  diarrhea.  To tes t  this con- 
clusion, the  observat ions  were  e x t e n d e d  to a 
s tudy  of  vo lun teers  chal lenged wi th  Vibrio cho- 
lerae. The mechan i sm of  diarrhea p roduced  by 
b o t h  E. coli and V. cholerae is media ted  th rough  
en t e ro tox in - induced  s t imula t ion  o f  adenyla te  
cyclase wi th in  mucosa l  en t e rocy t e s  o f  the  small 

*Author to whom correspondence should be ad- 
dressed. Current address: Merichem Co. Research Cen- 
ter, 1503 Central, Houston, TX 77012. 

Abbreviations in Fig. 1: C = cholic, CDC = cheno- 
deoxycholic, D e c  = deoxyeholic, LC = lithocholic, 
Keto A = ketohydroxy bile acids including 7-keto- 
deoxycholic, 12-ketolithocholic, 7-ketolithocholic, 
and 3, 12-diketocholanic acids, UNIDENT = unidenti- 
fied bile acids, ISODOC = isodeoxycholic, URSODOC 
= ursodeoxycholic. Abbreviations in Fig. 2 : CH = cho- 
lesterol, CO = coprostanol, EPICO = epicoprostanol, 
COO = coprostanone, and UNIDENT = unidentified 
endogenous neutral steroids. 

bowel.  The resu l tan t  intracel lular  accumula t ion  
of  cyclic AMP results  in net  in tes t inal  secre t ion  
in the  absence o f  bacterial  invasion. This s tands  
in cont ras t  to diarrhea med i a t ed  by  S. flexneri 
which requires  overt  mucosa l  invasion, usually 
of  the  large bowel  mucosa.  The  purpose  o f  this  
invest igat ion was to  de t e rmine  w h e t h e r  V. cho- 
lerae, the  p r o t o t y p e  of  small bowel  secre tory  
diarrhea,  would  p roduce  the  same pa t t e rn  of  
bile acid secre t ion  as tha t  p r o d u c e d  in the  mi lder  
d isorder  associated wi th  E. coli (3), conf i rming  
the  conclus ion  made  in the  previous publ ica t ion  
tha t  the mechan i sm of  diarrhea is re f lec ted  by 
fecal s terol  pa t te rn .  

MATERIALS A N D  METHODS 

Bacteriology 

V. cholerae classical Ogawa 395 strain pro-  
duces  an e n t e r o t o x i n  and causes a profuse  
wate ry  diarrheal  s y n d r o m e  in volunteers  tha t  is 
typica l  o f  cholera.  This strain was fed to volun-  
teers  as part  o f  a long- term program to develop 
vaccines against cholera  (4,5). 

Volunteer Studies 

Volun tee r s  were hea l thy  adults  (5 males,  3 
females),  ranging in age f rom 19 to 32 yr. Studies  
were carried out  u n d e r  quaran t ine  in the  Isola- 
t ion Ward of  the  Cente r  for  Vaccine Develop- 
m e n t  loca ted  wi th in  the  Univers i ty  of  Maryland 
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Hospital. The methods of medical screening, 
clinical surveillance and care of the volunteers, 
informed consent, preparation of the V. cholerae 
inoculum and bacteriologic culture techniques 
have been previously described (4,5). Control 
stool specimens were collected either prior to 
challenge or four weeks after recovery from 
diarrhea. Each subject was fasted 1-% hr before 
and after oral inoculation with vibrios. In order 
to neutralize gastric acid, thereby ensuring occur- 
rence of diarrhea with a smaller inoculum, 2 g 
NaHCO3 was added to 150 ml distilled water 
and the volunteers drank 120 ml. The inoculum 
(106 live organisms of V. cholerae classical 
Ogawa 395 strain) was added to the remaining 
30 ml and was ingested 1 min later. All subjects 
developed cholera diarrhea within two days 
postinoculation (4,5). Duplicate fecal samples 
collected during diarrhea, but  prior to medical 
treatment, were studied to determine the effect 
of diarrhea on steroid metabolism. Methods for 
collection of specimens have been described 
previously (1). Intestinal transit times (ITT) 
were measured for all of the subjects prior to 
challenge and during diarrhea; each subject in- 
gested 500 mg of carmine red dye, a nonabsorb- 
able marker, that was monitored as described 
by Higgs et al. (6) and Dimson (7). 

Steroid Analysis 

Duplicate aliquots of the homogenized stools 
were analyzed for BA and NS. Detailed proce- 
dures of thin layer chromatography (TLC) for 
the separation of BA have been described else- 
where (8,9). BA were analyzed by gas liquid 
chromatography (GLC) according to methods 
described by Kuksis (10) and Yousef et al. (11). 
Neutral steroids were analyzed by the combined 
TLC and GLC method described by Miettinen 
et al. (12). GLC analyses were performed with a 
Packard Becker gas chromatograph Model 420 
with dual flame ionization detectors. Chromato- 
graphic conditions and procedures have been 
described previously ( 1 ). 5ot-Cholestane was used 
as an internal standard for quanti tat ion of both 
BA and NS. Cholic-24J4C and cholesterol-7ct-3 H 
of high specific activity were added as internal 
recovery standards to correct for incomplete re- 
coveries during extraction and TLC. 

R ESU LTS 

Effects of Cholera on Fecal BA 

The BA profile of fecal samples collected 
from eight volunteers before and during infec- 
tion with V. cholerae (but before antibiotic ther- 
apy) is shown in Figure 1. Statistical evaluation 
was done by Student 's t-test for the paired sam- 
pies. All values were expressed as (mean -+ SEM) 

6O 
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N lo ]  
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mlz Diarrhea(n:8) 
* P < 0.05 ~ Non-Diarrhea(n=8) 

C CDC DOC LC KetoA ~ UOOC UNIDENT 
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3 ~  

2 ~  

1 

FIG. 1. Fecal bile acid profiles for eight adult vol- 
unteers challenged with V. cholerae classical Ogawa 
395 strain. All values (mean +- SEM) are expressed as 
percentage of total bile acids. Total bile acid excretion 
is expressed as mg/kg body wt/day. 

percentage of total BA in the feces so that the 
effect of dilution could be avoided. Fecal weights 
in g/day (wet wt) were increased greatly during 
diarrhea (1,913 + 390vs 161 +- 11 in controls, p 
< 0.005). Total BA concentrations, in mg/g 
feces (wet wt), were lower during the diarrheal 
episode (0.34 + 0.15) than those in nondiarrheal 
controls of the same subjects (1.87 + 0.52, p < 
0.02). However, it can be seen from Figure 1 
that there were no significant changes (p > 0.05) 
in the composition of BA for the eight V. cho- 
lerae challenged subjects, except that ketohy- 
droxy BA was increased in diarrheal samples 
(11.9 + 3.3% vs 3.5 + 0.6%, p < 0.05). Total ex- 
cretion of BA, expressed as mg/kg body wt/day, 
was not  significantly different. 

Effect of Cholera on Fecal NS 

The NS profile of feces from the same eight 
subjects before and during cholera diarrhea, but 
before antibiotic treatment, is shown in Figure 
2. As seen in the case of BA, total NS concen- 
trations in mg/g feces (wet wt) were reduced 
greatly in diarrheal samples (0.57 + 0.15 vs 3.97 
+ 0.43, p < 0.001). In addition, the percentages 
of unmodified cholesterol (CH) were increased 
during the diarrheal episode (Fig. 2). However, 
no significant changes in NS metabolites, e.g., 
coprostanol (CO), epicoprostanol (EPICO), and 
coprostanone (CO0), were observed. Total ex- 
cretion of NS expressed as mg/kg body wt/day 
was not  significantly different. 

Sequence of Bile Acid Alteration 

Figure 3 shows the sequence of BA altera- 
tions in the stool samples of one subject (J.P.) 
during cholera infection. The diarrhea started 
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FIG. 2. Fecal neutral steroid profiles for eight 
adult volunteers challenged with 1I. cho(erae classical 
Ogawa 395 strain. All values (mean _+ SEM) are ex- 
pressed as percentage of total cholesterol metabolites. 

60~tart challenge 

50 DOC 

,~ 3o L c ~ ~ "  ~ 

, \ N 2o 

loi 

CDC 
0 "/~ ~ 2'5 30 

Time(Hours) 

-95 

-2 ~5 

. 

-1.5 i 

-1 <= 
-0.5~ 

FIG. 3. Sequence of bile acid alteration in the 
stool samples of a subject (J.P.) with cholera. All values 
are expressed as percentage of total bile acid in the 
feces except that total bile acid concentrations are 
shown as mg/g fecal wet wt. 

27 hr postinoculation. Four serial stools were 
collected within 6 hr following the initial diar- 
rheal sample. We observed that a secondary BA, 
such as deoxycholic acid (DOC), remained rela- 
tively constant in all samples despite the fact 
that total BA concentration in mg/g feces (wet 
wt) decreased progressively with time elapsed 
after the initial episode of diarrhea. Other BA 
such as lithocholic (LC), cholic (C) and cheno- 
deoxycholic (CDC) showed greater variations 
than DOC, but the overall pattern also appeared 
to be unaltered with the serial collections. This 
is in striking contrast with the pattern observed 

in acute shigellosis where a two- to five-fold re- 
duction in DOC and LC and a concomitant in- 
crease in C and CDC were observed within 4 hr 
following the initial diarrheal sample (1). 

Intestinal Transit Time ( ITT)  

ITT (or strictly speaking, the mouth-to-anus 
transit time) of eight subjects in this study, as 
measured by the use of a carmine red marker, 
were found to be 5.8 -+ 1.1 hr during the diar- 
rhea associated with V. cholerae. The corres- 
ponding values before challenge were 23.4 -+ 4.1 
hr for the same subjects (p < 0.001). No clear 
relationship was noted among ITT, percentage 
of  each BA or NS, and fecal mass (wet wt) (data 
not  shown). 

Comparison of Cholera with Other Bacterial Diarrheas 

Table 1 gives the mean change in fecal ster- 
oids between the paired nondiarrheal and diar- 
rheal samples for adult volunteer subjects chal- 
lenged with V. cholerae. For the purpose of 
comparison, the corresponding values from 
other adult subjects with travellers' diarrhea 
(TD) associated with toxigenic E. coli (2) and 
those with acute shigellosis (1) from previous 
studies are also listed. An analysis of variance 
comparison of these means indicates a signifi- 
cant difference between V. cholerae and shigella 
for both percentage C and CH. V. cholerae and 
E. coli are different significantly from shigella 
for 7a-dehydroxylase activity, defined as the ra- 
tio (x 100) of percentage DOC/(%DOC + % C), 
and percentage CO. There is no statistically sig- 
nificant difference between the three types of 
diarrhea for percentages of  DOC, LC, CDC, or 
LC/(% LC + % CDC). There is no statistically 
significant difference between V. cholerae and 
E. coli for all fecal steroids listed. 

DISCUSSION 

We reported previously the results of  a study 
on fecal steroid profiles of six adult volunteers 
who developed TD following challenge with 
toxigenic E. coli B7A and observed that bacterial 
7ct-dehydroxylation of cholic and chenodeoxy- 
cholic acids was not altered (2). This is consis- 
tent with the observation that the production 
of coprostanol from cholesterol was not changed 
in the same diarrheal subjects (2). These data 
confirm results from our earlier report (3) that 
bacterial modification of BA and NS was not al- 
tered in patients experiencing TD due to E.coli 
elaborating heat-stable enterotoxin. These re- 
sults in E. coli diarrhea, however, differ markedly 
from the changes in gastrointestinal steroid me- 
tabolism previously observed in acute shigellosis 
(1). Bacterial degradation of fecal steroids was 
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TABLE 1 

Mean (+- SEM) Change in Fecal Steroid Patterns between the Paired Diarrhea 
and Nondiarrheal Control Samples for Adult Volunteer Subjects 

615 

Small bowel diarrhea Large bowel diarrhea 
% V. cholerae E. coli a Shigella b pValue c 

Bile acid (n = 8) (n = 6) 
DOC -1.7 +- 2.6 -1.4 + 8.9 
LC -3.1 +- 3.3 -12.1 +- 3.4 
C -1.1 +- 1.5 +6.2 -+ 4.1 
CDC -1.2 +- 0.9 +2.3 _+ 2.4 
DOC 
_ _  X 1 0 0  + 1 . 7 + - 4 . 1  - 1 1 . 8 -  + 8.7 
DOC + C 

LC X 100 +2.5 + 3.1 -9.9 +- 8.2 
LC+C 
Neutral sterol 
CO -5.6 +- 8.1 -2.2 +- 9.2 
CH +8.6 +- 2.8 +25.1 +- 12.5 

(n= 5) 
-13.9 -+ 2.5 NS 
-15.7 + 4.3 NS 

+12.6 +- 2.0< <0.01 
+5.5 +- 3.5 NS 

-46.0 +- 7.1< <0.001 

-16.7 +- 6.2 NS 

-51.7 -+ 7.0< <0.005 
+59.6 +- 8.0"( <0.005 

aTaken from t e l  2. The abbreviations used are the same as those in Figs. 1 and 2. 
bTaken from ref. 1. 
CDifferences between small bowel diarrheas (cholera and]or TD) and large bowel diarrhea 

(shigella) with regard to the mean changes in fecal steroids during the diarrheal episodes 
before the antibiotic treatment. 

NS = not significant (p > 0.05). 

found  to be reduced  during diarrhea associated 
wi th  acute shigeUosis in five vo lun tee r  subjects  
chal lenged wi th  S. f l e x n e r i  2a (strain M42-43),  
despi te  the  fact  t ha t  to ta l  s teroid (BA and NS) 
concen t r a t ions  in mg/g feces (wet  wt)  were de- 
creased in shigellosis to  a magni tude  comparab le  
to tha t  observed in TD associated wi th  toxigen-  
ic E. coli (2). Specifically,  the  percentages  o f  
DOC and LC acids of  the  to ta l  BA in the  f e c e s  
were decreased significantly in diarrheal sam- 
ples wi th  a c o n c o m i t a n t  increase in the  percen-  
tages of  C and CDC acids. In addi t ion ,  there  
was a significant r educ t ion  in copros tano l  con-  
t en t  in the feces wi th  a c o n c o m i t a n t  increase in 
choles terol  in the  shigella diarrhea.  

In this s tudy,  we have invest igated the  ef fec ts  
o f  exper imenta l ly  induced  cholera  on fecal ster- 
oid profi les of  eight hea l thy  adult  volunteers .  
The results were found  to  be similar to those  
observed in E. coli  diarrhea b u t  n o t  to  those  in 
acute shigeUosis (see Table 1). Bacterial 7a- 
d e h y d r o x y l a t i o n  of  cholic and c h e n o d e o x y c h o -  
lic acids was unchanged  despi te  the fact  ITT 
was shor t ened  significantly during the  d i a r r h e a  
episode  (Fig. 1). In addi t ion ,  the  percentage  of  
choles tero l  metabol i t es ,  such as copros tano l ,  
ep icopros tano l  and cop ros t anone ,  was un- 
changed a l though  the  percentage  of  unmod i f i ed  
choles tero l  was increased during the  cholera in- 
f ec t ion  (Fig. 2). Thus,  there  is a ref lec t ion  of  at 
least two  dis t inc t  mechan i sms  of  diarrhea pro- 
duc t ion .  One,  typ i f ied  by  en t e ro tox in -p roduc -  
ing E. coli  and V. cholerae,  is media ted  th rough  

a s t imula t ion  of  secre t ion  in the  small bowel  in 
the  absence of  mucosal  invasion. The o ther ,  
e x e m p h f i e d  in shigellosis, requires invas ion  o f  
intest inal  mucosa ,  par t icular ly o f  the  large 
bowel.  In  shigellosis, the  increase in fecal pri- 
mary  BA and u n m o d i f i e d  choles terol ,  wi th  con- 
co mi t an t  decrease in secondary  BA and copros-  
tanol ,  speaks for  a reduced  in te rac t ion  b e t w een  
luminal  s terols  and colonic  bacter ial  flora. The  
absence  of  changes in 7 a - d e h y d r o x y l a t i o n  of  
BA and the  b i o h y d r o g e n a t i o n  of  choles terol  in 
TD associated wi th  toxigenic  E. coli  and cholera 
indicate  no  appreciable  a l tera t ion in in te rac t ion  
b e t w e e n  intest inal  s terols  and bacter ial  flora 
(Table 1). This appears  to  be the  case, even in 
the  presence  of  large fecal losses and sho r t ened  
ITT in cholera.  Thus,  it seems evident  tha t  the  
cont ras t ing  profi les of  fecal s teroids may  pro-  
vide a basis for  b iochemica l  d i f fe ren t ia t ion  be- 
tween  two d i f fe ren t  mechan i sms  o f  diarrhea 
p roduc t i on ,  i.e., s t imula t ion  of  fluid secre t ion  
vs mucosa l  invasion. Fu r the r  s tudies in this area 
are in progress.  
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ABSTRACT 

The fatty acyl components of the phospholipids from the sponge Petrosia ficiformis consisted 
predominantly of branched, especially iso and anteiso acids. The two major components of the com- 
plex mixture are the hitherto unknown Z,Z-25-methyl-5,9-hexacosadienoic and Z,Z-24:methyl-5,9- 
hexacosadienoic acids. Other unknown acids are: 7,13,16-docosatrienoic acid, 15-methyldocosanoic 
acid, 15-methyltricosanoic acid and 24-methyl-5,9-pentacosadienoic acid. Short branched-chain fatty 
acids, presumably of bacterial origin, are considered to be the possible bioprecursors of these novel 
phospholipid constituents. The major phospholipids were PE, PC, PG, PS and PI. The distribution of 
fatty acids among the phospholipid classes was also studied. 
Lipids 17:614-625, 1982. 

Sponges represent a low position in the and little or no conventional sterols such as 
evolutionary scale because of their primitive cholesterol. We now report the presence of new 
structure. Approximately 5,000 sponges are branched fatty acids from the sponge Petrosia 
reported to occur in nature (2). Bergmann's ficiformis (Class Demospongia, Order Haplo- 
studies (3,4) on biochemical taxonomy of sclerida) which contains the unusual cyclopro- 
sponges and recent research carried out in this pane-containing sterol, petrosterol, as one of 
and other laboratories (5-7) have shown t h a t  the major sterols (14-16). 
these primitive organisms of the metazoan 
phyla are rich sourCes of complex mixtures of 
sterols, generally with side-chain elongation or 
branching, in contrast to higher organisms 
which usually contain only a few major sterols. 

Recently, Litchfield and colleagues (8-11) 
have also reported high levels of novel fatty 
acids in some species of demosponges. Typical 
fatty acids possess straight chains 14 to 22 
carbon atoms long, whereas these "demo- 
spongic" acids contain 24-30 carbons. In our 
laboratory (1), the sponge Aplysina fistularis 
was found to contain straight-chain and methyl- 
branched fatty acids containing 27-30 carbon 
atoms. In connection with our research on 
membrane phospholipid structure of marine 
organisms and the possible interaction between 
their sterols and the fatty acyI chains or head 
groups of their phospholipids (12,13), we are 
concentrating on those marine animals which 
contain large amounts of unusual marine sterols 

1 For preceding paper, see ref. 1. 
Abbreviations: PE: phosphatidylethanolamine; 

PG: phosphatidylglycerol; PC: phosphatidylcholine; 
PS: phosphatidylserine; Ph phosph atidylin osit ol; 
DPG: diphosphatidylglycerol; BHT: butylated hy- 
droxytoluene; GC: gas chromatography; GC/MS: gas 
chromatography-mass spectrometry; TLC: thin layer 
chromatography; HPLC: high performance liquid 
chromatography; IH-NMR: proton nuclear magnetic 
resonance .  

EXPERIMENTAL 

P. ficiformis sponge colonies were collected 
in the Bay of Naples, Italy. The total phospho- 
lipids were extracted and separated as described 
earlier (1) and were kept under argon at -10 C 
in chloroform/methanol (1:1, v/v) containing 
0.002% BHT. TLC separations of phospholipids 
and fatty acid derivatives were performed on 
250-/.t layers of Silica Gel H. Rhodamine 6G 
(17) was used as a nondestructive color spray 
reagent especially for preparative purposes. 
Spray reagents (18) used for the ident i f ica t ion  
of phospholipid classes (see Table 1) were nin- 
hydrin (primary and secondary amino groups, 
PE, PS), Drogendorff (tertiary and quaternary 
amino groups, PC), periodate-Schiff (vicinal 

TABLE 1 

The Major Phospholipids of P. J~ciformis 

Phosphol ip id  class Mol % 

Phosphatidyleth anolamine (PE) 
Phosphatidylglycerol (PG) 
Phosphatidylcholine (PC) 
Phosphatidylserine (PS) 
Phosphatidylinositol (PI) 

28 
14 
21 
12 
7 
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hydroxyl  groups, PG, PI), 2,4-dinitrophenyl- 
hydrazine (plasmalogens) whereas Molybdenum 
Blue was the general spray reagent for all 
phospholipids. Phospholipids were also identi- 
fied by TLC comparison with known samples 
(Sigma Chemical Co.). For  quantitative estima- 
tion of the phospholipids, TLC plates were 
visualized by Rhodamine 6G, each spot  was 
scraped and was subjected to a spectrometric 
phosphorus assay (19, 20), and corrections 
were made for residual phosphate present in the 
adsorbent and in the eluting solvents. General 
developing solvent systems for the analysis of  
the phospho/ipids were chloroform/methanol /  
acetic acid (65:35: 10, v/v/v) and chloroform/ 
methanol/28% ammonium hydroxide (65:35: 8, 
v/v/v). The second developing solvent was also 
used for the quantitative estimation of the 
phospholipids and for their separation for the 
analysis of  the fat ty acid contents of  each class. 
Developing solvent systems for the fat ty acid 
methyl  esters and the synthetically intermedi- 
ate fatty alcohols, tosylates and nitriles were 
hexane/ether  (8:2 and 7:3, v/v) and for the 
pyrrolidides, hexane/ether  (3: 7, v/v). 

Capillary GC was done on a Carlo Erba series 
4160 Fractovap chromatograph equipped with 
a fused silica column (30 m x 0.32 mm) coated 
with SE-54 (J & W Scientific, Inc.), a Model 
400 LT programmer, a cooled on-column injec- 
tion system and a flame ionization detector.  
The initial oven temperature was 70 C or 140 C 
for fatty acid methyl  esters and 200 C for pyr- 
rolidides and the temperature was programmed 
at 3.0 C/min. Final temperature was 285 C. 
Isothermal temperature for the detect ion of 
methyl 14-methylhexadecanoate,  methyl 15- 
methylheptadecanoate and methyl 16-methyt- 
heptadecanoate was 190 C. Their pyrrolidides 
were analyzed at 245 C. The synthetic inter- 
mediate, 14-methylhexadecanol,  was analyzed 
at t 75 C. The temperature was set at 240 C for 
GC analysis of methyl 24-methyl-5,9-hexacosa- 
dienoate (19) and methyl  25-methyl-5,9-hexa- 
cosadienoate (18). 

HPLC separation of  major fat ty acid methyl  
esters was achieved by using a 50 cm x 9 mm 
Whatman ODS-2 reversed-phase column, a 
Waters M-6000A pump, a Valco loop injector 
and a Waters R401 refractometer detector. 
Absolute methanol was the eluting solvent at 
a rate of 1.5 ml/min. 

GC/MS was performed either on a Ribermag 
GC/MS/DS system, combining a Ribermag R 
10-I0 quadrupole mass spectrometer with a 
Carlo Erba series 4160 Fractovap chromato- 
graph equipped with a fused silica column (28 
m X 0.32 mm) containing SE-54 (J & W Scien- 
tific, Inc.), or on a Varian MAT-44 GC/MS 

system using a spiral glass column (1.80 m X 
2.0 mm), containing 3% OV-17 on GCQ. 1H- 
NMR spectra were analyzed on a Varian Asso- 
ciates HA-100 NMR instrument in deuterated 
chloroform containing tetramethylsilane. Shift 
values are in ppm (6). Infrared spectra were 
obtained using a Beckman Acculab 3 spectro- 
photometer .  The total  fatty acid methyl esters 
were prepared from the phospholipid mixture 
by treatment of a sample with methanolic 
sodium hydroxide and methanolic hydrogen 
chloride, respectively (21). The fatty acid con- 
tent of individual phospholipid classes was 
estimated by separating the mixture into classes 
by preparative TLC and transmethylating each 
separated class by digestion with methanolic 

b o r o n  trifluoride (10 min, 100 C) while it was 
still on the silica gel (22). Hydrogenation of 
the fat ty acid methyl esters was carried out  by 
stirring (8 hr, normal pressure, room tempera- 
ture) in methanol with plat inum (IV) oxide 
under hydrogen. N-Acyl pyrrolidide derivatives 
were prepared by direct t reatment  of methyl  
esters with pyrrolidine/acetic acid (10:1, v/v) 
in a capped vial (1 hr, 100 C) followed by ether  
extraction from the acidified solution and puri- 
fication by TLC. 

Degradation studies for the location of 
methyl  branching in the two major fatty acids 
were carried out  by NaIO4/KMnO4 oxidat ion 
in tert-butanol (23) followed by methylat ion 
of the resulting carboxylic acids with methanol  
in the presence of  3% sulfuric acid (3 hr reflux). 

'The resulting monofunctional  esters were con- 
verted to  the N-acyl pyrrolidides for mass spec- 
tral comparison with known or synthesized 
compounds.  Methyl 16-methylheptadecanoate 
was obtained from Applied Science (Milton 
Ray Co. Laboratory Group, State College, PA). 
Methyl 15-methylheptadecanoate was prepared 
from methyl 14-methylhexadecanoate (Applied 
Science) by addit ion of  one carbon atom, ac- 
cording to a known (24) procedure.  For  this 
purpose, the starting material was reduced with 
LiA1H4 in tetrahydrofuran (reflux temp, 2 hr). 
The resulting alcohol was then tosylated (TsC1/ 
pyr,  room temp, 12 hr); the tosylate was re- 
acted with KCN in ethanol/water  (8:1,  v/v) 
(reflux temp, 65 hr) and the resulting nitrile 
was saponified with KOH (10%, 7 hr) to yield 
15-methylheptadecanoic acid potassium salt, 
which was then converted to the methyl ester. 
N-Acyl pyrrolidides were prepared from methyl 
16-heptadecanoate and methyl  15-heptadecano- 
ate for comparison with the naturally derived 
monofunctional  degradation products .  

RESULTS A N D  DISCUSSION 

The capillary GC analysis of the fatty acid 
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methyl  esters obtained from the total  phospho- 
lipids of P. ficiforrnis indicated the presence of  
ca. 110 peaks. The identified fatty acids are 
listed in Table 2. A comparison of  the capillary 
GC retent ion times and equivalent chain length 
values (ECL) of these esters with those of  
known compounds (25) and the interpretat ion 
of their mass spectra and those of the N-acyl 
pyrrolidide derivatives (26) provided informa- 
tion for identification. Pyrrolidides of  the hy- 
drogenated fat ty acid methyl  esters were also 
prepared and investigated by capillary GC/MS 
especially for the location (26) of branching. 

Frequent ly,  GC and MS data of fatty acid 
derivatives offer sufficient information to  sug- 
gest a structure for a detected compound (25, 
26). For  example,  GLC facilitates the recogni- 
t ion of  saturated straight-chain, iso and anteiso 
acids. It is observed that,  on a linear retention 
time scale, a Cn+l iso acid falls slightly more 
than halfway between the C n and Cn+l straight- 
chain acids, and the corresponding anteiso acid 

approximately one-third of the way from iso- 
Cn+l to normal Cn+ 1 (25). In the mass spectral 
analysis of  N-acyl pyrrolidides (26) with a nor- 
mal saturated acid, a regular decrease in inten- 
sity is observed in the series of  these ions from 
low to high mass. An interruption in this trend 
marks the presence and location of branching. 
A peak of lower intensity than the analogous 
peak in a straight-chain fatty acid pyrrolidide 
is an indication of a methyl  branch at that  posi- 
tion. This is usually accompanied by an increase 
in the intensity of the flanking peaks (26). Mass 
spectra of N-acyl pyrrolidides also provide in- 
formation about the position of double bonds 
based on the spacings between major peaks. As 
a general rule, the presence of  12 instead of  14 
ainu between the most intense peaks of frag- 
ments containing n and n-1 carbon atoms in 
the acid moiety points to a double bond be- 
tween carbon n and n+l  in the molecule. 

Thus, for example,  the mass spectra of  the 
pyrrolidide derivatives of  the unsaturated acids 

TABLE 2 

Identif ied Major Fatty Acids from the Phospholipids of  P. fidiformis a,b 

Distr ibution in 
Percent (by wt)  phosphol ipid classes d,e 

Compound ECL c Fat ty  acid in phospholipids PI/PS PC PG PE 

1 14.00 
2 14.48 

3 14.62 
4 14.70 
5 15.60 
6 15.72 
7 16.00 
8 16.35 
9 16.41 

10 16.60 
11 16.69 
12 17.74 
13 18.00 
14 18.40 
15" 21.33 
16" 25.08 

1 7 25.42 
18 ~ 26.15 

19 ~ 26.37 

Tetradecanoic (n-14:0; myrist ic)  1.5 1.1 1.7 2.3 1.3 
4,8,12-TrimCthyltridec anoic 

(4-Me,8-Me,12-Me- 13:0) 3.5 - 8.8 -- 4.6 
13-Methyltetradecanoie (iso-15:0) 5.0 2.5 2.9 8.2 4.6 
12-Methyltetradecanoic (anteiso- 15:0) 4.7 4.8 3.2 7.9 3.1 
14-Methylpentadecanoic (iso-I 6: 0) 1.5 -- 2.3 2.2 1.4 
9-Hexadecenoic (Ag-16:1; palmitoleic)  1.3 -- 2.8 2.6 1.6 
Hexadecanoic (n-16:O;palmit ie)  5.4 3.6 6.6 10.9 4.5 
15-Methyl-9-hexadecenoic (Ag-iso-17:1) 2.8 1.7 7.1 5.1 2.4 
10-Methylhex adecanoic (10-Me-16:0) 4.7 1.5 7.6 6.4 5.3 
15-Methylhexadecanoic (iso-17:0) 2.0 -- 3.2 2.7 1.5 
14-Methylhexadecanoic (anteiso-17:0) 1.9 -- 2.9 1.9 1.6 
11-Octadecenoic (&11.18:1, vaccenie) 1.2 - 2.3 2.4 1.1 
Oetadecanoie (n-I 8: 0) 2.8 2.6 3.8 3.2 1.1 
11-Methyloctadecanoic (11-Me-18: 0) 5.7 - 9.1 5.5 4.2 2.6 
7,13,16-Docosatrienoic acid (A7'13'16-22:3)* 1.5 -- 4.0 -- 1.9 
24-Methyl- 5,9-pentaeosadienoie 

(As,9-iso_26.2)* 3.8 4.8 1.4 1.9 4.4 
5,9-Pentacosadienoic (AS'9-26: 2) 1.4 2.1 -- 1.9 2.9 
25-Methyl- 5,9-hexacosadienoic 

(AS,9.iso.27:2) * 8.4 11.8 6.6 6.2 7.9 
24-Methyl- 5,9-hexacosadienoic 

(A s,9-anteiso-27:2) * 18.4 26.2 14.8 14.2 20.0 

aAn asterisk after the compound  number  indicates that  the acid is h i ther to  undescribed.  
bIdent i f ied minor  (< 1% fat ty acids: 20)iso-14:0 (ECL 13.61), 21)n-15:0 (ECL 15.00), 22)anteiso-16:0 

(ECL 15.60), 23) 17:1 (ECL 16.80), 24) n-17:0 (ECL 17.00), 25) 18::1 (ECL 17.'/1), 26) 19:1 (ECL 18.79), 
27) AT,la-22:2 (ECL 21.37), 28*) 15-Me-23:0" (ECL 22.40), 29) A17-24:1 (ECL 23.78), 30*) 15-Me-24:0" (ECL 
23.38) 

CEquivalent chain length values were calculated from the methy l  esters of  the corresponding acids (25). 

dAverages from these determinat ions;  - indicates that  the amount  of acid is less than 1%. 

eFull  names of  phospholipids are given in Table 1. 
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6 (M § 307), 8 (M § 321), and 12 (M § 335) exhi- 
bited spacings of  12 amu between Cs (m/z 196) 
and C9 (m/z 208) for the first two and between 
C10 (m/z 224) and Cn  (m/z 236) fo r  the third 
compound corresponding to double bonds at 
C9 for compounds 6 and 8 and at Cll  for com- 
pound 12. The methyl  esters and pyrrolidides 
of the hydrogenated derivatives showed that 
compounds 6 and 12 contain straight-chain 16 
and 18 carbons, respectively, whereas acid 8 is 
an isobranched C17 acid (ECL: 16.60, a dimin- 
ished peak at m/z 294 associated with enhanced 
peaks at m/z 280 and 308). Combination of  
these findings revealed the structures of these 
compounds as 9-hexadecenoic (6), 15-methyl-9- 
hexadecenoic (8) and l l -octadecenoic (12) 
acid. These compounds have been reported to 
be constituents of  a marine bacterium (27). 11- 
Octadecenoic acid has also been found in other 
bacteria (28), whereas 9-hexadecenoic acid is 
ubiquitous among marine animals and plants 
(29). 

As another example,  a saturated component  
of the mixture, compound 2 (pyrrolidide M + 
309, 16 carbon atoms), gave an unusual ECL 
value (14.48). The mass spectrum of the pyrro-  
lidide derivative (Fig. 1) exhibited diminished 
peaks at m/z 140, 210 and 280 concurrent with 
enhanced flanking peaks corresponding to 
methyl branches at Ca, C8 and C12. Therefore, 
its structure was assigned to be 4,8,12-trimeth- 
yltridecanoic acid (2). Such an acid has already 
been encountered in some fish and marine 
mammals and is probably of zooplanktonic 
origin (30). 

Only three straight-chain saturated fatty 
acids, tetradecanoic (1) (1.5%), hexadecanoic 
(7) (5.4%) and octadecanoic (13) (2.8%) acids, 
were encountered in the phospholipids of P. 
fieiformis as significant (>1%) acyl compo- 
nents. All of the other major fatty acids were 
either branched (predominantly iso and ante- 
iso), unsaturated, or both.  

m / z  
294 

m/z m/z  

m/z m/z 
224 154 

---m/z 
126 M + 309  co.�9 
C 3 

IrJ ~0 

FIG. 1. The major diagnostic mass spectral frag- 
mentations of N-(4,8,12-trimethyltridecanoyl)pyrroli- 
dine (compound 2, Table 2). 

We now present our evidence for the struc- 
tures of  the impor tant  novel acids encountered 
in this sponge. The N-acyl pyrrolidide 15 gave 
a molecular ion peak at m/z 387 (Fig. 2), 
indicating the presence of  22 carbon atoms and 
three degrees of  unsaturation,  with no methyl  
branching observed. The ECL value (22.00) of  
the methyl  ester of  the saturated derivative was 
indicative of a straight-chain C22 acid. The pres- 
ence of 12 amu spacings between the C6 (m/z 
168) and C7 (m/z 180) between the C12 (m/z 
250) and C13 (m/z 262) and between the Cls 
(m/z 290) and C16 (m/z 302) fragments of  the 
pyrrolidide derivative clearly showed that  acid 
15 was 7,13,16-docosatrienoic acid. A known 
compound,  7,13-docosadienoic acid (31), with 
a slightly longer retent ion t ime was also present 
(0.6%) in the mixture. 

Two of  the minor  fatty acids (28 and 30) 
remained unchanged after hydrogenation (ECL 
values 22.40 for 28 [0.8%] and 23.38 for 30 
[0.5%] ). The mass spectra of  the N-pyrrolidide 
derivatives showed that compound 28 (M § 407) 
contained 23 carbons and compound 30 (M + 
421) 24 carbons (Fig. 3). Peaks of relatively 
lower intensity at Cls (m/z 294) and higher 
intensity at Ca4 (m/z 280) and C16 (m/z 308) 
in the mass spectra of  both derivatives indicated 
their structure to be 15-methyldocosanoic 
(15Me-23:0) and 15-methyltricosanoic (15Me- 
24 "0) acids. 

GC/MS analysis of  acids 16-19 (Table 2) 
showed them to contain A s'9 unsaturation 
which is typical for unusually long demospon- 
gic fat ty acids (1,9). The pyrrolidides of the 
two major acids, 18 and 19, showed the same 
molecular ion at m/z 459. Both compounds 
exhibited a very intense peak at m/z 180 due 
to doubly activated aUylic cleavage between C7 
and Cs resulting from A s'9 unsaturat ion as well 
as to other related allylic cleavage peaks be- 
tween C3 and C4 (m/z 126) and between Cxl 
and C12 (m/z 234). Unfortunately,  the low 
intensities of the fragments produced by other 
cleavages prevented any further structural 
assignment based on GC/MS analysis. However, 
MS of  the hydrogenated derivatives of  the 
pyrrolidides of 18 and 19 (M + 463, Fig. 4) 
showed diagnostic fragments for the iso and 
anteiso C27 fat ty acids, respectively. The hydro-  
genated pyrrolidide of  18 displayed a dimin- 
ished peak at m/z 434 with enhanced flanking 
peaks at m/z 420 and m/z 448 (Fig. 4A), 
whereas the hydrogenated pyrrolidide of 19 
exhibited a diminished peak at m/z 420 with 
enhanced flanking peaks at m/z 406 and m/z 
434 (Fig. 4B). 

For  further investigation, the methyl  esters 
of 18 and 19 were separated from the natural 
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FIG. 2. Mass spectrum of N-(7,13,16-docosatrienoyl)pyrrolidine (compound 15, Table 2). " 
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FIG. 4. (A) Partial mass spectrum of N-(25-methyl- 
hexacosanoyl)pyrrolidine (hydrogenation product of 
compound 18, Table 2). (B) Partial mass spectrum of 
N-(24-methylhexacosanoyl)pyrr olidine (hydrogenation 
product of compound 19, Table 2). 

mixture by HPLC and subjected to oxidative 
degradation. Both short-chain fatty acid methyl  
esters thus obtained gave M § 298, when in- 
spected by GC/MS, corresponding to 18 car- 
bons (A 9 degradation). The pyrrolidides of 
these two products (both M + 337, Fig. 5) again 
showed the diagnostic iso and anteiso fragmen- 
tations of Cz8 acids, i.e., peaks of lower inten- 
sity at m/z 308 (Fig. 5A) and at m/z 294 (Fig. 
5B). In addition, the methyl  ester and pyrroli-  
dide of the degradation product  of compound 
18 was compared with commercially available 
16-methylheptadecanoic acid (iso-18:0) methyl  
ester and its pyrrotidide. The GC retention 
times of the two compounds were found to be 
identical and coinjection on capillary GC pro- 
duced only one peak. Also, the pyrrolidide of 
the authentic 16-methylheptadecanoic acid 
gave an identical mass spectrum with a molecu- 
lax ion peak at m/z 337 and a diminished peak 

at m/z 308, and enhanced peaks at m/z 294 
and m/z 322. 

Since an authentic sample of the degradation 
product  of 19, 15-methylheptadecanoic acid 
(anteiso-18;0), was unavailable for comparison, 
it  was prepared from the methyl  ester of  14- 
methylhexadecanoic acid (anteiso-17:0) (24) 
by one carbon homologat ion as outlined in 
the experimental  section. Again, the synthetic 
anteiso acid was identical in all respects with 
the natural double bond degradation product .  

1H-NMR spectra of  the methyl  esters of  the 
fatty acids 18 and 19 showed theexpec t ed  sig- 
nals: a methoxycarbonyl  singlet (3H) at 3.658 
ppm, from the TMS signal, a C2 methylene 
triplet (2H) at 2.320 ppm, and a large singlet 
at 1.252 ppm corresponding to saturated meth- 
ylene protons.  IH-NMR and infrared spectra of 
these compounds also exhibited typical absorb- 
ances previously reported (1,9,32) for cis-5,cis- 
9-demospongic acids: a quintet  (2H) at 1.680 
ppm corresponding to the C3 methylene group, 
and uninterpretable mult iplets ,  centered at 2.07 
ppm (6H) assignable to allytic protons on C4, 
C7 and C8 and at 1.99 ppm arising from the 
protons at Cn.  The olefinic protons were ob- 
served as a multiplet  (4H) at 5.370 ppm as men- 
tioned previously for A s,9 compounds ( I ) .  The 
infrared spectra had no prominent  absorption 
at 980-968 cm -1, indicating cis rather than 
trans unsaturafion (11,32,33), as is usual for 
demospongic acids, whereas hydrocarbon and 
ester bands were present at 3050, 2820 and 
1720 cm -1, respectively. 

Based on the GC and spectral propert ies just  
described for various derivatives of  these phos- 
pholipid components and our comparison of  
their monofunctional  degradation products 
with authentic samples, the structures of  com- 
pounds 18 and 19 dear ly  corresponded to Z,Z- 
25-methyl-5,9-hexacosadienoic and Z,Z-24- 
methyl-5,9-hexacosadienoic acid. 

The assignment of the 24-methyl-5,9-penta- 
cosadienoic acid structure for acid 16 is based 
on the following properties of its derivatives: 
(a) the hydrogenation product  of the methyl  
ester gave an ECL value at 25.60; (b) the pyr-  
rolidide of the parent compound showed a 
molecular ion at m/z 445, a very strong diag- 
nostic peak at m/z 180 with allylic fragmenta- 
tions at m/z 126 and 234, typical of A s'9- 
unsaturation; (c) the pyrrolidide of its hydro-  
genation product  (M § 449) exhibited unambig- 
uously (Fig. 6) the presence of iso methyl  
branching, because a peak of  diminished inten- 
sity was observed at m/z 420 accompanied by 
enhanced flanking peaks at m/z 406 and 434. 

The relative distribution of the major phos- 
pholipids as determined b y  TLC (in terms of  
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head groups) is shown in Table 1. Only minor 
amounts of plasmalogens were detected in the 
phospholipid spots by two-dimensional TLC 
and DNP color reactions. The standard error 
range in the quantitative analysis of the major 
phospholipids was 10-15%. Some minor, un- 
identified spots were also detected on the chro- 
matograms. Percentages given are averages from 
three determinations and are based on relative 
phosphate content. 

Phospholipids with amino-containing head 
groups (PE, PC and PS) are the most common 
polar lipids of sponges (34). In some cases, 
carbohydrate-containing phospholipids (DPG, 
PG and PI) are also reported (1). The latter 
group of polar phospholipids is known to be a 
common major lipid class of bacteria (35,36). 
In P. f i c i f o r m i s ,  we have detected the presence 
of PG (14%) and PI (7%). Amino groups con- 
taining phospholipids-PE (28%), PC (21%) and 
PS (12%)-were more abundant ,  representing 
about 75% of the total. 

As can be observed from the data concerning 
the distribution of fatty acids in phospholipid 
classes (Table 2), the percentages of short-chain 
acids increase in PG, whereas demospongic 
acids are more abundant in PE and especially in 
PS/PI, in agreement with analyses of other 
demosponges (1,9). 

About 85% by weight of the total major 
fatty acids found in the phospholipids of P. 
f i c i f o r m i s  are branched. Among them, iso and 
anteiso acids are predominant,  comprising 
about 70%. Most of the branched-chain fatty 

acids encountered in this sponge (iso-15:0, 
anteiso-15:0, A9-16:1, anteiso-16:0, A9-iso - 
17:1, iso-17:0, anteiso-17:0, A n - 1 8 : l ,  11Me- 
19:0) are known to be typical constituents of 
bacteria (1) and presumably (37) arise from the 
large quantity of bacteria known to coexist 
with sponges. Our research with A .  f i s t u la r i s  (1) 
has indicated that its long-chained, branched 
acids are bona fide sponge metabolites, and we 
believe that this is also true for the long- 
chained, branched acids in P. f i c i f o r m i s .  

Incorporation studies (38) have shown that 
demospongic acids in the sponge M i c r o c i o n a  
p r o l i f e r a  are synthesized first by chain elonga- 
tion of normal chain fatty acids followed by 
A s,9 desaturation. Based on these results and 
conclusions (9,38), the following biosynthetic 
routes were proposed by us (1) for the new 
branched demospongic acids of A.  f i s t u la r i s  
starting with short chain length precursors 
present in the organism (and presumably of 
bacterial origin) (Scheme 1). 

In a similar manner, the following plausible 
biosynthetic routes to the novel long-chain 
fatty acids in P. f i c i f o r m i s  can be proposed 
from (bacterial?) precursors known to be pres- 
ent in the sponge (numbers in parentheses 
correspond to numbers shown in Table 2) 
(Scheme 2). 

P. f i c i f o r m i s  is the second example (cf. 1)" 
where the existence of sterols wittl novel side 
chains suggested that unusual fatty acids should 
also be present. These leads have prompted 
additional studies in our laboratory, which will 

A g - 1 6 : l - - ~ A l l - 1 8 : l  : : ; ; ; A 2 1 . 2 8 : l - - ~ A 9 , 2 1 _ 2 8 : 2 - - ~ A S , 9 , 2 1 . 2 8 : 3  

Z k ~ 3 _ 3 0 : 1  --~ A 9 , 2 ~ _ 3 0 : 2  --r A S , 9 , 2 3 _ 3 0 : 3  

A l ~ - 1 6 : 1  ; : ; ; ~" ; A 2 3 - 2 8 : 1  - ~  A 9 ' 2 3 - 2 8 : 2  -r AS'9'2a-28:3 

10Me-17:0 ; ; ; : : 20Me-27:0-~20Me-Ag-27:I--~20Me-AS,9-27:2 

22Me-29:0 ~ 22Me-Ag-29:1 -+ 22Me-AS'9-29:2 

SCHEME 1 

n-14:O(1) -+-~n-16:0(7)  ~ , ~ ~ ~n-26:0-~-~ As,9-26:2 (17) 

iso-16:0 (5) ; ; ; : ; iso-26:0 ~ AS'~-iso-26:2 (16) 

iso-I 5:0 (3) --~ iso-17:0 (10) ~ ~ ~ ~ ~ iso-27:0 ~ AS'9-iso-27 (28) 

anteiso-15:0(4)-~anteiso-17:0(ll) ~ ~ ~ ~ ~anteiso-27:0 

As'9-anteiso-27:0 (19) 

SCHEME 2 
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be reported later. 
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Rat Adipocyte Utilization of Different Substrates: 
Effects of Cell Size and the Control of Lipogenesis 

JAM ES M. MAY. Department o f  Medicine, Medical College of  Virginia, Richmond. VA 
23298 

ABSTRACT 

The metabolism of labeled glucose, pyruvate and acetate was compared in adipocytes isolated from 
old, obese rats (>500 g) and young, lean rats (130-150 g). The larger cells from old, obese ratshad mar- 
kedly reduced rates of glucose, pyruvate and acetate conversion to glyceride-fatty acids, indicating 
that large cell fatty acid formation is reduced at some point beyond the entry of pyruvate and acetate 
into glucose metabolism. No evidence of a primary block in the pentose phosphate cycle of cells from 
old, obese rats was found. In spite of diminished glucose metabolism to several products in the large 
cells, both basal and insufin-stimulated rates of glyceride-glycerol synthesis from glucose and pyruvate 
were similar in each cell type. This indicates a relative diversion of carbon flow to a-glycerophosphate 
and reesterification in the large cells. Addition of low concentrations of glucose increased glyceride- 
fatty acid synthesis from acetate (both cell types) or pymvate carbon (small cells), but decreased 
glyceride-glycerol synthesis from pymvate carbon (both cell types). The acceleration of small cell fatty 
acid synthesis from pyruvate carbon by glucose and insulin was shown to be related to provision ot 
NADPH from glucose metabolism in the pentose cycle. These studies indicate that, although the block 
in lipogenesis in adipocytes from old, obese rats appears to reside in the pathway of fatty acid synthe- 
sis itself, provision of additional c~-glycerophosphate or NADPH from glucose metabolism may, under 
certain conditions, increase llpogenesis in cells from old, obese and young, lean rats. 
Lipids 17:626-633, 1982. 

The pentose phosphate cycle and fatty acid 
synthesis from glucose are known to be markedly 
decreased in the large adipocytes from old, 
spontaneously obese rats compared to the 
much smaller adipocytes isolated from young, 
lean rats (1-6). Recent studies have indicated 
that the primary block appears to result from 
diminished activity of acetyl-CoA carboxylase, 
the initial rate-limiting enzyme of fatty acid 
synthesis (4-6). Inhibition of the pentose phos- 
phate cycle is probably a secondary event, since 
the cycle in large rat cells has been shown to 
respond normally to stimulation by the electron 
acceptor vitamin Ks (4). 

It is also possible to localize the block in large 
cell fatty acid synthesis by studying the incor- 
poration of acetate or pyruvate into glyceride- 
fatty acids, since these intracellular precursors 
presumably bypass transport into the cell and 
certain intracellular enzymatic steps. Gellhorn 
et al. (7) have shown, for example, that fat pads 
from old rats incorporate [1-14C]acetate in to  
fatty acids at rates less than 10% of those found 
in fat pads from young rats. Richardson and 
Czech (4,6) reported markedly diminished rates 
of fatty acid synthesis and CO2 production from 
[ 2-14C] pyruvate in large cells compared to small 
cells, suggesting again an intracellular block. A 
recent study by Francendese and DiGirolamo (5) 

Abbreviations: TMPD, N,N,N',N'-tetramethyl-p- 
phenylenediamine; GSH, reduced glutathione; GSSG, 
oxidized gluthathione; KRB, Krebs-Ringer bicarbon- 
ate ; ANOVA, analysis of variance. 

has also documented diminished acetate and 
pyruvate conversion to glycerideyfatty acids. The 
present studies were designed to extend earlier 
observations of glucose, pyruvate and acetate 
conversion in large rat cells with respect to both 
basal and insulin-stimulated rates as well as to 
investigate certain aspects of  the regulation of 
the pentose phosphate cycle and lipogenesis in 
small rat cells. 

MATERIALS AND METHODS 

Animals 

Male Wistar rats (Charles River Laboratories) 
were used in all experiments. Rats were fed 
Purina Rat Chow ad libitum until they attained 
body weights of either 130-150 g (at 6-8 weeks) 
or 500-600 g (at greater than 9 months), at which 
time they were sacrificed for study. Experiments 
were performed at similar times in the morning. 

Isolation of Adipose Cells 

Isolated adipocytes were prepared by the 
method of  Rodbell (8) from the epididymal fat 
pads of rats killed by cervical dislocation. The 
pads were minced slightly and placed in 8-oz 
polyethylene bottles containing 5 ml of KRB 
buffer (pH 7.4), 4% (w/v) bovine serum albumin 
(Fraction V, Reheis Chemical Co., Kankakee, 
IN) and 2 mg/ml collagenase (Type I, Worthing- 
ton Biochemicals, Freehold, N J). Digestion 
was performed by placing the bottle on a slight 
angle from the horizontal in a shaking (60 cyc/ 
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rain) water bath at 37 C for 1 hr for the small 
rat cells, and slightly less for the large rat cells 
(in order to avoid breakage). The digested ma- 
terial was filtered through 250-/am nylon mesh 
and cells were washed 3 times with 2% albumin/ 
KRB buffer, fo l lowed by resuspension at the 
proper cell concentration in 2% albumin/KRB 
buffer. Cell counts were performed by the 
hemocytometer method of Gliemann (9). There 
was some breakage of the larger cells, but this 
was minimized by a shorter digestion period. 
The small cells averaged 60 /~m in diameter, 
whereas the large cells were 100/lm in diameter 
as measured with a micrometer attachment. 

Measurements of Glucose, 
Pyruvate and Acetate Utilization 

Cell aliquots were pipetted into polyethylene 
scintillation vials containing 2% albumin/KRB 
buffer, labeled and unlabeled substrate, and 
other agents as noted. Incubations were per- 
formed for ! hr at 37 C in a total vot of 2 ml 
with shaking (60 cyc/min). The incubations 
were terminated by the addition of 0.5 ml of 8 
N H 2 SOa, and CO2 was collected by the method 
of Gliemann (9) as described previously (10). 
After COz collection, 1.8 ml of the acidified in- 
cubation mixture was removed and placed in 4 
ml of a 1:1 chloroform/methanol mixture (11) 
for measurement of lipids. This was mixed vigor- 
ously for 10 sec and allowed to stand overnight 
at -20 C. The upper phase was removed by suc- 
tion, discarded, and 2 washes of the organic 
phase were performed using an upper phase 
wash (2 ml) consisting of 1 : 1 methanol/7.4 mg/ 
ml aq KC1. Each addition of upper phase wash 
was followed by vigorous mixing for 10 sec, cen- 
trifugation for 5 min at 3,000 x g, and removal of 
the upper phase. After the last wash, the organic 
phase was carefully removed and evaporated to 
dryness at 55 C in a water bath under a stream 
of air. The residual lipids were saponified for 2 
hr at 60 C in 2 ml of 0.5 N KOH in ethanol (sa- 
turated). The mixture was acidified to pH of 
less than 1 with 4 N HCI and extracted 3 times 
with 2 ml of heptane. The heptane extract was 
allowed to dry overnight and the residue was 
dissolved in 10 ml of toluene scintillant (10) for 
counting. The remaining ethanol solution was 
centrifuged at 1,800 X g for 5 rain and the su- 
pernatant was removed and evaporated to dry- 
ness. The residue after drying was redissolved in 
1 ml of water and 10 ml ofACS (Amersham) for 
counting. All counting was performed in a Nu- 
clear-Chicago Mark II liquid scintillation spec- 
trometer by single or double label techniques 
as required. 

All incubations were done in triplicate and 
expressed as means with standard errors of the 

mean (SEM) for several experiments. Statistical 
calculations were performed using the paired 
Student 's t-test and ANOVA. 

Bovine insulin was purchased from Calbio- 
chem, and purified as described previously (10). 
Vitamin Ks, 6-aminonicotinamide, TMPD and 
diamide (diazine-dicarboxylic acid-bis-[N,N-di- 
methylamide]) were obtained from Sigma. All 
radio-nuclides were purchased from Amersham. 

R ESU LTS 

Metabolism of Various Concentrations 
of Glucose by Large and Small Cells 

Adipocytes from obese and lean rats showed 
similar basal rates of 14CO2 and glyceride-glycer- 
ol production from a wide range of uniformly 
labeled glucose concentrations (Fig. 1A, 1D). 
When insulin was present, the relative respon- 
siveness of the large cells compared to that i n  
small cells was minimal with regard to CO2 pro- 
duction (Fig. 1A), but  similar with regard to 
glyceride-glycerol synthesis (Fig. ID). Synthesis 
of glyceride-fatty acids from glucose carbon 
(Fig. 1B) or D-[3-3H]glucose (Fig. 1C) in large 
cells was much lower than that of the small 
cells and was unresponsive to insulin. Since 3H 
from glucose carbon-3 found in glyceride-fatty 
acid is transferred very efficiently from the pen- 
tose phosphate cycle (12), it is likely that the 
observed inactivity resulted from low activity 
of the pentose phosphate cycle, or a low rate of 
fatty acid synthesis, or both. Production of CO2 
in the large cells may therefore have derived 
largely from metabolism in the tricarboxylic 
acid cycle. Since basal rates of C02 and glycer- 
ide-glycerol production were similar in each cell 
type, there was a relative increase in glucose 
carbon flow through the glycolytic pathway in 
the large cells. In fact, under insulin stimulation, 
there was a further diversion of glucose carbon 
into glyceride-glycerol relative to metabolism in 
other pathways. 

Effects of Insulin-Like Agents on Glucose Metabolism 

Incubation of adipocytes with either diamide 
or TMPD resulted in increased CO2 production 
from glucose in both cell types (Table 1), al- 
though the large cells again had diminished rel- 
ative insulin responsiveness. The agents used 
were selected because they are known to act 
either by directly oxidizing reduced pyridine 
nucleotides (both agents) or by oxidizing GSH 
to GSSG (diamide) (13-15). Both a decreased 
[NADPH]/[NADP § ratio and GSSG have been 
shown to activate the pentose phosphate cycle 
(16). This effect  may well have accounted for 
the stimulation of CO2 production observed. 
Despite blunted insulin responsiveness in the 
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FIG. 1. Glucose metabol i sm at varying glucose concentra t ions  in large and small adipo- 
cytes. The incorporat ion o f  D-[U-I*C] glucose (0.1 #Ci/ incubat ion)  into CO s (A), glyceride- 
fat ty  acids (B), and  g|yceride-glycerol (D), as well as of  D-[ 3 -3 H ] glucose (0.2/~Ci/incubation) 
into glyceride-fatty acids (C) was assessed over the  range of  glucose concent ra t ions  shown.  
Cells f rom small (closed circles) or large (open circles) rats were incubated wi thout  (solid 
lines) or with (dashed lines) 5 nM insulin. Resul ts  shown are means  f rom at least four  exper- 
iments.  Asterisks (*) indicate p <.05 comparing incubat ions  with or wi thout  insulin. 

TABLE 1 

Stimulat ion of  Glucose Metabolism by Oxidants  in Large and Small Rat Adipocytes  

Glyceride-fatty Incorporat ion of  [ 3 H ] f rom 
Addit ion CO s product ion acid synthesis  glucose into glyceride-fatty acid 

nmols  glucose used/10 s cells/hr 

Small ceUs a 3.2 -+ 0.5 0.4 -+ 0.07 0.58 -+ 0.08 
+ insu l in  9 .5-+0.6  * (297) 1.8 -+0.08* 2.2 -+0.11" 
+ T M P D  6 .0+  0.8* (188) 0.24+- 0.06 0,51 -+ 0.17 
+ diamide 4.5 -+ 0.3* (141) 1.18 -+ 1.05" 0,86 -2- 0.03* 

P < .05 <.01 <.01 
Large cells a 1.7 -+ 0.4 0.11 -+ 0.08 0,006 -+ 0.01 

+ insulin 3.5 -+ 0.5* (206 t )  0.18 -+ 0.1 0,02 -+ 0.1 
+ T M P D  3.2-+ 0.4* (188) 0.08-+ 0.06 0,008 +- 0.01 
+d iamide  3.0-+ 0.4* (176) 0.08 + 0.06 0,012-+ 0.008 

aCells were incubated with 0.28 mM glucose, 0.2 /~C of  D-[U-14C]glucose, 0.4 /zC of  
D-[ 3-a l l ]g lucose  and other  agents as shown.  Concent ra t ions  used were insulin, 5 nm;  TMPD, 
100 #M; and diamide, 100 /zM. Values in parentheses  indicate percentage o f  the  respective 
control value. *Indicates p <.05 compared to rates in untreated cells of  the same type.  t In- 
dicates p <.05 compared  to small cells. The p values derived f rom an ANOVA comparison of  
all t rea tments  in large and small cell for each co lumn are shown in the  center row. 

l a rge  cel ls ,  CO2  p r o d u c t i o n  r e s p o n d e d  s i m i l a r l y  
in  b o t h  t y p e s  o f  cei ls  t o  a g e n t s  w h i c h  c a n  d i r e c t l y  
a c t i v a t e  t h e  p e n t o s e  p h o s p h a t e  c y c l e  ( m o s t  evi- 
d e n t  w h e n  e x p r e s s e d  r e l a t i ve  t o  b a s a l  va lues ) .  
La rge  cell  g l y c e r i d e - f a t t y  ac id  s y n t h e s i s  a n d  in-  
c o r p o r a t i o n  o f  3H f r o m  g l u c o s e  i n t o  g l y c e r i d e -  
f a t t y  a c id s  we re  v e r y  l ow  a n d  u n r e s p o n s i v e  to  
a n y  a g e n t .  I n  t h e  s m a l l  cel ls ,  T M P D  a p p e a r e d  to  
i n h i b i t  b o t h  b a s a l  a n d  i n s u l i n - s t i m u l a t e d  f a t t y  

ac id  s y n t h e s i s  f r o m  g l u c o s e  c a r b o n  o r  h y d r o g e n ,  
w h e r e a s  t h e  e f f e c t  o f  d i a m i d e  w a s  s t i m u l a t o r y .  
A l t h o u g h  d i a m i d e  was  ab le  t o  a c c e l e r a t e  g l u c o s e  
o x i d a t i o n  in t h e  l a rge  cei ls ,  f a t t y  ac id  s y n t h e s i s  
r e m a i n e d  u n r e s p o n s i v e .  T h i s  is in  c o n t r a s t  to  
t h e  s t i m u l a t i o n  o f  f a t t y  ac id  s y n t h e s i s  o b s e r v e d  
in  t h e  s m a l l  cel ls  w i t h  d i a m i d e .  I n c o r p o r a t i o n  
o f  b o t h  14C a n d  3H  i n t o  f a t t y  ac id  f r o m  g l u c o s e  
w a s  less  in t h e  l a rge  cells  t h a n  in  s m a l l  cel ls  

LIPIDS, VOL. 17, NO. 9 (1982) 
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under each condition tested (p<.05). 

Metabolism of [1-t4C] Acetate and 
[2J4C] Pyruvate by Small and Large Cells 

The rate of conversion of  [ 1-14C] acetate to 
fatty acids in the absence of glucose was lower 
in the large than small ceils (Table 2). Large and 
small cells exhibited no insulin-induced increase 

i n  the incorporation of  labeled acetate into fatty 
acids. Addition of low concentrations of glucose 
enhanced fatty acid synthesis from acetate car- 

�9 ~- bon 5- to 10-fold in both cell types. Rates of 
synthesis in the large rat ceils remained less than 
10% of those in the small cells. In the presence 
of insulin and glucose, there was an additional 

= increase over that found with glucose alone in 
~ fatty acid synthesis from acetate carbon at 0.4 

~ mM acetate in the small cells. In the large cells, 
~"; a significant insulin effect with glucose was pre- 

~ sent in only two of four experiments. Even glu- 
.-= cose and insulin did not significantly increase 
o~. ~0  fatty acid synthesis from acetate above rates 

.~ found in small cells incubated without  glucose 
~ or insulin. Incorporation of label from acetate 
~ to glyceride-glycerol was unmeasurable in many 
~ experiments in both cell types. 

_~ ~ Production of C02 from pyruvate labeled on 
~ carbon-2 was similar in the large and small cells 
~ O  

q at 0.15 mM substrate, but diminished in the 
~.~ large cells at the higher concentrations (Table 2). 

There was a small acceleration of  CO2 produc- 
tion in the presence of insulin in the small cells 
at 0.15 mM pyruvate. Glucose (0.25 mM) in- 
creased production in the small cells at 2.4 mM 
pyruvate. 

Synthesis of glyceride-glycerol from carbon- 
2 of pyruvate appeared to be greater in the large 
than small ceils, although this difference was 
statistically significant only at 0.6 mM and 2.4 
mM pyruvate concentrations (Table 2). There 
was no effect of insulin on glyceride-glycerol 
synthesis in either cell type. When low concen- 
trations of  glucose were included in the incu- 
bations, glyceride-glycerol synthesis from pyru- 
rate carbon-2 virtually ceased in small cells and 
was markedly decreased in the large cells. This 
indicates preferential utilization of glucose car- 
bon rather than that of pyruvate for glyceride- 
glycerol synthesis. 

Synthesis of fatty acids from pyruvate car- 
bon-2 was depressed in the large rat cells at all 
pyruvate concentrations tested (Table 2). The 
small cells had a small but  significant insulin re- 

8 ~ sponse at 0.15 mM pyruvate. Addition of glu- 
~ cose increased basal and insulin-stimulated rates 

�9 a ~ in the small cells only .  Thus, rates of fatty acid 
g ~. synthesis from both acetate and pyruvate were 
-,~ severely depressed in the large cells compared 

to the small cells. Although glucose did increase 
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rates of fatty acid synthesis from acetate in the 
large cells, in no instance was an effect of insu- 
lin observed. This is in marked contrast to the 
effects of both glucose and insulin on rates of 
fatty acid synthesis in small cells. 

The mechanism of the glucose-enhanced rates 
of glyceride-fatty acid synthesis from pyruvate 
was evaluated. This was done only for the small 
cells, since rates of large cell fatty acid synthesis 
even with glucose and insulin were very low. The 
major means by which glucose could increase 
fatty acid synthesis from pyruvate carbon would 
be to provide NADPH (primarily from the pen- 
tose phosphate cycle) or to provide ~-glycero- 
phosphate for the esterification process. The 
latter pathway seems likely according to the 
data presented in Table 2 showing that glucose 
carbon is, in fact, preferred over pyruvate car- 
bon for glyceride-glycerol synthesis when the 
two substrates are present in roughly similar 
amounts. However, the provision of NADPH 
from the pentose phosphate cycle also appears 
to be important. This is illustrated by the data 
in Table 3. The acceleration of fatty acid syn- 
thesis from pyruvate carbon by glucose and glu- 
cose and insulin was either prevented or dimin- 
ished by preincubation of cells with 6-aminoni- 
cotinamide or by incubation with the electron- 
acceptor vitamin Ks. The pentose phosphate 
cycle is known to be selectively inhibited by 
preincubation with 6-aminonicotinamide (17, 

18). From the data in Table 3, it may be seen 
that 6-aminonicotinamide preincubation low- 
ered insulin-stimulated fatty acid synthesis 
from tritium on glucose carbon-3. As noted 
previously, this activity reflects pentose phos- 
phate cycle activity (12). Although direct in- 
hibition of fatty acid synthesis would have pro- 
duced the same effect, this seems unlikely since 
6-aminonicotinamide preincubation did not  alter 
basal rates of fatty acid synthesis from pyruvate 
or glucose. The finding that 6-aminonicotina- 
mide preincubation prevented the glucose and 
insulin effect on fatty acid synthesis from pyru- 
vate carbon therefore suggests that the enhan- 
cing effect of glucose was due to generation of 
NADPH in the pentose phosphate cycle. 

Incubation with vitamin Ks also diminished 
glucose-enhanced synthesis of glyceride-fatty 
acid from pyruvate carbon but had no effect on 
basal rates (Table 3). The action of insulin under 
these conditions was also decreased by the agent. 
At optimal concentrations, vitamin Ks marked- 
ly accelerates the pentose phosphate cycle by 
causing the transfer of electrons from NADPH 
directly to molecular oxygen (4)  In spite of 
presumably increased pentose phosphate cycle 
activity in the presence of vitamin Ks, no more 
NADPH is available for reductive fatty acid syn- 
thesis, resulting in the observed effects with py- 
ruvate. It may also be observed that incorpora- 
tion of tritium from carbon-3 of glucose into 

T A B L E  3 

G l u c o s e -  a n d  I n s u l i n - E n h a n c e d  G l y c e r i d e - F a t t y  A c i d  S y n t h e s i s  f r o m  P y r u v a t e  in Smal l  Cells  

T r e a t m e n t  
[ 2-14C ] p y r u v a t e  i n c o r p o r a t i o n  

i n t o  g l y c e r i d e - f a t t y  ac id  

D-[ 3 - 3 H ]  glu - 
cose  i n c o r -  
p o r a t i o n  i n t o  
g lyee r ide -  
f a t t y  ac id  

G lucose  a G lucose  

p + + 

n m o l s  s u b s t r a t e  u s e d / 1 0  s ce l l s /h r  

N o n e  0 .6  -+ 0.1 < . 0 5  1 .0  + 0.1 0 . 1 4  +- 0 . 0 4  
Insu l in  0 .9  -+ 0 .3  < . 0 0 1  4 .5  -* 0 .4*  1.3 -+ 0 . 0 7 *  
Vi tam~7 K s ( K s )  0 .4  -+ 0.1 N S  0.4  +- 0.1 0 . 1 4  -+ 0 . 0 3  
6 - A m i n o n i c o t i n a m i d e  ( 6 - A N )  0 .6  + 0 .2  NS 0 .7  -+ 0.1 0 .2  -+ 0 . 0 6  
Insu l in  + K s - 1.6 + 0 . 2 t  0 . 9 8  -+ 0 . 1 * t  
Insu l in  + 6 -AN -- 3 .0  -+ 0 .6  t 0 .6  -+ 0 .2  t 

a E f f e c t s  o f  g lucose  o n  p y r u v a t e  u t i l i z a t i o n  ac ros s  all t r e a t m e n t  t e s t e d  b y  A N O V A ,  p < 0 1 .  
Cells w e r e  p r e i n c u b a t e d  1 h r  a t  37  C in a l b u m i n  b u f f e r  a n d  w h e r e  i n d i c a t e d ,  17.5  # g / m l  

6 - a m i n o n i c o t i n a m i d e .  I n c u b a t i o n s  we re  t h e n  p e r f o r m e d  as u sua l  f o r  1 h r  a t  37 C f o l l o w i n g  
a d d i t i o n  o f  t h e  r e m a i n i n g  r eagen t s .  E a c h  vial c o n t a i n e d  [ 2-14C ] p y r u v a t e  (0 .15  m M ,  0 .2  #Ci /  
a s say)  a n d  w h e r e  i n d i c a t e d  D-[ 3 -3 H I  g lucose  ( 0 . 2 8  m M ,  0.1 # C i / a s s a y ) ,  insu l in  (5 riM) a n d  
v i t a m i n  K s (1 /~g/ml).  D a t a  are f r o m  t h r e e  e x p e r i m e n t s .  The  c o l u m n  h e a d e d  " p ' "  i n d i c a t e s  
th  s t a t i s t i ca l  s i gn i f i cance  o f  t h e  e f f ec t  o f  g lucose  o n  g l y c e d d e - f a t t y  ac id  s y n t h e s i s  f r o m  p y r u -  
va te  c a r b o n  f o r  e a c h  t r e a t m e n t .  *p < . 0 5  c o m p a r e d  t o  s amp le s  n o t  t r e a t e d  w i t h  i n su l in ;  t P  
< . 0 2  c o m p a r e d  t o  s a m p l e s  t r e a t e d  o n l y  w i t h  insu l in  a n d  g lucose .  
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glyceride-fatty acids was unchanged by treat- 
ment with vitamin Ks compared to control. This 
would be expected since that tritium is the one 
ultimately transferred to oxygen. The results 
with these two agents suggest that it was glu- 
cose metabolism in the pentose cycle which 
allowed increased fatty acid synthesis from py- 
ruvate carbon (Table 2). Moreover, it appears 
that insulin-stimulated pyruvate conversion to 
glyceride-fatty acid (Table 3) was also a result 
of enhanced pentose phosphate cycle generation 
of NADPH. 

DISCUSSION 

That both basal and insulin-stimulated con- 
version of glucose to glyceride-fatty acids in 
adipocytes from old, obese rats is markedly 
lower than in young, lean rats has been noted 
previously by others (1,3,4). This has been con- 
firmed in the present studies and extended to 
acetate and pyruvate metabolism. Fatty acid 
synthesis from acetate and pyruvate in the large 
cells, even with glucose and insulin present, was 
quite low and variable. These findings indicate 
that the block in fatty acid synthesis occurs be- 
yond the locations at which pyruvate and ace- 
tate enter cellular metabolism, i.e., probably in 
the pathway of fatty acid synthesis itself. Simi- 
lar findings and conclusions were reached in a 
recent study at higher substrate concentrations 
(5). The recent study of Jamdar and Osborne 
(19) showed that acetate metabolism to fatty 
acid was about two-fold greater on a per-cell 
basis in large compared to small cells. The major 
difference between these studies was the rather 
high glucose concentrations (20 mM) used by 
Jamdar and Osborne. In addition, the results of 
Francendese and DiGirolamo (5) and the present 
study are more consistent with the enzyme stu- 
dies of Richardson and Czech (4,6) which indi- 
cate a block in fatty acid synthesi s at acetyl- 
CoA carboxylase in cells from large rats. 

One assumption made in studies of substrate 
utilization is that large and small rat cells have 
similar rates of uptake of glucose, pyruvate and 
acetate, as well as similar rates of acetyl-CoA 
formation from acetate. At least for glucose 
there is evidence that basal rates of transport, 
when expressed per cell, increase with increasing 
cell size (3,20-22). If this reflects increased sur- 
face area or plasma membrane (23) of the larger 
cells, it might be expected that cells from the 
large rats used in the present studies would ac- 
tually take up more acetate and pyruvate as 
well, making the observed decrease in acetate 
and pyruvate utilization even more surprising. 

It is evident that lower pentose phosphate 
cycle activity is not the primary cause of reduced 

fatty acid synthesis in adipocytes from large 
rats. It was previously shown that glucose car- 
bon-1 oxidation stimulated by vitamin Ks was 
not  diminished in large rat cells (4). Large cells 
were also found in the present studies (Table 1) 
to have normal responses of glucose oxidation 
to the oxidants diamide and TMPD. These agents 
are well known to stimulate the pentose phos- 
phate cycle by mechanisms slightly different 
than vitamin Ks. TMPD has been shown to 
accelerate the transfer of NADH into mitochon- 
dfia for oxidation, causing indirectly a decrease 
in the [NADPH]/[NADP +] ratio (24). Diamide, 
although it may also oxidize NADPH directly 
(15), has a major effect of oxidizing GSH (14). 
This causes a coupled decline in the [NADPH]/ 
[NADP + ] ratio, as well as presumably an increase' 
in intracellular GSSG concentrations. Both of 
these effects have been shown to augment pen- 
tose phosphate cycle activity (16). The pentose 
phosphate cycle in large rat cells is thus normally 
responsive to agents which directly activate the 
cycle by different mechanisms, but not  to insul- 
in. 

In neither cell type did insulin stimulate py- 
ruvate carbon-2 incorporation into glycefide- 
glycerol (Table 2). Pyruvate has been shown to 
be converted to glyceride-glycerol by an enzy- 
matic pathway involving reversal of glycolytic 
steps by pyruvate carboxytase and phosphoenol- 
pyruvate carboxykinase (25,26). Insulin appar- 
ently does not  affect this pathway of pyruvate 
metabolism in large or small cells, and glucose 
markedly decreases it (Table 2). 

The demonstration that large cell glyceride- 
glycerol synthesis from glucose or pyruvate car- 
bon is not  impaired in spite of markedly dimin- 
ished glyceride-fatty acid synthesis might at first 
seem contradictory, but it is likely that the gly- 
cefide-glycerol synthesis observed resulted from 
reestefification of free fatty acids released dur- 
ing ongoing lipolysis. It has been shown that 
basal rates of lipolysis and intracellular free 
fatty acid concentrations are at least as high in 
large as in small cells (2). Although insulin mar- 
kedly inhibits hormone-stimulated lipolysis, it 
has a less pronounced e f fec ton  basal lipolysis 
(27,28), so that intracellular free fatty acids 
would probably still be available for reesterifica- 
tion. It has further been shown that the enzy- 
matic capacity of reesterification is actually 
greater in large than small cells (29). This is 
associated with increased rates of triglyceride 
synthesis from labeled free fatty acids (30,31). 
In both cell types, substrate availability was 
found to determine rates of reesterification and 
the latter process was reflected by glyceride- 
glycerol synthesis. In fact, in this and other stu- 
dies (1,5), large cell glyceride-glycerol was the 
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major product of glucose and pyruvate metabo- 
lism. With the low rate of de novo fatty acid 
synthesis, maintenance of high rates of reester- 
ification may be a major mechanism whereby 
large cells preserve triglyceride stores (5). 

The pentose phosphate cycle may not be 
necessary for an insulin-induced rise in fatty 
acid synthesis, since the hormone caused an in- 
crease (albeit small) in glyceride-fatty acid syn- 
thesis from pyruvate carbon in the absence of 
glucose (Table 2)~ Such an effect was also ob- 
served by Halperin (32) at low pyruvate concen- 
trations in whole fat pads. It seems unlikely 
that any glucose could have been available from 
glycogen stores in 2-hr incubated adipocytes in 
the presence of insulin. However, it is apparent 
from this and previous studies (5,32) that glu- 
cose substantially increased both basal and in- 
sulin-stimulated glyceride-fatty acid synthesis 
from pyruvate carbon. This effect appears for 
several reasons to be related to provision of 
NADPH from glucose metabolism in the pen- 
tose phosphate cycle. First, 3H from glucose 
carbon-3 was found in glyceride-fatty acids 
(Table 3), implying that the pentose phosphate 
cycle was the source (12). Second, fatty acid 
synthesis from pyruvate carbon was actually in- 
creased in the presence of a low glucose concen- 
tration (Tables 2 and 3). Finally, prevention of 
NADPH generation in the pentose phosphate 
cycle blocked the effect of glucose, particularly 
with insuhn present (Table 3). This occurred 
when NADPH generation was decreased either 
by inhibiting the pentose phosphate cycle (as 
with 6-aminonicotinamide) or by oxidizing the 
NADPH produced in a stimulated pentose 
phosphate cycle (vitamin K s )  Previous studies 
also using electron acceptors have provided evi- 
dence that changes in the cellular redox state 
per se do not  regulate fatty acid synthesis (18, 
33). However, by using a substrate which does 
not at least directly traverse the pentose phos- 
phate cycle such as pyruvate, it has been possi- 
ble to show that NADPH availability can limit 
rates of fatty acid synthesis. The glucose-in- 
duced increase in acetate metabolism to glycer- 
ide-fatty acids in both cell types may also be 
caused by increased provision of a-glycerophos- 
phate or NADPH. 

In summary, it has been shown that the low 
basal and insulin-stimulated fatty acid synthe- 
sis from various substrates in adipocytes from 
old, fat rats most likely resides in the pathway 
itself and is not  reversible in short-term experi- 
ments. Glucose carbon flow in these cells is 
directed toward a-glycerophosphate synthesis 
and ultimate reesterification with free fatty acids 
which may be a major factor in the maintenance 
of triglyceride stores within the cells. In con- 

trast, in small cells from young rats, triglyceride 
formation also results from de novo fatty acid 
synthesis from any of several possible precur- 
sors, including pyruvate. The pathway of fatty 
acid synthesis normally depends on substrate 
availability and enzyme activity. However, 
when excess substrate is present, fatty acid syn- 
thesis may be limited by the supply of NADPH. 
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Cholesteryl Ester Hydrolase Activity in Adrenal 
Homogenates from Normal and Essential Fatty 
Acid-Deficient Female Rats 

A N G E L A  K. Y O U N G  and B R I A N  L. W A L K E R * ,  Department of Nutrition, College of 
Biological Science, UniversiW of Guelph, Guelph, Ontario, Canada N1G 21411 

ABSTRACT 

Cholesteryl ester hydrolase was assayed in adrenal homogenates from mature female rats fed a 
control (corn oil-containing) or essential fatty acid (EFA)-deficient diet. Cholesteryl ester of 16:0, 
18:0, 18:1, 18:2(n-6), 20:4(n-6) and 22:4(n-6) were used as substrates. In control rats, the unsatu- 
rated esters were hydrolyzed more rapidly than the saturated esters and cholesteryl arachidonate was 
the preferred substrate of the six investigated; cholesteryl oleate elicited the highest activity in the 
deficient group. Polyunsaturated esters were hydrolyzed at a significantly lower rate by homogenates 
from EFA-deficient rats than by those from control animals. The esters of 18:1, 18-9-(n-6)and 
20:4(n-6) were hydrolyzed more extenstively in relation to their concentrations in adrenal tissue than 
were cholesteryl esters of 16:0, 18:0 and 22:4(n-6). This difference was more pronounced in control 
than in EFA-deficient rats. No simple relationship of adrenal cholesteryl ester hydrolase activity to 
ester fatty acid structure or to nutritional essentiality was evident. 
Lipids 17:634-638, 1982. 

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

The adrenal glands of  many  species conta in  
high concent ra t ions  o f  choles teryl  esters which 
appear to act as a reservoir of  cholesterol  for 
g lucocor t icoid  biosynthesis.  Adminis t ra t ion  o f  
ACTH to animals results in a marked decrease 
in the  cholesteryl  ester con ten t  o f  the  adrenal, 
concomi t an t  with the release of  glucocort icoids  
to  the  plasma (1-3). Hydrolysis  of  cholesteryl  
esters to free cholesterol  occurs  in response to 
ACTH as a result  o f  increased cholesteryl  ester 
hydrolase activity (4). Specific cholesteryl  
esters may be preferred substrates for this 
hydro ly t i c  process (5-8). 

E F A  def ic iency has been repor ted  to impair  
g lucocor t icoid  produc t ion  both  in vi tro (9) 
and in vivo (5,10) and cold-stressed, EFA-def i -  
cient male rats exhibi ted  a lower  decline in 
adrenal cholesteryl  ester concen t ra t ion  than  did 
control  animals. Moreover,  the decrease in 
adrenal cholesteryl  ester concent ra t ion ,  associ- 
ated with  increase in plasma cor t icos terone  
during the  natural  circadian cycle of  this hor-  
mone  in the normal  female rat, was no t  ob- 
served in the EFA-def ic ient  animal (8). Cort ico-  
s terone e laborat ion appeared to occur  in the  
la t ter  rats wi thou t  a significant net  decrease in 

*Author to whom correspondence should be 
addressed. 

Abbreviations: EFA, essential fatty acid(s); 
x:y(n-z), fatty acid with x carbon atoms and y olefinic 
bonds with the terminal olefinic being z carbon atoms 
from the methyl group; ACTH, adrenocorticotrophic 
hormone. 

adrenal total  choles teryl  esters, a l though there  
were changes in specific esters. We have ob- 
served a similar s i tuat ion after  adminis te r ing  
low doses of  ACTH to female rats. The current  
invest igation was under taken  to determine 
activity of  adrenal cholesteryl  ester hydrolase  in 
normal  and EFA-def ic ien t  female rats and to 
investigate the specificity of  this enzyme  for 
a variety of  esters. 

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

All solvents and inorganic const i tuents  of  
buffer  solutions were purchased f rom Fisher  
Scientif ic  Co.,  Toron to .  Choles terol  was ob- 
tained from Serdary Research Laboratories ,  
London ,  Ontar io ,  and [7-3H] cholesterol  f rom 
Amersham-Seafle  Corp.,  To ron to ,  Ontar io.  
Fa t ty  acyl chlorides were purchased f rom Nu- 
Chek-Prep Inc.,  Elysian, MN. Dietary con- 
s t i tuents  were purchased f rom Teklad Mills, 
Chargrin Falls, OH (vitamins,  mineral  mix) ,  
Canada Starch Co., To ron to  (dextrose) ,  Lee 
Chemicals,  Ltd. ,  To ron to  (cellulose) and 
Canada Packers Ltd. ,  TorOnto (coconu t  oil). 
Corn oil was purchased at a local  supermarket .  

Weanling female Wistar rats were purchased 
f rom Woodlyn Farms,  Guelph.  They were 
housed individually in stainless steel cages and 
fed ad l ib i tum a purif ied casein/dextrose-based 
diet  (11)  conta ining 10% by wt  o f  fat. The con-  
t rol  fat was corn oil and the EFA-def ic ien t  fat 
was hydrogena ted  coconu t  oil ;  the  fa t ty  acid 
composi t ions  of  these oils have been repor ted  
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previously (8). A 12-hr light (07:00-19:00)/ 
12-hr darkness photoperiod was maintained in 
the animal room. The experiment was termi- 
nated after 20 weeks when the rats fed coconut 
oft exhibited the classical symptoms of EFA 
deficiency (scaly skin on paws and taft, low 
weight gain). 

Cholestery! esters of 16:0, 18:0, 18: 1, 18:2, 
20:4 and 22:4 acids were utilized in the assay 
of cholesteryl ester hydrolase activity and were 
synthesized as described by Deykin and Good- 
man (12). The [7-aH] cholesterol was esterified 
by the appropriate acyi chloride in the presence 
of pyridine and the resulting esters were puri- 
fied by thin layer chromatography (TLC) on 
Silica Gel-G with petroleum ether/diethyl ether] 
acetic acid (90:10:1, v/v) as the developing 
solvent. After detection by Rhodamine 6G and 
UV light, the products were recovered from the 
silica by extraction with diethyl ether mad 
stored in benzene at 4 C until  they were used 
for this assay. The specific activities of the 
esters (mCi/mmol) were: 16:0, 5.7; 18:0, 4.8; 
18:1, 5.1; 18:2, 7.7; 20:4, 4.3; and 22:4, 3.1. 

At 14:00 on each of six consecutive days, 
eight animals from one of the two dietary 
groups were killed by ether anesthesia and the 
adrenals were rapidly removed, trimmed of 
extraneous fat and weighed; tissues from eight 
rats were pooled so that three replicate samples 
were obtained for each dietary group in the 
experiment. Adrenals were rapidly homogen- 
ized in 10 ml of ice-cold 0.25 M sucrose and 
aliquots were removed, immediately frozen and 
stored at -10 C for protein (13), total choles- 
teryl ester assay and for determination of 
individual cholesteryl esters by TLC and gas 
liquid chromatography (8). Cholesteryl ester 
hydrolase activity was assayed in the remaining 
homogenate by monitoring release of labeled 
free cholesterol according to the procedure of 
Eto and Suzuki (14) with some modification to 
the substrate solution. Approximately 0.9 gCi 
of [7-3H] cholesteryl ester, dissolved in 200/J1 
of acetone, was added to 3.8 ml phosphate 
buffer (0.4 M, pH 7.4) containing 22.8/~mol of 
sodium taurocholate. The solution was mixed 
thoroughly by vigorous agitation and 1-ml ali- 
quots were used for each assay. Substrate solu- 
tion (1 ml) and 0.5 ml of 0.25 M sucrose were 
transferred to a 25-ml Erienmeyer flask and 
preincubated for 15 rain at 37 C with shaking. 
Fresh adrenal homogenate (0.5 ml, containing 
ca. 4 mg protein) was added and the incubation 
was continued for 30 min at 37 C with shaking. 
Air served as the gas phase above the mixture 
and a blank, prepared with boiled homogenate, 
was assayed simultaneously with the test  
solutions. 

After termination of the reaction by addi- 
tion of 10 ml of chloroform/methanol (2:1, 
v/v), the contents of the flask were transferred 
to a conical centrifuge tube (12 x 120 ram), 
mixed thoroughly and centrifuged (3,000 x g, 
20 rain). The upper aqueous methanol phase 
was discarded and the lower chloroform phase 
was •tered through Whatman No. 41 paper; 
the tube and residue were washed three times 
with 3-ml aliquots of chloroform/methan61 
which were also filtered. The combined filtrates 
were evaporated to dryness under nitrogen and 
the residue was dissolved in 6 ml of chloroform[ 
methanol (2:1, v/v). The free cholesterol in 0.5 
ml of this solution was isolated by TLC on 
Silica Gel-G with petroleurnether[diethyl ether] 
acetic acid (90: 10:1, by vol) as the developing 
solvent. Cholesterol was recovered by ex- 
traction of the gel with 2 x 5-ml aliquots of 
diethyl ether. After removal of the ether, the 
liquid was dissolved in 0.5 ml of benzene and 
transferred to a scintillation vial and the [3H]- 
cholesterol was assayed in a liquid scintillation 
counter with external standard quench correc- 
tion. Data were corrected for cholesterol re- 
leased in the blank incubation. The enzyme 
activity was linear with time over a 60-min 
period and was directly proportional to protein 
concentration up to at least 6 mg of protein. 
The assay was conducted for 30 rain in the 
presence of ca. 4 mg adrenal protein. 

Data were subjected to Student's t-test to 
evaluate differences between normal and defi- 
cient rats (l  5). 

RESULTS 

The activity of adrenal cholesteryl ester 
hydrolase toward the six esters investigated is 
presented in Table 1. When rats were fed the 
control co rn  oil, the enzyme was more active 
with the unsaturated esters as substrates. Cho- 
lesteryl arachidonate (20:4(n-6)) was most 
rapidly hydrolyzed even though it was not  the 
major ester in the tissue (cf. Table 2). In the 
homogenates from EFA-deficient rats, choles- 
teryl oleate (18:1) was the most abundant  of 
the six adrenal esters investigated (Table 2) and 
elicited the highest hydrolase activity. The 
esters of 18:2(n-6), 20: :4(n-6)and 22:4(n-6) 
were present in significantly lower concentra- 
tions (Table 2) and were hydrolyzed at signifi- 
cantly lower rates by adrenal homogenates 
from EFA-deficient rats, which had, of course, 
been deprived of dietary essential (n-6) acids. 
There were no significant differences in enzyme 
activity between the two groups with respect 
to the saturated and monoenoic esters even 
though cholesteryl oleate was present in signifi- 
cantly higher concentration in the deficient 
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animals. 
In order  to assess the  d i f ferences  in activity 

o f  the e n z y m e  in te rms  o f  tota l  ut i l izat ion o f  
esters in the adrenal ,  the degree of  hydro lys is  
and the  ex t en t  o f  hydrolys is  relative to  a refer-  
ence c o m p o u n d  (choles teryl  s tearate)  were 
calculated for  each es ter  (Table 2). In h o m o g e n -  
ates f rom cont ro l  animals,  the  ex t en t  o f  hydro l -  
ysis ranged f rom 6.1% for  22:4(n-6)  to  15.0% 
for  20:4(n-6) ;  it was i n d e p e n d e n t  o f  the  con- 
cent ra t ion  of  es ter  in the  t issue,  as was part icu-  
larly evident  for  22:4(n-6) .  Substant ia l ly  more  
18:1,  18:2(n-6)  and 20:4(n-6)  were h y d r o l y z e d  
than  the  o the r  three esters.  This pa t t e rn  was ob-  
served to  a lesser ex t en t  in the  EFA-def ic ien t  
group.  However ,  significantly smaller p ropor -  
t ions  of  all the  esters excep t  18:0 were h y d r o -  
lyzed by  adrenal  h o m o g e n a t e s  f rom these  rats. 

TABLE 1 

Activity of Adrenal Cholesteryl Ester Hydrolase 
to Different Substrates 

Cholesteryl ester Dietary group 
substrate Normal EFA-deficient 

nmol/min/mg protein 

16:0 0.13 -+ 0.01 0.12 +- 0.01 
18:0 0.07 -+ 0.01 0.05 -+ 0.01 
18:1(n-9) 0.26 -+ 0.01 0.25 -+ 0.04 
18:2(n-6) 0.17 -+ 0.02 0.03 +- 0.00" 
20:4(n-6) 0.59 -+ 0.06 0.08 "+ 0.01" 
22:4(n-6) 0.30 +- 0.07 0.03 -+ 0.01t 

*'tI)ifference between normal and EFA-deficient 
group was significant (*p<0.01 ; tp<0.05). Values are 
the means of assays on 3 composite samples of tissues 
from 8 rats -+ SEM. 

The relative d i f ferences  in ut i l iza t ion among  
esters in the t w o  dietary groups  are evident  in 
the  final sec t ion  o f  Table 2, in which the  per-  
centage of  hydrolys is  is related to a c o m m o n  
reference ,  i.e., 18:0. This es ter  did n o t  differ  
significantly in concen t r a t i on  b e t w een  the  t w o  
groups,  render ing the  two  sets o f  data reason-  
ably comparable .  In bo th  die tary  groups,  i t  is 
evident  tha t  esters o f  16:0 and 22:4(n-6)  were 
hyd ro lyzed  less extensively ,  and those  of  18:1, 
18:2(n-6) and 20:4(n-6)  more  extensively than  
choles teryl  s tearate ,  again emphas iz ing  tha t  the  
pa t te rn  of  hydro lys i s  is n o t  simply corre la ted 
wi th  ester  concen t r a t i on  in the  tissue homog-  
enate.  

DISCUSSION 

In this s tudy,  hydro lys is  o f  endogenous  cho-  
lesteryl  esters  was measured  af ter  addi t ion  o f  
t racer  amoun t s  o f  the es te r  unde r  invest igat ion 
and the  results should  ref lect  the  relative affini- 
t ies of  the  esters  for  the  hydro lase  at the  con- 
cen t ra t ions  in the  tissue. A basic premise  of  this 
approach  is tha t  the  endogenous  pool  o f  choles- 
teryl  esters is equally available to the  added  
tracers. Differences in solubil i t ies o f  the  added  
esters may affect  the i r  availability to  the  endog-  
enous  pool  and to the hydro lase .  Repea ted  
sampling of  the  substrate  so lu t ions  revealed no  
evidence of  i n h o mo g en e i t y  with any of  the  
esters. Solubili ty should  decline wi th  increasing 
chain length bu t  the  p r o p o r t i o n  of  [SH] choles- 
teryl  s tearate h y d r o l y z e d  by  h o m o g e n a t e s  f rom 
e i ther  g r o u p  of  animals was no t  smaller than  
tha t  o f  [ aH]cho les t e ry l  pa lmi ta te  hyd ro lyzed .  
Polari ty and solubi l i ty  would  also increase wi th  
unsa tura t ion .  In homogena t e s  f rom contro l  
rats, hydro lys is  o f  the  18:1 and 18:2 esters was 
more  extensive than  tha t  o f  18:0 bu t  the  t w o  

TABLE 2 

Relative Utilization of Adrenal Cholesteryl Esters in Normal and EFA-Deficient Rats a 

Cholesteryl Concentration % Hydrolysis b Relative % hydrolysis 

ester Normal EFA-de ficient Normal EFA-deficient Normal EFA-deficient 

nmol/mg protein 

16:0 63.0 -+ 4.80 90.3 -+ 14.42 6.3 -+ 0.5 3.9 -+ 0.5t 0.77 -+ 0.10 0.78 -+ 0.05 
18-0 25.0-+ 3.50 30.8-+ 6.51 8.6-+ 1.6 5.1 +- 0.8 1.00 1.00 
18:1(n-9) 56.0-  + 4.71 116.4_+21.30 14.3"+1.4 6.7-+0.7t 1.75-+0.28 1.3_8-+0.07 
18:2(n-6) 38.0 _+ 1.59 13.0 -+ 0.35* 14.0 -+ 2.5 6.5 -+ 0.4t 1.66 -+ 0.19 1.35 "+ 0.27 
20:4(n-6) 119.3-+12.07 31.6"+ 1.43" 15.0"+1.4 7.6-+0.3* 1.86"+0.33 1.56"+0.24 
22:4(n-6) 145.9 -+ 2.31 73.0 -+ 8.18" 6.1 -+ 1.4 1.5 -+ 0.2"~ 0.70 -+ 0.04 0.32 -+ 0.09 

a,*,tDifference between normal and EFA-deficient group were significant (*p<0.01; tp<0.05). Values are 
the means of assays on 3 composite samples of tissues from 8 rats -+ SEM. 

bpercentage of esters hydrolyzed in 30 rain. 
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unsaturated esters did not  differ; in homogen- 
ares from deficient animals, the proportions of 
saturated, monoenic and dienoic esters hydro- 
lyzed were similar. Although the evidence is 
indirect, it does not  appear that the results ob- 
tained may be attributed to differences in avail- 
ability of the added esters to the general ester 
pool. 

The current experiment demonstrated that 
adrenal cholesteryl ester hydrolase activity does 
exhibit specificity for the fatty acid present in 
the ester. No consistent relationship of fatty 
acid structure to hydrolase activity was appar- 
ent. In the control rats, increasing the chain 
length of the saturated acid by two carbon 
atoms (16:0 vs 18:0) made little difference to 
the rate of hydrolysis of the ester, whereas a 
similar difference in chain length in the po lyun-  
saturated esters (20:4[n-6] vs 22:4[n-6])  sub- 
stantially affected enzyme activity. Increasing 
unsaturation at constant chain length (18:0, 
18:1, 18:2) also failed to produce a consistent 
trend in enzyme activity; of these three, the 
monoenoic ester was the preferred substrate in 
both dietary groups. 

CTaolesteryl ester hydrolase activity in 
liver has been investigated to a greater degree 
than that in the adrenal and fatty acid speci- 
ficity is observed in that tissue. Deykin and 
Goodman (12) reported that the rat liver 
enzyme hydrolyzed unsaturated esters more 
rapidly than saturated esters. Furthermore, 
liver cholesteryl ester hydrolase has been 
reported to hydrolyze medium-chain esters 
more readily than long-chain esters, those 
with A 9 unsaturation more readily than esters 
with the double bond located elsewhere in the 
chain, and esters with cis unsaturation more 
readily than those with trans unsaturation (16- 
18). Cholesteryl esters of odd-chain fatty acids 
were hydrolyzed more slowly than esters of 
even-chain-length acids (19). It is evident that 
fatty acid specificity is observed with choles- 
teryl ester hydrolase activity in tissues other 
than the adrenal although the patterns may not  
be the same. Studies involving the direct mea- 
surement of adrenal cholesteryl ester hydrolase 
activity are few in number. Beckett and Boyd 
(20) did observe that cholesteryl erucate (22:1) 
was less readily hydrolyzed than cholesteryl 
oleate by rat adrenal homogenates, confirming 
earlier in vivo observations in cold-stressed rats 
(7). Much of the current information concern- 
ing the specificity of the adrenal enzyme has 
been obtained indirectly from measurements of 
net changes in cholesteryl ester concentration 
in vivo (6-8). The present investigation is con- 
sistent with the earlier studies with esters of 
oleic, linoleic and arachidonic acids being pref- 

erenfially hydrolyzed (in relation to tissue con- 
centration) by rat adrenal homogenates. These 
same esters are preferentially depleted in 
stressed rats (6,7) or during the natural cir- 
cadian cycle of plasma corticosterone produc- 
t ion (8). The lack of specificity of the enzyme 
for 22:4(n-6) in relation to the high tissue con- 
centration also confirms the absence of prefer- 
ential utilization of this ester in vivo (6-8). 

The current investigation does appear to ex- 
plain the relative tack of utilization of adrenal 
cholesteryl esters during the circadian cycle of 
corticosterone production in EFA-deficient rats 
(8), since there was a lower hydrolytic activity 
to polyunsaturated esters in adrenal homogen- 
ates from such animals. However, it must be 
emphasized that two major esters of EFA-defi- 
cient rat adrenals, 20:3(n-9) and 22:3(n-9), 
were not  investigated in this study since these 
acids are not  readily available. The lower activ- 
ity of the EFA-deficient adrenal homogenates 
toward 18:2(n-6), 20:4(n-6) and 22:4(n-6) may 
not  apply to the 20:3(n-9) and 22:3(n-9) esters. 
Indeed, in vivo studies indicate that the latter 
esters are utilized during corticosteroidogenesis 
(7,8). Lack of net utilization of adrenal choles- 
teryl esters in EFA-deficient rats in vivo is prob- 
ably due to a balance between synthesis and 
hydrolysis of the esters in the tissue, but fur- 
ther work is necessary before this can be as- 
cribed simply to decreased hydrolysis. 

The basis for the fatty acid specificity of 
adrenal cholesteryl ester hydrolase is not  read- 
fly apparent. The high activity with the oleate 
(n-9) substrate, particularly in EFA-deficient 
rats, precludes dietary essentiality as a basis for 
high specificity. There is some indication that 
dietary induction of the enzyme may occur, 
since in EFA-deficient rats, the low concentra- 
tions of the (n-6) acids were accompanied by 
lower absolute enzyme activities toward these 
esters. However, 22:4(n-6), the major ester in 
control rats, was not  as good a substrate for the 
enzyme as 20:4(n-6) which was less abundant.  
The current study, while confirming the high 
degree of specificity of rat adrenal cholesteryl 
ester hydrolase for the esters of 18:1, 18:2(n-6) 
and 20:4(n-6), in relation to tissue concentra- 
tion, fails to indicate the basis for this speci- 
ficity. 
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Fatty Acid Patterns in Iron-Deficient Maternal 
and Neonatal Rats 
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ABSTRACT 

To determine the effects of maternal iron deficiency on lipid composition and fatty acid patterns 
in offspring, rats were fed ad libitum diets containing 5 ppm iron (deficient) (n=8) or 320 ppm iron 
(control) (n=7) and deionized water from day-1 of gestation through day-18 of lactation. On day-2 of 
lactation, litters were standardized to three male and three female pups. On day-18, pups were fasted 
for 4 hr before tissue and blood collection. Significant changes in serum and liver lipid concentrations 
and fatty acid patterns were observed in deficient pups. Serum triglycerides, cholesterol and phospho- 
lipids and liver triglycerides, cholesterol, and cholesteryl esters were increased. In deficient pups, per- 
centage total fatty acids of 14:0, 16:1, 18:1, 18:2 from serum lipids were increased; in liver, 14:0, 
18:2, 18:3 were increased; 18:0 and 2(1:4 were decreased in both serum and liver. Dam serum lipid 
levels did not differ between groups. Lipid changes observed in iron-deficient pups did not consistently 
reflect the milk, serum or liver lipid patterns observed in dams. Altered lipid composition and fatty 
acid patterns of iron-deficient pups thus appear to be of endogenous origin. 
Lipids 17:639-643, 1982. 

Reports  by this (1 -5 )and  o ther  investigators 
(6-8) have demonst ra ted  that  dietary iron 
restr ict ion in rats and chicks results in elevated 
serum lipid levels. Sherman et al. have studied 
serum lipid metabol ism in suckling pups of  
i ron-deficient  dams. Maternal iron deficiency 
during both  pregnancy and lactat ion produces  
hyperl ipidemia in 18-day-old offspring but not  
in maternal  rats fed diets conta ining 5 ppm iron 
(1). Serum from pups whose mothers  were 
deficient  in iron during both pregnancy and 
lactat ion had significantly greater triglycerides,  
phospholipids,  and total  cholesterol  levels 
than serum from pups whose dams were fed 
adequate  iron during pregnancy or lactat ion.  
Since no significant differences were found 
among  the serum lipid concent ra t ions  in the 
dams, it appears that  maternal  iron deficiency 
affects serum lipids of  pups but  not  of  dams. 

Previous studies (2,3) to investigate the 
mechanism responsible for the hyperl ipidemia 
in pups included measurement  of  milk lipids to 
determine if iron deficiency altered lipid 
con ten t  of  dam's  milk (2). No differences were 
found in tr iglyceride or  cholesterol  con ten t  of  
milk produced by iron-deficient  and control  
dams. Lipid clearance f rom the blood was not  
different  be tween i ron-deficient  and cont ro l  
pups as indicated by in vitro l ipoprote in  lipase 

la 
activity. In vitro incorpora t ion  o f  [U- C]glu-  
cose into triglycerides and 14CO 2 was signifi- 
cantly greater in liver slices f rom iron-def ic ient  
pups than from cont ro l  pups. Hyper l ip idemia  in 

*Author to whom correspondence should be ad- 
dressed. 

18-day-old, i ron-deficient  rat pups thus appears 
to be related to increased endogenous  produc- 
t ion of  triglycerides. His topathological  s tudy of  
tissues f rom iron-deficient  pups has shown fat ty 
degenerat ion of  the liver associated with the 
o ther  aberrat ions in lipid metabol ism (3). 

Post-weaning iron restr ict ion and serum lipid 
metabol ism have also been studied by this 
invest igator  (4). Hyper t r ig lycer idemia  develops 
at 60 days of  age when iron-deficient  diets are 
fed to weanling rats. Studies of  lipogenesis in 
adult rats indicate that  the in vitro incorpora-  
t ion of  3 H 2 0  into triglycerides in adipose tis- 
sue is elevated in iron def ic iency (5). The iron 
depr ivat ion in these adult  rats results in a less 
severe anemia in which serum lipids are not  yet  
elevated. 

The purpose o f  this investigation was to 
fur ther  s tudy the hyper l ip idemia and triglycer- 
ide-rich livers of  i ron-deficient  rat pups. In 
addi t ion  to lipid composi t ion ,  the fatty acid 
pat terns  were characterized in serum, liver and 
milk of  maternal  rats and their  neonates.  

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

Female  Sprague-Dawley rats (tIarlan Indus- 
tries, Indianapolis,  IN) weighing 160-190 g were 
housed individually in stainless steel,  mesh- 
b o t t o m e d  cages and fed stock diet (Purina Rat  
Chow, Ralston-Purina Co., St. Louis,  MO) and 
tap water.  The estrous cycles of  the rats were 
de termined  by microscopic  examina t ion  of  
vaginal smears and rats were bred when they  
reached a weight  of  200-225 g. When females 
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were in estrous, normal  Sprague-Dawley males 
were in t roduced  into the cage overnight ,  and if 
e i ther  copula t ion  plugs or  sperm in the vaginal 
smear were de tec ted  the nex t  morning,  the t ime 
was considered day 1 o f  gestation. Eight  dams 
were then  randomly  assigned to the  iron- 
def ic ient  diet (5 ppm iron) and seven to  the 
cont ro l  diet  (320 ppm iron) (Table 1), fed ad 
l ibi tum and given double-dist i l led water  f rom 
the first day of  pregnancy unt i l  day 18 of  
lactat ion.  The control  diet was designed to 
provide adequate  levels of  all known essential 
nutr ients  for the rat during reproduc t ion  (9). 
The  diet providing 5 ppm iron was ident ical  
except  that  it was prepared wi thou t  addi t ion  of  
ferrous sulfate. On the 19th day of  gestat ion,  
rats were placed in a stainless steel, mesh-bot-  
t o m e d  mate rn i ty  cage with a plastic nest ing box  
conta ining i ron-free bedding (Sanicel,  Paxton  
Processing, Inc.,  Paxton,  IL). 

Diet and water  were available only to the 
dams outs ide the nest ing boxes to insure that  
maternal  milk was the sole nut r i ture  of  pups. 
On the day fol lowing par tur i t ion,  l i t ters were 
weighed and adjusted to conta in  three male and 
three female pups. All rats were weighed 

TABLE 1 
Diet Composition 

Percent 

Casein a 22 
Sucrose 30 
Cornstarch 31.5 
Corn oil b 10 
Cellulose c 2 
Vitamin mix d 1 
Iron-free AIN-76 mineral mix e 3.5 

aVitamin-free test casein, Teklad, Madison, WI. 
bMrs. Tucker's Pure Corn Oil, Anderson Clayton 

Foods, Dallas, TX. 
CAlphacel, ICN Nutritional Biochemical Co., Cleve- 

land, OH. 
d#40060, Teklad, Madison, WI. Composition of vi- 

tamin mix (mg/kg diet): p-aminobenzoic acid, 110.1 ; 
ascorbic acid, coated (97.5%), 991.2 ; biotin, 0.441 ; vi- 
tamin B~2, 0.0297; calcium pantothenate, 66.1 ; cho- 
line, 0.443; folic acid, 1.98; inositol, 110.1 ;menadione 
(vitamin K 3 ), 49.6; niacin, 99.1 ; pyridoxine HC1, 22.0; 
thiamin HCI, 22.0. Supplies in lU/kg diet: dry retinyl 
palmitate, 19,824; dry ergocalciferol, 2202.5; dry 
tocopherol acetate, 121.15 ; cornstarch, 4.7 g. 

CAIN-76 mineral (10) mixture prepared without 
iron. Composition of mineral mix (g/kg mineral mix): 
CaHPO4, dibasic, 500.0; NaC1, 74.0; potassium citrate, 
monohydrate, 220.0 ; K 2 SO4, 52.0;MGO, 24.0; ZnCO 3 , 
1.6; MnCO 3, 3.5; cupric carbonate, 0.485 ; KIO 3, 0.01; 
Na2SeO3-5H20, 0.01; CrK(SO4)2.12H20 , 0.55; su- 
crose, 124.03. FeSO4.TH~O is added to the supple- 
mented diet to provide the desired iron concentration 
and to replace an equal amount of sucrose. 

weekly and maternal  food intake was deter- 
mined  by weight  weekly  th roughou t  the  s tudy.  

On day-18 of  lactat ion,  dams were separated 
f rom the pups and retained access to food  and 
water.  Final body  weights were recorded and 
tail b lood  samples were taken f rom pups and 
f rom dams for hemoglobin  and hematocr i t  
de te rmina t ions  (11). Milk was col lected f rom 
dams 5-6 hr  after removal  o f  young.  The  dams 
were given in t raper i toneal  in ject ions  of  Nembu-  
tal (5.40 mg /100  g) and oxy toc in  (0.25 USP/  
100 g). Milk was expressed manua l ly ' f rom each 
nipple,  col lected by vacuum in to  a plastic tube  
on ice, s tored under  n i t rogen and f rozen for 
analysis of  lipids. Af te r  col lec t ion  of  milk f rom 
the dams, cardiac punctures  were done,  serum 
was removed  and stored under  ni t rogen.  

Fol lowing a 4-hr fasting period and chloro- 
form anesthesia, b lood  was col lected f rom pups 
by cardiac puncture ,  serum removed,  sera f rom 
pups in each fitter were pooled ,  s tored under  
n i t rogen and f rozen  for  lipid analysis. 

Livers of pups and dams were removed,  
rinsed with double-dist i l led water ,  b lo t ted  dry, 
weighed and ca. 2 g of  liver was homogen ized  
(Poly t ron  PT 10-35, Br inkmann Ins t ruments ,  
Westbury,  NY, at set t ing 5 for  30-60 sec) and 
ext rac ted  overnight  in 2:1 ch lo ro fo rm/me tha -  
nol  for lipid analysis. Two  pup livers f rom each 
l i t ter  were pooled  for  lipid ext rac t ion.  

Lipids were ext rac ted  f rom serum, liver and 
milk samples by the m e t h o d  of  Fo lch  et al. 
(12). Triglycerides,  cholesterol ,  cholesteryl  
ester, phosphol ipids  and to ta l  fa t ty  acids were 
de termined  in all tissues fol lowing separat ion 
on thin layer ch romatography  plates (Merck 
precoated  Silica Gel 60) developed in a solvent  
system of pe t ro leum e the r / e thy l  e ther /acet ic  
acid (70 :30 :1 ,  v/v/v).  Af te r  br ief  exposure to 
iodine  vapors, lipid fract ions were ident i f ied by 
compar i son  with tr iolein,  cholesterol  and 
choles teryl  ester standards run s imultaneously.  
The spots were recovered and the fol lowing 
color imetr ic  assays were used to quant i ta te  the  
lipid fractions:  t r iglyceride Concentrat ion was 
de te rmined  by the m e t h o d  of  s t e rn  and Sha- 
piro (13);  nonester i f ied choles terol  and choles- 
teryl  ester were measured by the m e t h o d  of  
Searcy and Bergquist  (14);  phosphol ipid  
concen t ra t ion  was de termined  by measuring 
phosphorus  in the  lipids remaining at the origin 
of  the chromatograph  using the m e t h o d  of  
Bart let t  (15). 

Fa t ty  acid compos i t ion  o f  tissue samples was 
de te rmined  by gas l iquid chromatography  
(GLC) of  me thy l  ester preparat ions.  An a l iquot  
o f  to ta l  lipid (1-10 mg) was conver ted  to the 
corresponding me thy l  ester by heat ing with 
10-20 ml of  anhyd methano l  containing 2% 
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concent ra ted  H2SO4. Af te r  heat ing under  
ref lux condi t ions  for  2 hr, the  react ion mix tu re  
was cooled to r o o m  tempera ture  and an equal  
vo lume of  glass-distilled hexane was added. 
Af te r  shaking for  1 min,  the  mix ture  was 
transferred to  a separatory funnel  and 10 ml of  
double-dist i l led water  was added. The mix ture  
was again shaken for 1 min and the  water  layer 
was drained off.  A second a l iquot  of  water  was 
added,  the mix ture  was shaken and the water  
layer  was drained off. The hexane  layer was 
dried over anhyd sodium sulfate,  decanted into  
a storage vial and evaporated to dryness under  a 
n i t rogen stream. One ml of  isooctane was added 
to the samples which were stored under  ni- 
t rogen and f rozen unt i l  analyzed,  usually within 
two  days of  preparat ion.  

Methyl  esters of  fa t ty  acids were analyzed 
by GLC on a flame ioniza t ion  de tec to r  gas 
chromatograph  (Hewlet t -Packard 5830A).  Sep- 
arations were achieved with  a 6 ft • 2 m m i d  
glass co lumn packed with  10% SP-2330 Chrom- 
osorb coated on 1 0 0 [ i 2 0  mesh Supe lcopor t  
(Supelco,  Inc., Bel lefonte,  PA) at a co lumn 
tempera tu re  of  175 C; the de tec to r  and in jec tor  
tempera tures  were 250 C. The f low rate o f  
carrier gas used was 15 ml /min .  Quant i t a t ion  
and ident i f ica t ion of  the esters were achieved 
by  compar ison  of  re ten t ion  t imes and amount s  
wi th  standard mixtures  of  esters (Nu-Chek- 
Prep, Elysian, MN) on an e lect ronic  in tegrator  
(Hewlet t -Packard 18850A).  

The statistical significance be tween  means of  
the  two  dietary t rea tments  was de termined  by 
S tudent ' s  t-test (16). 

RESULTS 

Restr ic t ion of  dietary i ron (5 ppm) during 
pregnancy and lacta t ion resulted in anemia  in 
bo th  maternal  and suckling rats (Table 2). In 
the  dams, b lood  hemoglob in  concent ra t ions  

IRON DEFICIENCY 641 

and hematocr i t  levels were significantly reduced 
in the  i ron-def ic ient  group. The severity of  
anemia present  in the suckling pups of  dams 
fed 5 ppm iron was greater than in the maternal  
rats. 

Pups in the 5-ppm iron group had a marked  
hyper l ip idemia  character ized by significant 
elevat ions in serum triglycerides,  cholesterol  
and phosphol ipids  (Table 3). Al though there 
were elevat ions in serum triglycerides and 
choles terol  in the deficient  dams, these were 
no t  significantly d i f ferent  f rom cont ro l  levels. 
Fa t t y  acid pat terns in serum of  i ron-def ic ient  
pups were also qui te  di f ferent  than those of  
cont ro l  pups. These al terat ions in fa t ty  acids 
f rom serum lipid s of  i ron-def ic ient  pups in- 
cluded increased levels o f  myr is ta te  (14:0) ,  
pa lmi to lea te  ( 16:1 ), oleate ( 18 : 1 ), and l inoleate 
(18:2)  and lower  levels of  stearate (18:0)  and 
arachidonate  (20:4)  than in cont ro l  pup serum. 
No significant differences in serum fa t ty  acid 
pat terns  were found be tween  i ron-def ic ient  and 
cont ro l  dams. 

Liver lipids of  i ron-def ic ient  pups (Table 4) 
fo l lowed similar t rends as serum lipids. Trigly- 
cerides were seven-fold higher in i ron-def ic ient  
pup livers than in cont ro l  pup livers, and 
choles terol  and cholesteryl  ester concent ra t ions  
were two-fold higher in i ron-deficient  pup 
livers than cont ro l  levels with no change in 
phosphol ipid  concent ra t ion .  In i ron-def ic ient  
pup livers, myris tate ,  l inoleate and l inolenate 
increased whereas oleate and arachidonate  
decreased as in serum. 

I ron-def ic ient  dam livers conta ined 60% 
more  cholesteryl  ester than livers of  cont ro l  
dams. Changes in fa t ty  acid pat terns  were 
l imited to an increase in l inoleate and a de- 
crease in palmitoleate .  

In general, there were no t  significant differ- 
ences be tween  the i ron-deficient  and cont ro l  
dams with regard to milk lipid compos i t ion  and 

TABLE 2 

Final Body Weights, Hemoglobin and Hematocrit Levels and Total Food Intake 

Body wt Hemoglobin Hematocrit Total food 
Treatment (g) (g/dl) (%) intake (g) 

Dams 
Control 281 • 9 a 15.9 + 0.3 51.9 • 0.8 949 + 36 
Deficient 276 • 6 10.9 • 0.2* 36.9 • 0.9* 733 • 32* 

Pups b 
Control 48 • 3 9.6 + 0.4 36.8 + 1.2 
Deficient 27 • 2* 4.7 • 0.4* 16.1 • 1.2" 

aMean -+ SEM, n = 7-8/group. 
bGroup means for pups are derived from average of 4 values per litter, and 7-8 litters/group. 
*p < 0.001 as determined by Student's t-test. 
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T A B L E  3 

S e r u m  Lipid C o n c e n t r a t i o n s  (mg/d l )  and % Fa t ty  Acids  

Darns Pups 

Cont ro l  Def ic ient  Cont ro l  Def ic ient  

Tr iglycer ides  83.7 -+ 23 .8  a 174.2 -+ 36.2 68.1 +- 16.2 960.7  -+ 204 .6  **b 
Choles te ro l  84.6-+ 19.9 115.5 -+ 21 .8  69.7 • 6.1 146.2-+ 24 .2**  
Choles te ry l  

ester  1 1 6 . 7 + - 1 1 . 8  1 2 5 . 8 - + 1 8 . 3  1 3 2 . 5 •  1 6 8 . 0 - + 1 3 . 1  
Phosphol ip ids  199.'7 -+ 12.5 197.9  +- 16.1 278 .8  -+ 18.3 506.8  -+ 4 2 . 8 * * *  
Fa t ty  acids c 
(% o f  to ta l )  

14:0  0.1 -+ 0.1 0.4 • 0.2 1 .9•  0.2 3.0 • 0 .4* 
16:0  17.2 -+ 1.1 17.0 -+ 1.0 20.5 • 0.6 22.1 -+ 0.5 
16:1 1.8 • 0.5 1.8 -+ 0.2 0.8 • 0.2 1.5 • 0 . 1 " *  
18:0  16.2 -+ 0.5 16.4 • 0.8 11.0 • 0.3 6.6 • 0 .5***  
18:1 13.8 • 0 .8 14.6-+ 1.4 11.9-+ 0.6 22.5 • 1 .5"**  
18:2 17.4 • 0.7 19.7 -+ 0.8 22. ' /  -+ 0.5 30 .8  -+ 0 .6***  
18:3 -0-d 0.1 -+ 0.1 0.1 • 0.1 0.3 -+ 0.1 
20 :4  27 .7  +_ 1.7 25.5 -+ 2.5 28.4 -+ 1.2 9.7 • 1 . 6 " * *  

aMean -+ SEM, n = 7-8 /group .  

b*p  < 0.05,  **p < 0 .02 ,  ***p < 0 .001 ,  as d e t e r m i n e d  by  S t u d e n t ' s  t - test  c o m p a r i n g  the  
t w o  d ie ta ry  t r e a t m e n t s .  

CMinor pe rcen tages  resul t ing  f r o m  fa t ty  acids less t han  14 ca rbons  or  o d d  chains  are n o t  
included.  

d N o t  de tec tab le .  

T A B L E  4 

Liver  Lipid C o n c e n t r a t i o n s  (rag/g)  and % Fa t t y  Acids  

D a m s  Pups  

Cont ro l  Deficient  Cont ro l  Def ic ient  

Tr ig lycer ides  12,3 _+ 2.2 a 13.2 -+ 1.9 18.2 • 1.8 132,2 -+ 16.8 ***b 
Choles te ro l  1.7-+ 0.5 4.4-+ 1.7 2.6 • 0.3 5.7 + 0 .9**  
Choles te ry l  

es ter  0 . 8 - + 0 . 2  2 . 1 - + 0 . 3 " *  2 .0_+0.2  4,1 + 0 .3***  
Phosphol ip ids  12.3 -+ 0.'7 12.5 -+ 1.0 9.2 -+ 1.3 10.5 -+ 1.1 
Fa t t y  acids c 
(% o f  to ta l )  

14:0 0.8-+ 0.1 0.7-+ 0.1 1.6-+ 0.2 2.9-+ 0.5* 
16:0  26.1 -+ 1.4 23.2 -+ 1.2 21.9 • 0,7 23 ,0  -+ 0.8 
16:1 4.2 +- 0.6 2.8 -+ 0.3* 0.6 -+ 0.1 0.9 • 0.2 
18:0  15.5-+ 1.3 18.4-+ 1.3 12.5 +- 1.4 6,7-+ 1 .3"*  
18:1 25.6 -+ 1.1 22.2 -+ 1.6 16.8 -+ 1.1 18.9 -+ 0.8 
18:2 10.9-+ 1.0 14.8 • 1 .0"*  24.2 • 1.2 33.0-+ 0 .5***  
18:3 -0 -d -0- 0.02-+ 0 .02  0.3-+ 0 . 1 "  
2 0 : 4  14.2-+ 0.9 15.6 • 1.8 16.5 • 1.8 8.5 -+ 0 .9**  

aMean -+ SEM, n = 7-8 /group .  

b , p  < 0.05,  **p < 0.02,  ***p < 0 .001 ,  as d e t e r m i n e d  by  S t u d e n t ' s  t - test  c o m p a r i n g  the  
t w o  d ie ta ry  t r e a t m e n t s .  

Cpereentages resul t ing f r o m  fa t ty  acids less than  14 ca rbons  or  o d d  chains  are n o t  inc luded .  
d N o t  de tec tab le .  

fatty acid alterations (data not  shown). 

DISCUSSION 

The experiments reported here confirm our 
previous reports that restriction of maternal 

dietary iron during gestation and lactation 
produces a severe hyperl ipidemia (1,2) and 
fat ty liver (2,3) in the offspring during suckling. 
In this report,  we have further characterized 
these lipid aberrations. In addit ion to increases 
in triglycerides, cholesterol and phospholipids, 
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i ron  def ic iency  p r o d u c e s  a l t e ra t ions  in  the f a t t y  
acid p a t t e r n s  of  fiver and  serum. 

In  general ,  f a t t y  acid p a t t e r n s  of  se rum f rom 
i ron-def ic ien t  pups  co r r e spond  wi th  t he  pat-  
t e rns  f o u n d  in the i r  livers. B o t h  liver and  se rum 
had  l ipids charac te r i zed  b y  increased  pe rcen t -  
ages of  f a t t y  acids, 14:0,  18:2  and  18:3,  and  
decreased  pe rcen tages  of  18 :0  and  20:4 .  Two 
i n t e r p r e t a t i o n s  can be  pos tu l a t ed  to expla in  
t he  a l te red  f a t t y  acid p a t t e r n s  of  i ron  def ic ien-  
cy. Since 18 :0  is decreased  whereas  18:2  and  
18:3 are increased,  the re  m a y  be an  increased  
d e s a t u r a t i o n  of  18-carbon  f a t t y  acids in i ron  
def ic iency.  Al te rna t ive ly ,  a b lockage  in desat-  
u r a t i o n  and  e longa t ion  o f  18:2  and  18:3 to  
2 0 : 4  may  c o n t r i b u t e  to  increased percen tages  
of  18:2 and  18:3 while decreas ing 20 :4 .  The  
decrease in 2 0 : 4  m a y  also be due  to  an  increased  
u t i l i za t ion  o f  th is  f a t ty  acid. We c a n n o t  de ter -  
m ine  if  th is  is the  case, since f u r t h e r  desatura-  
t i on  and  e longa t ion  p r o d u c t s  were n o t  mea-  
sured by  t he  GLC p r o c e d u r e  used.  

Changes  in f a t t y  acid p a t t e r n s  of  pup  t issues 
appea r  to  be  pr imar i ly  of  e n d o g e n o u s  origin.  
No s ignif icant  r e la t ionsh ips  were observed 
b e t w e e n  t he  exogenous  supp ly  of  m a t e r n a l  mi lk  
f a t ty  acids and  those  o f  pup  se rum or  liver. I t  is 
possible t ha t  some a l t e ra t ions  in  l ipid m e t a b o -  
hsm due  to i ron  def ic iency  were  t r ansmi t -  
ted f rom the  mother to offspr ing  dur ing  fe ta l  
d e v e l o p m e n t  or early in the  p o s t n a t a l  per iod .  
The  available evidence,  however ,  i nd ica tes  t h a t  
the  p r imary  defec t  in l ipid m e t a b o l i s m  is in  t he  
pups.  Ma te rna l  serum, liver, and  mi lk  l ipids and  
f a t t y  acids did n o t  show the  severe a b e r r a t i o n s  
due to i ron  def ic iency w h i c h  were observed  in 
the i r  pups.  I t  is u n k n o w n  if  this  is re la ted  
to t he  grea ter  sever i ty  of  i ron  def ic iency  in t he  
pups  or due  to age-related d i f fe rences  in l ipid 
metabo l i sm.  

The  exac t  m e c h a n i s m  respons ib le  for  t he  
e leva t ions  in  se rum and  l iver  lipids, as well  as the  
a l te red  f a t t y  acid p a t t e r n s  of  t issues f rom 
i ron-def ic ien t  n e o n a t a l  rats ,  has  n o t  been  
es tabl i shed.  The  role of  i ron  in l ipids or  f a t ty  

acid synthes i s  and~or utilization is u n k n o w n .  
Data  p re sen ted  he re  suggest  t h a t  i ron may  
have a role in the  de sa tu r a t i on  or  e longa t ion  
process  involved in the  m e t a b o l i s m  of  fa t ty  
acids. 

Since i ron  def ic iency  is a wor ld-wide  h e a l t h  
p rob l em,  the  m e c h a n i s m  by  wh ich  it  a f fec ts  
l ipid m e t a b o l i s m  war ran t s  f u r t h e r  research.  
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Effect of Detergents on in vitro 7cr 
Formation by Rat Liver Microsomes 

AJIT SANGHVI*,  ENRICO GRASSI, CANDACE BARTMAN and WARREN F. DIVEN, 
Department of Pathology, University of  Pittsburgh School of  Medicine, Pittsburgh, 
PA 15261 

ABSTRACT 

Formation of 7c~-hydroxycholesterol by rat liver microsomes was quantitated using a gas chromato- 
graph-mass spectrometer (GC/MS) operated in selected ion monitoring (SIM) mode. Microsomes from 
normal rat livers incubated for different periods were found to yield increased 7a-hydroxycholesterol 
with time. This was also tree when incubations contained Tween-80, but in this instance, the rate of 
7a-hydroxycholesterol production was lower and dependent on the concentration of Tween used. 
Similarly, Triton X-100, Renex-30, Kyro EOB, Cutscum, and Emulgen 911 all lowered the formation 
of 7a-hydroxycholesterol by rat liver microsomes, whereas Triton WR-1339 stimulated its production. 
Analysis of data obtained from following the enzyme reaction over an extended period using an in- 
tegrated Michaelis-Menten equation indicated the enzyme possesses a very significant affinity for the 
product (K s > Kp). Similar analysis shows that Tween-80 is a noncompetitive inhibitor of the enzyme. 
Lipids 17:644-649, 1982. 

The enzyme  choles terol -7a-hydroxylase  
(E.C.I .14 . )  is a mixed- func t ion  oxidase which 
uses microsomal  cholesterol  as its substrate.  
Methods which utilize incorpora t ion  of  ra- 
dioact ivi ty in to  the product  7a -hydroxycho-  
lesterol f rom labeled cholesterol  as an es t imate  
of  enzyme  activity rout inely use a nonionic  
detergent  as the vehicle for exogenous  sub- 
strate. Detergents  such as Tr i ton  X-100, Lubrol  
(1), Cutscum (2) and Emulgen 911 ( 3 ) h a v e  
been used in the study of  this enzyme;  however ,  
Tween-80 is the most  c o m m o n l y  used detergent  
for this purpose.  Recent  deve lopment  of  a mass 
spec t rometr ic  (MS) procedure  in our  labora tory  
(4) to quant i fy  cholesterol  7a-hydroxylase  
activity has al lowed us to directly measure the 
effects  of  Tween-80 and o ther  detergents  on 
the activity of this enzyme.  We report  here 
that ,  with the except ion  o f  Tr i ton  WR-1339,  
all the detergents  tested lowered the p roduc t ion  
of 7a-hydroxycholes te ro l  by rat liver micro-  
somes, whereas Tri ton WR-1339 increased its 
format ion.  

MATERIALS AND METHODS 

Cutscum and Tween-20 were f rom Fisher 
Scientific. Kyro EOB was a gift f rom Procter  
and Gamble.  Tween-80 was purchased f rom 
J.T. Baker, Fisher Scientific and Sigma. Tr i ton  
WR-1339 was f rom Ruger Chemical  Co. (Irving- 
ton,  NJ 67111).  Tri ton X- 100 was f rom Sigma. 
Renex-30 and Emulgen-911 were gifts o f  ICI 

*Author to whom correspondence should be 
addressed: Clinical Chemistry Laboratory, University 
Health Center of Pittsburgh, 203 DeSoto Street, 
Room 8206, Pittsburgh, PA 15261. 

Americas and Kao Atlas Chemicals  (Tokyo ,  
Japan),  respectively.  

Male Sprague-Dawley rats weighing 220-280 
g were used. The animals were maintained on a 
12-hr light-dark cycle (8 p.m. to 8 a.m. light 
cycle).  Each rat was offered 30 g Purina Rat 
Chow per day at 8 a.m., and the remainder  was 
wi thdrawn at 6 p.m.;  water was allowed ad 
l ibi tum. Average daily food consumpt ion  was 
20 g/rat.  Animals were killed at 2 p.m. by 
decapi ta t ion.  Livers were excised, quickly  
chilled in 0.25 M sucrose conta in ing 1.0 mM 
E D T A  (pH 7.1), minced  and homogen ized  in 
four  volumes of  the same solut ion.  After  re- 
moval  of  cell debris and mi tochondr ia  at 500 
x g and 10,000 x g, respect ively,  the micro-  
somes were obta ined by centr i fugat ion of  the 
supernatant  at 100,000 x g. The microsomal  
pellet was suspended in 0.1 M phosphate  
buffer  (pH 7.4) conta in ing 10 ram/3-mercapto-  
e thylamine ,  recentr i fuged at 100,000 x g and 
the resulting pellet  was resuspended in the same 
buffer  so that  4 ml of  suspension contained the 
microsomes f rom 1.0 g of  liver. 

Each of  the detergents  to be tested for its 
effect  on cholesterol  7tx-hydroxylase was mixed  
with 0.1 M phosphate  buffer  first by vor tex ,  
and then by a 2-rain sonicat ion at 20 kHz. Ali- 
quo ts  o f  detergent  solut ions representing differ- 
ent  amounts  ranging from 0.4-3.6 mg were 
mixed  with sufficient  microsomal  suspension to 
contain 1-2 mg microsomal  prote in .  Incubat ion  
of  microsomes was per formed for 30 or  60 min 
at 37 C in air in 0.1 M phosphate  containing 1 
mM EDTA,  0.8-1.2 mg microsomal  protein ,  10 
mM/3-mercaptoe thylamine ,  two  units glucose-6- 
phosphate  dehydrogenase,  20 mM glucose-6- 
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phosphate ,  2 mM NADP,  and concent ra t ions  o f  
detergents  as indicated in the tables in a to ta l  
vol  of  1.5 ml. The amoun t  o f  7a -hydroxycho-  
lesterol  fo rmed  was de te rmined  by gas chromat-  
ograph/mass spec t rometer  (GC/MS) opera ted  
in selected ion monitoring ( S I M ) m o d e ,  as 
described previously (4). 

RESULTS 

Table 1 contains results of  exper iments  
showing the effect  of  various nonionic  deter- 
gents on the microsomal  p roduc t ion  of  7a- 
hydroxycho les t e ro l  af ter  a 30-rain incubat ion .  
All detergents  in this group of  exper iments  
inhibi ted ' t he  fo rmat ion  of  7a-hydroxycholes -  
terol  in p ropor t ion  to their  concen t ra t ion  in the  
exper iment .  Renex-30 and Kyro EOB at 0.8 
mg/mg microsomal  protein vir tually abolished 
the enzyme  activity.  

During the GC/MS and SIM analyses o f  l ipid 
extracts  ob ta ined  f rom microsomal  incubat ions  
conta ining Emulgen-911 and Tr i ton  X-100, the  
presence of  a large n u m b e r  o f  ex t raneous  peaks 
was noted .  None of  these peaks, however ,  gave 

rise to  the  ions m / z  4 4 3 , 4 5 6 ,  or  546 at reten- 
t ion t imes at which cholesterol ,  7a- and 7/3- 
hydroxycho les t e ro l  appear,  and which are used 
in the  calculat ions o f  the amount  of  7a-hydrox-  
ycholes terol .  To ascertain if  these peaks were 
present  in these t w o  detergents,  Emulgen-911 
and Tr i ton  X-100 were ext rac ted  with chloro- 
f o r m / m e t h a n o l  (2:1,  v/v).  The GC/MS and SIM 
analyses of these extracts  indicated that  the 
ex t raneous  peaks originate e i ther  f rom contam-  
inat ions in the detergents  or  f rom the deter- 
gents themselves.  E thyl  acetate and pe t ro leum 
ether  extracts  o f  the detergents,  when similarly 
analyzed,  gave identical  in format ion .  Emulgen-  
911 ex t rac t  was fur ther  analyzed by thin layer  
ch romatography  (TLC) on Silica Gel G, 250 
g-plates,  using benzene /e thy lace ta te  (40:60,  
v/v)  as the eluting solvent system (3). Again, a 
large number  o f  spots th roughou t  the channel 
were observed when the  plates were exposed to 
iodine  vapors. The Rf  values (0.11, 0.15, 0.21, 
0.25, 0.28) of  some of  the unknown  com- 
pounds  were similar to those for the  authent ic  
7c~- and 7~-hydroxycholes tero l  (0.21,  0.27), 
respectively,  suggesting a potent ia l  for inter- 

TABLE 1 

Effect of Several Nonionic Detergents on Microsomal Production 
of 7a-Hydroxycholesterol a 

Concentration 
Detergent (mg/mg protein) 30 rain 

pmol 7a-Hydroxycholesterol/mg protein 

Control - 917 -+ 72 
% of control 

Cutscum 0.2 68 
0.5 26 
1.8 23 

Emulgen-911 0.2 17 
0.6 14 
1.0 11 

Kyro EOB 0.3 27 
0.5 6 
0.8 4 

Renex-30 0.3 9 
0.5 2 
0.8 1 

Triton X-100 0.2 46 
0.5 25 
0.7 21 

Tween-20 0.2 95 
0.6 61 
0.9 35 
1.6 10 

aEffect of the indicated detergents on qa-hydroxycholesterol formation in 30-rain incu- 
bation by rat liver microsomes was studied in three experiments with combined liver micro- 
somes from four rats in each experiment. Two detergents were included in each study. Each 
determination was in duplicate. Results are average of two experiments for each detergent. 
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ference  in the  e s t ima t ion  of cho les te ro l  7a-  
hyd roxy la se  act ivi ty by m e t h o d s  which  use 
Emulgen-911  or  T r i t o n  X-100  and  ana lyze  the  
p roduc t s  o f  r eac t ion  by  TLC (3).  

Tween-20 ,  at  the  lowes t  c o n c e n t r a t i o n ,  d id  
no t  s ignif icant ly  affect  7 a - h y d r o x y c h o l e s t e r o l  
p roduc t i on .  At  all o t h e r  c o n c e n t r a t i o n s ,  it, t oo ,  
was inh ib i to ry .  

The ef fec ts  o f  Tr i ton  WR-1339  and  o f  gly- 
cerol  on  t he  cho les te ro l  7a - hyd r oxy l a s e  act ivi ty  
were s tud ied  separa te ly  and  as a mix tu re .  The 
resul ts  in Table  2 show t h a t  b o t h  of  these  
agents  have  a s t imula t ing  ef fec t  on the  fo rma-  
t ion  of  7 a - h y d r o x y c h o l e s t e r o l .  Increas ing the  
c o n c e n t r a t i o n  of  T r i t on  WR-1339  f r o m  0.3 mg  
to  1.0 m g / m g  mic rosoma l  p ro t e in  did no t  pro- 
duce  an i n c r e m e n t a l  change in 7 a - h y d r o x y c h o -  
lesterol  f o r m a t i o n .  Glycerol  over  a wide range 
of  c o n c e n t r a t i o n s ,  f rom 5.0 to 52 m g / m g  pro- 
te in ,  increased the  7 a - h y d r o x y c h o l e s t e r o l  pro- 
duc t ion  over  t ha t  in con t ro l s  an  average of  13% 
af ter  30 min  of i n c u b a t i o n .  The  c o m b i n e d  
ef fec t  o f  these  two  agents  is addi t ive.  

The t ime  course of  7 a - h y d r o x y c h o l e s t e r o l  
f o r m a t i o n  was s tudied  in the  presence  of  sev6ral 
c o n c e n t r a t i o n s  of  Tween-80  and  in i ts absence .  
The mean  critical miceUe c o n c e n t r a t i o n  (cmc)  
o f  Tween-80  is 0 .036  mM (5).  In ou r  s tudies ,  
0 .04 mg  T w e e n - 8 0 / m g  m i c r o s o m a l  p r o t e i n  
(0 .03  mM, mol  wt  1310) ,  a c o n c e n t r a t i o n  jus t  
be low the  cmc  of  Tween-80 ,  was i n h i b i t o r y  to 
7 a - h y d r o x y c h o l e s t e r o l  fo rma t ion ,  as were all 
o t h e r  c o n c e n t r a t i o n s  t es ted  (0 .04  m g - l . 2 5  mg/  
mg pro te in ) .  When 7 a - h y d r o x y c h o l e s t e r o l  for-  
m a t i o n  at 10 min  of  i n c u b a t i o n  was p l o t t ed  as 
a f unc t i on  of  d i f fe ren t  Tween -80  concen t r a -  
t ions  (Fig. 1), it gave an a p p a r e n t l y  b iphas ic  
curve wi th  a sharp  break  at  a Tween-80  concen-  

BARTMAN AND W.F. DIVEN 

t r a t i on  o f  75 # g / m g  pro te in .  The  s teep p o r t i o n  
of  the  curve may  represen t ,  fo l lowing m e m -  
b rane  d i s rup t ion ,  a rapid t r app ing  of  choles te ro l  
i n t o  a Tween-cho les t e ro l  micel le  of  t h a t  frac- 
t ion  of  e n d o g e n o u s  cho les te ro l  which  may  
e i the r  be a par t  o f  " s u b s t r a t e  p o o l , "  or  m a y  at 
least  be easily accessible to  the  e n z y m e .  Once 
mos t  o f  this  p r e s u m e d  " s u b s t r a t e  p o o l "  choles-  
terol  had  been  seques te red ,  the re  is l i t t le  choles-  
t e ro l  available to  the  e n z y m e  for  h y d r o x y l a t i o n  
as may  be ev idenced  by  the  large decrease in 
7c~-hydroxycholes terol  p roduc t ion"  b e y o n d  the  
Tween-80  c o n c e n t r a t i o n  of  75 /ag/mg p ro te in .  

o 

Control ( no  TWEEN)  

m m r eqn 

/ /  J . f - - - - -  �9 

;o 20 6'0 
Time (min) 

FIG. 1. Nanograms of 7a-hydroxycholesterol 
formed per mg protein in a 10-min incubation plotted 
as a function of the concentration of Tween-80. 
Tween-80 concentrations are expressed as #g/rag of 
microsomal protein in the assay. Each point is an aver- 
age of duplicate measurements. Microsomes from four 
rat livers were used. The data have been reproducible 
in other experiments. 

TABLE 2 

Individual and Combined Effects of Triton WR-1339 and Glycerol 
on 7cz-Hydroxyeholesterol Formation a 

pmol 7a-Hy droxycholesterol/mg 
protein 

% of control 

Control 

Glycerol (53 mg/mg protein) 

Triton WR-1339 (1 mg]mg protein) 

Triton WR-1339 + glycerol 

9 3 3  -+ 1 4 0  I 0 0  

1 0 5 8  +- 153  1 1 3 . 5  .+- 4 . 8  
p < 0 . 0 2 5  

1 2 1 9  .+- 1 8 0  1 3 0 . 8  -+ 1 .6  
p < 0 . 0 0 5  

1 2 8 2  -+ 183  1 3 8 . 0  -+ 2 .2  
p < 0 . 0 0 1  

aLiver microsomes from four rats were incubated separately with the indicated agent for 
30 min. All assays were in duplicate. Significance values are relative to the control group. 
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The observed ilthibition of enzyme activity 
could be due to the presence in Tween-80 of 
traces of free fatty acid, itself capable of being 
hydroxylated, which could function as an 
alternate substrate (6). To test this possibility, 
microsomal 7a-hydroxycholesterol formation 
was measured in the presence of Tween-80 ob- 
tained from different manufacturers, which 
contained different amounts of free oleic acid 
(7). As shown in Table 3, the inhibition by 
Tweend80 of 7a-hydroxycholesterol formation 
appears related to its content  of free oleic acid. 

TABLE 3 

Effect of Different Concentrations of Free Oleic Acid 
in  Tween-80 on 7c~-Hydroxycholesterol Production a 

pmol 
7~-Hydroxycholesterol/mg 

p r o t e i n  

% FFA b % of control 

(Control) 1251 100 
0.24% (Sigma) 813 64 
0.58% (Fisher) 693 55 
0.71% (Baker) 513 40 

aThe experiment was conducted using combined 
liver microsomes from four rats, incubated for 30 min. 
Results are average of two experiments with eac h anal- 
ysis in duplicate. Sources of Tween-80 are in paren- 
theses. Concentration of Tween-80 in each experiment 
was 0.9 mg/mg protein. 

bFFA = free fatty acid (oleic). 

The nature of Tween-80 inhibition was 
further probed by an additional kinetic experi- 
ment in which the formation of 70~-hydroxy- 
cholesterol was studied, both in the presence 
and absence of the detergent. This and other 
experiments described here use endogenous 
cholesterol as substrate with saturating concen- 
trations of all required cofactors. The data ob- 
tained from this experiment were subjected to 
analysis by an integrated form of Michaelis- 
Menten equation (8) with the assumptions that 
(a) the reaction can be approximated as a one 
substrate-one product reaction ; (b) the reaction 
has a large equilibrium constant; and (c) no 
interaction between enzyme and product takes 
place. Thus, 

1 I n  [ S ] ~  1 [ P ]  Vm 
- - + - - .  [ 1 1  
t IS]0 - [P] K m t Km 
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the total cholesterol present in the microsomes 
was hydroxylated. When [S]o was estimated to 
be 1 /.tg or greater, a linear plot with a positive 
slope was obtained. Since Equation 1 predicts 
a linear relationship with a negative slope, the 
observed behavior can only be interpreted by a 
more complex equation based on the assump- 
tion of a large equilibrium constant as before, 
but allowing for product inhibition (8). There- 
fore, 

1 [ S ] o  
- I n  - 
t [ S ] o  - [ P ]  

_ 1 (Kmp - Kms~ [P] 

Kms \Kmp+[S]0 / t 

Vm 
+ 121 

Kms (1 + [Sl~ 
Kmp] 

The slope of this equation can be positive or 
negative, depending on the relative values of 
Michaelis constants for substrate and product. 
Thus, the data would appear to be consistent 
with the hypothesis that 7a-hydroxycholesterol 
has a high affinity for the enzyme and thus 
effectively limits the reaction. 

Equation 2 can be rearranged into a form 
(Equation 3) where the vertical axis intercept 
is independent of [ S] 0- Using the equation  (s0) In 

t _ Kms (1 + S~ So - P 
P V m \-  Kmp ] \ P 

1 
+ - -  [31 

Vm Kmp ] '  

a family of lines is obtained with both slopes 
and intercepts that vary with Tween-'80 concen- 
tration, as shown in Figure 2. A negative inter- 
cept for the line resulting from the experiment 
in the absence of Tween-80, as seen in Figure 2, 
is what would be expected if Kms > K m p -  
again showing the marked affinity of the en- 
zyme for the product. A kinetic pattern with 
both slope and intercept functions of inhibitor 
concentration, as seen in Figure 2, would be 
predicted if the detergent were acting as a non- 
competitive inhibitor, thus reducing the effec- 
tive enzyme concentration. 

D I S C U S S I O N  

Nonionic detergents are routinely used to 
clarify microsomal suspensions. They serve as 
vehicles for lipophilic substrates and are gen- 
erally used as "solubilizers" for steroids and 

In order to apply the integrated rate equation other nonpolar substances in studies involving 
to the data from the above experiment, an esti- microsomal enzymes (9-11). For similar 
mate of [S] 0 was required. It was clear from reasons, it has been necessary to use nonionic 
these experiments that only a small fraction of detergents to study the various properties of 
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FIG. 2. Plot of time course of 7a-hydroxycholes- 
terol formation according to equation 3 (text). For 
these experiments, [S] 0 was estimated to be 1 #g of 
cholesterol. Experiments were conducted in the ab- 
sence of any detergent (o-o) with a Tween-80 concen- 

to those used by Nimmannit  and Porter (3), 
our studies indicate the enzyme possesses only 
17-11% of activity relative to that in controls. 
Since the exact mechanism of inactivation of 
cholesterol 7a-hydroxylase activity by different 
detergents is unknown,  the use of severely 
inhibitory detergents in the study of this en- 
zyme would seem to complicate the interpreta- 
tion of experimental data. A further complica- 
tion peculiar to Emulgen-911 and Triton X-100 
is the finding that they appear to contain or to 
be contaminated with compounds which are 
extracted by lipid solvents, and two of these 
have Rf values similar to those for 7r and 7/~- 
hydroxycholesterol upon TLC. The GC/MS 
procedure avoids difficulties of this nature. 

Tween-80 is one of the most widely used 
detergents as a vehicle for lipophilic substrates, 
specifically in studies concerning cholesterol 
7a-hydroxylase. The effects of Tween-80 on 
microsomal drug hydroxylations are diverse. 
Thus, it is found to competitively inhibit 2- 
and 4-hydroxylations of biphenyl, a fungistat 
and a lipophilic substrate, by hamster liver 
mixed-function oxidases (12). In the same 

tration of .041 mg/mg protein (zx_z~) and 0.41 mg/mg system, Tween-80 stimulates 4-hydroxylation 
protein (a-=). Each point represents duplicate deter- of aniline; on the other hand, in the rat liver 
minations using the microsomes prepared from four 
animals. 

cholesterol 7a-hydroxylase, a mixed-function 
oxidase enzyme, when the assay system uses 
conversion of labeled cholesterol to labeled 
7a-hydroxycholesterol as an index of enzyme 
activity. We have studied the effect of several 
nonionic detergents themselves on the activity 
of this enzyme by a GC/MS procedure (4) 
which measures directly the mass of 7(~-hydrox- 
ycholesterol formed as an index of enzyme 
activity. The results of our investigations re- 
ported here show that, with the sole exception 
of Triton WR-1339, all of the detergents ex- 
erted an inhibitory effect on the microsomal 
production of 7(x-hydroxycholesterol. Inhibi- 
tion of 7a-hydroxycholesterol formation by 
several detergents, including Tween-80 and 
Triton X-100, has been reported by Boyd and 
Hattersley using an isotopic technique (1); 
however, those studies were carried out using 
the acetone powder prepared from microsomes. 
We found Kyro EOB, Renex-30, and Emulgen- 
911 to be the most inhibitory of the agents 
tested. 

Information regarding the inhibition due to 
Emulgen-911 may be significant in view of a 
recent report concerning solubilization of 
cholesterol 7a-hydroxylase using this detergent 
(3). At concentrations of Emulgen-911 similar 

microsomes, it inhibits aniline hydroxylation. 
In studies reported here, Tween-80 acts to 
reduce the formation of 7a-hydroxycholesterol 
by rat liver microsomes at all concentrations 
tested, 

A possible explanation for the inhibitory 
action of Tween-80, and perhaps for other 
detergents, would be competition with sub- 
strate for the enzyme. If this were the case, 
kinetic studies such as those presented in Figure 
2 would give a family of curves where only the 
slopes are functions of detergent concentration. 
The data presented are more consistent with 
the possibility that Tween-80 is interacting with 
the enzyme and reducing the effective enzyme 
concentration, while having no effect on the 
binding of cholesterol with the enzyme. 

Tween-80 may also sequester cholesterol 
into Tween-cholesterol micelle, which may 
account for reduced 7a-hydroxycholesterol for- 
mation in the presence of Tween, as shown in 
Figure 1. 

The inhibition by Tween-80 of 7a-hydroxy- 
cholesterol formation may be at least partly 
due to the presence of free oleic acid, since un- 
saturated fatty acids are known to be hydrox- 
ylated by microsomal enzyme systems, and 
they also competitively inhibit both the micro- 
somal hydroxylations and interaction of other 
Type I substrates (6). The results in Table 3, 
showing progressive inhibition of 7a-hydroxy- 
cholesterol formation with increasing concen- 
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t r a t i on  of  free oleic acid in d i f fe ren t  Tween-80  
p repara t ions ,  are cons i s t en t  wi th  this  reasoning.  

S t imula t ion  of cho les te ro l  7a -hydroxy la se  
act ivi ty  by Tr i ton  WR-1339  is in keep ing  wi th  
i ts k n o w n  s t imu la to ry  ef fec t  on  h y d r o x y m e t h -  
y lg lu ta ry l -CoA reductase  act ivi ty ,  a l t hough  t he  
m e c h a n i s m s  involved mus t  be d i f fe rent .  A d m i n -  
i s t ra t ion  of T r i t on  WR-1339  to animals  is 
s h o w n  to  resul t  in a dep le t ion  of  hepa t i c  choles- 
terol  c o n t e n t ,  which ,  in t u rn ,  enhances  h y d r o x -  
y m e t h y l g l u t a r y l - C o A  reductase  act ivi ty and 
choles te rogenes is  (13) .  The  increase in vi t ro  o f  
choles te ro l  7a -hydroxy la se  act ivi ty ,  on the  
o t h e r  hand ,  is likely due  to p e r t u r b a t i o n  of 
mic rosomal  m e m b r a n e  by Tr i ton  WR-1339 ,  
leading to the u n m a s k i n g  of  l a t e n t  e n z y m e  
act ivi ty .  
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Estolide Triglycerides of Trewia nudiflora Seed Oil 

R I C H A R D  V. M A D R I G A L *  and CECIL R. SMITH,  Jr., Northern Regional Research 
Center, Agricultural Research Service, U.S. Department o f  Agriculture, Peoria, IL 61604 

ABSTRACT 

The seed oil of Trewia nudiflora is known to contain glycerides of c~-kamlolenic (18-hydroxy-cis- 
9,trans-ll,trans-13-octadecatrienoic) acid. We have shown that a large part of these glycerides contain 
estotides in which the hydroxyl group of a-kamlolenic acid is esterified to a molecule of another acid, 
either a hydroxy acid or an ordinary fatty acid. By preparative thin layer chromatography, we isolated 
a series of tri-, tetra-, penta- and hexaacyl glycerols. By lipolysis and gas chromatography-mass spec- 
trometry, we i~lated and characterized estolide-linked fatty acids containing two acid moieties. 
Lipids 17:650-655, 1982. 

Trewia nudiflora L. (Euphorbiaceae, false 
white teak) is a large deciduous tree. It is found 
in India in the region east and south of the 
Jumna river and also in Burma and is character- 
istic of the swamp forests of the sub-Himalayan 
tract. It occurs in moist deciduous as well as 
,in evergreen forests. The wood of Trewia is 
white and soft and is used in India for carving' 
and making toys, packing cases, planking and 
plywood (1). 

There has been interest in the biological 
activity of extracts of T. nudiflora seed. The 
seed has been shown to contain several novel 
pyridone alkaloids (2-4) and also an inhibitor 
of protein synthesis (5). From the ethanol 
extracts of these seeds, PoweU et al. (6) isolated 
and characterized three new maytansinoid 
tumor inhibitors: trewiasine, dehydrotrewia- 
sine and demethyltrewiasine. We have also 
shown in another publication (7) that crude 
T. nudiflora extracts and trewiasine are biolog- 
ically active against various insects, suggesting 
possible use as a pest control agent. 

Because of this interest in the biological 
activity of the Trewia seed extracts and the 
high oil content  of these seeds, we investigated 
the composition of its seed oil. The oil was 
reported by Sarkar and Chakrabarty (8) to be 
similar to tung oil. They erroneously reported 
the major fatty acid as being ~-eleostearic acid. 
Chisholm and Hopkins (9) isolated this conju- 
gated acid and showed it to be ~-kamlolenic 
(18-hy droxy-9,11,13-octadecatrienoic) acid 
rather than ~-eleostearic acid. They observed 
that the infrared (IR) spectrum of the oil 
showed only a very weak hydroxyl band near 
3620 cm -a, presumably because nearly all of 
the hydroxy acid is combined in the form of 
estolides; they made no further investigation of 
the glyceride structure. Until its presence was 

*Author to whom correspondence should be 
addressed. 

established in T. nudifiora, ~-kamlolenic acid 
had been found only in the seed of Mallotus 
species. Aggarwal et al. (10) reported that 
kamala (Mallotus philippinensis Muell. Arg., 
Euphorbiaceae) seed contained an oil with 
drying properties much like those of tung oil. 
The principal acid was identified as 18-hydroxy- 
9,11,13-octadecatrienoic acid by Gupta et al. 
(11,12) who proposed the name ~-kamlolenic 
acid. Hopkins et al. (13) later established the 
complete structure and stereochemistry of 
ot-kamlolenic acid as 18-hydroxyoctadeca-cis- 
9 ,trans-11 ,trans-13-trienoic acid. 

Kapadia and Aggarwal (14) separated kamala 
seed oil into six fractions by low-temperature 
fractional crystallization. For each fraction, 
they determined mean molecular weight (cryo- 
scopic), glycerol content,  saponification value, 
iodine value, hydroxyl value and fatty acid 
composition by ultraviolet (UV)absorbance .  
From the data obtained, Achaya and Aggarwal 
(15) suggested that the six fractions contained 
four unusual triglycerides in which the hy- 
droxyl group of a-kamlolenic acid was either 
free, esterified with the carboxyl group of 
another molecule of ~-kamlolenic acid, or ester- 
ified with a normal long-chain fatty acid. The 
individual triglycerides suggested were: ( a ) a  
triacyl glycerol with one terminal hydroxyl 
group, (b) a tetraacyl glycerol with one term- 
inat hydroxyl group, (c) a heptaacyl glycerol 
with one terminal hydroxyl group and (d) an 
octaacylglycerol with one terminal hydroxyl 
group. Rajiah et al. (16) confirmed the sug- 
gested structures using the procedures of 
Kapadia and Aggarwal along with ester group 
determination by a ferric hydroxamate colori- 
metric procedure, ester group determination 
by IR, glycerol determination by gas liquid 
chromatography (GLC), lipase hydrolysis and 
nuclear magnetic resonance. 

In the present work, we confirmed the exist- 
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ence of estolide triglycerides in T. nudiflora 
seed oil and showed that they are found as tri-, 
tetra-, penta- and hexaacyl glycerols with no 
more than two fatty acid moieties on one acyl 
chain attached to one position of glycerol. 

MATERIALS AND METHODS 

Seed 

Trewia nudiflora. The seed was purchased 
from Pratap Nursery, Dehra Dun, India, and 
was supplied to us by Dr. James Duke, USDA, 
Beltsville, MD. 

M. philippinensis. The seed was collected in 
Pakistan and was supplied to us by Dr. Quentin 
Jones, USDA, Beltsville, MD. 

Chromatographic Methods 

Thin layer chromatography (TLC). Analyti- 
cal TLC was carried out on precoated Silica 
Gel 60 F-254 plates (0.25-mm thick) with the 
solvent system of hexane/ethyl ether (70:30, 
v/v) for the hexane extracts, methyl esters, and 
lipolysis products, and for preliminary examina- 
tion of the hydrogenated oil. For preparative 
TLC, Silica Gel 60 F-254 plates (2 mm thick) 
were used with hexane/ethyl ether (60:40, v/v) 
except with the hydrogenated oils. For separa- 
tion of the hydrogenated oils into their various 
components, multiple development (4x-Sx)  
TLC was carried out with the solvent system 
ethyl ether/benzene (1:99, v/v) followed by 
ethyl ether/benzene (3:97, v/v). In analytical 
TLC, components were visualized by charring 
with sulfuric acid/dichromate solutions or by 
exposure to iodine vapors. In preparative TLC, 
bands were located by spraying with ethanolic 
dichlorofluorescein followed by viewing under 
UV light. 

GLC. Fatty acid methyl esters derived from 
the hydrogenated glycerides were analyzed on 
an instrument equipped with a 1.2 m x 6 mm 
glass column packed with 5% Apiezon L on 
Chromosorb  W which was operated isotherm- 
ally at 185 C. Methyl esters of the hydrogen- 
ated lipolysates were analyzed with a 0.6 m x 
3 mm glass column packed with 3% Dexsil 300 
on Chromosorb W-AW, 100-120 mesh (Alltech 
Associates, Deerfield, IL). Trimethylsilyl (TMS) 
ethers were prepared by reacting selected 
samples with Hydrox-Sil (Regis Chemical Co., 
Morton Grove, IL) before analysis. Tempera- 
tures were programmed 100-400 C at 5 C/min. 
Methyl esters were identified by their equi- 
valent chain length (ECI,). 

Spectrometric Methods 

IR. IR spectra were determined on 1% (w/v) 

solutions in CHCI 3. 
Gas chromatography-mass spectrometry [GC- 

MS). The mass spectra were obtained from a 
Kratos MS-30 mass spectrometer (Kratos Scien- 
tific Instruments, Westwood, N J) at 70 eV with 
a source pressure of ca. 10 .6 tort. Samples 
(0.1-5 /2g) were introduced to the mass spec- 
trometer by GC via a single-stage jet separator. 
A 1 m • 2 mm glass GC column packed with 
5% OV-1 was programmed from 260 to 285 C 
at 2 C/min. The carrier gas was helium at 30 cc/ 
min and the MS source was held at 200 C. 

Seed Extraction 

Seeds were cracked gently to remove the 
hulls. The endosperm was crushed in a mortar 
under the surface of hexane (Fisher Spectro- 
analyzed) and filtered at once. After filtration, 
the amount of oil recovered was estimated by 
evaporating a l-ml aliquot and weighing the 
resulting residue. The hexane solution was 
either hydrolyzed or hydrogenated immediate- 
ly, or stored under refrigeration until  it was 
used. 

Hydrolysis with Pancreatic Lipase 

Hexane extracts were mixed with an equal 
volume of water, then the hexane was removed 
by vacuum evaporation at room temperature. 
The aqueous mixture was hydrolyzed with 
porcine pancreatic lipase (EC 3.1.1.3) (Calbio- 
chem, San Diego, CA) by the procedure of 
Luddy et al. (17) as modified by Phillips and 
Smith (18), except that reaction times of 30 
min were used. Stirring was done with a Brink- 
mann Polytron Homogenizer (Brinkmann 
Instruments, Westbury, NY). The reaction 
products were recovered by successive extrac- 
tion of the aqueous buffered solution with 
hexane and chloroform. 

Hydrogenation 

Hydrogenation of triglycerides and derived 
lipolysates was done in hexane at ambient tem- 
perature and atmospheric pressure with palla- 
dium-charcoal (10%) catalyst. 

Preparation of Methyl Esters 

Methyl esters of the hydrogenated glycerides 
were prepared by dissoNing 100 mg in 40 ml 
benzene and refluxing 6 hr with 40 ml H2SO4/ 
MeOH (3:97, v/v). After diluting the reaction 
mixture with an equal volume of water, the 
esters were recovered by successive extraction 
with hexane and chloroform. Free acids from 
lipolysis products were converted to methyl 
esters by treatment with diazomethane. 
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Molecular Weights 

Molecular weights were determined in CHC13 
solutions by vapor-phase osmometry (VPO) 
with a Mechrolab Model 301-A osmometer.  
Tristearin (Nu-Chek-Prep, Elysian, MN) served 
as the calibration standard. 

Melting Points 

Melting points were determined on a Fisher- 
Johns melting point  apparatus and are uncor- 
rected. 

RESULTS AND DISCUSSION 

Upon evaporation of  the solvent from the 
petroleum ether extracts of  T. nudiflora seed, 
a viscous oil is obtained whose rapid gelling and 
polymerizing properties suggest i t  to be a dry- 
ing oil. In a typical extract ion,  6.2 g of T 
nudiflora seed containing 2.5 g endosperm 
furnished an estimated 0.573 g of  oil. Analyt-  
ical TLC gave a streak with about 15 evenly 
distributed spots having an Rf range of  0-0.8. 
The IR spectrum of the oil showed a weak 
hydroxyl  absorbance at 3700 cm -a and a sharp 
absorbance at 995 cm -I with a shoulder at 
968 cm -1 characteristic of cis, trans, trans conju- 
gated trienes (I 9). 

Because of  the marked instability of the oil, 
it  was advantageous to work with the hydrogen- 
ated oil and derived methyl  esters wherever 
possible since they were stable and were amen- 
able to TLC, GLC and other manipulations. 
The hydrogenated hexane extract  was a white 
solid, m p  74-76 C. The IR spectrum was not  
unusual; hydroxyl  absorbance was weak and no 
absorbance was noted near 1000 cm -1. TLC 
analysis (one development,  hexane/ether  [70: 
30, v/v] ) gave a chromatogram with spots at Rf 
0.2, 0.3, 0.75, 0.8 (intense) and 0.95. 

GLC of  the mixed esters derived by acid- 
catalyzed methanolysis of  the hydrogenated oil 
showed the following composit ion (relative 
percent in parentheses):  16:0 (6.4), 18:0 (57.3), 
18:0 hydroxy  (35.9), and 20:0 (0.4). Analytical 
TLC of the methyl  esters showed two spots of  
Rf 0.2 and 0.75. After separation by prepara- 
tive TLC, GLC of  the nonpolar  fraction showed 
16:0, 18:0 and 20:0, whereas GLC of the polar 
fraction showed only methyl 18-hydroxystea- 
rate (ECL 20.4, Apiezon L column), the h y d r o -  
genation product  of methyl  kamlolenate.  

Preparative TLC of  estolide oils by multiple 
development with relatively nonpolar  solvent 
systems was used by Morris and Ha// (20) to 
separate the estolide-containing glycerides of  
ergot oil from Claviceps purpurea. Payne-Wahl 
et al. (21) used multiple-development with 

benzene in the separation of  synthetic multi- 
acyl triglycerides. By applying this technique, 
we were able to obtain a series of at least 12 
discrete fractions (Table 1). Preparative mult- 
iple-development TLC of the hydrogenated oil 
with ethyl ether]benzene (1:99, v/v)gave five 
well defined fractions having Rf 0.5-0.95 (frac. 
1-5 in Table 1), and an unresolved band at Rf 
0-0.45. Rechromatography of this low Rf polar  
band by further multiple-development TLC in a 
more polar solvent system (ethyl ether/benzene 
[3:97, v/v] ) gave eight more well defined com- 
ponents (frac. 6-13) and an unresolved streak 
(frac. 14). 

Mean molecular weights of  the fractions are 
shown in Table 1. Fraction 1, the least polar, 
appeared to be a hydrocarbon by IR. This 
material was not  examined further. The chro- 
matographic properties of fraction 2 corres- 
ponded exactly to those of  tristearin, the ex- 
pected tfiacyl glycerol having no estolide 
groups, and this fraction had the same molecu- 
lar weight as tristearin. The progressive increase 
in molecular weights of  fractions 2-5 indicates 
that ,  other factors being equal, the Rf of poly- 
acyl glycerols of this series decreases with in- 
creasing numbers of acyl groups per molecule. 
Fract ion 5 is a mixture of pentaacyl  glycerol 
(also found in fraction 4) and hexaacyl glycerol. 
Fractions 8-10 were similar in molecular weight 
but different in polari ty,  indicating that  these 
are hexaacyl glycerols with an increasing num- 
ber of terminal hydroxyls  in the acyl chains. 
Fractions 11 and 13 may be triacyl glycerols 
terminated with 2 and 3 hydroxyls ,  respectively. 

The presence of  estolide linkages in the orig- 
inal oil was confirmed by isolation after cleav- 
age of  the glyceride acyl groups with pancreatic 
lipase. The lipolysis could not  be carried out  on 
the hydrogenated oil because of  its high melting 
point  and the resulting difficulty of  obtaining 
the necessary liquid emulsions (22). Lipolysis 
of the unhydrogenated triglycerides was more 
successful. Reaction conditions that were more 
rigorous than usual ( temperature,  time, stirring 
speed) were used because of the high molecular 
weights of  the glycerides. Immediate hydrogen- 
ation of the l ipolysates gave a product  which 
gave the usual TLC spots corresponding to 
monoglycerides, fat ty acids and a small amount  
of  triglycerides. The fractions due to free fat ty 
acids and to monoglycerides were separated by 
preparative TLC. GLC of  the esters obtained by 
reaction of the acids with diazomethane 
showed the following composit ion (relative per- 
cent in parentheses): 16:0 (16.9), 18:0 (35.7), 
20:0 (12.1), 22:0 (9.9), two peaks having ECL 
values (Dexsil 300) of  35 (1.7) and 37 (12.2). 
These last two ECL values are similar to those 
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TABLE 1 

Preparative TLC Fractions from Hydrogenated Trewia nudiflora Seed Oil 
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Fraction a 

Molecular Calculated 
Percent wt by no. of acyl Free OH 
by wt Rf VPO b groups c groups]molecule 

1 4.6 0.95 _d _ - 
2 41.4 0.8 886 3.0 0 
3 16.7 0.7 1,163 4.0 0 
4 6.1 0.6 1,383 4.7 0 
5 6 . 7  0 . 5 , 0 . 6  e 1 , 5 6 2  5 . 4  0 
6 2.5 0.95 376 1.2 ? 
7 1 .8  0 . 8 5  1 , 0 0 7  3.4 1 
8 3.8 0.8 1,870 6.5 1 
9 3.3 0.75 1,900 6.6 2 

10 1.8 0.7 2,000 6.9 3 
11 0.7 0.6 925 3.1 2 
12 0 . 5  0 . 5  - - f  -- -- 
13  1.2 0.2 "178 2.6 3 
14 8.8 0.15g 1,196 4.1 3 

aFractions 1-5 were separated by multiple development with benzene/ethyl ether (99:1); 
fractions 6-14 were separated by further multiple development with benzene]ethyl ether 
(97:3). 

bVPO = vapor-phase osmometry. The solvent was chloroform. Tristearin (MW 890) was 
used as the calibration standard. 

CCalculated on C-18 basis. 
dMolecular weight was not determined on this fraction, apparently hydrocarbon. 
eThis fraction contains two overlapping components. 
fThere was insufficient sample for analysis. 
gThis fraction may contain more than one component. 

of  diglycerides bu t ,  because  of  the i r  po la r i ty ,  
diglycerides would  n o t  be expec t ed  in th is  frac- 
t ion .  GC-MS of  the  m e t h y l  es ters  s h o w e d  the  
c o m p o n e n t s  wi th  ECL 35 and  37 to be  m e t h y l  
18 -pa lmi toy loxys t ea ra t e  and  m e t h y l  18-stear- 
oy loxys t ea ra t e .  GC-MS of  these  es tol ide  esters  
(Tab le  2) showed  molecu la r  ions  at  m / z  552 and  
580  a c c o m p a n i e d  by ions for  ke tenes  arising 
f rom the  loss of  32 (CH3OH).  Ions were ob-  
served for  the  loss of the  m e t h y l - t e r m i n a t e d  
acyl groups  wi th  a McLaf fe r ty  r e a r r a n g e m e n t  
ion  at  m /z  296 fo l lowed by  loss of  32 or  74. 
Also p r o m i n e n t  were the  m e t h y l - t e r m i n a t e d  
acyl  ions  ( f r agmen t  a, R-C=O § at m / z  239  and  
267 ,  respect ively,  which  arise by  cleavage at 
the  es tol ide  l inkage.  The  ion  at m/z  315 is the  
o t h e r  ion resu l t ing  f rom the  cleavage. The  ion  
at  m /z  356  is due  to  a McLaf fe r ty  rear range-  
m e n t  and  is fo l lowed by a loss of  32.  Ions  at  
285 and 257 ( f r agmen t  b)  are fo rmed  f rom the  
molecu la r  ion  M § by  cleavage o f  the  O-R '  b o n d  
fo l lowed b~r a t ransfe r  of  t w o  h y d r o g e n  a t o m s  
f rom the  R - m o i e t y  (23) .  

The  TLC b a n d  wh ich  would  no rma l ly  be 
expec t ed  to  con t a in  monog lyce r ides  f rom the  
l ipolysis  was s i lylated and  e x a m i n e d  by  GLC 
and  GC-MS. We iden t i f i ed  a m o n o s t e a r i n  (24) ,  
bu t  did no t  de t ec t  monog lyce r ides  of  es to l ide  

f a t ty  acids or of  h y d r o x y l - t e r m i n a t e d  acids. 
Thus ,  by  panc rea t i c  l ipolysis  and  s u b s e q u e n t  

GC-MS, we isola ted and  iden t i f i ed  es tol ide  com-  
p o n e n t s  c o m p o s e d  of  one  molecu le  of  n o r m a l  
acid and  one  molecu le  of  co-hydroxy acid. The  
presence  of  es to l ide  f a t ty  acids in the  l ipolysis  
p r o d u c t s  d e m o n s t r a t e s  t h a t  some of  the  es to-  
l ides are ester i f ied in the  1- a n d / o r  3~posit ions 
of  sn-glycerol .  However ,  dur ing GLC of  the  
m e t h y l  esters f rom lipolysis,  we were unab le  
to  f ind  any  evidence  of  a p r o d u c t  composed  of  
th ree  or  more  acyl uni ts .  

To o b t a i n  a direct  TLC c o m p a r i s o n  o f  the  
t wo  oils, we e x t r a c t e d  M. philippinensis in t he  
same m a n n e r  as T. nudiflora. I m m e d i a t e  h y d r o -  
gena t ion  y ie lded a whi te  solid,  m p  56-58 C, n o t  
a s t icky semisol id as r epo r t ed  b y  Raj iah et  al. 
(16) .  I t  is possible  t ha t  the i r  h y d r o g e n a t i o n  
p r o d u c t  had  been  derived f rom Mallotus oil 
t h a t  h a d  already b e g u n  to po lymer ize .  Mult iple-  
d e v e l o p m e n t  TLC appl ied in parallel to  b o t h  
h y d r o g e n a t e d  oils (Fig. 1) revealed t h a t  Trewia 
glycerides differ  cons iderab ly  in the i r  make -up  
f rom those  of  Mallotus. Of the  var ious c o m p o -  
nen t s  in h y d r o g e n a t e d  Trewia oil, t h e  on ly  ones  
de t ec t ed  in h y d r o g e n a t e d  Mallotus corres- 
p o n d e d  to  frac. 2 ( t r i s tea r in )  and  frac. 7, a tri- 
or  t e t raacy l  glycerol  wi th  one t e rmina l  hy-  
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FIG. 1. Multiple-development TLC of hydrogen- 
ated triglycerides of (1) Trewia nudiflora and (2) 
Mallotus philippinensis on silica gel (0.25 ram). Devel- 
oped 4X with ethyl ether]benzene (1:99, v/v). 

d r o x y l  group.  In add i t ion ,  a cons iderab le  pro-  
p o r t i o n  of  the  h y d r o g e n a t e d  Mallotus oil did 
n o t  move  apprec iab ly  above  the  origin u n d e r  
these  TLC cond i t ions .  I t  is possible  t h a t  these  
are polar ,  h igh-molecu la r -weigh t  ( hexaacy l  and  
h igher )  t r iglycer ides .  These  obse rva t ions  are 
cons i s t en t  wi th  the  da ta  r e p o r t e d  b y  the  pre-  
v ious  workers  (15 ,16) ,  a l t h o u g h  they  do  n o t  
necessar i ly  subs t an t i a t e  t he i r  conclus ions .  

Es to l ide  glycefides have  b e e n  o f  cons ide rab le  
i n t e r e s t  in  r ecen t  years.  In  1965,  Sprecher  et  ai. 
(25)  s h o w e d  by  MS t h a t  the  oil of  Sapium 
sebiferum ( E u p h o r b i a c e a e )  c o n t a i n e d  a te t ra-  
acyl  glycerol  in  wh ich  one  of  the  p r ima ry  hy-  
d roxy l s  was es ter i f ied t o  t he  al lenic 8 - h y d r o x y -  
5 ,6 -oc tad ieno ic  acid,  and  t h a t  i ts  ~o-hydroxyl  
g roup  in t u r n  is es ter i f ied to 2 ,4 -decad ienoic  
acid. Morris  and  Hall  (20)  s h o w e d  tha t ,  in e rgot  
oil, r ic inoleic  (12 -hydroxy-c i s -9 -oc tadeceno ic )  
acid is es ter i f ied  wi th  a n o r m a l  long-cha in  acid.  
Ric inole ic  acid es tol ides  were  f o u n d  by  Klei- 
man  et al. (26)  in  Lesquerella auriculata (Cruci- 
ferae)  a long wi th  those  of  densipol ic  (12-  
hy droxy-cis-9 ,cis-15-octadecadienoic ), auf icol ic  
(14-hydroxy-cis-11 ,cis-17-eicosadienoic), and  
lesquero l ic  (14-hydroxy-cis-11-eicosenoic) acids. 
Lesquero l ic  acid es to l ides  were also f o u n d  b y  
P la t tne r  et  al. (27)  in  Heliophila amplexicaulis 
(Cmci fe rae) .  Phil l ips and  Smi th  ( 1 8 ) f o u n d  
es tol ides  of  S-coriol ic  (13-hydroxy-c i s -9 , t rans -  
l l - o c t a d e c a d i e n o i c )  acid in Monnina emargi- 
nata (Polygalaceae)  and  Mikola jczak  and  S m i t h  
(28)  r epo r t ed  pen t aacy l  t r iglycer ides  of  9,10,18-  
trihydroxy-cis-12-octadecenoic acid in Chamae- 
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METHODS 

The Quantitative Determination of Plasmalogen 
by Its Reaction with Mercuric Chloride 

ERIC M. CAREY, Department o f  Biochemistry, The University o f  Sheffield, Sheffield $ I 0  
2TN, United Kingdom 

ABSTRACT 

The alk-l-enyl group of 1-alk-1 =-enyl-2-acyl-glycerophospholipids (plasmalogens) rapidly combines 
with mercuric chloride. At 0 C, there was a 1 : 1 stoichiometry for Hg binding to the reactive enol group 
of plasmalogens. Aldehydes were not released, indicating that the alkenyl ether bond was not cleaved. 
Hg binding to less reactive double bonds in unsaturated fatty acids was not significant. Quantitative 
estimation of bound Hg afforded a rapid and sensitive assay for alkenylacyl lipids and gave values simi- 
lar to those obtained with other methods of analysis. The proportion of plasmalogens in bovine mye- 
lin glycerophosphatides and in ethanolamine glycerophosphatide was 35 and 75%, respectively. Plasma- 
logens account for 23.3% of the total glycerophospholipid of rat erythrocytes. 
Lipids: 17:656-661, 1982. 

Alk-l-enyl glyceryl ethers of neutral glycer- 
ides and phosphoglycerides occur in a wide va- 
riety of tissues and organisms (1). Phosphogly- 
cerides that contain alk-l-enyl groups (plasma- 
logens) account for a substantial proportion of  
the phospholipids of the mammalian brain and 
cardiac membranes (2). Plasmalogens account 
for 31-36% of the total phospholipid content of 
CNS myelin, constituting about 70% of the EPG 
fraction (3). The function of  plasmalogens in 
membranes is not understood but may relate to 
differences in physical properties between al- 
kenylacyl and diacylphospholipids (4) or modu- 
lation of membrane phospholipid turnover (5). 

The enhanced susceptibility of  the enol ether 
double bond to electrophilic attack by 1-I +, I2 or 
mercuric salts has formed the basis of several 
methods for the quantitative determination of 
alkenyl ether groups in tissue lipid extracts and 
in purified lipid fractions. Selective acid hy- 
drolysis of alkenyl ethers has been used to quan- 
titate plasmalogens (6-9). Released aldehydes 
are estimated as p-nitrophenyl hydrazones (a 
method which requires a correction factor to be 
applied because the yield is below the theoreti- 
cal maximum) after Schiffs base formation or 
by GLC of ADMA (6,7,9). A frequently used 

Abbreviations: CNS, central nervous system; CPG, 
choline phosphoglycetides; EPG, enthanolamine phos- 
phoglycerides; FAME, fatty acid methyl esters; ADMA, 
aldehyde dimethylacetals; DPCZ diphenylcarbazone; 
GLC, gas liquid chromatography; TLC, thin layer 
chromatography. 

method is the specific iodination of the enol 
ether double bond and quantitation of  unbound 
12, a method which also gives values 7-8% below 
the theoretical maximum (10,1 I). Two-dimen- 
sional TLC has been used to separate lysophos- 
pholipids derived from plasmalogens from dia- 
cylphospholipids after exposure of the lipid on 
the silica gel to HCI fumes (3) or mercuric chlor- 
ide (12). Wood and Snyder (13) have developed 
a method for the simultaneous determination 
of  plasmalogens and o-alkyl lipids, which has 
been modified by Blank et al. (9). Each method 
may have some specific usefulness in, e.g., the 
determination of the alkenyl and acyl composi- 
tion, or sensitivity. However, no method is par- 
ticularly useful for the quantitation of plasma- 
logen in a large number of samples as is required 
for the study of enzyme-catalyzed plasmalogen 
hydrolysis. 

The alkenyl double bond of plasmalogens is 
hydrolyzed upon prolonged exposure of lipid 
emulsions at room temperature to aqueous sol- 
utions of  mercuric chloride at neutral (14) or 
acid (12) pH. However, Norton (15) showed 
that Hg remained bound to plasmalogen and 
this has been used in a histochemical method 
for the detection of plasmalogens in tissue slices 
of  the brain (16) and in the detection of  plas- 
malogens in lipid extracts (15). This paper des- 
cribes a quantitative method for the determina- 
tion of plasmalogen based on Hg binding. It was 
developed to provide a direct, one-stage method 
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which can be used for studying the enzymic hy- 
drolysis of the alkenyl ether group of plasma- 
logens. 

EXPERIMENTAL PROCEDURES 

Lipid Extraction and Purification 

Myelin was isolated from bovine brain white 
matter as described previously (17). Rat erythro- 
cytes were isolated by centrifugation and washed 
three times with 0.9% saline. Lipids were ex- 
tracted by the method of Folch et al. (18). EPG 
was purified from the lipid extract of bovine 
brain white matter by alumina column chroma- 
tography and TLC (3). Ethanolamine plasma- 
logen was isolated from the EPG fraction by 
the method of Paltauf (19) and CPG was isolated 
from egg yolk by the method of Rhodes and 
Lea (20). FAME and ADMA were prepared 
from myelin lipids; EPG and ethanolamine plas- 
maiogen were prepared by BF3-catalyzed 
methanolysis (21). 

Lipid Analyses 

Lipid phosphorus was determined by the 
method of Bartlett (22). The alk-l-enyl content  
of lipid extracts was determined by the iodine 
addition method of Williams et al. (11). Alde- 
hydes released by acid hydrolysis were quanti- 
tated by Sehiffs base formation with rosaniline 
(7). Hydrogenation of double bonds in isolated 
plasmalogen was carried out with Adams cata- 
lyst as described by Snyder and Blank (23). 

Mercury Binding to Plasmalogen 

Samples of purified plasmalogen and lipid 
extracts (containing up to 80 nmol plasmalogen) 
were transferred to test tubes and CHC13 was 
removed in vacuo using a Buchler vortex evap- 
orator. Lipid was redissolved in 0.2 ml CHC13 ; 
the test tubes were placed on ice and 1.0 ml of 
an ice-cold solution of 1% HgC12 in methanol/  
water (1:1, v/v) was added. The contents of the 
tubes were quickly mixed with a vortex mixer 
and returned to the ice bath. After 2 min, 2 ml 
ice-cold CHCI3 was added, followed by 5 mlice- 
cold CHC13-saturated water. The contents of 
the tube were thoroughly mixed on a vortex 
mixer, allowed to separate at 0 C and most of 
the upper layer was removed by aspiration using 
a water pump. The washing of the lower layer 
with ice-cold CHC13 saturated water was re- 
peated a further 4 times, a procedure which 
took 10 rain to perform. Mercury which was 
present in the lower CHC13 layer was determined 
as the colored complex with DPCZ. 2.0 ml of 
0.01% DPCZ solution in CHC13 was added to 
the CHCI3 layer, then the tube contents were 

mixed and centrifuged using an M:S.E. bench 
centrifuge. The absorbance of the lower layer 
was determined immediately at 546 nm using a 
Cecil Model 272 spectrophotometer against a 
reagent blank. 

In some assays, plasmalogen was first hydro- 
lyzed with 0.5 ml 90% acetic acid containing 
0.5 N HC1 for 45 rain at 50 C (7). Tubes were 
cooled to 0 C before addition of the HgC12 sol- 
ution. In control assays, 0.5 ml ice-cold 90% 
acetic acid was added to lipid samples before 
the addition of the HgC12 solution. 

A standard curve for Hg was determined using 
2 ml water-saturated CHC13 or 2 ml of an acidic 
synthetic CHC13 phase ( made from 1 vol 90% 
acetic acid and 4 vol CHC13, extracted five times 
with 5 vol CHC13-saturated water) and 0-300 #1 
of 0.001%, (w/v) solution of mercuric chloride 
(100 mg]s 

DPCZ was obtained from Aldrich Chemical 
Co., Milwaukee, WI. Pararosaniline-HC1 and 
methyl arachidonate were purchased from Sig- 
ma Chemical Co., Poole, U.K. All other reagents 
and solvents were of A.R. purity. Bovine brains 
were obtained from the local abattoir and were 
transported on ice. Male Wistar rats were bred 
in the Animal House, University of Sheffield. 

RESULTS 

The colorimetric determination of mercury 
as the Hg-DPCZ complex, extracted into water- 
saturated CHC13, is shown in Figure 1. The color 
development under the simulated conditions of 
acid hydrolysis of plasmalogen was lower than 
with water-saturated CHC13. Acetic acid does 
not  completely partition into the aqueous phase 
even after five washings of the lower acid-CHCL3 
phase. Under acid conditions, the Hg-DPCZ 
complex is unstable, giving a decrease of 25% in 
the absorbance at 546 nm over a period of 1 hr. 
However, under neutral conditions, the complex 

i s  stable at room temperature for at least 1 hr. 
Figure 2 shows the recovery of Hg in the 

lower CHC13 phase with increasing amounts of 
ethanolamine ptasmaiogen, EPG and myelin 
lipid after 2 min incubation at 0 C. The absor- 
bance at 546 nm is nonlinear with respect to 
the amount  of lipid added but  the amount of 
bound Hg (using the standard curve in Fig. 1) is 
proportional to the amount of plasmalogen 
added (up to 80 nmol). With myelin lipids, the 
same value for the amount of Hg bound was ob- 
tained under neutral and acid conditions, al- 
though the absorbance wag lower under acid 
conditions. The ratio of 5 nmot plasmalogen/ 
/.tg bound Hg (Fig. 2) is equivalent to the binding 
of 1 g atom Hg/mol of added plasmalogen. At 
low levels of plasmalogen in the assay, the stan- 
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FIG. 1. Quantitative determination of mercury by complex formation with DPCZ. Assays 
contained 2.0 ml water-saturated CHCta (e--o)  or 2.0 ml synthetic, acidic CHC13 phase, 
prepared by adding 1 vol 90% acetic acid to 4 vol CHC13 and extracting 5 times with 5 vol 
CHCl~-saturated water (o--o),  and 0-300 pl 0.001% (w/v) mercuric chloride solution. The 
ODs4~nm read immediately after mixing. Values are means of duplicate assays. Error bar 
indicates difference from mean. 

dard deviation was 10% of the mean value, with 
an SEM for three determinations at each point 
of 5%. At higher concentrations, the SEM was 
2.4% of the mean. The deviation of the color 
response from linearity for the estimation of 
bound Hg reduced the upper limit of the assay 
to 80 nmol plasmalogen. 

The results for the determination of the plas- 
malogen content of purified lipid fractions by 
the Hg binding assay, aldehyde release and io- 
dine additions are shown in Table 1. Similar 
values were obtained with all three methods 
after applying a correction factor for 92% con- 
version of aldehyde to the corresponding hydra- 
zone. 

Mild acid hydrolysis resulted in loss of plas- 
malogen as determined by the aldehyde content 
and iodination, with a corresponding loss of Hg 
binding. Mercuric salts form adducts with the 
double bonds of unsaturated fatty acids (24,25) 
but FAME and ADMA prepared from ethanola- 
mine plasmalogen did not bind Hg at concen- 
trations up t o l00  nmol under the assay condi- 

tions. Likewise methyl arachidonate (100 nmol) 
in the assay did not  bind Hg (results not  shown). 
Hydrogenation of plasmatogen with Adams 
catalyst resulted in loss of Hg binding. Hydro- 
genation, however, reduces double bonds in the 
acyl chain in addition to the vinyl ether double 
bond. CPG from egg yolk, which has a low plas- 
malogen content, did not  bind Hg. 

In preliminary experiments (results not pre- 
sented), the binding of Hg to lipid was carried 
out at room temperature. The amount  of Hg 
recovered in the lower CHCI3 phase was found 
to be much lower than when the assay was 
done at 0 C, possibly as a result of Hg-catalyzed 
cleavage of the vinyl ether double bond. At 0 C, 
no aldehyde could be detected even after 30 
rain, suggesting that breakdown of the plasma- 
logen was minimal under these conditions. 

The time course for Hg binding to EPG and 
myelin lipids at 0 C is shown in Figure 3. The 
binding was rapid, reaching a maximal value by 
1 rain. Incubating for longer than 10 min caused 
an increase in Hg binding to intact EPG and 
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TABLE 1 

A Comparison of the Mercury Binding Assay with Other Procedures for 
Determination of  Plasmalogen in Purified Phospholipid Fractions 

Hg binding assay 
Plasmalogen from: 

Aldehyde 12 
Lipid Phospholipid-P, OD Hg bound Plasmalogeu a release addition 

fraction /ag (nmol) 546 nm (gg) (nmol) (nmol) 

Ethanolamine 0.9 0.27 4.4 22.0 +- 0.8 22.5 -+ 0.7 21.8 -+ 0.4 
pbosphoglyceride (29) 

Ethano|amine 1.0 0.38 5.9 29.5 +- 0.3 29.3 +- O.S 30.1 -+ 0.1 
plasmalogen (32) 

Acid-bydrolyzed 1.0 0.02 0.3 1.6 + 0.6 0.9 -+ 0.3 1.2 +- 0.6 
ethanolamine (32) 
plasmalogen 

FAME + ADMA -- 0.02 0.3 1.6 +- 0.4 1.0 +- 0.4 1.5 +- 0.3 
Ethanolamine 

plasmalogen 1.0 0.015 0.24 1.2 -+ 0.4 0.9 +- 0.2 1.0 +- 0.4 
(hydrogenated) (32) 

Choline 3.0 0.06 0.9 4.5 +- 1.0 3.2 +- 0.6 3.9 -+ 0.5 
phosphoglyceride (9"/) 

Ethanolamine phosphoglyceride and purified ethanolamine plasmalogen were isolated from bovine brain white 
matter. Plasmalogen was hydrolyzed in 90% acetic acid/0.5 N HCI for 45 rain at 50 C. FAME + ADMA were ob- 
tained from ethanolamine plasmalogen (1.0 #g phospholipid-P) by BF 3/methanolysis, and quantitated by GLC. 
Choline phosphoglyceride was purified from egg yolk lipids. Assays in triplicate • SEM. 

aplasmalogen calculated using the equivalence of  1 ~tg Hg:5 nmol plasmalogen (see text). 
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FIG. 3. Time course for mercury binding to EPG (0.6/~g pl-P) and myelin lipid (2.2 ug 
pl-P) from bovine white matter before (open symbols) and after (closed symbols) acid hy- 
drolysis. Symbols are as in Fig. 2. 

ac id-hydrolyzed EPG, suggesting that  Hg binds 
to double bonds o ther  than the  vinyl  e ther  
double  bond.  Al though  the  amoun t  o f  Hg bound  
to  acid-hydrolyzed EPG and myel in  lipids was 
lower  than to  nonhydro lyzed  lipid, Hg binding 
fol lowed the same t ime course as binding to 
nonhydro lyzed  samples, suggesting that  plasma- 
logen is incomple te ly  hydro lyzed .  

The values obta ined by the Hg binding assay 
for the plasmalogen con ten t  of  the to ta l  phos- 
pholipids ex t rac ted  f rom myel in  (35%), in tac t  
e ry th rocy tes  (23.3%) and e ry th rocy te  "ghos t s "  
(49.7%) are similar to those obta ined f rom the 
a ldehyde de te rmina t ion  (Table 2). The value of  

the SEM was 4.2%, slightly higher than  with 
purified plasmalogen (2.4%). 

DISCUSSION 

At r o o m  tempera ture ,  olefinic double  bonds  
of  unsaturated fa t ty  acids fo rm mercurial  ad- 
ducts in a reac t ion  which takes 24 hr  to reach 
comple t ion  (24,25).  With the  more  reactive al- 
keny l  ether,  adduct  fo rmat ion  occurs within 1 
rain at 0 C (Fig. 3 and ref. 15), wi th  a stoic/rio- 
metr ic  a m o u n t  of  Hg bound.  Under  these con- 
dit ions,  mercurial  addi t ion to olefinic double  
bonds in phosphol ipids  and me thy l  esters of  
polyunsa tura ted  fa t ty  acids is negligible (Table 

TABLE 2 

Determination of the Plasmalogen Content of Membrane Lipids 

Membrane 

Plasmalogen (nmol) 
Phospholipid-P, Hg 

#g (nmol) binding 
Aldehyde 
release 

Bovine myelin 2.2 + 0.1 25.0 -+ 0.4 25.4 -+ 0.7 
(71) 

-af ter  acid hydrolysis 2.2 + 0.1 2.6 • 0.5 3.1 -+ 0.3 
Rat erythrocyte 2.3 • 0.1 17.5 • 1.0 18.9 • 0.5 

(75) 
Rat erythrocyte "ghosts" 3.5 • 0.1 56.2 • 2.0 54.5 • 1.7 

(113) 
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1). The results indicate that  the mercurial addi- 
t ion occurs specifically with double bonds of 
alkenyl ethers'. 

Norton et al. (16) have suggested possible 
reaction mechanisms involving the initial binding 
of mercuric chloride followed by cleavage of  
the vinyl ether doub le  bond to form an alde- 
hyde. The mechanism of  Hg binding is probably:  

CH 3 (CH 2 ) 2 s C H = C H - O - C H 2  

l C. H _ O _ C O _ ( C H  2 ) m - e l l  s 

I o 

- + H g C ~  + 
R I -CH-CH=O-R  2 ~ R 1 - C H - C H - O R  2 

I 
HgCl 

H 2 0  at /OR2 
R t -CH--CH +H + 

I \oH 
HgC1 

At room temperature,  the monochloromer-  
curial adduct breaks down to yield aldehyde 
with or without  bound Hg (16). At  0 C, we were 
unable to d e t e c t a l d e h y d e  products.  The stoi- 
chiometric binding of mercury to plasmalogen 
suggests that ,  at 0 C, the reactions just  outl ined 
are relatively fast whereas the subsequent clea- 
vage of  the vinyl ether double bond and release 
of the mercury occurs slowly. 

The mercury binding assay is similar in sen- 
sitivity to other methods for the determinat ion 
of plasmalogen based on quanti ta t ion of  released 
aldehydes or phospholipid phosphorus deter- 
mination. The lower limit of sensitivity is 10 
nmol plasmalogen, with a range of  10-80 nmol 
plasmalogen. In the upper  part of the range, the 
reproducibil i ty is bet ter  than 5% whereas, at 
lower plasmalogen levels, the variation is 10%. 
The sensitivity and reproducibil i ty is compara- 
ble to methods based on aldehyde determinat ion 
(9). The upper limit is determined by the lack 
of sensitivity of the Hg assay above 20 / /g  Hg 
(Fig. I). 

The Hg binding assay has been applied to the 
quanti tat ion of plasmalogens in tissue lipid ex- 
tracts. Similar results were obtained by quanti- 
ta t ion of  aldehyde released by acid hydrolysis.  
The plasmalogen content  of bovine myelin 
phospholipid was found to be 35.2% which is 
similar to values reported earlier (3). The ery- 
throcyte  membrane contains a high propor t ion 
of  ethanolamine plasmalogen (8). The propor- 
t ion of plasmalogens in lipid extracts of intact 
rat erythrocytes  and cell "ghosts" was found to 
be 24 and 49% of the total  phospholipids. 

The major advantage of the Hg binding assay 
is that,  like the iodine addit ion assay (10,1 1), it 
does not  require a two-stage analysis involving 
quanti ta t ion of a product  derived from plasma- 
logen. It is more sensitive than the iodine addi- 
t ion method  and can be done more quickly. To- 
gether with a method for definitive structural 
analysis of plasmalogens, the Hg binding assay 
is useful for sequential quantitative analysis as 
in a study of plasmalogen metabolism. 
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Effect of Altered Sterol Composition on the Osmotic 
Behavior of Sphaeroplasts and Mitochondria 
of Saccharomyces cerevisiae 
COLLEEN A. MCLEAN-BOWEN and LEO W. PARKS*, Department of Microbiology, 
Oregon State University, Corvallis, OR 97331 

ABSTRACT 

The effect of sterols on the omaotic stability of mitochondrial and plasma membranes of yeast 
wild-types and mutants that are defective in ergosterol biosynthesis has been studied. Incorporation of 
the nonfungal sterol, cholesterol, into yeast membranes reduces membrane elasticity which is observed 
as an increased susceptibility to osmotic lysis. However, the wild-type and nystatin-resistant strains 
which were examined indicate that qualitative alterations in endogenously generated sterols do not 
affect resistance to swelling. Although these strains exhibit differences in membrane fluidity, which is 
influenced by the sterol accumulated by the organisms, the membrane stretching capacity shows no 
distinct dependence on sterol structure or bilayer fluidity. 
Lipids 17:662-665, 1982. 

INTRODUCTION 

Saccharomyces  cerevisiae has  been  used ex- 
tensively  to s tudy  the  cel lular  role of  sterols.  
This  organism has  yie lded a var ie ty  of  m u t a n t  
s t ra ins  which  accumula t e  s terols  o t h e r  t han  
ergosterol ,  the  p r e d o m i n a n t  species f o u n d  in 
wi ld- type  yeast.  Thus ,  a u n i q u e  sys tem exists  
to  examine  the  effects  of  a l te red  l ipid c o m p o -  
s i t ion  on m e m b r a n e  organ iza t ion ,  m e m b r a n e  
func t i on  and the  overall  phys io logy  of  the  cell. 

A recen t  r epo r t  f rom ou r  l a b o r a t o r y  exam- 
ined the  physical  s tate  of  m i t o c h o n d r i a l  mem-  
b ranes  f rom wi ld- types  and  f rom m u t a n t s  de- 
fect ive in ergosterol  b iosyn thes i s  us ing a f luores-  
cence po la r i za t ion  t e c h n i q u e  (1). Changes  in 
the  depo la r i za t ion  rate  of  the  p robe  molecu le  as 
a f unc t i on  of  t e m p e r a t u r e  ind ica ted  the  occur-  
rence  o f  a phase  t r ans i t i on  in the  m i t o c h o n d r i a l  
m e m b r a n e s  isola ted f rom m u t a n t s  bu t  no t  seen 
in m i t o c h o n d r i a  isola ted f rom wild-types.  The  

Ar rhen ius  k ine t ics  of  c y t o c h r o m e  c oxidase  (2, 
3), s terol  me thy l t r ans f e r a se  (2 ,3) ,  and  k y n u r e -  
n ine  hyd roxy la se  (1) were also p e r t u r b e d  by  
the  a l te red  s terol  c o m p o s i t i o n .  

Having e x a m i n e d  the  e f fec t  of  s terol  on  bi- 
layer  f luidi ty ,  we inves t iga ted  f u r t h e r  the  role 
of  s terol  in m e m b r a n e  elast ic i ty .  We repor t  here  
the  effects  of  qual i ta t ive  s terol  changes  on  the  
s t r e t ch ing  capaci ty  of  the  p lasma and m i t o c h o n -  
drial  m e m b r a n e s .  

MATERIALS AND METHODS 

The  s t ra ins  o f  S. cerevisiae and the i r  s terol  
p h e n o t y p e s  used in this  s t udy  are s u m m a r i z e d  
in Table  1. These s t ra ins  and the  defec ts  in s terol  
b iosyn thes i s  have been  charac te r i zed  in previous  
c o m m u n i c a t i o n s  (1,4).  

FY3-n3  was g rown  on def ined  m e d i u m  at 
p t l  5.5 as descr ibed previous ly  (4). S terol  was 
added  to a final c o n c e n t r a t i o n  of  10 /zg/ml 

TABLE 1 

A Profile of the Organisms Used in This Study 

Strain Designation Sterol accumulated Comment 

MCC Wild-type, diploid Ergosterol 
$288c Wild-type, haploid Ergosterol 
3701 b Wild-type, haploid Ergosterol 
3701b-n3 A s (~)Desaturase defect Ergosta-7,22-diene-3/3-ol nys r clone of 3701b 
Z008 Wild-type, haploid Ergosterol 

ergosta-5,7,22,24(28)tetraene-3~-ol 
8RI Steryl methyltransferase Zymosterol nys r clone of Z008 

defect cholesta-5,7,22,24-tetraene-3~-ol 
FY3-n3 heml erg7 Sterol auxotroph (I 1) 

*Author to whom correspondence should be ad- 
dressed. 
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from a stock solution of 4 mg/ml in Brij 58: 
95% ethanol (1:1, v/v). Unsaturated fatty acids 
were added to a final concentration of 10 gg/ml 
from a 10% stock solution in Brij 58:95% eth- 
anol (1:1, v/v). All other organisms were grown 
in broth containing 1% tryptone, 0.5% yeast 
extract, 2% ethanol and 0.1% glucose. 

Sphaeroplasts were prepared by treatment 
with snail gut enzyme (1) or an extracellular lyti- 
case from Oerskovia xanthineolytica (5). The 
lyticase was prepared by dialysis of the medium 
following growth of O. xanthineolytica on mod- 
ified Sistrom's medium (5) against buffer con- 
taining 1.1 M sorbitol, 10 mM phosphate and 1 
mM EDTA, pH 7.4. Following digestion, the 
sphaeroplasts were washed three times and sus- 
pended in 1.1 M sorbitol, 10 mM phosphate and 
1 mM EDTA, pH 7.4, in the case of FY3-n3 or 
in 0.7 M sorbitol, 0.3 M mannitol,  0.1 M citric 
acid, 0.01 M potassium phosphate and 10 mM 
EDTA, pH 7.4, for all other preparations. Mito- 
chondria were isolated in buffer containing 0.9 
M sorbitol, 0.5 mM EDTA and 10 mM Tris, pH 
7.4, as described by McLean-Bowen and Parks 
(1). 

Mitochondria were diluted into concentra- 
tions of sucrose or sorbitol from 0.0 to 1.0 
molar. These solutions also contained 10 mM 
Tris and 1 mM EDTA, pH 7.4. Following incu- 
bation at room temperature for 30 min, the op- 
tical density at 520 nm (6) was determined. 
Sphaeroplasts were diluted into varying concen- 
trations of sorbitol or sucrose which also con- 
tained either 10 mM Tris and 1 mM EDTA, pH 
7.4, or 10 mM Tris and 10 mM succinate, pH 
7.4 or 5.5, as described in the figure legends. 
Results are expressed as percentage lysis calcu- 
lated as (7): OD in undiluted buf fe r -OD in 
diluted buffer/ OD in undiluted buffer • 100 
or as percentage increase in optical density, cal- 
culated as: OD in undiluted buf fe r -OD in buf- 
fered H20/OD in undiluted buffer • 100. 

Malate dehydrogenase was assayed according 
to the method of Vary et al. (8). 

Snail gut enzyme (Glusulase) was purchased 
from Endo Laboratories, and was precipitated 
with ammonium sulfate (9) prior to use. Other 
reagents were from Sigma. 

RESULTS A N D  DISCUSSION 

The dependence of osmotic stability on ster- 
ol was examined using FY3-n3 sphaeroplasts. 
Blocked in heine synthesis, FY3-n3 requires 
supplementation with unsaturated fatty acids 
and sterol for growth, enabling dramatic manip- 
ulation of membrane composition. These exper- 
iments parallel similar experiments by Alterthum 
and Rose and Hassack and Rose (10,1 1)which 

used the anaerobically induced nutritional re- 
quirement of S. cerevisiae to manipulate the 
lipid composition of the organism. As shown in 
Figure 1, the observation of Hossack and Rose 
(11) that the stability of sphaeroplasts prepared 
from cells grown with cholesterol was diminished 
compared to those supplemented with ergosterol 
was confirmed. In view of the report of Taylor 

I00 
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0 2  0"4 0 6  0 8  I'0 I-2 14 

MOLAR CONCENTRATION OF SORBITOL 

FIG. 1. Osmotic stability of FY3-n3. Sphaeroplasts 
from cholesterol-supplemented cultures ( - o - )  or ergo- 
sterol-supplemented cultures ( - o - )  were diluted into 
various concentrations of sorbitol. These solutions also 
contained 10 mM Tris, 10 mM succinate, 1 mM EDTA, 
pH 7.4. 

and Parks that growth of FY3-n3 on cholester- 
ol is pH sensitive (4), the effect of pH on the 
osmotic stability of sphaeroplasts from choles- 
terol-grown cells was examined. Optimal growth 
with cholesterol supplementation is at pH 5.5 
whereas all previous measurements of osmotic 
properties were at pH 7.4. Adjustment of the 
pH to 5.5 resulted in a small increase in resis- 
tance to lysis, the degree of which was variable. 
It should be noted that the type of buffer(s) 
used also affected the osmotic behavior of the 
sphaeroplasts. 

The response of sphaeroplasts from the wild- 
type and nystatin-resistant organisms upon di- 
lution into anisotonic sucrose and sorbitol buf- 
fers is shown in Figure 2. In all cases, the optical 
density of the suspension increased with in- 
creasing concentrations of either osmotic sta- 
bilizer and the sugar alcohol, sorbitol, resulted 
in higher optical densities than did the sucrose. 
The behavior of the sphaeroplasts from differ- 
ent strains upon dilution into varying concen- 
trations of sorbitol was similar. Dilution into 
sucrose showed differences between the strains, 
but there was no correlation between the re- 
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FIG. 2. Response of sphaeroplasts to anisotonic media. (A) The response of sphaeroplasts prepared from the 
various strains to resuspension in a range of sucrose concentration; (B) the response of the same preparation to re- 
suspension in a range of sorbitol concentration. The source of the sphaeroplasts is as follows: =-MCC; e -$288c ;  
a -3701b ;  o-3701b-n3;  A-Z008;  o -8R1.  

sponse  and  t he  s terol  a ccumula t ed .  
The  osmot i c  s tabi l izer  used  also p r o d u c e d  

d i f f e ren t  e f fec ts  w h e n  m i t o c h o n d r i a  were used.  
The  opt ica l  dens i ty  of  m i t o c h o n d r i a  su spended  
in h igh c o n c e n t r a t i o n s  o f  so rb i to l  was grea ter  
t h a n  the  opt ica l  dens i ty  in the  same c o n c e n t r a -  
t ions  o f  sucrose.  At  levels grea ter  t h a n  0.3 M su- 
crose, the re  was a decrease  in a b s o r b a n c e  w h i c h  
was n o t  observed  wi th  sorbi to l .  This  b e h a v i o r  in 
sucrose was n o t  observed  in e x p e r i m e n t s  w i th  
ra t  liver m i t o c h o n d r i a  m a d e  b y  Tapley  (12)  and  
L e h n i n g e r  e t  al. (13)  w h i c h  s h o w e d  increas ing  
opt ica l  dens i ty  w i th  all increases  in sucrose  con-  
cen t ra t ion .  

We original ly  t h o u g h t  t h a t  the  h igh  concen-  
t r a t i o n  of  sucrose p r o d u c e d  a rapid  e f f lux  of  
wate r  f rom the  m i t o c h o n d r i a  w h i c h  resu l ted  in 
lysis and  hence  the  low opt ica l  densi ty .  This  

was t es ted  b y  assaying for  the  release of  ma la te  
dehydrogenase ,  a soluble  m i t o c h o n d r i a l  enzyme .  
Af te r  d i lu t ion  i n to  1.0 M sucrose,  the  suspen-  
s ion was i n c u b a t e d  at  r o o m  t e m p e r a t u r e  for  30 
min ,  and  the  m i t o c h o n d r i a  were  pel le ted.  All 
mala te  dehydrogenase  act iv i ty  was r e t a ined  in 
the  pellet.  F u r t h e r  e x p e r i m e n t s  showed  tha t  
th is  decrease in op t ica l  dens i ty  at  h igh  concen-  
t r a t i ons  o f  sucrose was reversible.  I t  t he r e fo re  
appears  t h a t  this  i ncons i s t en t  op t ica l  behav io r  
was n o t  the  resul t  o f  lysis. A search  o f  the  l i ter- 
a tu re  ind ica ted  t ha t  the  decreased  opt ica l  den-  
si ty o f  t he  m i t o c h o n d r i a l  suspens ions  in concen-  
t r a t ions  o f  sucrose  grea ter  t han  0.3 M and  the 
var ia t ion  in op t ica l  dens i ty  observed  b e t w e e n  
suspens ions  of  the  osmot ica l ly  act ive par t ic le  in 
sucrose or  so rb i to l  is a resul t  o f  d i f fe rences  in 
the  ref ract ive  indices  o f  these  so lu t ions  (6,14).  
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The opt ical  densi ty  of  such a suspension is affec- 
ted by the  wavelength of  the  inc ident  light, os- 
mot ic  pressure,  and the refractive index  of  the  
suppor t ive  medium.  In this case, the dissimilar 
opt ical  densi ty  seen upon  d i lu t ion  wi th  sorbi to l  
or sucrose is the result  o f  the  d i f fe rent  refract ive 
indices of  the suspending  media,  refractive in- 
dex being a func t ion  of  concen t r a t ion  and na- 
ture o f  the solute.  F u r t h e r m o r e ,  the  optical  
dens i ty  primarily results f rom dif ferences  be- 
tween  the refractive index of  the mi tochondr i a  
and of  the  medium.  Tedeschi  and Harris (6) 
also repor ted  a decrease in the  opt ical  dens i ty  
of  mi tochondr ia l  suspensions  at concen t r a t ions  
o f  sucrose greater  than 0.3 molar ,  and a t t r ibu ted  
this deviat ion to variat ion of  refractive index,  
ra ther  than to a decrease in particle volume.  

The striking similarity of  the  elastic behavior  
in sucrose buf fe r  of  mi tochondr i a  isolated f rom 
di f ferent  yeast  strains is shown in Figure 3. No 
d i f ferences  were no ted ,  

The quali tat ive a l terat ions  in the  sterol  com- 
posi t ion of  nysta t in-res is tant  yeast  strains vs 
wi ld- type  strains do no t  affect  the  m e m b r a n e  
elastici ty as measured by suscept ibi l i ty  to swel- 
ling. In contras t ,  choles terol  i ncorpora t ion  in to  
yeast  membranes  increases suscept ibi l i ty  to os- 
mot ic  lysis, as originally repor ted  by Hossack 
and Rose (1 1). The d iscrepancy be tween  these 
two observat ions  may reflect  d i f ferences  in the 
means  of  altering the  sterol  compos i t i on  of  the 
organisms. With the  excep t ion  of  the  sterol  
auxo t rophs ,  these strains accumula te  ergosterol  
or sterols which are synthes ized  by the organism 
ra ther  than sterols which  are no t  natural ly found  
in yeast ,  e.g., cholesterol .  By the cr i ter ion of 
m e m b r a n e  s t re tch ing  capaci ty ,  we conc lude  
that  the s t ructural  modi f i ca t ions  of  the  sterols 
accumula ted  by the mu tan t s  are no t  suff ic ient ly  
d i f fe ren t  f rom ergosterol  to  cause a change in 
osmot ic  stabil i ty of  sphaeroplas ts  or mi tochon-  
dria, even though  these sterols ef fect  changes in 
bilayer organizat ion (1) and intr insic enzyme  
activities (1-3). 
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FIG. 3. Response of mitochondria to various con- 
centrations of sucrose. Details of the experiment are 
described in the text. The mitochondria were isolated 
from: o-MCC; v-3701b;  --3701b-n3;  o-Z008,  A- 
8R1 ; o- $288c. 
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ERRATUM 

In the article "Improved Methods for the Iso- 
lation and Study of the Cts, C20 and C22 Mono- 
ethylenic Fatty Acid Isomers of Biological Sam- 
pies: Hg Adducts, HPLC, AgNO3-TLC/FID, and 
Ozonolysis" by J-L. Sebedio, T.E. Farquharson 
and R.G. Ackman (Lipids 17:469-475, 1982), a 
section was inadvertently omitted from the text. 
On p. 474, the second column, after line 19, 
the following text should be inserted: 

" . . .  mixture of cis 18:1A9 and trans 18:1A9 
was submitted to an ttPLC analysis using a sol- 
vent mixture of MeOH/tt20 (90:10) at 0.7 ml/ 
min. No difference was observed between the 
actual isomer weight percentage and the chart 
area percentage given by the HPLC analysis, 
indicating no difference in the detector response 
factor for the cis and trans 18:1A9 isomers. 
The quantitation of trans fatty acids by the 2 
other methods (AgNOa-TLC/GLC on SILAR- 

7CP; AgNO3-Iatroscan) was not influenced by 
the chain lengths. These two methods can there- 
fore be applied to any of the common chain 
lengths (C16-C22). An advantage of the AgNO3- 
Iatroscan method over GLC methods is the 
small sample size (10 //g) and the short time 
needed for an analysis (Fig. 3A) (24). An 
advantage of the HPLC quantitation using a re- 
fractive index detector is the possibility of re- 
covering the sample after analysis. The main 
disadvantage with HPLC is the lack of sensiti- 
vity of the refractive index detector. 

The approach to the study of monoethylenic 
fatty acids, based on the HPLC fractionation of 
the monoenoic fraction recovered from the 
methoxy-bromomercuri-adducts, is especially 
useful for biological samples and/or also for 
partially hydrogenated oils containing signifi- 
cant amounts of interfering conjugated diethy- 
lenic fatty acids. Moreover, although this method 
will be more time-consuming than the method 
using preparative GLC as a t e c h n i q u e . . .  " 
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ABSTRACT 

Soybean lipoxygenase-1 was covalently coupled to agarose with 75% recovery of catalytic activity. 
Because evidence was obtained that the immobilization resulted in improved operational stability of 
the enzyme, a lipoxygenase-reactor and a continuous process for the synthesis of 13-hydroperoxy- 
linoleic acid and 15-hydroperoxyarachidonic acid were developed. A procedure based on spectrophoto- 
metric hydroperoxide assay and constant oxygraphic monitoring of the effluent is presented for 
the calibration of the reactor to operate at the highest conversion efficiency when oxygenating quanti- 
tatively the substrate. Under these conditions, the reactor was capable of producing about 0.6 mg of 
hydroperoxy fatty acid/1.0 ml of wet gel/hr. The covalently coupled enzyme has been stable during 
six months of storage at 3 C in 0.2 M Na-borate buffer, pH 9.0, and during the same period, its opera- 
tional stability in the column has been unaltered under the conditions used. 
Lipids 17:667-671, 1982. 

Fatty acid hydroperoxides are compounds of 
current interest in several areas of biological re- 
search, especially in studies concerned with 
membrane damage or synthesis of prostaglan- 
dins. This fact has created a growing demand 
for synthetic procedures improving the availa- 
bility of these unstable, noncommercial com- 
pounds. Several lipoxygenase-catalyzed oxygen- 
ations are known to yield, under properly selec- 
ted conditions, hydroperoxides that are homo- 
geneous with respect to positional and enantio- 
morphous composition (1-3). It is not, there- 
fore, surprising that enzymic synthesis is the 
preferred method of most laboratories. However, 
a failure either in maintaining strictly aerobic 
reaction conditions or using insufficiently pur- 
ified enzymes may lead to unpredictable side- 
reactions (4,5) and, furthermore, during subse- 
quent removal of the enzyme and unreacted 
substrate from the product, a time-dependent 
isomerization of the hydroperoxy group may 
become significant (6). 

These problems could be largely overcome 
by using substrate solutions dilute enough to 
guarantee a molar excess of dissolved oxygen 
and by carrying out the synthesis as a continu- 
ous process in which the rate of supply of fatty 
acids is adjusted favorably for their quantita- 
tive oxygenation. However, this requires that a 
stable catalyst, preferably bound to an insolu- 
ble matrix, is available. In this study, such a 
stable enzyme was developed through immobil- 
ization of hpoxygenase-1 (linoleate:oxygen oxi- 
doreductase, EC 1.13.11.12) to agarose. The re- 
port shows further that this immobilized enzyme 
can be used to synthesize mg quantities of 13- 
hydroperoxylinoleic acid and 15-hydroperoxy- 
arachidonic acid, respectively. The applicability 

of this technique for the synthesis of other 
hydroperoxy fatty acids is discussed. 

MATERIALS AND METHODS 

Materials 

Soybean lipoxygenase-I from Sigma Chemi- 
cal Company was freed from contaminating 
lipoxygenase-3 by DEAE-Sephadex column 
chromatography (7). The purified enzyme be- 
haved as a homogeneous protein in disc SDS 
electrophoresis at pH 9.5 and had a soecific 
activity of 160 U/mg protein. 

CNBr-activated Sepharose 4B came from 
Pharmacia, Uppsala, Sweden. Linoleic acid 
(grade III) and arachidonic acid (>99%) were 
purchased from Sigma. Other reagents needed 
were of reagent grade and they were used with- 
out purification. 

Enzyme Immobilization 

Cyanogen bromide activated Sepharose 4B 
(1.0 g dry wt) was washed with 200 ml of 10 
mM hydrochloric acid followed by 20 ml of de- 
ionized water and rapidly with 200 ml of the 
coupling buffer, 0.2 M Na-borate, pH 9.0. Wet 
gel (3.5 ml) was immediately poured into a 50- 
ml beaker containing 20 mg enzyme in 4.0 ml 
of the coupling buffer and the mixture was in- 
cubated in a rotary shaker at 8 C for 16 hr. The 
gel was recovered by filtration and washed under 
slight vacuum according to the following proto- 
col: 40 ml of the coupling buffer, 50 ml of 1 M 
NaC1, 50 ml of 1 mM glycine in 10 mM Na- 
borate buffer, pH 9.0, and 100 ml of the coup- 
ling buffer. All the filtrates were collected sep- 
arately and tested for protein content and en- 
zyme activity. 
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Enzyme Assay and Protein Determination 

The catalytic activity of both the soluble 
and immobilized enzyme was determined at 25 
C as the rate of 02 consumption (8) using the 
Hansatech D.W. Oxygen Electrode Unit 
equipped with Goerz RE 511 recorder. The en- 
zyme unit  was defined as 1 pmol of O2 con- 
sumed/min. 

Protein in the filtrates was assayed spectro- 
photometrically at 280 nm using a Perkin- 
Elmer 550S spectrophotometer and a Perkin- 
Elmer 561 recorder. A multiplying factor of 0.7 
was used to obtain the protein concentration in 
mg/ml (8). 

Enzyme Reactor and its Monitoring 

Aliquots of the Sepharose-bound llpoxygen- 
ase-I were applied onto a reactor column con- 
sisting of a vertically positioned 9 x 80 mm glass 
tube and a plunger to adjust the volume of the 
column to correspond to that of the settled gel. 
Substrate, a freshly diluted 0.1 mM solution 
from l0  mM stock solution in Tween 20 (9). 
was applied to the column using a Pharmacia 
P-3 peristaltic pump. The column outlet was 
connected by a 1-mm (id) tubing with the oxy- 
graph reaction chamber equipped with a flow- 
through stopper for constant monitoring of 
oxygen content of the effluent. At intervals, 
samples were withdrawn from the outlet of the 
oxygraph chamber for ultraviolet (UV)-spectro- 
photometric quanfitation of the hydroperoxy 
fatty acid as the content of conjugated dienes 
(234 nm) and the carbonyl compounds absorb- 
ing at 280 nm (4). In calculations, a molar ex- 
t inction coefficient of 25,000 was used for 
both the conjugated dienes and trienes. 

Chemiluminescence Measurements 

The emission of chemiluminescent light 
during lipoxygenase reaction was followed lum- 
inometrically (LKB Wallac 1250) as described 
previously (10). The assay mixtures contained 
(in 1.0 ml of 0.2 M Na-borate buffer, pH 9.0) 
0.4 mM linoleic acid, 0.004 mM luminol (5- 
amino-2,3-dihydrophtalazine-1,4-dione from 
Sigma) and either 0.2 U of soluble or 0.28 U of 
immobilized lipoxygenase-1. During the mea- 
surements, the reaction vial was continuously 
mixed with an LKB Wallac 1250-105 mixer. 
The total emitted light was calculated from the 
recorded reaction velocity curves by cut and 
weight method. 

Product Analysis 

The hydroperoxide-containing products were 
reduced by NaBH4. The pH was adjusted to 3.0 
with 1 M citric acid and the mixtures were ex- 
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tracted twice with 2 vol of diethyl ether. The 
extracts were dried over anhydrous Na2SO4 be- 
fore evaporating to dryness. The residues were 
methylated at 25 C in the dark with ethereal 
diazomethane containing 10% methanol. After 
evaporation, the residues were dissolved in pyri- 
dine and silylated for 20 min at 80 C with bis 
(trimethylsilyl)trifluoro-acetamide containing 
1% trimethylchlorosilane. Gas chromatographic 
analysis (Varian Model 3700) of both the 
methylated hydroxy fatty acids and their silyl- 
ated derivatives was done with a column packed 
with 3% ~ SE-30 and temperature-programmed 
from 150 to 260 C at 6 C/min. 

RESULTS A N D  DISCUSSION 

In general, immobilization of an enzyme, 
while improving stability, results in considerable 
loss of catalytic activity. Although the main goal 
of this work was to improve the stability of h_ 
poxygenase-], its immobilization to the agarose 
gel was routinely achieved with less than 25% 
reduction in total activity. The enzyme activi- 
ties per ml of settled gel varied between 700 
and 750 U, making possible the construction of 
efficient lipoxygenase-reactors to produce fatty 
acid hydroperoxides in a continuous process. 
Tests indicating that immobilization led to im- 
proved stability of the enzyme against accumu- 
lating reaction products such as peroxides also 
favored the development of such reactors (Fig. 
1). 
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FIG. 1. The effect of repeated linoleic acid addi- 
tions on the initial velocities of linoleic acid oxygen- 
ation catalyzed by soluble and immobilized lipoxygen- 
ase-1. Reaction mixtures containing either 10 td (0.28 
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U) of 1:25 dilution (v/v) oflipoxygenasegel suspension 
( - o - )  or 0.2 U of soluble enzyme ( - e - )  in 1.0 ml of 
0.2 M Na-borate buffer, pH 9.0, were repeatedly sup- 
plemented with 0.4 /~mol of substrate and the initial 
velocities of oxygen consumption under constant mix- 
ing were recorded and compared to that obtained 
after the first addition (100%). Prior to each linoleate 
adddition, the reaction mixture was aerated to the ori- 
ginal concentration of dissolved oxygen at 25 C. 

To take full advantage of the immobilized 
enzyme, the reactor to be developed should ful- 
fill at least the following performance criteria: 
(a) total conversion of  substrate to minimize 
subsequent purification of  the product, (b) 
capability to maintain strictly aerobic reaction 
conditions throughout the process, and (c) from 
an economical viewpoint, the possibility for 
continuous operation at the minimal gel volume 
required for total substrate conversion. In prac- 
tice, the requirement for oxygen in the reaction 
limits the applicable substrate concentration 
range in the solution that is passed through the 
reactor below the dissolved oxygen concentra- 
t ion (about 0.24 mM at 25 C). Therefore, a 
reactor operating under the above criteria can 
be constructed using either the flow rate of the 
substrate solution or the volume of the gel as 
a variable. The second procedure, shown in Fig- 
ure 2, in which the minimal gel quantity neces- 
sary for total oxygenation of 0.1 mM linoteic 
acid is determined at a fixed flow rate (11 ml/ 

hr), is the preferred choice for economical small- 
scale production of hydroperoxides. The volume 
of the packed bed can be minimized according 
to the lowest obtainable nonpulsating flow rate 
and the rate of  product formation can be esti- 
mated in advance. Tests with columns of vary- 
ing diameters (6, 8 and 12 mm) indicated that, 
when the bed volume of the gel was increased 
stepwise until maximal conversion at the chosen 
flow rate (11 ml/hr) was reached, the oxygraph- 
ic values corresPonded to 95-98% conversion 
efficiencies. About 5% higher efficiencies were 
invariably obtained from spectrophotometric 
readings at 234 nm (em = 25,000). No evidence 
of  anaerobically formed carbonyl compounds 
was obtained by spectrophotometric measure- 
ments of the reactor products at 280 nm. The 
volume of the gel required for total linoleate 
conversion was linearly dependent on substrate 
concentration up to about 0.11 mM solutions. 
The solubility of molecular oxygen would per- 
mit the use of higher fatty acid concentrations 
but this was found unfavorable in the continu- 
ous hydroperoxide production because the re- 
quired bed volume was increased sharply above 
the 0.11 mM limit. For example, if the original 
0.1-mM substrate solution was changed to 0.13- 
or 0.15-mM solutions, the original packed bed 
volume of 0.8 ml had to be increased to 3.3 and 
8.4 ml, respectivelY, suggesting that the sharp 
reductions in conversion efficiencies were due 
to limitations imposed by the availability of dis- 
solved oxygen. 

o ~ 20 
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t i m e  ( h )  

FIG. 2. Calibration of lipoxygenase-reactor for the 
total conversion of 0.1 mM linoleic acid. Linoleate 
(0.1 mM) in 0.2 M Na-borate buffer, pH 9.0, was passed 
through the reactor (8 mm id) at a flow rate of 11 ml/ 
hr under constant monitoring of oxygen content of 
the effluent (solid line). The volume of the packed bed 
of immobilized enzyme was increased stepwise (arrows) 
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by adding 200-#1 aliquots of settled gel to the column. 
Prior to each addition, the column was allowed to 
reach balanced reaction conditions, evidenced as un- 
changed oxygraphic readings (solid line) and absorbance 
values at 234 nm ( -o - ) .  For the spectrophotometric 
assay, 1:10 dilutions of the effluent were used. 
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Reactors calibrated for 0.1 mM linoleic acid 
at a fixed flow rate are, as such, applicable to 
continuous hydroperoxide production. How- 
ever, their conversion efficiencies (in mg prod- 
uct formed/hr/ml packed gel) could be further 
improved up to 80% by increasing the flow rate 
(Fig. 3). This behavior probably reflects the fact 
that the reaction kinetics is governed by diffu- 
sion of two different substrates and that a ma- 
jority of the fatty acid is present as a complex 
micellar phase. When the flow rate is used 
as a variable, the product of the reactor should 
be continuously monitored by oxygraphy as 
shown in Figure 3 because the correlation be- 
tween the flow rate and the product formed is 
nonlinear and independent of the reactor dia- 
meter as tested with 6, 8 and 12 mm (id) col- 
umns. The oxygraphic readings at the nonlinear 
region suggested that the reactors failed to ex- 
haust the substrate. However, a 1 . 5 - t o  1.8- 
fold increment in the original flow rate was nor- 
mally sufficient to restore the reactors' original 
oxygen consumption capacity, indicating that 
all the substrate eluted through the column was 
oxygenated. Reactors operating under these 
conditions were used throughout the stability 
tests. 
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FIG. 3. The response of immobilized lipoxygeanse- 
reactor to increased substrate flow rate~ Linoleic acid 
(0.1 mM) in 0.2 M Na-borate buffer, pH 9.0, was passed 
through the reactor column (8 mmid) filled with 0.8 
ml of lipoxygenase-1 gel. The effluent corresponding 
to each flow rate was sampled for the spectrophoto- 
metric conjugated diene assay ( - . - )  after steady-state 
levels of oxygen were established ( -o- ) .  

I,ipoxygenase-I produces 15-hydroperoxy 
derivative from arachidonic acid (11). When 
linoleic acid in the elution buffer was replaced 

by arachidonic acid (0.1 mM), 'no change in 
oxygen or conjugated diene content  of the efflu- 
ent occurred, suggesting quantitative substrate 
utilization also in this case and the absence of 
double dioxygenation reaction. 

Soybean lipoxygenase is stable (12) and the 
covalently couple d enzyme exhibited unchanged 
activity during six months of storage at 3 C in 
0.2 M Na-borate buffer, pH 9.0. Therefore, the 
operational stability of the immobilized enzyme 
in the reactor remained the critical factor when 
the utility of the present method was evaluated, 
especially because the lipoxygenases are reported 
to undergo self-destruction when catalyzing the 
oxygenation reaction (13). The extent of this 
suicidal process was estimated by operating the 
reactor continuously for 125 hr at 25 C at its 
maximal capacity. Although any time-dependent 
changes in the activity should be immediately 
reflected as unbalanced oxygraphic and spectro- 
photometric readings, both of these monitoring 
systems indicated that the effluent remained 
unchanged in its composition. 

It has been suggested that iipoxygenases are 
inactivated during the reaction either through 
cooxidation of the enzyme protein (14) or 
through the action of the hydroperoxides accu- 
mulated (13). Against this background, the ob- 
served increment in the half-life obtained by 
covalent coupling through amide bonds to aga- 
rose may either reflect a reduction or favorable 
rearrangement of targets on the enzyme, making 
it less susceptible to free radical-mediated co- 
oxidation or, in the latter case, because of the 
flow-through type of reaction, the accumulation 
above inhibitory levels of hydroperoxides was 
eliminated due to limitations imposed by the 
solubility of oxygen. 

Free radical species dissociated from the 
lipoxygenase-substrate complex are responsible 
for the nonspecific cooxidation of the fatty 
acid substrates and thereby reduce the enantio- 
morphous homogeneity of the hydroperoxide 
product (15). The formation of such radicals 
can be coupled to the chemiluminescent luminol 
oxidation (10) and, therefore, it was possible to 
compare the cooxidation potentials of soluble 
and immobilized lipoxygenases by sensitive 
luminometric measurements. The two enzymes 
gave immiscible patterns of light emission 
when oxygenating linoleic acid. Therefore, it is 
suggested that the primary mechanism of fatty 
acid oxygenation was not altered during enzyme 
immobilization. In contrast, immobilization re- 
duced the total yield of chemiluminescence. 
Calculation of the integrated light yields in ar- 
bitrary units (cut and weight method) showed 
an average reduction of 97% in the lipoxygenase 
chemiluminescence. This may indicate that the 
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inso lub le  ma t r ix  absorbs  the  free radicals  wh ich  
are no t  ac tua l ly  pa r t i c ipan t s  in the  o x y g e n a t i o n  
reac t ion ,  bu t  r a t h e r  dead e n d - p r o d u c t s  of  l imi ted  
s tabi l i ty .  Cova len t  l inks to  the  ma t r ix  m ay  also 
have  changed  the  e n z y m e  conf igu ra t ion  unfa-  
vo rab ly  for  free radical  f o r m a t i o n .  

Samples  for gas c h r o m a t o g r a p h i c  p r o d u c t  
analyses  were p repared  e i the r  f rom reac to r  
p r o d u c t s  col lected dur ing  the  2- and  5 .5-hr  
per iod  or f rom the  p r o d u c t  o f  soluble  l ipoxy-  
genase ob t a ined  f rom 0.1 mM linoleic  acid at  
25 C. Af te r  m e t h y l a t i o n ,  all t h e  samples  gave a 
single main  peak  appear ing  at 2.0 min  (-+ 0.1 
min )  whereas  m e t h y l a t e d  l inoleic acid s t andard  
was e lu ted  at  10.9 min  ( for  cond i t i ons  of  
c h r o m a t o g r a p h y ,  see Materials  and Methods) .  
The  presence  of  u n r e a c t e d  l inoleic acid could  
n o t  be de tec ted  in any  o f  the  samples,  whereas  
two  impur i t i es ,  each c o n s t i t u t i n g  less t h a n  0.4% 
of  the  ma in  peak,  appeared  at  13.2 and  13.8 
min  and  were p resen t  in  each  case. These  peaks  
p r o b a b l y  r ep resen ted  " n o n s u b s t r a t e "  f a t t y  
acids which  migh t  have been  presen t  as t race  
impur i t i e s  in the  l inoleic  acid and were de t ec t ed  
af te r  a c c u m u l a t i o n  in the  p roduc t .  

S i ly la t ion  of  the  m e t h y l a t e d  p r o d u c t s  in- 
creased the  r e t e n t i o n  t ime  of  the  ma in  peak to 
3.2 min  (+ 0..2 min)  and  resul ted  in the  appear-  
ance  of  an  add i t iona l  un iden t i f i ed  peak at  3.9 
min.  This  peak c o n s t i t u t e d  a b o u t  2% of  the  
m a i n  peak in samples  der ived f rom soluble  
l ipoxygenase  r eac t ion  or  f rom the  reac tor  efflu- 
en t  a f te r  2 h r  co l lec t ion  whereas  its p r o p o r t i o n  
was increased up to 4% w h e n  the  5 .5-hr  collec- 
t ion  t ime  was used. There fo re ,  c o n t i n u o u s  ex- 
t r a c t i on  a n d / o r  de r iva t iza t ion  o f  the  r eac to r  
p r o d u c t  m i g h t  b e c o m e  necessary  i f  pu r i ty  above  
96% is requi red .  

Our  p re l imina ry  e x p e r i m e n t s  on  immobi l i -  
za t ion  of  l ipoxygenases  f rom o t h e r  sources  sug- 
gest tha t  the  excep t iona l ly  h igh recovery  of  
act ivi ty  in the  p resen t  s t u d y  is n o t  a general  
p r o p e r t y  of  l ipoxygenases  bu t  t ha t  values nor-  
mal ly  range f rom 10 to 15%. However ,  i f  t hey  
fulfill  the  s tabi l i ty  r e q u i r e m e n t s  of  c o n t i n u o u s  

ope ra t i on ,  con t ro l l ed  syn theses  o f  d i f fe ren t  hy-  
d r o p e r o x y  derivat ives of  unsa tu r a t ed  fa t ty  acids 
will be possible.  At  p resen t ,  c o m b i n a t i o n s  of  
d i f f e ren t  l ipoxygenase- reac to rs  are be ing  tes ted  
to ob ta in  doub le  d ioxygena t ed  a rach idon ic  
acids us ing  a single c o n t i n u o u s  process.  
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Effect of Chlorpromazine on Rat Arterial Lipid 
Synthesis, in vitro 

FRANK P. BELL* and EDNA V. HUBERT, Diabetes andAthersclerosis Research, The 
Upjohn Company, Kalamazoo, M149001 

ABSTRACT 

The effect of chlorpromazine, a major tranquilizer, on arterial lipid metabolism was studied in vitro 
in rat aortas incubated with [ ~4C] acetate and [ 14C] mevalonate as lipid precursors. Chlorpromazine at 
a level of 0.25 mM in the incubation medium significantly reduced the incorporation of [l*C]acetate 
into free fatty acids (p <0.01) and total phospholipids (p <0.001) but not triglycerides. Chlorproma- 
zinc also altered the pattern of arterial phospholipids synthesized from | 14C] acetate by significantly 
increasing the relative proportion of phosphatidylinositol plus phosphatidylserine (p <0.02) and re- 
ducing the relative proportion of sphingomyelin (p <0.001). [14C]Acetate incorporation into the 
combined fractions of steryl esters plus hydrocarbons and sterols plus diglycerides was also signifi- 
cantly reduced (p <0.001) by 0.25 mM chlorpromazine. Studies with [t4C]mevalonate showed that 
chlorpromazine is also an inhibitor of sterol biosynthesis in arterial tissues as evidenced by 35-40% 
reductions (p<0.05) in the formation of t4C-labeled squalene and C2T sterols. 
Lipids 17:672-675, 1982. 

INTRODUCTION 

Chlorpromazine (CPZ), a major tranquilizer, 
modifies several aspects of lipid metabolism in 
vivo and in vitro. The drug is an inhibitor of 
lecithin:cholesterol acyltransferase (EC 2.3. 
1.43, LCAT) in plasma from man and experi- 
mental animals (I),  inhibits bile salt synthesis in 
the monkey (2), and alters the pattern of phos- 
pholipids synthesized by liver (3,4), brain (5) 
and various isolated cells (6,7). Therapeutic 
doses of CPZ in patients lead to hypercholester- 
olemia (8,9). Hypercholesterolemia also occurs 
in normal rabbits given CPZ (10) whereas in 
cholesterol-fed rabbits, CPZ exerts a hypocho- 
lesterolemic effect (10,11). Although this hypo- 
cholesterolemic effect may account for the less 
severe ather0sclerosis observed in cholesterol- 
fed rabbits treated with CPZ (10,11), we have 
recently presented evidence that CPZ Can direct- 
ly modify arterial lipid synthesis as evidence by 
its ability to alter patterns of [ 14C] oleate incor- 
poration into lipids of rat and rabbit aortas in 
vitro (12,13). In the present studies, the effect 
of C_PZ on lipid synthesis from [14C]acetate 
was investigated in normal rat aorta in vitro. 

MATERIALS AND METHODS 

Animals 

Normal male rats (Upj: TUC (SD) spf, 225- 
250 g) were used in the studies. All animals 
were individually housed with free access to food 
(Purina Chow) and water. 

*Author to whom correspondence should be ad- 
dressed. 

Tissues 

The rats were killed by decapitation. The 
aortas were quickly excised, rinsed in chilled 
0.9% NaC1 solution, stripped of adventitial tis- 
sue, and then opened longitudinally over their 
entire length. 

Incubation 

The aortas were incubated for 3 hr at 37 C 
in 3.5 ml Krebs-Ringer-bicarbonate buffer, pH 
7.4, which contained 5.0/ICi [ 1J4C] acetic acid~ 
sodium salt (SA 56.0 mCi/mmol) or 2.0 /aCt 
DL-[2J4C] mevalonic acid, dibenzylethylenedi- 
amine salt (SA 50.1 mCi/mmol) (14). All the 
isotopically labeled lipids were purchased from 
New England Nuclear Corp., Boston, MA. 
Chlorpromazine HCL was purchased from Sig- 
ma Chemical Co., St. Louis, MO, and added to 
all incubations dissolved in 25/zl saline. 

Analyses 

Following incubation with [laC]acetate or 
[ 14C] mevalonate, the aortas were rinsed in five 
250-ml changes of 0.9% NaCI solution and then 
extracted by homogenization in CHC13/MeOH 
(2:1, v/v,) (14,15); 0.2 vol of 0.73% NaCI solu- 
tion was added to the CHC13/MeOH extracts to 
cause phase separation (16). The lipid-contain- 
bag lower phase was washed twice with pure 
upper phase as described by Folch et al. (16). A 
portion of the lipid extracts was fractionated 
by thin-layer chromatography (TLC) on glass 
plates coated with Silica Gel G using a develop- 
ing solvent consisting of n-hexane/diethyl ether/ 
acetic acid (146:50:4,  v/v/v) (15,17). The 
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various lipid bands (fractions) were visualized 
under  ultraviolet  (UV) light af ter  spraying the 
chromatopla tes  with rhodamine  6G (0.05% in 
e thanol)  and were then scraped f rom the chro- 
matopla tes  and assayed for radioact ivi ty as pre- 
viously described (17,18). In studies using [ 14C] 
mevalonate  as a precursor,  the C27-sterol and 
squalene fractions were scraped for radioactive 
assay (15,19). Addi t ional  por t ions  of  extract  
f rom three cont ro l  samples and three chlorpro-  
mazine-treated samples were chromatographed  
as above and the squalene band was eluted f rom 
the TLC plates with CHC13. The eluate was 
evaporated under  N2, saponif ied with alcoholic- 
KOH (19), n-hexane ext rac ted  (19), and the 
hexane extracts  were rechromatographed  as 
above;  97-98% of the radioact ivi ty  was reisolated 
as squalene while 2-3% appeared exclusively in 
a band cochromatographing  with C27-sterols 
which indicated that  2-3% of  the radioact ivi ty  
originally chromatographing  with squalene was 
steryl ester. Squalene data were not  corrected 
for this small amoun t  of  steryl ester formed.  In 
studies using [ l aC]ace ta te ,  the lipid fractions 
corresponding to phospholipids,  sterols plus di- 
glycerides, free fat ty acids, triglycerides, and 
steryl esters plus hydrocarbons  were assayed for 
radioactivity.  A second por t ion  of the aort ic  
lipid ext rac ts  f rom the [ t4C] acetate exper iments  
was f ract ionated by TLC to obta in  the individ- 
ual phospholipid classes by the me thod  of  Skip- 
ski et al. (20). The  phosphol ipids  were visualized 
with dichlorof luorescein ,  scraped from the 
chromatopla tes  and assayed for radioact ivi ty  in 
ACS-II count ing  fluid (Amersham Corp.,  Arling- 
ton  Heights, IL). 

R ESU LTS 

The incorpora t ion  of  [ t4Clace ta t e  into rat 
aortic lipids in vi tro is shown in Table 1. The 

results indicate that  0.25 mM CPZ dramatical ly  
modif ies  the synthesis rat arterial lipids from 
[14C] acetate.  Incorpora t ion  of  [14C]acetate 
into phospholipids ,  and the combined  fractions 
of  sterols + diglycerides, and steryl esters + hy- 
drocarbons was reduced 70-80% (p <9.001)  in 
the presence o f  CPZ. Synthesis  o f  fat ty acids 
was also significantly reduced (p <0 .01)  by 
about  45% with CPZ but tr iglyceride synthesis 
was not  statistically significantly affected.  

Table 2 shows the results of  f ract ionat ing 
the tissue phosphol ipids  from the exper iments  
of  Table 1. It is clear that  CPZ not  only reduces 
the total  incorpora t ion  of  [ l a c ] a c e t a t e  into 
phospholipids as given in Table 1, but  also alters 
the pat tern of  acetate  incorpora t ion  into the 
various phosphol ipids  synthesized.  The  percen- 
tage of  dis t r ibut ion of  [ l aC]ace ta te  into phos- 
phat idylchol ine  (PC) was about  50% and was 
not  significantly affected (p >0 .05)  by CPZ. 
However ,  the percentage dis t r ibut ion of  [ I ac ]  
acetate  into the combined  fract ion of phos- 
phatidylserine (PS) plus phosphat idyl inosi to l  
(PI) increased from 12 to 19% with CPZ 
t r ea tmen t  (p < 0.02). The percentage in- 
corpora t ion  of  [~qC]acetate  into sphingomye-  
lin was also significantly reduced from 7.9 to 
3.8% (p <0 .001)  with CPZ t rea tment  whereas 
lysoleci thin and phosphat idy le thanolamine  
were not  statistically affected.  

The effects o f  CPZ on arterial lipid synthesis 
were no t  restr icted to the saponifiable lipids. At 
a level of  0.25 mM, CPZ also exer ted  an inhibi- 
tory effect  on the incorpora t ion  of  [ tac]  meva- 
lonate into rat arterial nonsaponif iable  lipids in 
vi tro (Table 3). Incorpora t ion  into  squalene, a 
C30 hydrocarbon  in termedia te  in sterol synthe-  
sis, was significantly reduced (p <0 .05)  by 
about  35%. This inhibi t ion of  squalene forma-  
t ion was ref lected in a similar reduct ion  (about  
40%, p <0 .05)  in the labeling of  the C27-sterol 

TABLE 1 

Effect of Chlorpromazine on the Incorporation of [ IJ4C}Acetate 
into Various Lipids in the Normal Rat Aorta in vitro (dpm/g wet wt) a 

Sterols + Free Steryl esters + 
Phospholipids diglycerides fatty acids Triglycerides hydrocarbons 

Control 20935 • 3380 b 7980 +- 1175 10470 • 1315 4870 • 820 605 .+- 85 
Chlorpromazinc 
(0.25 raM) 5635 c • 1100 2180c• 680 5855 d • 910 3465 • 910 130 c • 25 
Ratio: CPZ/control 0.27 0.27 0.56 0.71 0.27 

aAortas from normal male rats (225-250 g) we re  incubated 3 hr at 37 C in 3.5 ml Krebs-Ringer-bicarbonate 
buffer, pH 7.4, containing 5 #Ci[ IA4C]acetic acid, sodium salt. Chlorpromazine (CPZ), when present, was added 
to the incubation medium in 25 ~1 saline to yield a final concentration of 0.25 raM. Lipids were extracted from 
the  aortas  w i t h  CHCI3/MeOH (2:1, v/v) and the extracts were fractionated by TLC as described in Methods. 

bValucs are means • SEM of 10 aortas per group. 
c,dsignificantly different from control values using Student's independent t-test (c: p <0.001 ;d: p < 0.OI). 
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TABLE 2 

Effect of Cblorpromazine on the Percentage Distribution of 
[ 1-t4C]Acetate Incorporated into Phospholipids of Rat Aortas in vitro a 

Lyso b Sph PC PS+PI PE 

Control 5.3 • 1.0 c 7.9 • 0.5 50.0 + 2.0 12.1 • 2.0 24.7 • 1.5 
Chlorpromazine 

(0.25 raM) 3.4 • 0.5 3.8 • 0.4 d 54.1 + 1.3 19.4 • 1.7 e 20.3 • 1.7 

aSee footnote to Table 1. 
bLyso, lysolecithin; Sph, sphingomyelin; PC, phosphatidylcholine; PS+PI, phospha- 

tidylserine plus phosphatidylinositol; PE, phosphatidylethanolamine. 
CValues are means • SEM of 10 aortas per group. 
d,esignifieantly different from control values by Student's i n d e p e n d e n t  t-test (d: p < 

0.001;e:  p < 0.02). 

TABLE 3 

Effect of Chlor0romazine on the Incorporation 
of DL-[ 2-a4C] Mevalonate into Sterols and Squalene 
in the Normal Rat Aorta in vitro (dpm/g/wet wt) a 

Sterols Squalene 

Control 7215 -+ 1110 b 3370 + 210 
Chlorpromazine 

(0.25 raM) 4380 -+. 625 c 2260 + 410 c 
Ratio: CPZ/Control 0.61 0.67 

aAortas from normal male rats (225-250 g) w e r e  
i n c u b a t e d  3 hr at 37  C in 3.5 ml Krebs-Ringer-bicat-  
bonate  buffer, pH 7.4, containing 2.0 ~Ci DL-[2-14C] 
mevalonic acid. Chlorpromazine (CPZ), when present, 
was added in 25 pl saline to yield a final c o n c e n t r a t i o n  
of 0.25 mM. Lipids w e r e  e x t r a c t e d  from the aortas  
with CHCIa/MeOH (2:1, v/v) and fractionated by TLC 
to separate the C27-sterols and squalene as described in 
Methods .  

bValues are means • SEM of 5 control aortas and 6 
chlorpromazine-treated aortas. 

CSignificantly different from control values (p < 
0.05) using Student's independent t-test.  

f rac t ion  o f  the  arteries,  as well (Tab le  3). 

DISCUSSION 

Agents  t h a t  can a l te r  l ipid m e t a b o l i s m  are of  
pa r t i cu la r  in te res t  in view of  the  role of  increased 
l ipid syn thes i s  and  l ipid a c c u m u l a t i o n  dur ing  
the  a the rogen ic  process  (18).  Our  previous  s tud-  
ies have shown  tha t  CPZ reduces  the  incorpor -  
a t i on  o f  e x o g e n o u s  p r e f o r m e d  fa t ty  acid (oleic 
ac id)  in to  var ious  glycerol ipids  in r abb i t  and  ra t  
aor tas  in vi t ro  (13) ,  and  inh ib i t s  ar ter ia l  choles-  
t e ro l  es te r i f ica t ion  by ACAT (acy lCoA:cho les -  
te ro l  acyl t ransferase ,  EC 2 .3 .1 .26)  (12) .  The  
p re sen t  s tudies ,  using rat  aor tas ,  were unde r -  
t a k e n  to evaluate  the  e f fec t  o f  CPZ on the  bio- 
syn thes i s  of  fa t ty  acids f rom [14C]ace ta te  and  

the  u t i l i za t ion  o f  the  labeled  fa t ty  acids for  
neu t r a l  l ipid and  p h o s p h o l i p i d  synthes is .  In  
add i t ion ,  the  e f fec t  o f  CPZ on  n o n s a p o n f i a b l e  
l ipid syn thes i s  f rom [t4C] m e v a l o n a t e  was eval- 
ua ted .  

The  effects  of  CPZ on  rat  ar ter ial  l ipid syn- 
thesis  as observed in the  p resen t  s tudies  are 
c o m p l e x  and  are un l ike ly  to  be  a t t r i b u t a b l e  to  a 
single m e c h a n i s m  of  ac t ion  of  CPZ. Fo r  ins tance ,  
an  i n h i b i t i o n  of  ace ta te  ac t iva t ion  to ace ty l  
CoA could  a c c o u n t  for  t he  decreased incorpora -  
t ion  o f  [ 14C] ace ta t e  i n to  ar ter ia l  free f a t ty  acids 
(Table  1). A l t h o u g h  a decrease  in fa t ty  acid 
syn thes i s  cou ld  expla in  the  decreased incorpor -  
a t ion  of  [14C]ace ta te  in to  to ta l  ar ter ial  phos-  
phol ip ids ,  i t  does  n o t  expla in  the  d i sp ropor t ion -  
ate  l abe l ing  of  the  PS+PI and  s p h i n g o m y e l i n  frac- 
t ions  (Table  2) n o r  does  it expla in  the  a p p a r e n t  
lack of  e f fec t  of  CPZ o n  [14C] ace ta te  i nco rpor -  
a t ion  i n t o  the  t r ig lycer ide f r ac t ion  of  these  tis- 
sues (Table  1). A possible  e x p l a n a t i o n  for  the  
increase  o f  PS+PI label ing m a y  be a resul t  of  a 
par t ia l  i nh ib i t i on  in the  act iv i ty  o f  p h o s p h a t i d a t e  
p h o s p h o h y d r o l a s e  (EC 3 .1 .3 .4)  by  CPZ as has 
been  r epo r t ed  in l iver (21,22) .  A decrease  in the  
act iv i ty  o f  this  e n z y m e  which  conver t s  phospha -  
t id ic  acid i n to  1,2-diglyceride would  resul t  in an 
increased avai labi l i ty  of  p h o s p h a t i d a t e  for  t he  
f o r m a t i o n  of  CDP-diacylglycerol  which  leads to 
PI. Since PI ( and  PS) are m i n o r  ar ter ial  phos-  
pho l ip ids  in t e rms  o f  a m o u n t ,  a small  change in 
ac t iv i ty  of  the  e n z y m e  could  subs tan t i a l ly  af fec t  
the  relat ive c o m b i n e d  a m o u n t  of  these  p h o s p h o -  
l ipids w i t h o u t  hav ing  obv ious  effects  on  the  
o the r  l ipids such as t r ig lycer ides  and  PC (Tables  
1 and  2). 

In this  s tudy ,  we did  not  a t t e m p t  to  f rac t ion-  
ate the  c o m b i n e d  lipid f rac t ions  of  s terols  plus 
diglycerides  and s teryl  esters  plus  h y d r o c a r b o n s  
der ived f rom [14C]aceta te .  However ,  t h r o u g h  
the  use o f  [ t 4 C ] m e v a l o n a t e  as a p recursor  of  
ar ter ia l  lipids, i t . i s  clear tha t  CPZ s igni f icant ly  
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affects  t he  synthes i s  of  squa lene  (a C30 h y d r o -  
c a r b o n )  and  the  C27 s terols  (Tab le  3). This  in- 
h i b i t i o n  of  ar ter ia l  s terol  syn thes i s  i l lus t ra tes  
f u r t h e r  the  c o m p l e x  na tu re  of  CPZ ac t ion  on  
the  ar tery .  

The  effects  o f  CPZ on  ar ter ial  l ipid syn thes i s  
as p r e sen t ed  here  have n o t  been  previous ly  re- 
por t ed .  There  are,  however ,  several r epo r t s  t h a t  
t he  a d m i n i s t r a t i o n  of  CPZ to  r abb i t s  fed a the ro -  
genie  ( cho les t e ro l -con ta in ing)  d ie t  resul t s  in  the  
d e v e l o p m e n t  of  less severe a therosc leros is  t h a n  
observed  in u n t r e a t e d  con t ro l s  (10,11) .  The  
t r e a t m e n t  of  r abb i t s  w i th  CPZ, however ,  t e n d e d  
to  reduce  t h e  level o f  h y p e r c h o l e s t e r o l e m i a  
achieved and  led to t he  t en ta t ive  conc lus ion  
t h a t  the  less severe d e v e l o p m e n t  of  a therosc ler -  
osis re f lec ted  d i f fe rences  in  the  p lasma  choles-  
t e ro l  levels, r a t h e r  than  a d i rec t  e f fec t  of  CPZ. 
Our  resul ts  as p r e sen t ed  here ,  however ,  suggest 
the  poss ib i l i ty  t ha t  CPZ m a y  have m o d i f i e d  
a t h e r o m a  d e v e l o p m e n t  in  t he  r abb i t s  b y  a l te r ing  
ar ter ia l  l ipid m e t a b o l i s m  direct ly .  
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Metabolism of Arachidonic Acid in Leukocytes: 
Isolation of a 5,15-Dihydroxy-Eicosatetraenoic Acid 1 

PIERRE BORGEAT*, SERGE PICARD, JEAN DRAPEAU and PIERRE VALLERAND, 
Laboratoire d'Endocrinologie Mol~culaire, Le Centre Hospitalier de I'Universit~ Laval, 
Quebec, Canada G 1V 4G2 

ABSTRACT 

A novel metabolite of arachidonic acid was isolated from incubations of peripheral blood leuko- 
cytes with the fatty acid and the ionophore A23187. The compound was purified by high performance 
liquid chromatography and identified by ultraviolet photometry and gas chromatography-mass spec- 
trometry as a 5,15-dihydroxy-6,8,11,13-eicosatetraenoic acid. The compound was also isolated from 
incubations of human leukocytes with the 15S-hydroperoxy-5,8,11,13(Z,Z,Z,E)-eicosatetraenoic acid, 
suggesting a double dioxygenation mechanism in the formation of this new metabolite of arachidonic 
acid. A 5S,15S-dihydroxy-6,8,11,13(E,Z,Z,E)-eicosatetraenoic acid was obtained from incubations 
of 5 S-hydroxy-6,8,11,14(E,Z,Z,Z)-eicosatetraenoic acid with the soybean lipoxygenase and reduction 
with stannous chloride, and was used as reference compound. 
Lipids 17:676-681, 1982. 

INTRODUCTION 

In the last few years, it has been shown that 
leukocytes transform arachidonic acid into a 
family of bioactive compounds, the leukotri- 
enes, in a reaction involving a lipoxygenase 
acting specifically at carbon-5 of  the fatty acid 
(ref. 1 for a review). Other metabolites of  ara- 
chidonic acid oxygenated at C-15 were isolated 
from human leukocytes, i.e., the 15S-HETE (2) 
and several isomeric 14,15-diHETEs and 8,15- 
diHETEs (3-5), suggesting the presence of a 
lipoxygenase specific for carbon-15 of  arachi- 
donic acid in these cells. Such an enzyme has 
recently been isolated from rabbit peritoneal 
neutrophils (6). In a previous study (7), we 
have reported that arachidonic acid can undergo 
a double dioxygenation by two leukocyte 
lipoxygenases with C-5 and C-12 specificities 
to yield the 5S,12S-diHETE. The presence of 
a lipoxygenase with C-15 specificity in leuko- 
cytes has led us to investigate the formation of 
a 5,15-diHETE in these cells. 

*Author to whom correspondence should be ad- 
dressed. 

Abbreviations: GC-MS, gas chromatography-mass 
spectrometry; I-IPLC, high performance liquid chroma- 
tography; Me, methyl ester; Me a Si, trimethyisilyl; PG, 
prostaglandin; LTB 4, leukotfiene B4, 5S, 12R-dihy- 
droxy-6,8,10,14(Z,E,E,Z)-eicosatetraenoic acid; 5S, 
12S-diHETE, 5S,12S-dihydroxy-6,8,10,14(E,Z,E,Z)- 
eicosatetraenoic acid ; 12-HETE, 12S-hydrox y-5,8,10, 
14 (Z,Z,E,Z)-eicosatetraenoic acid;HHT, 12S-hydroxy- 
5,8,10 (Z,E,E)-heptadecatrienoic acid; 15S-HETE, 
15S-hydroxy-5,8,11,13 (Z,Z,Z,E)-eicosatetraenoic 
acid ; 1SS-HPETE, 15S-hydroperoxy-5,8,11,13(Z,Z,Z, 
E)-eicosatetraenoic acid; EDTA, ethylene diamine 
tetraacetate. 

1See ref. 16 for a preliminary report. 

MATERIALS AND PROCEDURES 

Arachidonic acid (>99% pure, from Nu- 
Chek-Prep, Elysian, MN), was purified by silicic 
acid chromatography before use. A stock solu- 
tion of the ionophore A23187 (mixed sodiu~n 
and potassium salts, Calbiochem, La Jolla, CA) 
was prepared in ethanol (3 mg/ml). The soybean 
lipoxygenase (Type 1 from Sigma Co., St. Louis, 
MO) and the methods described previously (8) 
were used to prepare the 15S-HPETE from ara- 
chidonic acid; the 15S-HETE was prepared by 
chemical reduction of the 15S-HPETE with 
stannous chloride; 5S-HETE was obtained from 
incubations of  leukocytes with arachidonic acid 
and the ionophore (7). The compounds were 
purified by ltPLC and analyzed by GC-MS 
(HETE only) for assessment of purity and iden- 
tity. 

Preparation and Incubation of Leukocytes 

Porcine leukocyte suspensions were pre- 
pared by centrifugation of sodium EDTA- 
treated blood, dextran sedimentation and 
ammonium chloride lysis of red cells, as des- 
cribed before (7). Human leukocytes were pre- 
pared using similar procedures. The mononu- 
clear and polymorphonuclear leukocytes were 
not  separated. The cell preparations were slightly 
contaminated with platelets. Porcine leukocytes 
were suspended ( 2 5 0 •  106cells/ml) in Dul- 
becco's phosphate buffered saline (9) (without 
calcium and magnesium). The cell suspensions 
were then warmed to 37 C and calcium and 
magnesium chlorides, arachidonic acid and the 
ionophore A23187 were added to final concen- 
trations of  0.5 mM, 2.0 mM, 170/zM and 17~M, 
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respectively, if not otherwise indicated. After 5 
min, the reactions were stopped by addition of 
1.5 vol of methanol. Human leukocytes were 
incubated as described in the legend to Figure 5 
(vide infra). 

Extraction and Chromatography 

Ether extractions and fractionations on silicic 
acid columns were performed as described (7). 
HPLC analysis of the fraction of the ether ex- 
tract containing HETEs and diHETEs was per- 
formed on a 50 • 1 cm column packed with 
silica gel (Li Chroprep Si60, 15- to 25-/am par- 
ticles, E. Merck, Darmstadt, Germany) using a 
linear gradient of isopropanol in hexane (0.1% 
acetic acid) from 0 to 15% in 30 min at a flow 
of 4 ml/min. Elution of arachidonic acid meta- 
bolites was monitored at 235 and 280 nm. The 
materials in absorption peaks was collected, the 
compounds were treated with diazomethane to 
form the methyl esters and further purified on 
a silica gel column (Hibar II, 4.7 • 250 mm, 
Merck) using isopropanol/hexane (4:96, v/v) as 
solvent at 1 ml/min. The compounds obtained 
were finally purified by reversed-phase HPLC 
using a RadialPak CIs column (octadecyl silica, 
10-/am particles, 100 • 8 mm from Waters Asso- 
ciates, Milford, MA) using methanol/water (80: 
20, v/v) at a flow of 2 ml/min and 20 C. 

Gas Chromatography-Mass Spectrometry 

The Me3Si ether derivatives and the hydro- 
genated compounds were prepared as described 
(7,10). GC-MS analyses were performed as des- 
cribed before (7) using glass columns (6 ft long, 
2 mm id) packed with SE-30 1% on Chromo- 
sorb W-HP (80/100 mesh), or OV-210 3% on 
Supelcoport ( 100/120 mesh). 

RESULTS 

Porcine peripheral blood leukocytes were in- 
cubated with arachidonic acid and the ionophore 
A23187. The fraction from the silicic acid 
chromatography of the ether extract containing 
the HETEs and diHETEs was analyzed by ad- 
sorption HPLC with detection at 235 and 280 
nm. In addition to compounds previously identi- 
fied, i.e., 5S-HETE, 12S-HETE, 15S-HETE, 
HHT, 5S,12S-diHETE, LTB4, A6-trans-12-epi- 
LTB4 and A6-trans-LTBa, and absorption peak 
(235 rim) which did not correspond to any 
known metabolite of arachidonic acid was de- 
detected. The material was collected, esterified 
and further purified by adsorption and reversed- 
phase HPLC as described under "Extraction and 
Chromatography." A total of about 50/~g of 
the unknown product (as estimated by ultra- 
violet [UV] photometry using the molar ab- 
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sorption coefficient of 33,500 reported for the 
5S,15S-diHETE; see ref. 11) were obtained 
from three incubations, i.e., about 0.15% of 
added arachidonic acid (40 x 109 leukocytes 
were incubated at a time). In the same experi- 
ments, the yield of LTB4 was 10-20 times higher. 

Ultraviolet Spectrometry 

The UV spectrum of the unknown material 
showed a major band at ~kmax (MeOH) = 243 
nm and a shoulder at 226 nm (5,15-diHETE in 
Fig. 1 ; the absorption coefficient was not mea- 
sured). This spectrum is compatible with a con- 
jugated diene chromophore. The UV spectra of 
HHT, 5S-HETE are shown in Figure 1 for com- 
parison. 

..... 243 
231 ~ ,'"~'~,, 

/ y ',, .... 5-HETE 

i ' 

2 ~  2 ~  260 2 ~  3 0 0 ( ~ )  

FIG. 1. Ultraviolet spectra of the 5,15-diHETE iso- 
lated from porcine leukocytes and of 5S-HETE and 
HHT. Spectra were recorded in methanol. The intensi- 
ties of the absorption bands do not reflect the actual 
molar absorption coefficients of the three compounds. 

Analytical HPLC 

The chromatographic behavior of the new 
metabolite was studied on silica gel and octa- 
decyl silica columns using isocratic elution sys- 
tems (Table 1). In adsorption chromatography, 
the compound (5,15-diHETE in Fig. 2) showed 
a polarity intermediate to that of PGB2 and 5S- 
HETE; in the reversed-phase HPLC system used, 
the compound was eluted between PGB2 and 
LTB4. The details of chromatographic condi- 
tions are given in the legend to Figure 2. 

Gas Chromatography-Mass Spectrometry 

GC-MS analysis of the Me3Si ether deriva- 
tive of the methyl ester of the unknown com- 
pound showed a peak with a C-value of 23.6 or 
23.9 (column~ SE-30 1% and OV-210 3%, re- 
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TABLE 1 

Liquid Chromatography Data 

Columns: Silica gel a Ct$ b" Cts c CLa d 

Compounds k'(capacity factor) 

PGB2 14.1 * 2.4* 3.0 2.2 
5,15-dill ETE 5.4 * 3.4 * 4.3 3.2 
LTB 4 - 4.2* 5.3 3.9 
HHT - 5.9* 7.2 5.3 
15-HETE - l 1.6" 15.5 11.3 
5-HETE 2.4* - - l 5.7 

*Values f o r  t h e  methyl esters of the compounds. 
aColumn: 4.7 X 250 mm packed with Nucleosil 50, 5-/zm particles (Macherey Nagel, 

W. Germany). S o l v e n t :  i s o p r o p a n o l / h e x a n e  (4:96, v/v), I ml/min, 20 C. 
bColumn: Ultrasphere ODS, 4.7 X 250 mm, 5- #m particles (Beckman Instruments). 

Solvent: methanol/water (80:20, v/v), l mi/min, 20 C. 
CColumn: Radial Pak C~a , 5 X 100 ram, 10- #m particles (Waters Assoc.). Solvent: 

methanol/water (75:25, v/v) containing 0.01% acetic acid, l ml/min, 20 C. 
dColumn: see note b. Solvent: s e e  n o t e  c. 

c 

Z 
< 
rn 
rr  

A 

5-HETE-Me 

pGB2.M2"I5-D'H~E'Me I 

"T 

18 
"r r 3" 

12 6 0 18 

LTB 4 
\ \  

PGB 2 

12 6 0 

ELUTION TIME ( m m )  

FIG. 2. (A) Adsorption HPLC chromatogram of 
the methyl esters of 5S-HETE, 5,15-diHETE and 
PGB 2. The column used (250 X 4.7 mm) was packed 
with silica gel (5 #m particles, Nucleosil 50-5 from 
Macherey-Nagel Co., W. Germany). The compounds 
were eluted with hexane/isopropanol (96:4, v/v) at 1 
ml/min and 20 C. (B) Reversed-pha~ HPLC chromato- 
gram of a mixture of PGB2, 5,15-diHETE, LTB 4 and 
HILT. The column used was an Uitrasphere ODS (C,s) 
(250 X 4.7 mm, 5- #m particles, from Beckman Instru- 
ments). The compounds were eluted with methanol/ 
water (70:30, v/v) (containing 0.01% acetic acid), at 1 
ml /min  and 20 C. Arrows indicate injections. 

spect ively) .  The  mass s p e c t r u m  of  th is  com- 
p o u n d  (Fig. 3) showed  ions at  m / e  494  (M), 
479  (M-15),  463  (M-31),  423  (M-71, loss of  
�9 CH2- (CH2)a -CH3) ,  404  (M-90, loss of  tri- 

me thy l s i l ano l ) ,  394  ( p r o b a b l y  .CH = C H -  CH 
--CH - CH2-(CH = CH)2 - CH(OSiMe3)- (CH2)3-  
C(OCH3)  = O+SiMe3, f rom a r e a r r a n g e m e n t ;  
see ref. 12), 393  (M-101,  loss of  .CI12-(CH2) 2- 
COOCH3) ,  333 [M-(71 + 9 0 ) ] ,  303  [M-(101 + 
9 0 ) ] ,  255 [(CH = CH)2-CH(OSiMe3) - (CH2)3-  
COOCH3 ]+, 225 [(CH = CH)2-Ct I (OSiMe3)-  
(CH2)4-CH3]  +, 203 (Me3SiO + = CH-(CH2)a-  
COOCH3) ,  173 (base peak,  MeaSiO + = CH- 
(CH2)4-CH3) ,  159,  129, 113,  103, 99,  75 and  
73,  s u p p o r t i n g  t he  Me3Si  e the r ,  m e t h y l  es ter  
der ivat ive  of  a 5 ,15 -d ihydroxy- (6 ,8 ,11 ,13 ) -  
e i cosa te t r aeno ic  acid. The  mass  spec t rum (no t  
s h o w n )  of  the  Me3Si  e ther ,  e thy l  es ter  deriva- 
tive (ob t a ined  by  t r e a t m e n t  of  the  acid wi th  
d i azoe thane )  was in ag reemen t  wi th  the  inter-  
p r e t a t i o n  of  the  ions given above  for  the  Me3 Si 
e ther ,  m e t h y l  ester  derivative.  

A few #g  of  the  subs t ance  were sub jec ted  to 
ca ta ly t ic  h y d r o g e n a t i o n  over  p l a t i n u m  oxide  
(10)  and  ana lyzed  by  GC-MS as the  m e t h y l  
ester ,  Me3Si e t h e r  derivat ive:  a peak wi th  a C- 
value o f  24.2 ( c o l u m n  SE-30 1%) was observed .  
The  mass  spec t rum (Fig. 4) showed  ions at  m /e  
487  (M-15),  471 (M-31),  431 (M-71, loss of  
.CH2-(CII2 )3-CHa ), 402  ( p r o b a b l y  .CH-(CH2 )s-  
CH(OSiMe3) - (CH2)3-C(OCH3)  = O+SiMe3, 
f rom a r e a r r a n g e m e n t ; s e e  ref. 12), 401 (M-101,  
loss of  .CH2-(CH2)2-COOCH3)  , 341 [M-(71 + 
9 0 ) ] ,  311 [M-(101 + 9 0 ) ] ,  203 (base peak ,  
Me3SiO + = CH-(CH2)a  - COOCH3)  and  173 
(Me3 SiO + = CH-(CH2)4 - CH3).  This  s p e c t r u m  
showed  conclus ively  t ha t  the  h y d r o g e n a t e d  sub- 
s tance  was a 5 , 1 5 - d i h y d r o x y  e icosanoic  acid. 
C o m p a r i s o n  of  the  mass spec t ra  of  the  un-  
sa tu ra ted  and sa tu ra t ed  c o m p o u n d s  c o n f i r m e d  
the  presence  o f  four  doub le  b o n d s  located  be- 
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FIG. 3. Mass spectrum of the Me 3 Si derivative of the methyl ester of the 5,15-diHETE 
isolated from porcine leukocytes (electron impact, 25 eV). 
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FIG. 4. Mass spectrum of the Me 3 Si derivative of the methyl ester of the hydrogenated 
5,15-diHETE (electron impact, 25 eV). 

tween C-5 and C-15. The UV spectrometry data 
(supporting the presence of a conjugated diene 
structure) as well as the ions at m/e 203, 229 
(.CH=CH-CH(OSiM%)-(CH2)3-COOCH3) § 255 
225, 199 (.CH=CH-CH(OSiMe3)-(CH2)4-CH3 )+ 
and 173 in the mass spectrum of the methyl 
ester, Me3Si ether of the compound (unsatur- 
ated) supported that double bonds were located 
at A 6, A s ,  A 11 and A 13. The structure of the 
compound was thus established as 5,15-dihy- 
droxy-6,8,11,13-eicosatetraenoic acid. 

Biosynthesis of a 5S 15S diHETE from 
5S HETE and Soybean Lipoxygenase 

It has been shown recently that soybean 
lipoxygenase transforms arachidonic acid into 
dihydroperoxy derivatives (8,15- and 5,15-dihy- 
droperoxy acids) with the "S" configurations in 
a two-step mechanism (11,13). We have used 
this enzyme to prepare a reference compound 

(a 5,15-diHETE) for the assessment of the pres- 
ent structural analysis of the new arachidonic 
acid metabolite. 

Soybean lipoxygenase (Sigma Type I, 100/lg[ 
ml in sodium borate buffer, pH 10) was incuba- 
ted under an atmosphere of air with 5S-HETE 
at the concentration of 10/~g/ml. After 30 min 
at room temperature, the reaction mixture was 
acidified to pH 3 and extracted with ether. The 
extract was reduced with stannous chloride and 
fractionated on a silicic acid column as des- 
cribed (7); the fraction containing the 5,15- 
diHETE (as detected by UV absorbance) was 
purified by reversed-phase HPLC (see Materials 
and Procedures) using methanol/water (75:25, 
v/v, 0.01% acetic acid). About 100 #g (50% 
yield) of 5S,15S-diHETE was obtained. The 
material showed high degree of purity (>95%) 
as judged by adsorption HPLC and GC-MS anal- 
ysis and was identical (in terms of UV spectrum 
and mass spectrum of the hydrogenated form) 
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to the 5S,15S-diHETE obtained from double 
dioxygenation of  arachidonic acid by the soy- 
bean lipoxygenase (11 ). 

Considering the stereochemistry of the sub- 
strate used (natural 5S-HETE; see ref. 14) and 
the stereospecificity of  the soybean lipoxygen- 
ase reaction (11), we assumed that the detailed 
structure of the product obtained upon reaction 
of 5S-HETE with the enzyme was 5S,15S-dihy- 
droxy-6,8,11,13-(E,Z,Z,E)eicosatetraenoic acid. 

This compound and the leukocyte 5,15-di- 
HETE were compared rigorously; they were 
found to be undistinguishable on the basis of 
their UV spectra, chromatographic properties 
(GC, adsorpt ion and reversed-phase HPLC)and 
mass spectra (data not shown) suggesting that 
the two compounds were identical  

Formation ofa 5,15<IiHETE from 
15S-HPETE in Human Leukocytes 

Human blood leukocytes (mixed ceils) were 
incubated with 15S-HETE or 15S-HPETE in 
the presence of  the ionophore A23187 (see 
legend to Fig. 5). Both substrates gave rise to 
the formation of  a 5,15-diHETE. Figure 5 shows 
a HPLC chromatogram of the products obtained 
upon incubation of  human leukocytes with 15S- 
HPETE and the ionophore A23187. The meta- 
bolites of  the C-5 lipoxygenase, i.e., LTB4, A s- 
t rans-12-epi-LTB4 , A6- t rans -LTB4 and 5S- 
HETE (derived from the endogenous arachidon- 
ic acid released by the ionophore) were detected, 
as well as the 5,15-diHETE. Comparisons (UV 
spectrometry,  HPLC and GC-MS) of  this prod- 
uct with the reference 5S,15S-diHETE indica- 
ted that both compounds were identical, in 
agreement with the stereochemistry of the sub- 
strates (15S-HPETE or 15S-HETE) used and 
the stereospecificity of the enzymatic reaction 
likely involved in their transformation (reaction 
with the C-5 lipoxygenase; ref. 14). 

DISCUSSION 

In this paper, we have reported the formation 
of a novel metabolite of arachidonic acid in 
leukocytes; GC-MS analysis, UV photometry 
together with HPLC data conclusively demon- 
strate that the compound is a 5,15-dihydroxy- 
6,8,11,13-eicosatetraenoic acid. 

The geometry of the double bonds and the 
configuration of the alcohols have not been 
analyzed in these studies. However, biogenetic 
considerations as well as comparison of the 
compound with the 5S,15S-diHETE obtained 
from incubation of  5S-HETE with the soybean 
lipoxygenase suggest that the detailed structure 
of the new metabolite is the 5S,15S-dihydroxy- 
6,8,11,13(E,Z,Z,E)-eicosatetraenoic acid. 

280 nm, xl0 235 nm 
, ? ; ~ - ; ;  . . . . . . . . .  _ , ,_ . . . . . . . . . . . . . . .  - ,  

~Z ~ ~ E ~ E . M e ~ O  5.15-DiHETE-Me 
IS FRONT 5-HETE-Me ] A6*ttans- I 

< 

E L U T I O N  TIME (min) 

FIG. 5. Silica gel HPLC chromatogram (for col- 
umn, see legend to Fig. 2A) of the products (methyl 
esters) contained in the diethylether/methanol (95:5, 
v/v) fraction of the silicic acid fractionation of the 
ether extract. Human blood leukocytes (60 X 10~/2 
ml) were incubated 5 min at 37 C with 15-HPETE (7.5 
#M) and the ionophore A23187 (2 tzM)before addition 
of 3 ml of methanol containing 500 ng of the internal 
standard (IS,5S-hydroxy-12-(2-hydroxy)ethoxy-6,8, 
10,14(E,E,E,Z)-eicosatetmenoic acid). The sample was 
dissolved in diethyl ether for injection. The compounds 
were eluted using gradients of isopropranol in hexane, 
at 2 ml/min and 20 C, as follows: 0-1 rain, 1%; 1-7 
min, 1 to 3.8%; 7-8 min, 3.8 to 4.5%; 8-19 min, 4.5 to 
5.6%; 1%22 min, 5.6 to 8.7%; 22-28 min, 8.7%. The 
elution was monitored by ultraviolet photometry at 
235 nm (0-14 min) and 280 nm (14-30 min). The h6_ 
trans-LTB 4 are epimeric at C-12, the first eluting com- 
pound being the 12R-hydroxy isomer (10). The 
amounts (approximate) of each compound formed, as 
measured by comparison of peak areas (corrected for 
differences in attenuation settings and absorption co- 
efficients) were: LTB,, 0.9/~g; A~-trans-LTB,, 0.1 #g 
(each); 5,15-diHETE, 4 tzg; 5-HETE, 2.5 /~g. The ma- 
terial eluting after the front peak contained some 15- 
HETE. 

The presence in this compound of two con- 
jugated double bonds ct to the hydroxyl  groups 
(a structural characteristic of several lipoxygen- 
ase products; see refs. 8,11, and 14), as well as 
its formation from 15S-HETE or 15S-HPETE in 
leukocytes, support a mechanism of synthesis 
involving two dioxygenations (Fig. 6), in analogy 
with the mechanism of formation of  the 5S,12S- 
diHETE (15). The presence of  both C-5 and C- 
15 lipoxygenase activities in leukocytes (2) 
supports the postulated mechanism of biosyn- 
thesis of  the 5,15-diHETE. 

The biological significance of  this novel trans- 
formation of arachidonic acid in leukocytes is 
under investigation. 
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FIG. 6. Hypothet ical  mechanism of  format ion  o f  
the  5,15-diHETE in leukocytes  involving the  succes- 
sive reactions of arachidonic acid with the  C-15 and 
the C-5 lipoxygenases. The similar mechanism invol- 
ving the reaction of  arachidonic acid with the  C-5 
l ipoxygenase first and then  with the  C-15 l ipoxygenase,  
has  not  been excluded. The s tereochemistry of  the  
5,15-diHETE as depicted above is based on biogenetic 
considerat ions but  has not  been conclusively demon- . .  
strated. 
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The Effects of Phosphate on the Biosynthesis 
of Cholesterol in Rat Liver Homogenates 

S. STEVEN HOTTA, Department of  Biochemistry, Eastern Virginia Medical School, 
Norfolk, VA 23501 

ABSTRACT 

The biosyntheses of cholesterol from acetate and mevalonate were determined in rat liver homog- 
enates that were prepared and incubated in buffers containing varying concentrations of phosphate. 
Relatively little acetate or mevalonate was incorporated into cholesterol in the absence of added phos- 
phate. When phosphate was added, there was an increase in incorporation of both substrates. The 
addition of phosphate resulted in an increase in the incorporation of mevalonate to a maximum, 
whereas phosphate appeared to increase the incorporation of acetate at low phosphate levels and 
decrease the incorporation at higher phosphate levels. The results appear to be consistent with the 
possibility that, at low phosphate levels, the biosynthesis of cholesterol is limited by some phosphate- 
requiring reaction(s) in the pathway after mevalonate, and at higher phosphate levels, the biosynthesis 
is limited by the 3-hydroxy-3-methylglutaryl coenzyme A reductase-catalyzed step. 
Lipids 17:682-685, 1982. 

The hepatic biosynthesis of cholesterol from 
acetate has been shown to be regulated by a 
variety of factors (1,2). Most of the investiga- 
tions on the regulation of this pathway have 
been focused on the enzyme 3-hydroxy-3- 
methylglutaryl coenzyme A (HMG-CoA) reduc- 
tase (3-7). The available evidence suggests that 
this regulation of cholesterol synthesis is deter- 
mined by the effects of the regulatory factors 
on the amount  and/or activity of this enzyme 
and that the reaction catalyzed by HMG-CoA 
reductase is the rate-limiting step in the bio- 
synthetic pathway (8-10). Recent reports (1 1, 
12) suggested that the activity of another 
enzyme, 5-pyrophosphomevalonate decarbox- 
ylase, may also be subject to control and may 
contribute to the regulation of daolesterol 
biosynthesis. 

In the course of our studies of the hepatic 
synthesis of cholesterol, we found that the 
buffer used for the preparation and incubation 
of the liver homogenates affected the amounts 
of acetate and mevalonate incorporated into 
cholesterol. Further studies showed the effects 
appeared to depend on the presence or absence 
of phosphate in the buffer (13). Thus, the 
present investigations were undertaken to deter- 
mine the effects of varying phosphate concen- 
trations in the buffers on the incorporations of 
acetate and mevalonate into cholesterol by rat 
liver homogenates. 

MATERIALS AND METHODS 

Male, Wistar strain rats, weighing 200-300 g, 
were obtained from the Hilltop Laboratories. 
The rats ~vere maintained on normal rat chow 

in a room with a 12-hr light/dark cycle (light on 
at 7 a.m. and off at 7 p.m.). Sodium [1-1ac]- 
acetate and DL-[2-14C]mevalonolactone were 
obtained from New England Nuclear Corp. DL- 
Mevalonolactone, coenzyme A, NADP, ATP 
and glucose-6-phosphate were obtained from 
Sigma Chemical Co. 

The rats were sacrificed by cervical fracture 
between 9 a.m. and 10 a.m. Their livers were 
removed and placed in ice-cold buffer. The 
buffers used for the preparation of the homog- 
enate varied with the experiment and are given 
ha the legends accompanying the figures and 
tables, ltomogenates were prepared with 2.5 
vol of the appropriate buffer (pH in all buffers 
was 7.8) by five passes of a loosely fitting 
Teflon pestle in a Potter-Elvehjem homog- 
enizer. The homogenate was centrifuged at 
12,000 x g for 15 min at 4 C. After aliquots 
of the supernate were preincubated at 37.5 C 
for 20 min, the substrate and cofactors were 
added and the incubation continued at 37.5 C 
for 1 hr. The final vol of the incubation media 
was 1.0 ml and contained the following sub- 
strate and cofactors (final concentrations): 
2.0 mM [l-14C]acetate (0.25 mCi/mmol) + 
0.050 mM coenzyme A or 0.5 mM [2JaC] - 
mevalonolactone (0.25 mCi/mmol), ! mM ATP, 
0.5 mM NADP, and 3.0 mM glucose-6-phos- 
phate. The incubation was terminated by add- 
ing 2 ml 95% ethanol and 0.5 ml 60% (w/v) 
KOH. The mixture was heated at 80 C for 90 
min to saponify the lipids. Cholesterol was 
extracted with hexane and isolated as the 
digitonide. The cholesterol digitonide was sus- 
pended in a scintillation cocktail and the 
amount of 14C incorporated into cholesterol 
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was determined with the Beckman LS 7000 
liquid scintillation counter. Proteins were deter- 
mined by the method of Lowry et al. (14). 

RESULTS 

Our initial experiments were done with 
homogenates prepared and incubated in a 
buffer containing 100 mM Tris and 10 mM 
phosphate according to the procedures de- 
scribed by Goodwin and Margolis (15). The 
results obtained with acetate as the substrate 
were similar to their findings, but differed when 
mevalonate was used. Preincubation of our 
homogenates resulted in increases in incorpora- 
tions of both acetate and mevalonate into cho- 
lesterol, whereas they had not observed any 
increase in mevalonate incorporation with pre- 
incubation. However, when more phosphate 
was present in the buffer, the results with 
acetate were relatively unchanged ('Fable 1), 
whereas that with mevalonate showed that, as 
the phosphate level was increased, the incorpo- 

ration of mevalonate increased in the control, 
without a corresponding increase in the prein- 
cubated homogenates, such that preincubation 
no longer increased the mevalonate into choles- 
terol when phosphate was present in higher 
concentrations (Table 2). 

When the phosphate contents of the buffer 
were varied, the incorporation of acetate into 
cholesterol underwent a biphasic response to 
the added phosphate (Fig. 1). In the absence of 
added phosphate, there Was relatively little 
incorporation of acetate into cholesterol in the 
homogenate (control) unless the homogenate 
was preincubated. The presence of 2.5 mM 
phosphate in the buffer increased the incorpo- 
ration dramatically. However, the addition of 
more phosphate to the buffer resulted in a pro- 
gressive decrease in acetate incorporation, 
which approached the incorporation seen in the 
absence of added phosphate. Whether phos- 
phate was absent or present in the buffer, pre- 
incubation of the homogenate always resulted 
in an increased incorporation of acetate into 

T A B L E  1 

E f f ec t  o f  P h o s p h a t e  o n  C h o l e s t e r o l  S y n t h e s i s  f r o m  A c e t a t e  a 

Buf fe r  [ l - t4C ] A c e t a t e  i n c o r p o r a t i o n  

Tris P h o s p h a t e  Con t ro l  P r e i n c u b a t e d  
( r aM)  ( raM)  ( p m o l ] h r / m g  p r o t e i n )  ( p m o l / h r / m g  p r o t e i n )  P r e i n c u b a t e d / c o n t r o l  

100 10 61 .4  • 37 .7  1 6 8 . 6  • 98 .5  3 .25  • 1 .08  
75 25 26 .5  • 16 .0  1 6 6 . 6  +- 105 .1  5.91 • 1 .53  
50 50 38.1 • 23 .5  2 1 4 . 3  • 1 3 4 . 7  6 .45  • 1 .35  

0 100  35 .5  • 2 0 . 8  1 6 6 . 4  • 1 0 3 . 7  5 .56  • 1 .35 

a p o r t i o n s  o f  l ivers we re  h o m o g e n i z e d  w i th  2 .5  vol o f  b u f f e r s  c o n t a i n i n g  v a r y i n g  a m o u n t s  o f  Tris 
and  p h o s p h a t e .  All b u f f e r s  we re  p H  7 .8  a n d  c o n t a i n e d  30  mM n i c o t i n a m i d e ,  0.1 m M  E D T A ,  0 .6  mM 
MgCl 2 a n d  5 m M  g l u t a t h i o n e .  A l i q u o t s  o f  the  1 2 , 0 0 0  X g s u p e r n a t e s  w e r e  p r e i n c u b a t e d  w i t h  s h a k i n g  
at 37 .5  C fo r  20  min .  C h o l e s t e r o l  s y n t h e s i s  was  i n i t i a t e d  in t he  u n i n c u b a t e d  c o n t r o l  a n d  p r e i n c u b a t e d  
p r e p a r a t i o n s  b y  a d d i t i o n  o f  s u b s t r a t e  a n d  e o f a c t o r s  to  the  f o l l o w i n g  c o n c e n t r a t i o n s :  s o d i u m  [1-14C] - 
a c e t a t e  (2 .0  r aM,  0 . 2 5  m C i ] m m o l ) ,  c o e n z y m e  A ( 5 0  pM) ,  A T P  (1 .0  r aM) ,  N A D P  (0 .5  r aM) ,  a n d  
g i u c o s e - 6 - p h o s p h a t e  (3 .0  mM) .  The  d a t a  r e p r e s e n t  the  i n c o r p o r a t i o n  o f  t a c  i n t o  c h o l e s t e r o l  as the  
m e a n  • SEM. 

T A B L E  2 

Ef fec t  o f  P h o s p h a t e  o n  C h o l e s t e r o l  S y n t h e s i s  f r o m  M e v a l o n a t e  a 

Buf fe r  [ 2 - 1 4 C  ] M e v a l o n a t e  incorporation 

Tris P h o s p h a t e  C o n t r o l  P r e i n c u b a t e d  
( m M )  ( m M )  ( p m o l / h r / m g  p r o t e i n )  ( p m o l ] h r / m g  p r o t e i n )  P r e i n c u b a t e d / c o n t r o l  

100  10 1 7 4 . 4  • 4 4 . 2  6 9 9 . 1  • 2 3 0 . 9  4 . 1 7  • 0 . 6 6  
75 25 4 4 9 . 7  • 1 1 3 . 2  5 4 7 . 8  • 218 .1  1 .02  • 0 . 1 8  
50 50 5 3 2 . 8  • 170 .4  5 5 1 . 3  t 2 3 7 . 8  0 . 9 9  • 0 . 1 6  

0 100  6 0 5 . 8  -+ 2 4 4 . 4  5 4 6 . 6  • 2 0 3 . 9  0 . 9 4  • 0 . 1 0  

a T h e  b u f f e r s  u sed  a n d  the  p r o c e d u r e s  we re  as given in t he  l egend  t o  Tab le  1, e x c e p t  f o r  the  sub-  
14 ' " " | ~  s t i t u t i o n  o f  D L [ 2 -  C l m e v a l o n o l a c t o n e  (0 .5  m M ,  0 . 2 5  m C t / m m o l )  m p l a c e o f s o d t u m [ 1 -  C ] a c e t a t e  

a n d  c o e n z y m e  A. The resul t s  are given as the  m e a n  • SEM.  
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FIG. 1. The effect of phosphate on the incorpora- 
tion of [1-14C]acetate into cholesterol by rat liver 
homogenates. Livers were homogenized in 2.5 vol of 
0.1 M Tris buffer, pH 7.8, containing 0.03 M nicotin- 
amide, 0.1 mM EDTA, 0.6 mM MgCI2, 5 mM gluta- 
thione, and variable amounts of phosphate as indi- 
cated on the abscissa. Aliquots of the 12,000 X g 
supernate kept in ice-water served as the control (e) 
for the preincubated samples (o). The results are 
means • SEM for eight separate experiments. The inset 
shows the ratio of the activity in the preincubated 
sample to that in the control. 
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FIG. 2. The effect of phosphate on the incorpora- 
tion of |2-14C]mevalonolactone into cholesterol by 
rat liver homogenates. The buffers used were as given 
in Fig. 1. Results from eight experiments with the 
preincubated (o) and control (e) homogenates are 
shown as the mean +- SEM. The inset shows the effects 
of preincubating the preparations containing various 
amounts of phosphate: the points represent the per- 
centage increase in activity as the result of preincu- 
bation. 

choles tero l ,  the  greatest  i n c o r p o r a t i o n  be ing  
observed in the  p r e i n c u b a t e d  h o m o g e n a t e  in 
the  presence  of  2.5 mM p h o s p h a t e .  At  this  
p h o s p h a t e  c o n c e n t r a t i o n ,  the  relat ive increase  
in act ivi ty  by  p r e i n c u b a t i o n  was min ima l  ( inset ,  
Fig. 1). The  s t imu la to r y  ef fec t  o f  p r e i n c u b a t i o n  
gradually increased to a m a x i m u m  of  a b o u t  
5- to  10-fold s t imu la t i on  as the  p h o s p h a t e  con-  
t en t  in the  bu f f e r  was increased.  

In con t r a s t  to  the  ef fec ts  of  p h o s p h a t e  on  
ace ta te  i n c o r p o r a t i o n ,  p h o s p h a t e  only  showed  
a s t imu la to ry  ef fec t  on the  i n c o r p o r a t i o n  of 
meva lona te  i n to  cho les te ro l  (Fig. 2). The low 
i n c o r p o r a t i o n  of  meva lona te  in to  choles te ro l  
in the  absence  o f  added  p h o s p h a t e  progressively 
increased to  a m a x i m u m  as the  p h o s p h a t e  con-  
t en t  o f  the  b u f f e r  was increased.  The  m a x i m a l  
rate o f  meva lona te  i n c o r p o r a t i o n ,  w i t h o u t  p r io r  
p r e i n c u b a t i o n ,  was ob ta ined  in the  p resence  of  

25 mM p h o s p h a t e .  P r e i n c u b a t i o n  o f  the  h o m o g -  
ena te  s t imula ted  the  i n c o r p o r a t i o n  of  meval-  
ona t e  a b o u t  2-fold in the  absence  and  at low 
c o n c e n t r a t i o n s  of  added  p h o s p h a t e  ( inset ,  
Fig. 2). Maximal  i n c o r p o r a t i o n  in the  pre incu-  
ba t ed  h o m o g e n a t e  was ob t a ined  when  the  
bu f f e r  con t a ined  10 mM or  more  p h o s p h a t e .  
P r e incuba t i on  of  the  h o m o g e n a t e  in  the  pres- 
ence  of  25 mM or more  p h o s p h a t e  had  no  
s ignif icant  s t imu la to ry  ef fec t  on  the  meva lona te  
i nco rpo ra t i on .  

Tables  1 and  2 show t h a t  the  i n c o r p o r a t i o n s  
of  ace ta te  and  meva lona t e  in to  cho les te ro l  are 
n o t  a f fec ted  s ignif icant ly  when  p h o s p h a t e  con-  
c e n t r a t i o n s  were varied f rom 25 to 100 mM. 

DISCUSSION 

In ag reement  wi th  the  r epo r t  by  G o o d w i n  
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and Margolis (15), our results showed the 
expected effect of  preincubation on the incor- 
poration of acetate into cholesterol. It seems 
reasonable to assume that this increased incor- 
poration of  acetate with preincubation of the 
homogenate was due to the activation of  HMG- 
CoA reductase by dephosphorylation by endog- 
enous phosphatases (8,10,16,17). 

On the other hand, we found that the incor- 
poration of mevalonate into cholesterol was 
also stimulated by preincubation. That this 
stimulation with preincubation occurred only 
when the phosphate levels in the buffer were 
low suggested that the incorporation of mev- 
alonate into cholesterol seemed to require the 
presence of phosphate in the buffer. In accord- 
ance with this, we found that very little mev- 
alonate was incorporated into cholesterol in the 
absence of added phosphate (Fig. 2). The 
minimal amount of phosphate that was re- 
quired for the optimal incorporation of mevalo- 
nate into cholesterol was 25 mM. The differ- 
ence in the concentrations of  phosphate where 
maximal mevalonate incorporations were ob- 
served in the preincubated and control homog- 
enates might readily be explained by the addi- 
tional phosphate presumably released during 
the preincubation period. This released phos- 
phate would increase the phosphate concentra- 
tion of the media and result in a greater incor- 
poration of mevalonate into cholesterol in 
preincubated homogenates that were prepared 
in the presence of  suboptimal concentrations of  
phosphate. 

A closer look at the effects of phosphate on 
the incorporations of acetate and mevalonate 
into cholesterol raises some possible explana- 
tions for our observations. First, the apparent 
requirement for phosphate in the biosynthesis 
of cholesterol from mevalonate suggests that, at 
very low phosphate levels, the step or steps 
requiring phosphate in going from mevalonate 
to cholesterol may be rate-limiting in the bio- 
synthesis of cholesterol. Second, the low incor- 
poration of acetate into cholesterol in the 
absence of  added phosphate (Fig. 1) was prob- 
ably due to the rate-limiting conversion of  
mevalonate to cholesterol. This and the finding 
that HMG-CoA reductase was most active in 
microsomes prepared and incubated in the 
absence of  added phosphate (18) would elim- 
inate the necessity to consider possible biphasic 
(stimulation and inhibition) effects of phos- 
phate on the incorporation of acetate into 
cholesterol. The apparent inhibition of acetate 
incorporation at the higher phosphate levels 
may be the result of the known inhibitory 
effects of phosphate on protein phosphatases 
(19,20). This would prevent the activation of 

the normally inactive, phosphorylated form of 
HMG-CoA reductase during the preparation of  
the homogenate. The incomplete inhibition of  
the phosphatases, allowing the dephosphoryla- 
tion and activation of HMG-CoA reductase, 
may account for the increased incorporation of 
acetate in the preincubated PreParations. Third, 
the maximal incorporation of acetate into 
cholesterol occurring in the presence of 2.5 
mM added phosphate and the apparent phos- 
phate requirements for the biosynthetic path- 
way from mevalonate to cholesterol suggest 
that, at phosphate concentrations below 
2.5 mM, some phosphate-requiring step beyond 
mevalonate limits the biosynthesis of choles- 
terol from acetate, and that, at phosphate 
concentrations above 2.5 mM, the activity of 
HMG-CoA reductase is rate-limiting in our 
preparations. 
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Effect of Vitamin E on Pentane Exhaled by Rats 
Treated with Methyl Ethyl Ketone Peroxide 

L.A. HERSCHBERGER and AL L. "I'APPEL*, Department of  Food Science and 
Technology, University of  California, Davis, CA 95616 

ABSTRACT 

One useful method to monitor in vivo lipid peroxidation is the measurement of volatile hydro- 
carbons, mainly pentane and ethane, that derive from unsaturated fatty acid hydroperoxides. Vitamin 
E, the biological antioxidant, inhibits lipid peroxidation and the production of pentane and ethane. 
The rates of pentane production by male Sprague-Dawley rats fed a diet that contained 10% vitamin 
E-stripped corn oil and 0, 1, 3, 5 or 10 IU dl-a-tocopherol acetate/kg were monitored over a 12-wk 
period. During the eleventh and twelfth weeks, the rats were injected intraperitoneally with 3.3 and 
13 mg of methyl ethyl ketone peroxide (MEKP)/kg body wt, respectively. Pentane production was 
then measured at intervals over a 50-rain period, and the total amount of pentane produced over this 
time interval was estimated. An asymptotic function was found to describe the relationship between 
exhaled pentane and the low levels of dietary vitamin E that were fed to the rats. As measured by 
pentane production, rats had a higher minimal vitamin E requirement after they were treated with the 
potent peroxidation initiator MEKP than they did prior to treatment. The level of pentane exhaled by 
rats injected with 13 mg MEKP/kg body wt was significantly correlated with kidney and spleen 
tocopherol levels. 
Lipids 17:686-691, 1982. 

Lipid peroxidation has been implicated as a 
cause of  cellular damage (1) and has been asso- 
ciated with a variety of  diseases (2). Vitamin E, 
an in vivo biological antioxidant, protects mem- 
branes against lipid peroxidation (3). Vitamin 
E-deficient experimental animals exhibit diverse 
symptoms, some of which are species-specific 
(4). Deficiencies of most vitamins result in 
characteristic pathological symptoms, but vita- 
min E deficiency symptoms are more difficult 
to recognize and to quantify (5). Vitamin E 
deficiency symptoms have been used to deter- 
mine minimal vitamin E requirements (6-10) 
and relative potencies of  tocopherol isomers 
and esters (11-14). 

One of the newest methods to detect lipid 
peroxidation in vivo directly is the measure- 
ment of exhaled volatile hydrocarbons, particu- 
larly pentane and ethane. Pentane and ethane 
are minor products formed during decomposi- 
tion of w6- and 603-unsaturated fatty acid 
hydroperoxides, respectively (15). A variety of 
oxidants initiate lipid peroxidation in vivo. 
Riely et at. (16) first demonstrated that the 
level of  ethane increased in breath from mice 
injected with carbon tetrachloride. Ethane 
and/or pentane were elevated in expired breath 
of  animals treated with halogenated hydro- 
carbons (17), ethanol (18), ozone (19), iron 
(20) or methyl ethyl ketone peroxide (MEKP) 

*Author to whom correspondence should be 
addressed. 

(2 I), and vitamin E inhibited the ensuing lipid 
peroxidation. 

MEKP is used industrially to initiate poly- 
merization reactions in the manufacture of 
plastics and fabrics. Unlike most other organic 
peroxides, MEKP decomposes to free radicals 
in the presence of metal ions at room tempera- 
ture. Litov et at. (21) reported that injected 

MEKP caused severe lipid peroxidation as deter- 
mined by measurement of the immediate high- 
level production of  pentane by vitamin E- 
deficient rats. The measurement of  expired 
volatile hydrocarbons to index in vivo lipid 
peroxidation has gained acceptance in recent 
years. 

The possibility that the technique could be 
used in bioassay of  antioxidant status was sug- 
gested (22). Dietary vitamin E has its major 
effect on basal pentane production by rats in 
the range of 0-10 IU dl-a-tocopherol acetate/kg 
diet (19,23). However, at low levels of dietary 
vitamin E, the relationships between expired 
pentane and dietary vitamin E levels and 
between expired pentane and tissue vitamin E 
levels have not been adequately investigated. 

The quantitative relationships between low 
levels of  dietary vitamin E and both basal pen- 
tane production and MEKP-induced pentane 
production are examined in this study. Kidney 
and spleen vitamin E levels were measured to 
correlate pentane production with tissue 
vitamin E status. The possible use of  the tech- 
nique in bioassay of antioxidant status is 
discussed. 

LIPIDS, VOL. 17, NO. 10 (1982) 
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M ETH ODS 

Animals and Diets 

Nineteen weanling male Sprague-Dawley rats 
were divided into five groups and were fed a 
basal 10% tocopherol-stripped corn oil diet (24) 
with mineral mix 4179 (Teklad Test Diets) for 
12 wk and 0, 1, 3, 5 or 10 IU dl-a-tocopherol 
acetate/kg for 12 wk. All of the groups con- 
tained four rats except there were only three 
rats in the group fed 1 IU vitamin E/kg diet. 
The rats were housed singly or in pairs in hang- 
ing wire cages and were kept on a 14-hr light 
and 10-hr dark cycle at 22-24 C. The diets and 
water were provided ad libitum. 

Pentane Measurements and Oxidant Treatments 

Sample  collection and measurement of 
pentane were done as described by Dillard et al. 
(22). The rats were fasted 18-24 hr before their 
rates of pentane production were determined. 
Measurements of exhaled pentane were made 
during weeks 3, 7, 10, 11 and 12. After a 10- 
min exposure to hydrocarbon-free air, a 500-ml 
air-breath sample was collected and analyzed 
by flame-ionization gas chromatography on a 
10-ft alumina column at 160 C. The nitrogen 
carrier gas flow rate was 25 ml/min. The injec- 
tor and detector temperatures were 210 and 
300 C, respectively. The amount of pentane 
was calculated from the peak height x width 
of the peak at half-height. The instrument was 
calibrated daily with a 0.89-ppm pentane 
standard. The basal rates of pentane produc- 
tion are expressed as pmol pentane/100 g body 
wt/min. 

Basal pentane production by the rats was 
measured prior to each treatment with MEKP. 
Each rat was injected intraperitoneally (ip) with 
3.3 mg MEKP/kg body wt during week 11 and 
13 mg MEKP/kg body wt during week 12. The 
solution injected was 6.6 mg MEKP/ml tri- 
butyrin. Tributyrin was used to maximize the 
absorption of MEKP. The lower level of  MEKP 
was chosen to ensure that the rats would sur- 
five. The higher MEKP dose was used to obtain 
highly significant differences among the rates of  
pentane production by the rats in the different 
dietary groups. Pentane was measured in 
samples of breath 10, 20, 35 and 50 min fol- 
lowing injections. The basai measurement of 
pentane was used as a zero time point. After 
MEKP was injected into a rat, the total number 
of pmol of pentane exhaled above the basal 
level of pentane was estimated by integrating 
the rate of pentane production over 50 rain and 
subtracting from this the number of pmol that 
would have been produced during the 50 min 
under basal conditions. The latter was esti- 

mated by multiplying the basal rate of pentane 
production (pmol/100 g body wt/min) by 50 
min. The integrated amount of pentane exhaled 
following the oxidant treatment is expressed as 
pmol pentane/100 g body wt/50 min. 

Tissue Tocopherol Analysis 

The rats were anesthetized with penta- 
barbital ca. 75 rain after the second injection 
of MEKP was given. The blood was removed by 
heart puncture to remove as much blood from 
the tissues as possible. The kidney and spleen 
were removed, rinsed in 0.9% KC1 and frozen at 
-10 C under nitrogen. The kidney and spleen 
were analyzed for total tocopherol by fluores- 
cence assay (25). 

Statistical Analysis 

The curves obtained by plotting pentane 
production vs dietary vitamin E were modeled 
to the general equation Y = a + br x (26) using 
the Biomedical Computer Program BMD06R. 
This equation describes a decrease in the pen- 
tane response, y, that reaches an asymptote at 
high levels of x, the dietary vitamin E. In this 

equa t ion ,  a is the minimal pentane level obtain- 
able, b is the difference in the rate of  pentane 
production between rats fed no vitamin E and 
those fed higher amounts of vitamin E and r is 
a dimensionless number that describes how 
quickly the asymptote is approached. To deter- 
mine if the data fit the asymptotic model, a 
comparison was made between the residual 
sum of squares, calculated using the asymptotic 
model (SSEMoDEL), and the minimal residual 
sum of squares possible over all models 
(SSEMEANS). The SSEMEAN S is the sum of 
the squares of  the deviation of each observation 
from its group mean. The ratio (SSEMoDE L - 
SSEMEANS)/SSEMODE L was calculated for 
each fitted line. A Burroughs 7800 computer 
was used for the above computations. All p 
values < 0.05 were considered to be significant. 

RESULTS 

Basal Pentane Measurements 

The amounts of pentane produced by rats 
fed varying vitamin E levels for 3, 7, 11 and 12 
wk are shown in Figure 1. The data obtained 
during the tenth week were similar to the 
eleventh week data, but they were excluded 
from the figure for clarity. Over the concentra- 
tion range of dl-a-tocopherol acetate used in 
the diets, pentane production was inversely 
related to vitamin E intake. During the third 
week, the levels of  exhaled pentane were higher 
than at other time points. The 7-wk curve and 
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FIG. 1. Basal rates of pentane production as a 
function of dietary vitamin E (dl-a-tocopherol ace- 
late). The lines represent basal rates of pentane pro- 
duction at (e) 3, (-) 7, (A) 11 and (#) 12 wk of the 
dietary regime. The values plotted are means • SE. 
Error bars are drawn in a single direction for clarity. 

subsequent curves were all similar, and by 
the seventh week, pentane production was 
stabilized. 

Effect of MEKP on Pentene Production 

Fol lowing each injection o f  MEKI  ), the rate 
of  pentane product ion by the rats rose to a 
maximum by 20 min, and by 50 min, the rates 
had returned to near-basal levels. Pentane pro- 
dt~ction by the rats following injection of the 
two different amounts of MEK.P is shown in 
Figure 2. The protective effect of dietary 
vitamin E is demonstrated by the lower levels 
of pentane produced by rats fed the higher 
amounts of vitamin E. Twenty min after injec- 
tion of 3.3 mg MEKP/kg body wt, rats fed diets 
with 0 and 10 IU dlax-tocopherol acetate/kg 

had, on the average, 3.6- and 2-fold increases, 
respectively, in pentane production. Intra- 
peritoneal injection of tributyrin or dibutyl 
phthalate into vitamin E-deficient rats did not  
increase the level of exhaled pentane over a 
1-hr time period. 

Asymptotic Models 

With the exception of the 3-wk basal curve 
and the 13-mg MEKP/kg body wt curve, the 
curves of pentane production vs dietary vitamin 
E are adequately described using the general 
equation Y = a + br x. The calculated estimates 
of the parameters a, b and r and the estimates 
of variance for each are shown in Table 1. The 
3-wk curve for basal pentane production could 
not  be modeled because of the large variation 
among the rats at this early time point. The 
high MEKP dose curve was approximately 
linear for 0-10 IU dl-~-tocopherol acetate/kg 
diet; therefore, it was not modeled by this 
equation. 

Pentane vs Tissue Tocopherol 

Kidney tocopherol levels ranged from 1.5- 
7.0 /~g tocopherol/g kidney, and the spleen 
levels ranged from 0.44-16 /zg tocopherol/g 
spleen. All but one spleen had less than 9 /ag 
tocopherol/g. A plot of kidney tocopherol vs 
the level of pentane produced by the rats fol- 
lowing treatment with 13 mg MEKP/kg body 
wt is shown in Figure 3. The correlation be- 
tween pentane production and kidney tocoph- 
erol was higher (r=0.74, p<0.001) than that 
between pentane production and spleen tocoph- 
erol (1"=0.49, p<0.05), though both were 
significant. 

20 I I ! I I g 

"~ 1.6 

~ - ~  08 
~ o  

2 4 -  V-- o 
DIETARY VITAMIN E (IU/KG) 

FIG. 2. Total pentane produced during 50 min 
following injection of MEKP as a function of dietary 
vitamin E (dl-~-tocopherol acetate). The two lines 
represent pentane production following the ip injec- 
tion of (e) 3.3 mg MEKP/kg body wt and (-) 13 mg 
MEKP/kg body wt. The values plotted are means • 
SE. 

DISCUSSION 

The finding that vitamin E protects against 
lipid peroxidation induced by the oxidant 
MEKP is consistent with the f'mdings of other 
researchers who have measured pentane and/or 
ethane production by rats under basal condi- 
tions without oxidant treatment (17,22,27-29) 
or after treatment with various oxidants (16-19, 
21,30). After 7 wk of feeding the diets to the 
rats, their basal pentane production stabilized, 
and no further change was observed by 12 wk. 
Bieri (31) analyzed tissue tocopherol levels in 
young rats fed diets that contained 0-32 mg 
d-a-tocopherol acetate/kg and 5.2% linoleic 
acid. The tissue tocopherol levels stabilized by 
8 wk. Therefore, the stabilized pentane levels 
observed in the present study may reflect stabil- 
ization of tissue tocopherol levels in the rats. 

The direct influence of the oxidant dose on 
the rate of pentane exhaled was expected 
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TABLE 1 

Asymptotic Relat ionships  be tween  Pentane Production and Dietary Vitamin E a 
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Feeding period 
(wk) 

(pmol  p e n t a n e / 1 0 0  g 
MEKP dose body wt/min) SEEMODEL - SSEMEANS 

(mg/kg body wt) a b r SSEMoDEL 

3 
7 

I0 
l l  
12 
11 
12 

0 _ b  _ b  _ b  
0 2.1 1.5 0 .74  0 .13  
0 1.7 1.6 0 .60  0 .01 
0 1.8 2 .6  0 .62  0 .09  
0 1.6 5.9 0 .36  0 .03  
3.3 59 c 280  c 0 .74  0 .13  

13 _ b  _ b  _ b  

ay = a + br x. 
bNo fit. 
epmol pentane]100 g body wt]50 min. 

o 1.6 oo-,,. ~ 

z ~ :  1.2 
I..iJ 
a-~O. 8 
o _ o  ~ ,  ~ ~' , " ~ ,  " 
~ 0 . 4  

Z o O  0 I I I I I I I% 
- -  ~) I 2 3 4 5 6 7 8 

/zG TOCOPHEROL/G KIDNEY 

FIG. 3. Total pentane produced during 50 min 
following injection of 13 mg MEKP/kg body wt as 
a function of kidney tocopherol. Each point repre- 
sents the total amount of exhaled pentane and the 
corresponding kidney level of tocopherol from indivd- 
ual rats fed 0 (o), 1 (~), 3 (~), 5 (O) or 10 (-) IU dl-~- 
tocopherol acetate/kg body wt. The linear regression 
equation is Y = 2.3 - 0.3X and the correlation coeffi- 
cient, r, is 0.74. 

because higher levels of  the oxidant can initiate 
a greater number of  free-radical chain reactions. 
In preliminary experiments, rats fed diets that 
were adequate in vitamin E exhibited a linear 
relationship between exhaled pentane and the 
dose of MEKP (32). 

The animals were given two oxidant treat- 
ments, and, the question arises as to whether 
the first oxidant dose affected the animals' 
response to the second dose. The first treat- 
ment did not  appear to substantially affect the 
results of the second treatment because the 
basal pentane levels on the week following the 
first injection of MEK_P were the same as they 
were prior to the first oxidant treatment. 

Comparison of  the rates of pentane produc- 
tion vs dietary vitamin E after the two MEKP 
injections illustrates an important point (Fig. 
2). The two curves show that, to a point of  
minimal production, expired pentane was 
inversely related to vitamin E. The curve gen- 
erated from the data obtained after the animals 
were treated with 3.3 mg MEKP/kg body wt 
reaches the asymptote between 1 and 5 IU 
dl-ct-t0copherol acetate/kg diet. However, the 
curve generated from data obtained after ad- 
ministration of 13 mg MEKP/kg body wt does 
not reach the asymptote even at 10 IU dl-~- 
tocopherol acetate/kg diet. A minimal vitamin 
E requirement can be estimated as the amount 
required to minimize the deficiency as mea- 
sured by exhaled pentane. These data show 
that, in a range of  low dietary vitamin E, rats 
exposed to higher levels of  an oxidant require 
higher amounts of  vitamin E for maximal 
protection. It is well known (33) that the 
vitamin E requirement increases with higher 
intakes of polyunsaturated fatty acids. Based 
on the reports of  others (21,34,35), a greater 
vitamin E requirement is expected for rats 
treated with oxidants. 

The data for the basal pentane production 
and pentane production after treatment with 
the lower MEKP dose were modeled to the 
general equation Y = a + br x. The low ratios 
of (SSEMoDE L - SSEMEANS)/SSEMODEL indi- 
cate that the model describes the data well. 
The curve plotted from data obtained after 
treatment of rats with 13 mg MEKP/kg body 
wt could be modeled if higher dietary levels 
of vitamin E were included. 

Animal experiments frequently involve a 
large number of variation among animals simi- 
larly treated. A large number of animals fre- 
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quently must be used to detect significant 
differences among groups treated differently. 
The experimental design of the present study 
circumvents the problem in two ways. First, 
the rates of pentane production were mon- 
itored in the same animals throughout the feed- 
ing program and also following their treatment 
with the oxidant MEKP. Second, a potent 
initiator of lipid peroxidation was administered 
to accentuate the differences in vitamin E 
status among the groups fed various levels of 
vitamin E. High levels of a toxicant are fre- 
quently used to minimize the number  of ani- 
mals required to detect significant differences. 

The bioassay described in this study uses the 
response of in vivo pentane production to 
determin0 the antioxidant effectiveness in the 
whole animal. When 13 mg MEKP/kg body wt 
was injected into the rats, there were highly 
significant differences in pentane production 
among rats fed low levels of vitamin E. The 
incorporation of an oxidant in antioxidant 
bioassays is often used in tests of erythrocyte 
hemolysis. There are some distinct advantages 
to using exhaled pentane to assess vitamin E 
status in animals. One advantage is that t h e  
exhaled pentane derives from hydroperoxides, 
which are the initial products of peroxidation. 
A second advantage is that the amount of pen- 
tane exhaled by an animal is a reflection of its 
in vivo antioxidant status. The level of pentane 
produced is a function of the absorption, dis- 
tribution and excretion of the vitamin E and 
te specific isomers ingested. The pentane level 
thus reflects the in situ antioxidant concentra- 
tions and effectiveness. A third advantage of 
the pentane methodology is that it is theoret- 
ically applicable to most animal species (16,22, 
36-38). A fourth advantage of this in vivo bio- 
assay is that incorporation of MEKP could be 
used to test the effectiveness of many different 
antioxidants. 

The pentane method also has some disad- 
vantages that may limit its use in a bioassay of 
vitamin E that does not  include an oxidant. It 
was observed in some studies (21) that differ- 
ences in pentane production between rats fed 
high and low vitamin E occurred only after an 
oxidant was used to initiate peroxidation. 
Another possible disadvantage is that a lower 
minimal vitamin E requirement was estimated 
by measurement of exhaled pentane than was 
estimated in studies using erythrocyte hemol- 
ysis as an index of vitamin E deficiency. Under 
basal conditions, this requirement was esti- 
mated to be between 1 and 5 IU dl-~-tocoph- 
erol acetate/kg diet. The National Research 
Council vitamin E requirement for rats (39) 
was based on 'a  study by Jager and Houtsmiiller 

(10). In their study, erythrocyte hemolysis was 
used to index vitamin E deficiency in rats fed 
diets containing 3.5% linoleic acid. The minimal 
vitamin E requirement was estimated to be 13 
mg d-0t-tocopherol acetate/kg diet (39). This is 
equivalent to 17.6 mg dl-a-tocopherol acetate/ 
kg diet (39). When the higher dose of the 
MEKP was included, the minimal vitamin E 
requirement was greater than 10 IU dl-a- 
tocopherol acetate, which is closer to that 
estimated by Jager and Houtsmiiller (10). Other 
incongruities among bioassay methods used to 
determine vitamin E requirements can be found 
in the literature (11 ). 

Litov et al. (21) found a high correlation 
between pentane exhaled by rats injected with 
MEKP and the ratio of mg tocopherol/g lipid 
found in plasma. In the present study, analysis 
of tissue for tocopherol was done to determine 
whether tissue vitamin E levels were more 
highly correlated with pentane levels than were 
the dietary vitamin E levels. If this were true, 
some of the variation in the pentane levels 
could be explained by differences in vitamin E 
absorption, distribution or excretion. I~e  cor- 
relations of pentane exhaled by rats injected 
with 13 mg MEKP/kg body wt with tocopherol 
levels in the kidney and spleen were low, but 
both were significant (p<O.05). The correlation 
coefficient between the exhaled pentane and 
log(dietary vitamin E + 1) was much higher. 
Liver may be the most important  organ related 
to lipid peroxidation. Over 95% of conjugated 
dienes in organs of rats treated with CC14 was 
found in the liver (40). Another possible ex- 
planation for the low correlation of exhaled 
pentane with the tissue tocopherol levels may 
be that the MEKP oxidized the low levels of 
tocopherol to tocopherol quinone, which is 
n o t  d e t e c t e d  by the fluorescence assay. 

The measurement of in vivo pentane produc- 
tion as an index of lipid peroxidation was 
shown in this study to be useful for studying 
the effects of low levels of vitamin E in rats. 
Under conditions of high oxidant stress, the 
minimal vitamin E requirement was greater 
than that estimated for rats under basal 
conditions. 
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Plasma Lipid and kipoprotein Concentrations 
in an Egyptian Male Sample 

MALAK I. SHOUKRY* and SAMIA FAREED, Department of Biochemistry, Faculty 
of  Medicine. University of Kuwait, PO Box 24923. Kuwait. Arabia 

ABSTRACT 

The distributions of plasma total cholesterol and triglyceride levels as well as plasma lipoprotein 
abnormalities were studied in 50 Egyptian males aged 20-69 years. Total cholesterol increased grad- 
ually with advancing age up to the seventh decade. In contrast, triglycerides peaked in the fifth 
decade, then declined. Type IV lipoprotein pattern was the most common abnormality (12%). Type II 
was less common (2.0%). Types I, III and V were not encountered. The mean plasma tdglyceride and 
cholesterol levels were not markedly different from similar studies done on non-Arab populations. The 
high incidence of hypedipidemia among this group is worth noting, especially in the search for the 
coronary-prone, since all of the type IV group had normal total cholesterol levels. 
Lipids 17:692-695, 1982. 

A knowledge of plasma concentrations of 
hpids and hpoproteins is an essential tool to the 
physician in the diagnosis and management of 
hyperhpoproteinemias. Clinical laboratories 
usually set their upper limit of normal for fast- 
Lug plasma triglycerides (TG) and cholesterol 
levels based on the 95th-percentfle determina- 
tions for a given population. However, most of 
these values are taken from studies mainly done 
on Americans or Europeans, which are not 
necessarily applicable to other populations. 
This is because lipid and lipoprotein concentra- 
tions in plasma are affected by diet, stress, 
degree of physical activity, and by genetic and 
environmental factors. This study was under- 
taken as part of a program to characterize the 
"normal values" of plasma cholesterol and tri- 
glyceride in different Arab populations, and to 
estimate hpoprotein concentrations as well as 
the prevalence of hyperhpoproteinemia, since 
it is a major risk factor in the development of 
atherosclerotic cardiovascular disease. 

MATERIALS AND METHODS 

Subjects 

Sixty-six volunteers were recruited and from 
this group, 50 male participants between the 
ages 20 and 70 yr were selected. These subjects 
were in good health and had no history of 
diabetes. Four of the rejected volunteers were 
diabetics, two had high blood pressure and the 
rest were females (n=10), which we did not  
include because of their small number. 

Blood Samples 

Ten ml of venous blood was collected from 

*Author to whom correspondence should be 
addressed. 

each participant into a tube containing 10 mg 
EDTA after a 12- to 14-hr fast. Plasma was 
obtained by centrifugation at 2,000 rpm at 
4 C for 20 rain. Lipoprotein electrophoresis 
was performed on the same day whereas the 
major part of the plasma was kept frozen a t  
-26 C until lipid analysis could be performed. 

Cholesterol and TG Analysis 

Total cholesterol was determined by the 
method of Allain et al. (1). TG were measured 
by the enzymatic method of Bucolo and David 
(2) after hydrolysis with alcohohc potassium 
hydroxide. Reproducibility o f  the methods 
used was monitored by running a standard 
plasma periodically during the analysis (TG = 
(95 -+ 6.4; n = 9; cholesterol = 202 -+ 7.7; n = 6). 

Electrophorasis 

Lipoproteins were separated by the use of 
commercially available equipment and supplies 
(Coming Medical, Palo Alto, CA); 1.0 /J1 of 
each plasma sample was applied to one of the 
eight wells in an agarose gel (universal gel). 
Electrophoresis at 90 V for 35 min separated 
the three classes of hpoproteins: high densiW 
(HDL), low density (LDL) and very low density 
(VLDL). The electrophoretograms were scanned 
using Beckman spectrophotometer Model 26 
fitted with a gel scanning accessory. Area under 
the peaks was integrated bY an HP45 computer 
fitted with a digitizer. Correction for baseline 
drift was made by drawing a horizontal line 
from each peak through and measuring half- 
peak area. The area of each peak is expressed as 
a percentage of the total areas. 

Body Mass Index (BMI) 

This was calculated from the formula  = 
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weight(kg)/height2(m2). This index was used as 
a measure of  adiposity (3). 

R ESU LTS 

Population Characteristics 

The ages of  the group studied ranged from 
26 to 68 yr, with a mean age of  42 (SD = 10). 
The participants were generally from middle 
socioeconomic group. Adiposity, as represented 
by BMI, varied widely, with a mean of 26 (SD = 
4.0) and range of 19-43 (Fig. 1). Thirty-six 
percent of the subjects were above the desirable 
body weight, since a BMI in the range 20-25 is 
considered desirable for males. Fasting plasma 
TG concentrations were between 46 mg/dl and 
348 mg/dl, with a mean of 135 mg/dl (SD = 
71), and the distribution was skewed to the 
right (Fig. 2). Cholesterol concentrations were 
normally distributed with a mean of  199 mg/dl 
(SD = 38) and a range of 121-298 mg/dl (Fig. 
3). 
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FIG. 1. Frequency distribution of BMI in normal 
Egyptian males. 
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FIG. 2. Frequency distribution of plasma TG in 
normal Egyptian males. 
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FIG. 3. Frequency distribution of plasma choles- 
terol in normal Egyptian males. 

Lipid Concentration and Age 

Cholesterol and TG concentrations by 
decade are shown in Table 1. Cholesterol rose 
gradually with advancing age and reached a 
peak in the seventh decade. TG concentrations 
peaked in the fifth decade, two decades earlier 
than cholesterol, then declined. The percentage 
of participants exceeding certain commonly 
used limits of normal for plasma total choles- 
terol and TG are shown in Table 2. A large 
number exceeded the lower of the two limits 
both for cholesterol (240 mg/dl) and for TG 
(150 mg/dl). Twelve percent exceeded the 
higher limit for TG (200 mg/dl). 

Lipoprotein Abnormalities 

Subjects with plasma total cholesterol level 
of 270 mg/dl or above, or a TG level of 200 
mg/dl or above or both were considered hyper- 
lipidemic. The lipoprotein patterns of these 
individuals were classified according to the 
Fredrickson et al. scheme (4). In Figure 4, some 
typical patterns encountered in this study are 
shown. Type IV (taken as cholesterol < 270 
mg/dl and TG > 200 mg/dl) was the most com- 
mon among the subjects examined (12%). Only 
2% (1 subject out of  50) were of  type II (cho- 
lesterol > 270 mg/dl and TG < 200 mg/dl). 
Types I, III and V were not encountered. Preva- 
lence of  hyperlipoproteinemic patterns among 
the participants by age is shown in Table 3. The 
highest incidence of hyperlipoproteinemia 
occurred in the fifth and sixth decades. The 
distribution of the three classes of  lipoproteins 
are shown in Table 4. There was no statistically 
significant difference in the distribution of  lipo- 
proteins with increasing age. The expected rise 
in LDL and VLDL levels with increasing cho- 
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TABLE 1 

Plasma Cholesterol and Triglycerides Level~ in Normal Egyptian Males 

Cholesterol (mg/dl) Triglyeeride (mg/dl) Age range 
(yr) N Mean • SD Range Mean • SD Range 

20-29 4 193 +- 38 (158-248) 115 • 42 (62-161) 
30-39 18 193 + 36 (121-247) 124 • 58 (5%259) 
40-49 16 199 -+ 38 (145-266) 159 • 88 (46-348) 
50-59 9 208 • 48 (151-298) 135 • 82 (52-307) 
60-69 3 210 • 37 (168-235) 112 + 28 (79-130) 
20-69 199 +- 38 (121-298) 135 + 71 (46-348) 

TABLE2 

Percentage of Subjects Examined 
with Hypercholesterolemia 
and Hypertriglyceridemia 

TABLE 3 

Prevalence of Lipoprotein Abnormalities 
among Normal Egyptian Males 

% with each type 
Age range Cholesterol (rag/all) TG (mg/dl) Age range (yr) II IV 

(yr) 3240 3270 3150 ~200 

20-29 0 0 
20-29 25 0 25 0 30-39 0 5.6 
30-39 11 0 33 5.6 40-49 0 19 
40-49 13 0 38 19 50-59 11 22 
50-59 22 11 22 22 60-69 0 0 
6 0 - 6 9  0 0 0 0 2 0 - 6 9  2 .0  12  
2 0 - 6 9  16 2 .0  30  12 

FIG. 4. A typical electrophoresis run showing the 
three patterns encountered: normal, Type II (elevated 
LDL), Type IV (elevated VLDL). 

lesterol  and tr iglyceride concen t ra t ions  was 
con f i rmed  (Types  IV and II vs normal )  (see 
Table 4). 

DISCUSSION 

This s tudy  d e m o n s t r a t e d  a gradual increase 
o f  tota l  choles terol  concen t r a t ions  wi th  advanc- 
ing age up  to  the seventh  decade,  in agreement  
wi th  earlier repor t s  (5,6). Unlike choles terol ,  
t r iglyceride concen t ra t ions  increased wi th  age, 
peaked  in the f i f th and s ixth  decades ,  t h e n  
decl ined.  It is unclear  w h e t h e r  this decl ine is 
due to an actual decrease o f  TG with  age, or  
due to natural  e l iminat ion  of  subjects  with 
higher  TG levels. However ,  in view of  the small 
n u m b e r  of  subjects  involved,  especially in the  
th i rd ,  sixth and seventh  decades ,  it  is diff icul t  
to make  a conclusive statistical i n t e rp re t a t ion .  
A ra ther  impressive p ropo r t i on  of  subjects 
(12%) had TG concen t r a t i ons  above 200 rag/d1. 
Al though  this value is an arbi trary cu t -o f f  
po in t ,  many  physicians p robab ly  would  con-  
s ider  it undesirably high.  Elevat ion of  p lasma 
TG levels has been repor ted  to  be an indepen-  
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TABLE 4 

Lipoprotein Profile of Normal Egyptian Males 

695  

Age range (yr) % HDL % LDL % VLDL ot/[3 Pre [3/3 

20-29 38 -+ 14 49 -+ 11 13 +- 5.0 0.87 0.34 
30-39 30 -+ 8.9 50 -+ 7.5 20 -+ 7.8 0.62 0.42 
40-49 33 + 6.4 47 -+ 7.3 21 -+ 8.3 0.72 0.47 
50-59 35 +- 11 47-+ 9.5 17+- 9.2 0.80 0.39 
60-69 32 -+ 7.6 52 -+ 9.9 15 +- 2.1 0.66 0.29 

Normal subjects (n=43) 
20-69 33 -+ 9.1 49 + 8.0 18 -+ 6.7 0.73 0.38 

Type IV (n=6) 26 + 5.0 45 -+ 8.5 29 +- 9.7 0.59 0.69 
(p<.os) (p<.OOS) 

Type II (n=l)  32 57 1t 0.56 0.18 

d e n t  risk f ac to r  in the  deve lop ing  i schemic  
h e a r t  disease (7)  and ,  in  some  families w i th  
i n h e r i t e d  hyper l ip idemias ,  h y p e r t r i g l y c e r i d e m i a  
w i t h o u t  h y p e r c h o l e s t e r o l e m i a  appears  to  be  
associa ted wi th  p r e m a t u r e  card iovasular  disease 
(8 ,9) .  The h igh  inc idence  o f  obes i ty  e n c o u n -  
t e red  in th is  g roup  would  mos t  l ike ly  cor re la te  
wi th  t he  h igh  pe rcen tage  o f  indiv iduals  w i t h  
e levated  TG c o n c e n t r a t i o n s .  Obes i ty  has  b e e n  
associa ted w i th  e leva t ion  of  TG c o n c e n t r a t i o n  
(10) .  I t  has  been  n o t e d  t h a t  all subjec ts  w i th  
h y p e r l i p i d e m i a  have  e i t he r  e levated  TG or  cho-  
les terol  c o n c e n t r a t i o n s ,  wh ich  p e r m i t t e d  the  
eva lua t ion  o f  the  increase  o f  L D L  and  V L D L  in 
these  cases c o m p a r e d  to  no r m a l .  N o n e  o f  the  
subjec t s  h a d  e leva t ions  o f  b o t h  T G  and  choles-  
te rol .  The  h igh  inc idence  o f  Type  IV b e t w e e n  
the  ages of  4 0  and  60  y r  f o u n d  in this  g roup  
p r o b a b l y  represen t s  the  change  in ea t ing  h a b i t s  
and  decreased  phys ica l  ac t iv i ty .  However ,  i t  is 
i n t e re s t ing  to  n o t e  t ha t ,  in  a s imilar  s t udy  d o n e  
o n  a larger  group o f  A m e r i c a n  p o p u l a t i o n  (494  
males  and  503 females ,  o f  cen t ra l  val ley,  
Cal i fornia)  (5) ,  t he  prevalence  o f  Type  IV be- 
tween  males  is 13%, in close a g r e e m e n t  w i th  t he  
p r e sen t  f ind ing  (12%).  In th i s  same group ,  t he  
inc idence  o f  Type  II was grea te r  t h a n  i ts  inci-  
dence  in th is  g roup ,  and  th is  m i g h t  ref lect  the  
d i f fe rence  b e t w e e n  diets  in these  t w o  g roups  
(high c o n s u m p t i o n  of  eggs and  m e a t  by  t he  
Amer i can  p o p u l a t i o n ) ;  or  i t  m i g h t  be  due  to  
gene t ic  factors .  The  p resen t  s t u d y  con f i rms  t h a t  
Type  IV is re la t ively  more  c o m m o n  t h a n  Type  
II (at  least  in  males) .  The d i s t r i bu t i on  of  t he  
t h r ee  classes of  l i pop ro t e in s  did n o t  change  
w i th  advanc ing  age, wh ich  is e x p e c t e d ,  t h o u g h  
t he  smal l  increase  in V L D L  b e t w e e n  t he  f o u r t h  
and  s ix th  decades  was cons i s t en t  w i th  the  tri-  
glycerides  f inding.  

The  s tudy  p resen ted  i n  th is  p a p e r  is, to  the  

a u t h o r s '  knowledge ,  t he  on ly  one  t h a t  r epor t s  
on  l i pop ro t e in  pa t t e rn s  and  abnorma l i t i e s  in  
Egypt ians .  The  values r e p o r t e d  for  t r ig lycer ides  
and  cho les t e ro l  in  a g roup  o f  n o r m a l  Egyp t i ans  
can on ly  be used  as a re fe rence  range,  since a 
m u c h  larger  sample  size m u s t  be s tud ied  in 
o rder  to  es tab l i sh  n o r m a l  ranges in a cer ta in  
p o p u l a t i o n .  However ,  w i th  the  great  d i f f i cu l ty  
e n c o u n t e r e d  in r e c r u i t m e n t  of  vo lun tee r s ,  th is  
was n o t  possible  to  achieve.  
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Hydrolysis of Triglycerides in the Isolated 
Perfused Rat Lung 1 

SUZANNE K. COMPTON, MARGIT HAMO6H* and PAUL HAMOSH, Departments 
of Physiology and Biophysics and Pediatrics. Georgetown University Medical Center, 
Washington, DC 20007  

ABSTRACT 

The purpose of this study was to investigate the hydrolysis of saturated and unsaturated trigly- 
cerides by lung lipoprotein lipase and to measure the incorporation of triglyceride fatty acids into lung 
tissue lipids. Lipolytic activity was studied in the isolated ventilated rat lung, perfused for 100 rain in a 
recycling system with Krebs Ringer bicarbonate containing bovine serum albumin, 5.6 mM glucose, 
and 1.5 or 10 mM triglyceride. Saturated triglycerides were hydrolyzed at significantly (p<0.05) lower 
rates than unsaturated triglycerides; tricaprylin, trimyristin and tripahnitin were hydrolyzed at 8.1 + 
1.8, 5.4 + 1.5 and 9.5 + 1.8/~mol free fatty acids/g dry wt/100 min, respectively, whereas triolein and 
trilinolein were hydrolyzed at 20.2 + 1.8 and 20.6 + 0.3 ~mol free fatty acids/g dry wt/100 min, 
respectively. The polyunsaturated triglycerides, tdlinolein and triarachidonin were hydrolyzed at even 
higher rates (44.3 + 3.0 and 50.9 + 5.4 #mol free fatty acids/g dry wt/100 min, respectively). Intra- 
lipid infused at a conoentration of 10 mM triglyceride was hydrolyzed at a significantly higher rate 
than at 1.5 mM triglyceride (58 + 6.3 #mol free fatty adds/g dry wt/100 min vs 16.6 + 1.7/~mol free 
fatty aeids/g dry wt/100 min, respectively). Labeled unsaturated triglycerides were broken down at 
significantly higher rates than labeled saturated triglycerides. Incorporation of triglyceride-fatty acid 
into lung lipid was greater into neutral lipids than into phospholipids. The data su~ggest that (a) the 
factors that appear to affect lung lipoprotein iipase activity are composition and concentration of 
circulating triglyceride, (b) uptake of fatty acids into the tissue was proportional to the rate of hydrol- 
ysis of the emulsion, and (c) triglyceride-fatty acids could therefore be used by the lung for metabolic 
needs. 
Lipids 17 ~96-702, 1982. 

INTRODUCTION 

Dietary fatty acids are transported in the 
plasma as triglycerides, which form the major 
constituents of chylomicrons and very low 
density lipoproteins (VLDL). Due to their 
large size, these lipoproteins cannot cross the 
endothelial barrier. Hydrolysis of  triglyceride 
in lipoproteins is a necessary step for transfer 
of triglyceride-fatty acids to extrahepatic 
tissues (1). This hydrolysis is catalyzed by lipo- 
protein lipase, an enzyme which is functional 
at the capillary endothelial surface (2). Lipo- 
protein lipase is found in most tissues which 
utilize plasma triglyceride and its level of  activ- 
ity usually reflects the capacity of the tissue 
to break down blood triglyceride (3). 

High intake of dietary fats and elevated 
serum levels of triglyceride are established risk 
factors for the development of atherosclerosis 
(4). The pulmonary vasculature is the initial 
capillary bed to be traversed by newly formed 

*Author to whom correspondence should be 
addressed. 

IThe data presented in part at the Annual Meetings 
of the American Physiological Soeiety, Atlanta, GA, 
April 1981, and the American Thoracic Society, 
Detroit, MI, May 1981, and published in abstract 
f o r m - F e d .  Proc. 40, 621 (1981), and A m.  Rev. 
Respir. Dis. 123, 219 (1981). 

lipoproteins from the fiver and intestine. Since 
the lung has high lipoprotein lipase activity (5), 
it may play a role in modifying or removing 
potentially atherogenic substances from the 
plasma before they reach the coronary, cerebral 
and other systemic circulations. 

The purpose of  this study was to determine 
the hydrolysis of different saturated and un- 
saturated trigtycerides by lung lipoprotein 
lipase and to measure the incorporation of  tri- 
glyceride-fatty acids into the tissue lipids of the 
isolated perfused rat lung. 

MATERIALS AND METHODS 

Lung Per'fusion 

Male Sprague-Dawley rats (Flow Lab, 
Dublin, VA), weighing 200-250 g and fed ad 
libitum, were anesthesized with an intraperi- 
toneal (ip) injection of sodium pentobarbital 
(50 mg/kg). The trachea was cannulated and 
attached to a Harvard rodent respirator. Lungs 
were ventilated with 95% air/5% CO2, a tidal 
volume of 2.0-2.5 ml at a rate of  60 cycles/min, 
and an end expiratory pressure of  2-3 cm H20. 
The lungs were cleared of  blood by perfusing 
Krebs Ringer bicarbonate solution (KRB) 
through the hepatic portal vein. The chest was 
opened, the pulmonary artery was cannulated, 
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and the lungs were perfused with KRB. The 
lungs were removed from the thorax and placed 
in a 37 C, water-jacketed plexiglass incubation 
chamber. Perfusion was maintained through the 
pulmonary artery at a flow rate of 10 ml/min 
by a peristaltic pump (LKB Industries, Rock- 
ville, MD). The perfusate consisted of 40 ml of 
KRB containing 3% fatty acid-poor bovine 
serum albumin (BSA) (dialyzed fraction V; 
Miles Laboratories, New York, NY), 5.6 mM 
glucose, and the appropriate triglyceride 
emulsion (prepared as described below). The 
perfusate was maintained at a pit of 7.3-7.4 
and was aerated with the same gas mixture 
throughout the experiment. The effluent 
dripped from the cut left atrium into the 
bottom of the incubation chamber and was 
then recycled. Samples of the effluent were 
taken at 10, 20, 30, 50, 70 and 100 rain after 
the beginning of the experiment. Each experi- 
mental group consisted of four successful lung 
preparations. Lungs were discarded if visible 
signs of edema occurred. 

Preparation of Triglyceride Emulsions 

The triglycerides perfused were tricaprylin 
(8:0), tfimyristin (14:0), tripalmitin (16:0), 
triolein (18:1), trilinolein (18:2), trilinolenin 
(18: 3) and triarachidonin (20:4) at a concentra- 
tion of 1.5 mM. All triglycerides were pur- 
chased from Sigma Chemicals, St. Louis, MO. 
Approximately 300/amol of triglyceride, 10 mg 
of phosphatidylcholine (Sigma), 0.5 ml glycerol 
(Fisher, Silver Springs, MD), 2.5 ml 4% BSA in 
saline and 2 ml fresh, inactivated (heated at 
60 C for 30 min to inactivate lipases) rat serum 
were emulsified by sonication on ice for 30 sec 
at maximal speed using a Polytron PCU-2-1 l0 
Sonifier C (Brinkman Instruments, Inc., West- 
bury, NY). The resulting emulsion was in- 
cubated at 37 C for 30 rain immediately prior 
to perfusion. During this incubation, the emul- 
sified lipid binds the C-II apoprotein of serum 
lipoproteins, the specific activator of lipopro- 
tein lipase (6). The particle size of the different 
emulsions was similar as measured by electron 
microscopy; it ranged ca. 0.2-2.0 /am in diam- 
eter. The emulsified triglyceride (300 /amol in 
5 ml) was added to 195 ml perfusion fluid to 
give a final concentration of 1.5 mM triglycer- 
ide. Each emulsion was circulated throughout 
the perfusion apparatus to evaluate breakdown 
of the triglyceride in the absence of a lung. 
Lungs were also perfused with 3% BSA in KRB 
alone to quantitate endogenous release of free 
fatty acids. 

lntralipid (Vitrum, Stockholm, Sweden), a 
10% emulsion of soybean oil stabilized with 

1.2% egg phospholipid used extensively for 
parenteral nutrition (7), was also perfused. 
Intralipid was incubated with 2 ml of serum 
for 30 rain before infusion at a final concentra- 
tion of 1.5 or 10 mM triglyceride. 

Perfusate Analysis 

Total lipid was extracted from all perfusion 
samples by a modification (8) of the method 
of Dole and Meinertz (9). Free fatty acids were 
quantitated by microtitration; the hexane 
extracts of perfusion samples were removed 
to a separate tube and air-dried. Lipid was 
redissolved in 0.2% Nile Blue in ethanol and 
titrated with 0.02 N NaOtt using a Menisco 
microtitrator (Metrohm, Model #E 457; Brink- 
man Instruments, Westbury, NY). Palmitic acid 
was used to prepare a standard curve for calcu- 
lation of the amount of free fatty acids in each 
sample. 

Preparation of Radioactive Liver Triglycerides 

Radioactive liver triglycerides were prepared 
according to the method of Scow and Egelrud 
(10). Five mc of [9,10-311(N)]palmitic acid 
(New England Nuclear, Boston, MA) was com- 
plexed to 14 ml of 14% BSA and injected ip 
into a fed, male Sprague-Dawley rat, weighing 
350 g. After 4 hr, the rat was anesthetized with 
sodium pentobarbital and the liver, weighing 
ca. 12 g, was removed and homogenized in 80 
ml of ice-cold chloroform/methanol. The 
homogenate was extracted overnight at 4 C 
and filtered the following day. Lipids in the 
filtrate were extracted into chloroform by the 
method of Folch et al. (11). Lipids in the 
extract were separated on a silicic acid column 
(10 g of Unisil-activated silicic acid, 100-200 
mesh, Clarkson Chemical Co., Williamsport, PA, 
in a plastic column; Evergreen Scientific Co., 
Los Angeles, CA). Neutral lipids and fatty acids 
were eluted from the column with 5% methanol 
in chloroform. Fatty acids were separated from 
neutral lipids by a modification of the method 
of Borgstrom (12). The purity of the triglycer- 
ide fraction was verified by thin layer chroma- 
tography (TLC). An aliquot of the fraction was 
spotted onto Silica Gel G chromatogram plates 
(Analabs, North Haven, CT). Neutral lipids 
were separated using the solvent system petro- 
leum ether/ethyl ether/glacial acetic acid (110: 
60:2). Individual spots were identified by 
comparison with standards of neutral lipids 
(Applied Science Lab TLC standard #21999, 
St. College, PA). The amount of triglyceride 
present was quantitated by the method of 
Rapport and Alonzo (13). 
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Preparation of Radioactive Triglyceride Emulsions 

Liver triglycerides, glycerol tri-aH-oleate 
(New England Nuclear) or glycerol tri-l-14C- 
palmitate (New England Nuclear) were perfused 
through the lung to quantitate the hydrolysis 
and uptake of both saturated and unsaturated 
fatty acids and their incorporation into lung 
lipids. Triglyceride emulsions were prepared as 
already described with a sp act of 0.5 /ac//amol 
triglyceride and perfused at a final concentra- 
tion of 1.5 mM. After perfusion for 100 min, 
the lungs were postperfused for 10 mill with 
2% BSA (Rehels Pharmaceuticals, Phoenix, AZ) 
in KRB to remove radioactivity sticking to 
the endothelial surface or trapped in the 
vasculature. 

Radioactive Perfusate Analysis 

Total lipids were extracted from effluent 
samples by a modification (8) of the method of 
Dole and Meinertz (9). Fatty acids were sepa- 
rated from hexane extracts by a modification 
of the method of Borgstrom (12). Aliquots of 
the hexane, fatty acid and glyceride fractions 
were taken for liquid scintillation counting in 
3.5% PPO-POPOP in toluene (New England 
Nuclear) in a Beckman LS 3150T liquid scin- 
tillation counter. 

Radioactive Tissue Analysis 

Lipids were extracted from ca. 300 mg wet 
weight of tissue, selected randomly from the 
lung. Column chromatography was used to 
separate neutral lipids and phospholipids. 
Neutral lipids were eluted with 100% chloro- 
form and phospholipids were eluted with 100% 
methanol. Column fractions were evaporated 
to dryness under N2, and then redissolved in 
small amounts of chloroform. An aliquot of 
each lipid was spotted onto Silica Gel G chro- 
matogram plates (Analabs). Neutral lipids were 
separated and identified as already described. 
Phospholipids were separated using the solvent 
system chlorofonn/methanol/H20 (120:80:7). 
Individual spots were identified by comparison 
with phospholipid standards (Applied Science 
Lab TLC standard #21994), scraped into scin- 
tillation vials, and counted as already described. 

Data Analysis 

Dry wt/wet wt ratios were determined for 
each lung. Data were expressed as /amol fatty 
acids released into the perfusate/g dry wt of 
lung. Mean and standard error of the mean were 
calculated for each TG emulsion and compared 
using the two-tailed Student's t-test at the 
p<0.05 level of significance. 

R ESU LTS 

Perfusion of Different Triglyceride Emulsions 

No endogenous release of free fatty acids 
occurred when 3% BSA in KRB alone was 
perfused through the lung. In addition, none 
of the emulsions were broken down to free 
fatty acids by perfusion through the apparatus 
in the absence of the lungs. Dry wt/wet wt 
ratios for the lung tissue were ca. 16% for all 
lungs in these experiments, indicating that 
edema did not develop during the course of 
the perfusions. Dry wt/wet wt ratios for the 
unperfused lungs ranged from 15-17%. 

We studied the hydrolysis of triolein as a 
function of triglyceride concentration previous- 
ly (14) and found the rate of hydrolysis was di- 
rectly proportional to the concentration of the 
infused triglyceride in the range of 0.38-2.2 mM. 
The data indicated that, in the lung, lipoprotein 
lipase is not saturated at physiological levels of 
circulating triglyceride (0.3-0.5 mM during fast- 
ing, 1.0-2.0 mM postprandially). In the present 
study, we decided to use the concentration 
usually present in the circulation of normal, fed 
rats, i.e., 1.5 mM. We have therefore compared 
the various triglyceride substrates at the con- 
centration present in the circulation 1.5 mM to 
evaluate their hydrolysis by the isolated, per- 
fused lung, under physiological conditions. The 
hydrolysis of different saturated and unsatu- 
rated triglyceride emulsions by the lung is 
shown in Figure 1. Jhe  saturated trigiycerides 
tricaprylin, trimyristin and tripalmitin were 
broken down at rates of 8.1 + 1.8, .5.4 + 1.5 
and 9.5 + 1.8 /amol fatty acids/g dry wt/100 
min perfusion, respectively. There was no staffs- 
tical difference in hydrolysis of these three 
saturated triglycerides in the perfused lung. The 
unsaturated triglycerides triolein and trilino- 
lenin were broken down to fatty acids at a sig- 
nificantly higher rate than the saturated emul- 
sions (20.0 + 1.8 and 20.6 + 0.3 #tool free fatty 
acids/g dry wt lung/100 min, respectively). The 
lung hydrolyzed the polyunsaturated trigly- 
cerides trilinolein and triarachidonin at signifi- 
cantly higher rates than the other unsaturated 
triglycerides studied (44.3 + 3.0 and 50.9 + 5.4 
/amol free fatty acids/g dry wt/100 min, respec- 
tively). 

Perfusion of Intralipid 

Intralipid (1.5 mM) was hydrolyzed at 
approximately the same rate as triolein and tri- 
linolenin (16.6 + 1.7 #tool free fatty acids/g 
dry wt/100 min). The results are shown in 
Figure 2. Intralipid at a concentration of 10 
mM was broken down at a significantly higher 
rate than at the lower concentration (58 + 6.3 
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FIG. 1. Hydrolysis o f  different saturated and unsa tura ted  triglyceride emulsions by lung 
lipoprotein lipase. Each triglyceride was perfused for 100 min at a final concentra t ion of  1.5 
mM. Each point  represents the mean  of  four  lungs. Statistical analysis of  the differences 
between the rates o f  hydrolysis  o f  various triglycerides showed : (1) no difference between 
the three saturated triglycerides, (2) significant differences (p < 0.05) between saturated 
and mono-  or polyunsatura ted  species at all t ime periods tested and (3) significant (p < 
0.05) differences between triolein and trilinolenin (at 20 and 30 min perfusion) triolein vs 
trilinolein and triolein vs triarachidonin ( throughout  the 100 rain of  perfusion).  
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FIG. 2. Hydrolysis o f  Intralipid by lung lipoprotein lipase. Intralipid was perfused at a 
final concentrat ion o f  either 1.5 or 10 mM triglyceride. Each point  represents the mean -+ 
SEM of  four lungs. 

�9 LIPIDS, VOL. 17, NO. 10 (1982) 



700 S.K. COMPTON, M. HAMOSH AND P. HAMOSH 

/amol free fatty acids/g dry wt/100 min). 

Perfusion of 3H-Labelefl LiVer Triglycerides, 
Tri-3H<)leate and Tri - t4Ct)almitate 

Emulsions of labeled triglycerides were per- 
fused through the lung to measure the incor- 
poration of triglyceride-fatty acids into lung 
lipids. Triolein was used as representative of 
the unsaturated triglycerides hydrolyzed by lung 
lipoprotein lipase at an intermediate rate, and 
tripalmitin was representative of the saturated 
triglycerides, which were broken down by lung 
lipoprotein lipase at a much lower rate. No 
radioactive triarachidonin or trilinolein were 
available at the time of this study. In vivo 
labeled liver triglycerides contain both satu- 
rated and unsaturated fatty acids. 

Figure 3 shows the release of fatty acids into 
the effluent after perfusion with liver triglycer- 
ides and triolein. Free labeled fatty acids could 
not be detected in the effluent of lungs per- 
fused with tripalmitin. Triolein was hydrolyzed 
at 2.6 + 0.2/amol fatty acids/g dry wt/100 min. 
Liver triglycerides were broken down at a signi- 
ficantly higher rate (16.5 + 2/amol fatty acids/g 
dry wt/100 min). 

There was no significant difference between 

the amount of free fatty acid found in the ef- 
fluent and the amount of fatty acid found in 
the lung tissue after 100 min of perfusion with 
either triolein or liver triglycerides. 

The amount of radioactivity incorporated 
into lung lipids is shown in Figures 4 and 5. 
Incorporation of fatty acid into esterified lipids 
was greatest for liver triglycerides, followed by 
triolein, and was least for tripalmitin. 

Figure 4 shows the incorporation of fatty 
acids into monoglycefides, diglycerides and 
tissue free fatty acids. Most of the label was 
present as free fatty acids in the tissue with the 
three different tr/glycerides infused. The 
amount of fatty acid in monoglycerides was 
significantly lower than for diglycerides for 
all emulsions. 

Lung neutral lipids and free fatty acids 
incorporated a significantly larger amount of 
radioactivity than the lung phospholipid. Figure 
5 shows the incorporation of fatty acid into 
phosphatidylcholine, lysophosphatidylcholine 
and phosphatidylethanolamine. No significant 
difference was found between the incorpora- 
tion of ]4C-fatty acid from tripalmitin into any 
of these phospholipids. Incorporation of fatty 
acid into phosphatidylcholine was significantly 
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FIG. 3. Hydrolysis of different saturated and unsaturated radioactive triglyceride emul- 
sions by lung lipoprotein lipase. Each tdglyceride emulsion was perfused at a final concen- 
tration of 1.5 mM. Each point represents the mean -+ SEM of four lungs. Rates of hydrolysis 
of triolein vs liver triglycerides, significantly different (p < 0.05) throughout the entire 100 
min of perfusion. 
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greater for 3tI-oleic acid than for ~4C-palmitic 
acid. 

FIG. 4. Incorporation of triglyceride-fatty acids 
into tissue neutr',d lipids. Lungs were perfused with 
either 3H-liver triglyceride (liver TG), glycerol tri-31t - 
oleate (triolein), or glycerol tri-t4C-palmitate (tripal- 
mitin) at a final concentration of 1.5 mM. Each bar 
represents the mean -+ SEM of four lungs. Differences 
in the incorporation into tissue lipid, of the three tri- 
glycerides infused, statistically significant (p < 0.05). 

FIG. 5. Incorporation of triglyceride-fatty acids 
into tissue phospholipids. Lungs were perfused with 
3H-liver triglycerides (liver TG), glycerol tri-3lt-oleate 
(triolein), or glycerol tri-l*C-palmitate (tripalmitin) at 
a final concentration of 1.5 raM. Each bar represents 
the mean .+- SEM of four lungs. Differences in the 
incorporation into tissue lipid, of the three trigly- 
cerides infused, statistically significant (p < 0.05). 

DISCUSSION 

The composition of circulating triglyceride 
has a marked effect on the rate of their hydrol- 
ysis by lung lipoprotein lipase. Saturated tri- 
glycerides were hydrolyzed at significantly 
lower rates than unsaturated triglycerides. All 
three saturated triglycerides were broken down 
at similar rates. Triolein, trilinolenin and Intra- 
lipid were hydrolyzed at an intermediate rate, 
and trilinolein and triarachidonin were broken 
down at significantly higher rates. Therefore, 
one factor determining the rate of removal of 
triglycerides from the circulation by lung lipo- 
protein lipase may be the composition of the 
triglyceride-fatty acids. 

Intralipid has a metabolic fate similar to 
naturally occurring chylomicrons. In man, 
Intralipid clearing from the plasma is directly 
proportional to its plasma concentration (7). 
In the isolated rat lung, this was also the case. 
Hydrolysis of Intralipid was significantly 
greater at the higher concentration (10 raM) 
than at the lower concentration (1.5 mM). In 
a previous study, Gal et at. (14) found that 
breakdown of triolein to fatty acids was also 
directly proportional to the concentration of 
circulating triglyceride in the range of 0.35-2.2 
mM. 

When labeled triglycerides were infused, the 
unsaturated radioactive emulsion triolein was 
also broken down at a significantly higher rate 
than the saturated tripalmitin emulsion. Liver 
triglycerides containing both saturated and un- 
saturated fatty acids were hydrolyzed at an 
even faster rate. These liver triglycerides are 
probably the precursors for circulating VLDL- 
triglyceride. Lung lipoprotein lipase can hydro- 
lyze significant amounts of this triglyceride to 
free fatty acids, perhaps indicating that, in vivo, 
this enzyme might modify VLDL before they 
reach the systemic circulation. 

When triglycerides are hydrolyzed in periph- 
eral tissues, some free fatty acids are released 
into the blood and either taken up by other 
tissues or by the liver for reesterification. A 
rapid release of fatty acid will occur as long as 
there are sufficient quantities of free fatty acid 
acceptor (albumin) present (15). These studies 
indicate that the lung releases significant quan- 
tities of free fatty acids during hydrolysis of 
triglyceride. 

Newly hydrolyzed free fatty acids from 
plasma triglyceride are incorporated into both 
neutral lipids and phospholipids in the lung 
tissue. Although palmitic acid is a precursor of 
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surfactant  d ipa lmi toy lphospha t idy lchol ine ,  i t  
was no t  incorpora ted  in to  tissue phosphat idyl -  
chol ine at a rate greater than oleic acid. In these 
exper iments ,  the rate of  hydrolysis  by l ipopro-  
tein lipase and thus, substrate availability, no t  
substrate specif ici ty,  appeared to de te rmine  the 
amoun t  of  incorpora t ion  of  fat ty acids in to  
tissue lipids. The pool  sizes of  free palmit ic  and 
oleic acids in the adult  rat l u n g  are unknown;  
therefore ,  we cannot  evaluate whe ther  the 
difference in tissue level o f  the labeled fat ty  
acids axe, in addit ion,  affected by dif ferent  
amounts  o f  oleic and palmit ic  acid in the  lung. 
Most o f  the fatty acids were present  as free 
fa t ty  acids or  diglycerides, with only small 
amounts  o f  monoglycer ides .  

It appears f rom our  data that  lung l ipopro-  
tein lipase has a low substrate aff ini ty  for  circu- 
lating triglyceride.  A low aff ini ty means that  
the rate of  tr iglyceride uptake is a func t ion  of  
its concen t ra t ion  (16). This is also the case for 
adipose tissue. On the o ther  hand,  because of  
high-affini ty lipase sites, the rate o f  uptake  o f  
tr iglyceride by the heart  remains cons tant  
under  condi t ions  o f  bo th  scarcity and abund- 
ance o f  circulat ing tr iglyceride (17). Therefore ,  
when plasma levels o f  t r iglyceride are low,  lung 
l ipoprote in  lipase may no t  effect ively compe te  
with heart  l ipoprote in  lipase for fa t ty  acids 
necessary for tissue metabol ism.  

In conclusion,  two  factors which appear  to 
affect  lung l ipoprote in  lipase activity are (a) 
compos i t ion  o f  circulating tr iglyceride-fat ty 
acids, and (b) concen t ra t ion  of  circulating 
triglycerides. Uptake  and incorpora t ion  o f  fa t ty  
acids in to  tissue lipids was propor t iona l  to the 
rate of  hydrolysis  of  the part icular  substrate.  
Fa t ty  acids taken up by the lung are used for 
energy metabol i sm,  phosphol ipid  synthesis and 
de novo fatty acid synthesis (18). Free fat ty 
acids are also released into the circulat ion,  
possibly as an energy source for o ther  extra-  
hepatic  tissues. 

Lung l ipoprote in  lipase may play a protec-  
tive role toward the systemic circulat ion by 

changing the compos i t ion  of  circulating lipo- 
proteins  in the plasma. A be t te r  unders tanding 
of  the mechanism of  act ion o f  lung l ipoprote in  
lipase is necessary to evaluate its role in l ipo- 
prote in  metabol ism.  
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Autoxidation of Cholesterol Fatty Acid Esters 
in Solid State and Aqueous Dispersion 

V. KORAHANI ,  J. BASCOUL* and A. CRASTES de PAULET, Unitd de Recherches surla 
Biochimie des StdroTdes, INSERM U.58- 60, Rue de Navacelles, 34100 Montpellier, France 

ABSTRACT 

Cholesteryl stearate, oleate, linoleate, linolenate and arachidonate were oxidized in solid form (at 
100 C) and in a water dispersion (in the presence of potassium stearate, pH 7.5, 80 C). The unsaponifi- 
able fraction was analyzed by capillary gas liquid chromatography. In the solid state, the oxidation 
rates of esterified cholesterol were high for stearate and oleate, low for the polyunsaturated esters and 
very low for free cholesterol. In water dispersion, the rates were reversed, e.g., free cholesterol oxi- 
dized more quickly than its stearic and oleic acid esters. The fatty chains in 18:0 and 18:1 inhibited 
the autoxidation of cholesterol. Hydroxylation of the cholesterol side chain only occurred during 
solid-state autoxidation as previously observed by others. The 20- and 25-hydroxycholesterols were 
never detected in the products of micellar reactions, regardless of which surfactant was used for 
micelle formation. 
Lipids 17:703-708, 1982. 
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INTRODUCTION 

Because of the toxicity of oxidized sterols 
(O-sterols), particularly the hydroxycholes- 
terols (1-5), and their role in experimental 
atherosclerosis (1,6), it is essential that we 
know the conditions under which they are 
formed from the free or esterified precursors 
which might be present in human food fats. 

Oxidized sterols (hydroxy-, keto-, or epoxy- 
sterols) might be formed by the autoxidation 
of free or esterified sterols during the thermal 
processing of certain food containing fats (6,7). 
Autoxidation in the presence of atmospheric 
oxygen is enhanced by temperature, light 
radiation, transition metals (e.g., Fe, Cr, Co) 
or initiators of free radical reactions, which 
often occur in the processing of food. 

Since the early paper of BergstriSm and 
Wintersteiner (8), Smith, Ansari and Teng et al. 
have done important work on the study of free 
cholesterol autoxidation in solid and dispersed 
state (9-11). The products formed by this reac- 
tion, in the presence of ground-state (302) 
atmospheric oxygen (9), are the 7a- and 7~- 
hydroperoxides (products of substitution), 
5,6a-epoxy-5a-cholestan-313-ol (product of addi- 
tion) and to a very small extent the 20- and 
25-hydroperoxides. Singlet oxygen (102) yields 
5a-hydroperoxy derivatives and small quantities 
of 6c~- and 6~-hydroperoxides (12). A third, 
minor component of the autoxidation mixture 
is the 3-keto-cholesta-5-ene resulting from the 
dehydrogenation of the 3~-hydroxy group (10). 

All these products epimerize and/or decom- 

*Author to whom correspondence should be 
addressed. 

pose, resulting in a significant number of hy- 
droxyl and carbonyl compounds. Essentially, 
the 7a- and 7/3-hydroxycholesterols, 7-oxocho- 
lesterol, 3,5-cholestadiene-7-one and 5a-choles- 
tan-3/3,5,6/3-triol are formed (13). 

Cholesteryl fatty acid esters are present in 
large quantities in animal fats, but their autoxi- 
dation is not as well known. This is the motiva- 
tion for the work described in this paper. 

MATERIALS AND METHODS 

Reagents 

Solvents for extraction and chromatography 
were double-distilled before use. Pyridine, 
hexane, hexamethyldisilazane and trichloro- 
methylsilane were Merck reagents. The meth- 
oxyamine hydrochloride was supplied by Pierce 
(Rockford, IL). 

Steroids 

Cholestane, dihydrocholesterol, 7a-, 7/3-, 25-, 
(20 R)-20-hydroxycholesterol and 3/3-acetoxy- 
5,7-cholestadiene were obtained from Stera- 
loids (Wilton, NH). The (22 S)-22-, (24 R)-24- 
and (24 S)-24-hydroxy-; the (25 R)-26-hydroxyo 
and the 22~, 23~-dihydroxycholesterol were 
generously provided by Professor Van Lier 
(Sherbrooke, Quebec, Canada). 5,6a-Epoxy- 
5cz-cholestan-3/3-ol, 3/3,5a,6/3-triol and 3,5-cho- 
lestadien-7-one were prepared in our laboratory. 

Apparatus 

For gas liquid chromatography (GLC), a 
Carlo Erba Fractovap 2300 chromatograph 
equipped with a capillary column (25 m • 0.25 
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mm) impregnated with OV-101 was used and 
helium was the carder gas at a flow rate of 1 
ml/min. For injection, a 1-/.d Pyrex stream 
splitter, type ROS (Carlo Erba, Milan, Italy) 
was used. Other conditions: column tempera- 
ture, 285 C; injection temperature, 350 C; 
flame ionization detector; recorder speed, 30 
cm/min. 

Mass spectra were recorded on an LKB 2091 
gas chromatograph-mass spectrometer at 70 eV 
voltage. The chromatograph was equipped with 
a column packed with SE-30 (25 m x 0.25 
mm). The helium flow rate was 4 ml/min,  and 
the column temperature was programmed from 
250 to 310 C at 10 C/min. 

Thin Layer Chromatography ITLC) 

Silica Gel 60F2s4 plates, 20 x 20 cm, 0.2 
mm thick (E. Merck, Darmstadt, G.F.R.), were 
developed twice with diethyl ether/cyclohexane 
(9:1, v/v). The sterols were revealed by their 
ultraviolet (UV) absorption at 254 nm or by 
spraying with a 50% aqueous solution of 
H2SO4, followed by heating. Preparative TLC 
was performed in the same manner, but with 
0.25-mm-thick plates. After scraping off the 
zones outlined by UV spectroscopy at 254 rim, 
they were eluted with 50 ml of chloroform/ 
methanol (2: 1, v/v). 

Derivatization of Sterols 

The residue to be derivatized (generally 
obtained by preparative TLC) was deposited 
in a screw-cap culture tube by evaporating the 
solvents under nitrogen. Then 0.5 ml methoxy- 
amine hydrochloride solution in pyridine (20 
mg/ml) was added. The tube was plugged with 
a Teflon stopper and heated in a water bath for 
4 hr at 60 C. After evaporation of t h e  e x c e s s  of 
pyridine under nitrogen, 150 gl of pyridine/ 
hexamethyldisilazane/trichloromethylsilane (1 : 
1:1, v/v) was added and the tube was allowed 
to stand at ambient temperature for 12 hr. 
Excess of solvent was evaporated under nitro- 
gen. The residue was taken-up in hexane (1 ml/ 
100 /al) and injected into the gas chromato- 
graph. 

Autoxidation of Free and Esterified Cholesterol 

In sol id state.  A 10- to 50-rag amount of 
sterol (free or esterified form) was placed in a 
tube and heated in an oven at 100 C in the pres- 
ence of trace amounts of benzoylperoxide. 
After heating for a period of I hr to 30 days, 
the sample was hydrolyzed in 10% KOH/MeOH 
(w/v) in a nitrogen atmosphere overnight at 
room temperature. The solvents were evapo- 
rated in a nitrogen stream. The crude products 

were extracted with CHCI 3 and the solvents 
removed in vacuo. A fraction of the crude prod- 
ucts was chromatographed on silica plates using 
diethyl ether/cyclohexane (3:1, v/v) as solvent. 
The remainder was derivatized as already 
described for subsequent analysis by capillary 
columns impregnated with OV-101 (14). 

In aqueous  dispersion.  Sodium stearate was 
obtained from a reaction of stearic acid and 
sodium in anhydrous diethyl ether at room 
temperature for 10 hr. Standard aqueous dis- 
persions were prepared by dissolving 130 mg 
of sodium stearate in 400 ml of distilled water 
(4.2 10 -4 M). The pH was adjusted to 7.5 by 
acetic acid. Aqueous dispersions of Triton- 
X100, cetyltr imethylammoniumbromide and 
sodium dodecylsulfate were prepared by 
dissolving the detergent in distilled water with- 
out modifying the pH value. An aliquot of 50 
ml of these solutions was heated at 80 C with 
vigorous stirring. Ten mg of ester dissolved in 5 
ml of hot dioxane was added and air was 
bubbled through the solution with occasional 
addition of water to maintain the initial volume. 
Cooled aliquots were neutralized, extracted and 
analyzed as described for autoxidation of solid- 
state samples. 

RESULTS AND DISCUSSION 

The autoxidation of cholesteryl esters results 
in the peroxidation of the cholesteryl and fatty 
acid part. We describe only the modifications of 
the cholesteryl part (contained in the unsaponi- 
fiable fraction) during these reactions. 

Kinetic studies of various solidified esters in 
the presence of benzoyl peroxide (Fig. 1) 

PERCENTAGE OF 
OXIDIZED CHOLESTEROL 

I00 Ocetatr 
~,tloralr 

r"YJ ,,oo,.o,. 

'50. ~ , L . _ _  a linolenate 

, / /  , 

i i ; i lo 24 
HOURS 

FIG. 1. Percentage of oxidized cholesterol (mea- 
sured as 100 minus percentage of recovered choles- 
terol) obtained by autoxidation and hydrolysis (as 
described in the expedmental procedure) of choles- 
teryl esters: acetate, oleate, stearate, linoleate and 
linolenate. 
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showed that the initial rate of the cholesterol 
oxidation reaction increased in proportion to 
how unsaturated the ester was. This accelera- 
tion is probably due, on one hand, to the per- 
oxide content of the medium, which rises with 
unsaturation and facilitates propagation, and on 
the other hand, to the development of an intra- 
molecular autoxidation reaction. The oxidized 
acyl part (R~ OO ~ might react on the choles- 
teryl rings as in the following equation where 
R s represents the steroid and R a the fatty acid 
moiety : 

�9 �9 

RsH Rs O 2 RsOO 
I ~ I ~ I 

Ra.O_O" Ra_OOH Ra-OOH 

The initial rate of oxidation of the choles- 
teryl part was greater for unsaturated fatty 
esters than for saturated ones (Fig. 1). This rate 
decreased with time. After 10 hr, the percent- 
age of oxidized cholesterol was greater for 
saturated than unsaturated esters. 

These experiments do not  resolve the mode 
of reaction of the acyl part. However, we ob- 
served that the Rf of autoxidized cholesteryl 
acetate, oleate or stearate is analogous to that 
of nonoxidized products. On the contrary, the 
Rf of autoxidized cholesteryl linoleate or lino- 
lenate is markedly diminished. This accounts 
for the formation of a polar site probably 
formed by a cleavage of the unsaturated acyl 
chain. 

The nature and relative abundance of the 
principal products formed by the autoxidation 
of cholesterol and its esters are given in Tables 
1 and 2. Identification was accomplished by 
TLC, GLC and GLC-mass spectrometry (GLC- 
MS). GLC using OV-101 did not  resolve 3/~- 
hydroxy-5-cholesten-7-one and 5a-cholestan- 
3/3,5,63-triol (14) (asymetric signal with the 
lower retention time for the trihydroxylated 
sterOl). The 3,5-cholestadien-7-one also could 
have shielded compounds such as 4-cholestan- 
3-one and desmosterol (14). These compounds, 
especially the first pair, are easily resolved by 
TLC and GLC using another stationary phase 
(15) or HPLC (16). 

With GLC we observed: (a) a constant chro- 
matographic profile regardless of the autoxida- 
tion mode, whether solid-state or water-disper- 
sion, and (b) complete absence of 20- and 25- 
hydroxycholesterol when the autoxidation 
occurred in a micellar medium. On the other 
hand, these products were formed when the 
reaction occurred on solid-state esters. This has 
already been observed by Teng and Smith (11). 

The absence of reactivity of the cholesterol 
side chain in aqueous dispersion is probably due 
to the inclusion of the molecule in the hydro-  

carbon-like micellar core. In contrast, the 
oxidation at positions 20 and 25 in the solid 
state was a result of the molecular arrangement 
of the anhydrous or monohydrated crystals 
(17,18). This arrangement consists of a super- 
position of bilayers of cholesterol. Each bilayer 
is composed of two monolayers of 33.3/~. The 
cholesterol molecules are juxtaposed in quasi- 
linear form (the .C8H17 chain is held quasi- 
linearly in the axis of the rings). The tings are 
contiguous, as well as the side chains. The two 
monolayers are joined by hydrogen bonds 
whose configuration varies according to 
whether the cholesterol is anhydrous or mono- 
hydrated. Hence, the terminal atoms 24, 25 and 
26 constitute the external part of the bilayers. 
These atoms have a large thermal mean square 
amplitude of vibration. Thus, they are at the 
same time more reactive and more exposed to 
the attack of reagents than the other atoms. On 
the other hand, the allylic position on carbon 7 
is shielded by the crystal's structure. 

An analogous interpretation would also 
explain the formation of 20- and 25-hydroxy- 
cholesterol from polyunsaturated esters. Here 
again, it can be assumed that the side chains are 
on the surface of the bilayers where the thermal 
movement is greatest (19). However, a partial 
melting of the esters at 100 C makes this hy- 
pothesis unlikely. 

None of our attempts using the protection 
of the allylic position against autoxidation by 
including it in an unreactive environment suc- 
ceeded in producing 20- or 25-hydroxycholes- 
terol. Various methods were used: absorption 
on silica (20), the use of monolayers (21), the 
inclusion of reagents in the micelles of Triton- 
X100, of ceW1 trimethyl ammonium bromide, 
or of dodecyl sodium sulfate. In the micellar 
medium, except with sodium stearate micelles, 
autoxidation was partially or totally inhibited, 
just as it was in the presence of bovine serum 
albumin or human plasma (22). No selectivity 
could be detected. 

The results in Figures 1 and 2 and Tables 1 
and 2 are mean values obtained from several 
reactions. The proportions of various com- 
pounds were calculated by the internal normal- 
ization method. Solid state autoxidation gave 
more reproducible results than the micellar 
reactions. This is because of the difficulty of 
reproducing the micellar medium. 

We observed a large difference between the 
percentage of oxidation of free cholesterol and 
that of its stearic and oleic esters, regardless of 
the autoxidation mode. After four days of reac- 
tion in the solid state, only 3% of the choles- 
terol was oxidized, as opposed to 95% of the 
two esters mentioned (Fig. 2 and Table 1). In a 
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PERCENTAGE OF 
CHOLESTEROL OXIDATION 

I00 
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FIG. 2. Percentage of cholesterol oxidation in the 
autoxidation of free and fatty acid esters (FAE) of 
cholesterol. 

micel lar  d ispers ion ,  the  d i f fe rence  is less signifi- 
can t  (Fig. 2 and  Table  2). We also observe  an  
oppos i te  e f fec t  be t w een  t he  t w o  o x i d a t i o n  
modes ,  as seen in the  prof i les  of  the  curves in 
Figure 2, wi th  respect  to  choles te ro l  and  its 
18 :0  and  18:1 esters.  The  p o l y u n s a t u r a t e d  
esters  behaved  in an ana logous  way in b o t h  
cases. F ina l ly ,  h igher  p r o p o r t i o n  of  7-keto-  
cho les te ro l  and  of  tr iol  was observed w h e n  
a u t o x i d a t i o n  occu r red  in a solid s ta te .  The  same 
was observed for  3 ,5-choles tad ien-7-one .  The  
7 - h y d r o x y c h o l e s t e r o l  was always p resen t  in 
a b o u t  the  same p r o p o r t i o n .  

By c o m p a r i n g  the  resul ts  of  Teng  et  al. (1 1) 
wi th  earl ier  resul ts  (8) ,  we a l ready k n o w  t h a t ,  
in miceUar m e d i u m ,  free cho les te ro l  au toxi -  
dizes b e t t e r  t h a n  its esters  (22) .  

The  weak ox ida t i on  ra t io  of  cho les t e ry l  
s teara te  and  olea te  in a wa te r  d ispers ion can be 
assumed to  be  a resul t  o f  the  shie lding of  the  
apolar  ester  molecule  in the  micel lar  core,  
which  is inaccessible  to  the  oxidiz ing reagent .  
On the  o t h e r  h a n d ,  free choles te ro l ,  wi th  i ts 
polar  h y d r o x y l  group s i tua ted  in the  h y d r o -  
phi l ic  zone ,  is more  suscept ib le  to  o x i d a t i o n .  
This  shielding has  been  observed  wi th  o t h e r  
micel lar  media  (22) .  I t  is p r o b a b l y  e n h a n c e d  
by  the  af f in i ty  which  exists  be t w een  the  choles- 
te ry l  par t  of  es ter i f ied choles te ro l  and  the  
s tearyl  cha in  o f  the  miceUes. We have previously  
observed t ha t  mixed  miceUes c o n t a i n i n g  Tr i ton-  
X 1 0 0  and ( 5 a ) c h o l e s t a n - 3 a - y l - ( m e t h y l e n e  hy -  
d roxamic  acid)  specifically ca ta lyze  the  hydro l -  
ysis of  p a r a n i t r o p h e n y l s t e a r a t e ,  resul t ing  f rom 
a h y d r o p h o b i c  i n t e r ac t i on  b e t w e e n  the  s tearyl  
and  choles te ry l  residues.  The  relat ively easy 
a u t o x i d a t i o n  o f  cho les te ry l  s teara te  and  oleate  

is ana logous  to  t ha t  of  choles te ry l  ace ta te .  
In conclusion, for  all o f  the  esters,  sol id-state  

a u t o x i d a t i o n  by  exposu re  to air  at  100 C was 
fas ter  t h a n  a u t o x i d a t i o n  in a wa te r  d ispers ion at 
80 C. We observed  the  oppos i te  for  free choles-  
terol .  The  20- and 2 5 - h y d r o x y c h o l e s t e r o l  did 
n o t  fo rm in miceUar m e d i u m ;  they  on ly  ap- 
peared  if  t he  r eac t ion  occur red  on  solid p rod-  
ucts .  Choles tery l  s teara te  and  olea te  were the  
es ters  which  ox id ized  bes t  in solid s ta te .  On the  
o t h e r  h a n d ,  they  ox id ized  poor ly  in d ispers ion.  
The  s teary l  and  oleyl  chains  had  a s ignif icant  
i nh ib i t i ng  or ac t iva t ing  effect ,  accord ing  to  the  
m o d e  o f  reac t ion .  The  weak ox ida t i on  ra t io  o f  
solid cho les te ro l  or  of  esters  in d ispers ion  can 
be exp la ined  in t e rms  o f  the  shie ld ing of  the  
react ive and allylic sites. Theore t i ca l ly ,  th is  
should  pe rmi t  a select ive a u t o x i d a t i o n  of  the  
side chain ,  bu t  un t i l  now,  our  a t t e m p t s  have 
no t  succeeded.  These  results  d e m o n s t r a t e  the  
r emarkab le  ease wi th  which  choles te ry l  esters 
au tox id ize  u n d e r  c o n d i t i o n s  closely resembl ing  
those  p resen t  in h u m a n  food processing,  espe- 
cially in cooking.  The  co r re la t ion  unde r sco res  
the  necess i ty  for  a sys temat ic  s tudy  of  the  oxi- 
dized s terols  f o u n d  in these food p roduc t s ,  
which  in cer ta in  c i r cums tances  ( 1 ) p o s s e s s  
ang io tox ic  and  c y t o t o x i c  proper t ies .  
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ABSTRACT 

The role of lipoproteins and serum in the formation and accumulation of cholesteryl esters in 
human monocyte-derived macrophages (HMD macrophages) was investigated; studies were also carried 
out with IC21 ceils (a cell line derived from mouse peritoneal macrophages). Following preincubation 
of HMD macrophages with lipoprotein-depleted serum (LPDS), both native and acetylated low density 
lipoprotein (LDL and AcLDL, respectively) stimulated the formation of cholesteryl esters with a 
resultant increase in eeUular cholesteryl ester content. Cholesteryl ester formation and accumulation 
was also stimulated in macrophages exposed continuously to 25-hydroxycholesterol. However, the 
stimulation of cholesterol esterification by either lipoproteins or 25-hydroxycholesterol was not in- 
hibited by progesterone in HMD macrophages, but was in the IC21 cells. Cholesterol efflux and the 
hydrolysis of cellular cholesterol ester, promoted by serum components, were studied in HMD macro- 
phages preloaded with cholesteryl ester by incubation with 25-hydroxy cholesterol. Replacement of 
the medium with one devoid of 25-hydroxycholesterol resulted within 24 hr in at least a 30% decrease 
in the cholesteryl ester content of the HMD macrophages;replacement with a medium high in choles- 
terol acceptor content (LPDS or high density lipoprotein) and incubation for three days led to the 
most marked decreases in cellular cholesterol content. Thus, hydrolysis of the cholesteryl esters by 
HMD macrophages was not dependent on the presence of cholesterol acceptors in the medium, but 
cellular cholesterol content was. 
Lipids 17:709-715, 1982. 

HMD macrophages have been shown to 
degrade both  LDL and AcLDL via separate 
high-affini ty processes (1,2). Cont inuous  incu- 
ba t ion  with native LDL does not  lead to a 
striking accumula t ion  of  cholesteryl  ester by 
these cells; up take  o f  LDL has been shown to 
be closely regulated by the  HMD macrophages 
(1-4). However ,  incubat ion  of  canine or  roden t  
per i toneal  macrophages with l ipoprote ins  that  
have been chemical ly modif ied  to have a nega- 
tive charge (such as AcLDL)  has resulted in 
accumula t ion  o f  choles teryl  ester in lipid drop- 
lets in these ceils (5-8). Macrophages in human  
a the romatous  and xan thoma tous  lesions in vivo 
also conta in  a high p ropor t ion  of  esterified cho- 
lesterol  (9,10). Therefore ,  we have investigated 
various parameters  which could s t imulate  cho- 
lesteryl  ester fo rmat ion  and its accumula t ion  in 
human macrophages in vi tro.  

Abbreviations: LDL, low density lipoprotein; 
aeetylated LDL, AcLDL, HDL, high density lipopro- 
tein; HS, human serum; LPDS, lipoprotein-depleted 
human serum; FCS, fetal calf serum; BSA, bovine 
serum albumin; HMD macrophages, human monocyte- 
derived maerophages. 

I present address: Oak Ridge Associated Univer- 
sities, Medical and Health Sciences Division, PO Box 
117, Oak Ridge, TN 37830. 

*Author to whom correspondence should be 
addressed. 

HMD macrophages and IC21 cells, a cell l ine 
derived f rom mouse peri toneal  macrophages 
which had been t ransformed with Simian Virus 
40 (11), were used for these studies. The cellu- 
lar choles terol  con ten t  and the rate o f  choles- 
terol  ester if icat ion were mon i to red  to assess the  
effect  of  LDL, AcLDL,  25-hydroxycholes te ro l  
and progesterone on cholesteryl  ester metabo-  
lism by macrophages.  

MATERIALS AND METHODS 

For  the l ipoprote ins ,  LDL (d=1.019-1.063 
g/ml),  HDL (d=1.063-1.21 g/ml),  and LPDS 
( d > l . 2 1  g/ml)  were prepared from pooled  
normal  human plasma by differential ,  sequen- 
tial u l t racent r i fugat ion  (12). Pooled HS was 
obta ined by combin ing  at least three units o f  
plasma, fo l lowed by t r ea tment  with th rombin ,  
and s tored frozen (-70 C) until  it was used. 
Serum and l ipopro te in  fract ions were sterilized 
by f i l t rat ion (0.45 bt, Nalge fil ter unit.) and 
refi l tered immedia te ly  before addi t ion to 
culture med ium.  

LDL was acetyla ted as described by Basu 
et al. (13) with acetic anhydride.  The AcLDL 
migrated as one  band with enhanced  mobi l i ty  
compared  to LDL in agarose gel e lec t rophor-  
esis, pH 8.6. 
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Human monocytes were isolated from a 
leukocyte concentrate, a by-product of the iso- 
lation of platelets for transfusion, and cultured 
as described previously (1). *IC21 ceils were 
provided by Dr. Vittorio Defendi (New York 
University School of Medicine). They were 
grown in 10% FCS as described (2). 

The rate of cholesterol esterification in 
intact ceils under various conditions was deter- 
mined using [9,1003H]oleic acid (25 Ci/mol, 
Amersham) bound to BSA (4.5: 1, mol/mol) as 
a substrate. In some experiments, cholesterol, 
25-hydroxycholesterol or progesterone, dis- 
solved in ethanol (50 /zl), was added to the 
incubation medium 20 hr prior to the addition 
of the oleic acid substrate. Following addition 
of the substrate to the culture medium (final 
concentration of oleic acid 0.2 mM), the cells 
were incubated for 4 hr (14). To harvest the 
cells, the culture flasks or dishes were chilled 
on ice, the medium was removed and the ceils 
were washed extensively three times each with 
ice-cold buffer C (50 mM Tris, 0.15 M NaC1, 
2 mg/ml BSA, pH 7.4) then with ice-cold buffer 
without BSA (15); finally, the ceils were 
scraped from the flasks and centrifuged for 10 
min at 600 x g. The resultant pellet was resus- 
pended in isopropanol (I ml )con ta in ing  l0  s 
dpm 14C-cholesterol, sonicated for 10 see and 
centrifuged to pellet the disrupted cells. The 
pellet was assayed for protein by the method 
of Lowry et al. (16). Portions of the isopro- 
panol extract (amounts comparable to ca. 10 
/~g cellular protein) were used to determine the 
total and unesterified cholesterol by the fluoro- 
metric assay procedure described by Heider and 
Boyett (17). After the addition of unlabeled 
lipids as carders, the remaining extract was 
applied to thin layer Silica Gel G plates for 
development in the solvent system hexane/ 
diethyl ether/acetic acid (80:20:1,  v/v/v). Areas 
corresponding to cholesterol, unesterified fatty 
acids, triglycerides and cholesteryl ester, made 
visible by exposure to iodine, were scraped into 
scintillation vials for the determination of 
radioactivity (14). Calculation of the amount 
of cholesteryl ester formed was based on the 
assumption that the specific activity of the 
substrate was not appreciably lowered by 
endogenous fatty acids. 

R ESU LTS 

Rate of Cholesteryl Ester Formation 

LDL and AcLDL, previously shown to be 
degraded via high-affinity processes by HMD 
macrophages (1,2), were included in the culture 
medium and the rate of cholesterol esterifica- 
tion was measured, as depicted in Figure I. 

HMD macrophages, preincubated for 24 hr with 
LPDS, were incubated with increasing amounts 
of LDL or AcLDL for 20 hr, and then incu- 
bated with the addition of SH-oleic acid for 4 
hr. The maximal rate of esterification achieved 
with LDL (1.5 nmol/mg protein/4 hr) was ca. 
one-third of that achieved by incubation with 
AcLDL (4.6 nmol/mg protein/4 hr); the rate 
followed the same general pattern for both lipo- 
proteins--after an initial rapid increase, it 
leveled off at ca. 40~ /.tg lipoprotein/ml 
(Fig. 1 ). 

HMD Macrophages 

5 

~ ~ AcLDL yo NF_ 

~ k 

T 

m 

. . . .  i i i I 

O0 50 I00 150 200 

Lipoprotein concentration 
(mg/ml) 

FIG. 1. Stimulation of cholesterol esterification 
with LDL and AcLDL in HMD macrophages. Cells 
cultured for 8 days in 5% HS were incubated in 10% 
LPDS for 24 hr and then in serum-free media (2 mg 
human albumin/ml) containing lipoproteins at the 
concentrations indicated for 20 hr. After the addi- 
tion of 3H-oleic acid substrate, the ceils were incu- 
bated for an additional 4 hr, harvested and the rate of 
incorporation of oleic acid into cholesteryl esters was 
determined. Values are the means of 5 determinations. 

AcLDL (same preparation as used in Fig. I) 
stimulated cholesteryl ester formation and 
accumulation in IC21 ceils in a concentration- 
dependent manner up to ca. I00/~g/ml (Fig. 2). 
The maximal rate of cholesterol esterification 
achieved in IC21 cells (12 nmol/mg protein/4 
hr) was more than double that achieved in 
HMD macrophages (4.6 nmol/mg protein/4 hr). 
These data show that AcLDL used in Figure 1 
stimulates the esterification of cholesterol in 
IC21 ceils to a greater extent than it does in 
HMD macrophages. (The protocols for the 
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FIG. 2. AcLDL stimulation of cholesterol estedfication in IC21 cells. IC21 ceils grown 
in 10% FCS were incubated with 10% LPDS containing AcLDL for 20 hr. After the addi- 
tion of aH-oleic acid, the cells were incubated for an additional 4 hr, harvested and the rate 
of incorporation of oleie acid into cholesteryl esters (panel A) and the mass of cellular 
cholesteryl ester (panel B) were determined. Values are the means of duplicate incubations. 

TABLE 1 

Cholesterol Content of HMD Macrophages Incubated with LDL or AcLDL a 

Addition to medium 
Culture Cellular 
medium cholesterol b None LDL AcLDL 

10% LPDS FC 48 -+ 14(18) 61 ~ 7(8) 57 -~ S(7) 
CE 1 +- 1(18) 16-+ 3(8) 14 • 4(7) 

Serum-free FC 63-+ 16(9) 103 +- 20(9) 91 4 16(8) 
CE 5-+ 2(8) 34-+ 12(9) 49-+ 21(8) 

5%HS FC 55-+ 7(3) nd c nd 
CE 16 + 7(3) nd nd 

aHMD macrophages cultured for 8 days with 5% HS were incubated in 10% LPDS for 
24 hr and then for an additional 24 br with either 10% LPDS or serum-free medium (2 mg 
human albumin/ml) containing the indicated lipoprotein (200 ~tg/ml). Cells continuously 
incubated in 5% HS are also shown. 

bThe cholesterol contents of isopropanol extracts of the cells were measured as de- 
scribed in the text. Shown are the means of the unesterified (FC) and esterified (CE) choles- 
terol contents of the ceils in/~g]mg protein -+ SE (number of observations). 

end = not determined. 

e x p e r i m e n t s  in Figs. 1 and  2 were sl ightly dif- 
f e r e n t - H M D  m a c r o p h a g e s  were i n c u b a t e d  in 
se rum-f ree  m e d i u m  plus  A c L D L  whereas  IC21 
cells were i n c u b a t e d  in 10% LPDS plus  A c L D L ,  
which  sh o u ld  have  p r o m o t e d  m a x i m a l  rates  o f  
es te r i f ica t ion  in HMD m a c r o p h a g e s ,  bu t  n o t  in 
IC21 cells.) 

Cellular Cholesteryl Ester Content 

The  choles te ro l  c o n t e n t  o f  HMD macro -  
phages  p r e i n c u b a t e d  wi th  10% LPDS for 24 hr ,  
t hen  i n c u b a t e d  wi th  LDL or A c L D L ,  is s h o w n  
in Table  1. Th e  p r e i n c u b a t i o n  resul ted  in a 

decrease  of  b o t h  free and  es ter i f ied  choles te ro l  
f r om the  cells c o m p a r e d  to t hose  tha t  were 
c o n t i n u o u s l y  m a i n t a i n e d  in 5% HS (con t ro l ) ;  
the  s u b s e q u e n t  add i t ion  o f  e i t h e r  LDL or 
A c L D L  to  the  LPDS m e d i u m  resu l ted  in choles-  
terol  c o n t e n t s  at c on t ro l  levels, b u t  cells incu-  
ba ted  in se rum-f ree  m e d i u m  wi th  l i popro te ins  
had  choles te ro l  c o n t e n t s  t ha t  were twice t ha t  o f  
cont ro ls .  These  da ta  show  t h a t  HMD macro-  
phages  do no t  a c c u m u l a t e  large a m o u n t s  o f  
cho les te ry l  ester ,  even when  i n c u b a t e d  wi th  
mod i f i e d  l ipopro te ins  u n d e r  c o n d i t i o n s  in 
which  there  are few p r o m o t e r s  o f  choles te ro l  
e f f lux .  

L1PIDS, VOL. 17, NO. 10 (1982) 



712 D.H. ALBERT, M.G. TRABER, AND H.J. KAYDEN 

25-Hydroxycholesterol  Promotes Cholesteryl Ester 
Formation and Accumulat ion 

HMD macrophages were incubated with 25- 
hydroxycholesterol which stimulated the rate 
of incorporation of oleic acid into cholesteryl 
esters in a dose-dependent response up to 10 
#g/ml medium (Fig. 3A). Simultaneously, there 
was an increase in cellular cholesteryl ester with 
a decrease in free cholesterol of HMD macro- 
phages (Fig. 3B); the proportion of cholesteryl 
ester increased to nearly 50% of total choles- 
terol (Fig. 3C). Addition of cholesterol in 
ethanol was relatively ineffective in stimulating 
cholesterol esterification cellular free choles- 
terol content increased by 40 #g/rag protein 
(Fig. 3B). These data show that stimulation of 
cholesterol esterification by 25-hydroxycholes- 
terol in HMD macrophages leads to an increased 
proportion of cholesteryl ester; however, up- 
take and accumulation of free cholesterol does 
not  result in cholesterol ester accumulation. 
HMD macrophages can accumulate free choles- 
terol without esterifying it; this phenomenon 
has also been observed in ItMD macrophages 
incubated with LDL for prolonged periods (1). 

The rate of cholesterol esterification in IC21 
cells incubated for 24 hr with 25-hydroxycho- 
lesterol (20 #g/ml) in 10% FCS was also in- 
creased: 19.1 -+ 0.9 nmol/mg protein/4 hr com- 

pared to 0.7 -+ 0.3 for control cells; cholesteryl 
ester content also increased from 2.5 to 28.8 
/ag/mg protein. 

Effect of  Progesterone on Cholesterol Esterification 

The rate of cholesterol esterification in IC21 
cells incubated with both 25-hydroxycholes- 
terol (20 #g/ml) and progesterone (10/~g/ml), a 
known inhibitor of acyl CoA:cholesterol acyl 
transferase (ACAT) (18), was reduced from 
19.1 -+ 0.9 to 3.8 -+ 1.2 nmol/mg protein/4 hr 
with a cholesteryl ester content of only 5.3 #g[ 
mg protein. In contrast, the same preparation 
and amount of progesterone (20 #g/ml) had 
little effect on the rate of cholesterol esterifica- 
tion or on the accumulation of cholesteryl 
esters by HMD macrophages incubated with 
25-hydroxycholesterol (Table 2). As shown in 
Figure 4, progesterone had an inhibitory effect 
in IC21 cells exposed to both AcLDL (100 #g/ 
ml) and progesterone, but progesterone did not  
inhibit cholesterol esterification when HMD 
macrophages were stimulated to esterify cho- 
lesterol by incubation with either AcLDL or 
LDL (data not shown). These experiments, 
using conditions for maximal cholesterol ester- 
ification (incubation with 25-hydroxycholes- 
terol in HMD macrophages and with AcLDL in 
IC21 cells), show that progesterone inhibits 
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FIG. 3. Cholesterol esterification by HMD macrophages in response to 25-hydroxycho- 
lesterol. HMD macrophages cultured for 8 days with 5% HS were incubated with 10% LPDS 
for 24 hr and then for 20 hr with 10% LPDS containing either 25-hydroxycholesterol 
(boxes) or cholesterol (circles) at the indicated concentrations. After the addition of 3H- 
oleic acid, the cells were incubated for an additional 4 hr, harvested and the rate of choles- 
teryl ester formation (panel A) and the cellular content (panel B) of free cholesterol (closed 
symbols) and cholesteryl ester (open symbols) were determined. The percentage of total 
cholesterol as cholesteryl ester is shown (panel C). Values are the means of 3 determinations. 
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TABLE 2 

Failure of Progesterone to Inhibit the Stimulation 
of Cholesteryi Ester Formation and Accumulation 
by 25-Hydroxycholesterol in HMD Macrophages a 

Progesterone Cholesterol  Cholesteryl  
concentration b esterification c ester content d 

0 7.0 -+ 0.9 55 +- 7 
1 7.9 + 0,2 nde 
5 7.5 -+ 0,2 nd 

10 7.8 =t 1.2 nd 
20 6.4 + 0,3 51 -+ 8 

aHMD maerophages cultured for 8 days in 5% HS 
were incubated in 10% LPDS for 24 hr. The cells were 
then incubated for 24 hr in media containing the indi- 
cated concentration of progesterone and 5% HS with 
25-hydroxycholesterol (10 #g/ml). 

bprogesterone concentration in #g/ml medium. 
CShown: nmol aH-oleic acid incorporated into 

cholesteryl ester/rag protein/4 hr, mean -+ SE (n=3). 
dCholesteryl ester content  measured as described 

in Methods,/~g/mg protein, mean -+ SE (n=3). 
end = not determined. 

IC21 Mocrophoges 
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FIG. 4. Inhibition of eholesteryl ester formation 
and accumulation by progesterone in IC21 macro- 
phages incubated with AcLDL. Following incubation 
of cells for 20 hr in media with 10% LPDS containing 
AcLDL (100 /~g/ml) and the indicated concentration 
of progesterone, cholesteryl ester formation (panel A) 
and content (panel B) were measured as described in 
Fig. 2. Values are the means of duplicate determina- 
tions. 
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cho les te ro l  es te r i f ica t ion  in IC21 cells, b u t  n o t  
in HMD macrophages .  

713  

Role of Cholesterol Acceptors in the Medium 
in Maintaining Cholesterol Content 

To de t e rmine  h o w  m e d i u m  c o m p o n e n t s  
ef fec t  choles te ro l  eff lux f rom HMD macro-  
phages,  cells t h a t  had  been s t imula ted  to 
accumula t e  cho les te ry l  es ter  (60-70  /ag/mg 
p r o t e i n )  by  expos ing  t h e m  to 25 -hyd roxy -  
cho les te ro l  in 5% HS for  24 h r  were t h o r o u g h l y  
washed  and p laced  in m e d i u m  c o n t a i n i n g  e i t he r  
5% HS, LPDS, h u m a n  a l b u m i n  (serum-free) ,  or  
serum-free  wi th  HDL (350  #g /ml ) .  Cellular free 
and  es ter i f ied  cho les t e ro l  were t h e n  m o n i t o r e d  
for  three  days.  This  m e t h o d  did no t  d i rec t ly  
measure  choles te ro l  e f f lux;  however ,  it was 
assumed t h a t  the  choles te ro l  homeos t a s i s  of  
the  cells would  be pr imari ly  a f fec ted  by  t he  
presence  or absence  of  cho les te ro l  accep tors  
in the  m e d i u m .  The  c o n t r i b u t i o n  of  cel lular  
cho les te ro l  syn thes i s  and  u p t a k e  of  l i pop ro t e in s  
on  choles te ro l  homeos ta s i s  was cons ide red  to  
be min ima l  u n d e r  t he  cond i t i ons  of  this  exper i -  
men t ,  as i t  has  been  previously  s h o w n  t h a t  pre- 
i n c u b a t i o n  of  HMD macrophages  in LPDS is 
requ i red  t o  induce  e levated levels of  these  
processes  (1) .  Figure 5 ind ica tes  tha t ,  u n d e r  
each o f  the  c o n d i t i o n s  used,  regardless of  the  
compos i t i on  of  the  m e d i u m ,  a f te r  one  day of  
i n c u b a t i o n ,  there  was a decrease of  at  least  
30% in the  cellular cho les te ry l  es ter  c o n t e n t .  
T h a t  this  decrease  occu r red  in cells in serum- 
free med ia  d e m o n s t r a t e s  t ha t  hydro lys i s  of  
cho les te ry l  es ter  by  HMD macrophages  does 
n o t  require  the  presence  of  serum.  However ,  
the  level of  unes te r i f i ed  choles te ro l  in HMD 
macrophages  af ter  three  days of  i n c u b a t i o n  
did d e p e n d  on  the  c o m p o s i t i o n  of  the  m e d i u m ;  
it  increased by 20 /ag/mg p ro t e in  in cells in 
serum-free  m e d i u m ,  bu t  r ema ined  relat ively 
c o n s t a n t  in cells in 5% HS (Fig. 5). In con t ras t ,  
the  unes ter i f ied  cho les te ro l  c o n t e n t  o f  cells 
i n c u b a t e d  in LPDS or  in m e d i u m  con ta in ing  
HDL decreased b y  at least  15 #g / rag  so t ha t ,  
by  the  th i rd  day o f  i n c u b a t i o n ,  these  cells had  
on ly  a b o u t  50% as m u c h  to t a l  cho les te ro l  as 
the  cells m a i n t a i n e d  in serum-free  m e d i u m .  
These  resul ts  show t h a t  factors  p resen t  in LPDS 
and HDL decrease the  cho les te ro l  c o n t e n t  of  
HMD macrophages  and  p robab ly  increase  the  
rate of  cho les te ro l  e f f lux  f rom these  ceils. 

DISCUSSION 

The resul ts  of  these s tudies  d e m o n s t r a t e  t h a t  
cho les te ry l  es ter  a c c u m u l a t i o n  in HMD macro-  
phages  is in f luenced  by  at least  two  processes :  
one  which  con t ro l s  the  ra te  of  u p t a k e  of  l ipo- 
p ro te in -der ived  choles te ro l  and  the  o t h e r  t h a t  
a f fec ts  the  ra te  o f  cho les te ro l  e f f lux  f rom the  
cells. F r o m  the  da ta  in Table  1 and  Figure 1, 
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FIG. 5. Response of HMD macrophages stimu- 
lated to accumulate cholesteryl ester with 25-hydroxy- 
cholesterol to medium containing serum, LPDS and 
HDL. HMD macrophages cultured with 5% HS for 8 
days were incubated with 25-hydroxycholesterol 
(10 t~g/ml) in 5% HS for 24 hr, thoroughly washed 
and then incubated with the replacement medium 
for the indicated lengths of time. The replacement 
media used were: serum-free medium (2 mg human 
albumin/ml), 10% LPDS, 5% HS, or serum-free 
medium containing HDL (350 t~g/ml). After the indi- 
cated time, cells were harvested and the cholesterol 
(open bar) and cholesteryl ester (filled bar) contents 
were determined. Shown are the averages of duplicate 
determinations. 

it is apparent that both the rate of LDL degra- 
dation and the degree of stimulation of choles- 
teryl ester formation in HMD macrophages are 
dependent on the receptor-mediated process 
for the uptake of native LDL. The enhanced 
ability of AcLDL to stimulate cholesteryl ester 
formation is most likely due to the'activity of 
the high-affinity process responsible for AcLDL 
uptalte (1,2). However, the level of cholesteryl 
ester formation is not as high as that observed 
in mouse peritoneal macrophages as described 
by Goldstein et al. (5). Under our experimental 
conditions, even prolonged incubation (over a 
week) with high concentrations of AcLDL 
(>200 /ag]ml) does not promote cholesteryl 
ester accumulation in excess of 100 /~g/ml 
protein (unpublished observations), yet mouse 
macrophages were reported to accumulate as 
much as 1 mg cholesteryl ester/mg protein (5). 
As HMD macrophages become macrophages in 
vitro under quite defined conditions, and peri- 
toneal macrophages are macrophages when they 

are isolated, peritoneal macrophages may have 
been stimulated to be more effective scavengers 
than HMD macrophages. 

Cholesteryl ester accumulation was pro- 
moted by incubating HMD macrophages and 
IC21 cells with 25-hydroxycholesterol, a 
known stimulator of ACAT activity (19). These 
data are consistent with the stimulatory re- 
sponse to this sterol reported for cultured 
human fibroblasts (19). 

Perhaps the most striking difference between 
the response of HMD macrophages and other 
cell types is that, under the conditions de- 
scribed, progesterone has virtually no effect on 
the rate of cholesterol esterification in HMD 
macrophages. This is in sharp contrast to the 
potent inhibition of ACAT by progesterone 
in fibroblasts (18), mouse peritoneal macro- 
phages (20), and IC21 cells (present study). The 
failure of progesterone to inhibit cholesterol 
esterification suggests that the enzymes respon- 
sible for this process in HMD macrophages are 
different with regard to either their sensitivity 
or accessibility to the inhibitor. 

The second process which influences the 
amount of cholesteryl ester accumulated by 
HMD macrophages is the rate of cholesterol 
efflux. Factors present in HDL and LPDS 
fractions promote efflux of cholesterol from 
mouse peritoneal macrophages (21) and appear 
to promote cholesterol efflux from HMD 
macrophages. Table 1 shows that cells incu- 
bated in serum-free medium supplemented with 
LDL or AcLDL have a greater accumulation 
of cholesterol and cholesteryl ester than cells 
in medium containing LPDS and the same lipo- 
proteins. Furthermore, medium containing 
LPDS or HDL is more effective than medium 
that does not contain serum components in 
promoting efflux of free cholesterol from cells 
which previously have been stimulated with 
25-hydroxycholesterol to accumulate ester 
(Fig. 5). Taken together, these data are consis- 
tent with the proposed role of apolipoproteins 
in promoting the excretion of cholesterol from 
cells (21,22). However, hydrolysis of choles- 
teryl ester by HMD macrophages does not seem 
to require the response of these apolipopro- 
teins; only the removal of 25-hydroxycholes- 
terol from the medium was necessary. This is in 
contrast to mouse peritoneal macrophages in 
which net cholesteryl ester hydrolysis occurs 
only in the presence of cholesterol acceptor 
(21). Preliminary evidence suggests that the 
HMD macrophages secrete apolipoprotein E 
(M.G. Traber and H.J. Kayden, unpublished 
observations), which has been demonstrated 
to act as a mechanism in the secretion of cho- 
lesterol by mouse peritoneal macrophages (23). 
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Perhaps  the  level o f  apo l ipopro te in  E secre t ion  
by HMD macrophages  is suff ic ient  to  allow 
choles teryl  ester  hydro lys i s  and some secre t ion  
of  choles terol  when  the  cells are incuba ted  in 
serum-free m e d i u m  conta in ing  a lbumin.  
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cis-5-Oiefinic Unusual Fatty Acids in Seed Lipids 
of Gymnospermae and Their Distribution 
in Triacylglycerols 

TORU TAKAGI*  andYUTAKA ITABASHI, Department of Chemistry, Faculty of Fisheries. 
Hokkaido University, Hakodate. Japan 

ABSTRACT 

Open-tubular gas chromatographic analysis of fatty acids in the lipids from the seeds of 20 species 
of Gymnospermae showed that they all contained nonmethylene-interrupted polyenoic (NMIP) acids 
as minor components and palmitic, oleie, linoleic and ~-linolenic acids as major components. The NMIP 
acids have an additional 5,6-ethylerdc bond in ordinary plant unsaturated fatty acids and the following 
C 2 elongation acids: eis-5, cis-9-octadeeadienoic acid (5,9-18:2) (I); 5,9,12-18:3 (II); 5,9,12,15-18:4, 
5,11-20:2, 5,11,14-20:3 (III); and 5,11,14,17-20:4 (IV). The main NMIP acids found in neutral lipids 
are I in two species of Taxus, II in seven species of Pinaceae, III in two species of Podocarpaceae, Tor- 
reya nucifera, Cycas revoluta, and Ginkgo biloba, and III and IV in each of three species of Taxodiaceae, 
and Cupressaceae. The polar lipids constitute the minor fraction of seed lipids in general. The content 
and composition of NMIP acids in these lipids differ considerably fromthose in neutral lipids. Analysis 
of the partial cleavage products of triacylglycerois showed that the NMIP acids distribute mainly in the 
1,3-position. 
Lipids 17:716-723, 1982. 

INTRODUCTION 

Nonmethylene-interrupted polyenoic (NMIP) 
fatty acids have been reported as constituents 
of lipids from certain classes of plants (1,2), 
marine invertebrates (3-6), insects (7), and 
others. In Gymnospermae, the occurrence of 
NMIP acids with an isolated 5:6 double bond 
has been reported in the lipids of different spe- 
cies, since cis-5,cis-11,cis-14-eicosatrienoic acid 
(5,11,14-20:3) was found in Podocarpus nagi 
seed oil in 1962 (8). The major NMIP acids 
found in the seeds of Gymnospermae are 5,11- 
18:2 and 5,11,14-20:3 in Ginkgo biloba (9,10); 
5,9,12-18:3 in two species of Pinaceae: Larix 
leptolepsis (11) and Pinus koraienesis (12); 5,9- 
18:2 and 5,11,14-20:3 in Taxus baccata (13); 
5,11,14-20:3 in Torreya nucifera (12,14); 5,11, 
14-20:3 and 5,11,14,17-20:4inEphedracampy- 
lopoda (15); 5,11-18:2 and 5,11,14-20:3 in the 
lipids of roots, leaves and stems of G. biloba 
( 16 ); 5,9,12-18: 3 in the geranylgeranyl esters of 
Norway spruce, Picea abies, wood (17); plus 5,9- 
18:2, 5,9,12-18:3,5,9,12,15-18:4,5,11,14-20:3 
and 5,11,14,17-20:4 in the leaf lipids of many 
species of conifer (18). The occurrence of trans- 
5-olefinic fatty acids in the seeds of various 
plants has been reported (1,2), but trans-5-ole- 
finic NMIP acids have not been found in Gym- 
nospermae. 

*Author to whom correspondence should be ad- 
dressed. 

In this study, the fatty acids of seed lipids 
from 20 species of Gymnospermae have been 
investigated with particular at tention to NMIP 
acids, and their positional distribution in triacyl- 
glycerols. 

MATERIALS AND METHODS 

Materials 

The species of Gymnospermae studied are 
listed in Table 1. All seeds were air-dried prod- 
ucts from a nursery company (Daiichi Engei 
CO. Ltd., Tokyo) except those described below. 
Air-dried seeds ofCycas revoluta and dried stalks 
of Ephedra sinica were obtained from a phar- 
macy dealingin Chinese drugs. Seeds of G. biloba 
and P. koraiensis were obtained at a grocery 
store. The seeds of Taxus cuspidata, and Charn- 
aecyparis pisifera were collected at Hakodate. 
Seeds of P. nagi arid Taxodium districhum were 
obtained from Nara and Hiroshima, respectively. 
Seeds of Podocarpus macrophylla and T. nuci- 
fera were obtained from Kagoshima. Seeds of 
Taxus canadensis were obtained from Halifax, 
Canada. 

Preparation of Methyl Esters 

The seeds were ground to powder with an 
electric mill and extracted by the method of 
Bligh and Dyer (19). Total lipids were fraction- 
ated into polar and neutral lipids by liquid 
chromatogra16hy on a silica gel (Kieselgel 60, 
Merck) column using chloroform and methanol 
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TABLE 1 

Gymnosperm Seeds and Their Contents of Lipids and NMIP Acids 

717 

Total a Neutral b Average c 
Sample lipids lipids wt of a 

Family no. Genus and species (%) (%) seed (mg) 

NMIP acid d 

NL PL 

Cycadaceae 1 Cycas revoluta 0.82 64.35 7140 
Ginkgoceae 2 Ginkgo biloba 1.78 84.45 -- 
Taxaceae 3 Taxus cuspidata 15.62 90.58 60 

4 Taxus  canadenMs 30.40 93.52 -- 
5 Torreya nucifera 49.70 99.37 1050 

Podocarpaceae 6 Poclocarpus macrophyl la 9.24 54.66 410 
7 Podocarpus nagi 17,27 -- - 
8 Pinaceae ]ezoensis 38.68 94.76 11 
9 Larix lep tolepsis 14.68 94.74 3 

10 Cedrus deodra 51.50 88.05 116 
11 Pinus densiflora 33.51 97.54 9 
12 Pinus thunbergii  26.56 93,16 -- 
13 Pinus koraiensis 65.00 e -- 166 
14 Pinus pentaphyl la  16.55 96.82 167 

Taxodiaceae 15 Taxodium distr ichum 2.02 e -- -- 
16 Sciadopi tys  verticillata 36.80 96.65 19 
17 Cryptomeria  japonica 9.87 94.20 18 

Cupressaceae 18 Chamaecyparis pisifera 12.78 e - 3 
19 Juniperusrigicla 6.52 74.29 22 
20 Juniperus chinensis 8.41 96.09 14 

Ephe draceae 21 Ephedra sinica 2.76 - -- 

4.20 
7.55 

22.42 
17.08 
7.55 

11.01 
24.06 
29.09 
29.71 
13.99 
25.68 
25.13 
17.78 
22.97 
11.16 
17.47 

6.73 
10.68 
23.27 
20.56 

2.27 

2.61 
4.16 
7.85 
6.04 

11.79 
8.70 
8,16 
8,08 

10.76 
11.41 
12.19 

8.42 

14.2"7 
4.04 

9.49 
13.48 

2.12 

awt %: total lipid to dried seeds. 
bwt %: neutral lipids to total lipids. 
ewt of a seed without its coat. 
dNMIP acid % to total lipids. NL, neutral iipids. PL, Polar lipids. 
eExtracted with ether. 

as solvents. Samples 13, 15 and 18 in Table 1 
were  ex t rac ted  wi th  e ther  and the  ex t rac t s  were 
used as the  to ta l  lipids. The lipid f ract ions  were 
d i rec t ly  conver ted  to  m e t h y l  esters wi th  0.5 M 
sodium m e t h o x i d e / m e t h a n o l  reagent .  These es- 
ters  were puri f ied wi th  t h inqaye r  chromatogra-  
phy  (TLC) on a 0 .5-mm layer of  Silica Gel G 
by  developing wi th  h e x a n e / e t h e r  (8:2 ,  v/v). 

Gas-Liquid Chromatography (GLC) 

Open- tubula r  GLC of  t he  me thy l  esters  was 
done  wi th  a Shimadzu GC-7A (Shimadzu  Seisa- 
kusho  Co., Kyo to )  equ ipped  wi th  a dual FID 
de t ec to r  on  a wall-coated,  open- tubula r  glass 
co lumn coa ted  wi th  Silar 5CP (66 m x 0.28 
m m  id). The carrier gas was N 2 and had  a f low 
rate  o f  0.5 ml /min  and split  rat io o f  1/155. The 
co lumn  t empera tu r e  was 170 C, and the  in jec tor  
and de t ec to r  were 230 C. All carrier gas pa th-  
ways were made  o f  glass tubes.  Peak area per- 
centages  were  ob ta ined  wi th  a Shimadzu  inte- 
grator  E 1 A. 

Argentation TLC (AgNO s-TLc) 

The separa t ion  of  the NMIP acids was done  
by preparat ive AgNO3-TLC on  silver n i t ra te  

impregna ted  layers of  Silica Gel G by  develop- 
ing wi th  e thy l  ace ta t e /hexane ,  1:19 for the die- 
noa te  and 1:9 for  the  t r i enoa te  and te t raenoa te .  

Nuclear Magnetic Resonance (NMR) 

A JEOL FX-200  s p e c t r o m e t e r  (Nippon  Den- 
shi Co., Tokyo)  in the  Four ier  t r ans fo rm m o d e  
at 199.50 MHz (1H) and 25.00 MHz (13C) was 
used to  ob ta in  t H  and 13C NMR spectra  o f  sam- 
ples in De13. 

Mass Spectrometry (MS) 

The MS o f  the  pyrro l id ides  o f  the  unsa tu ra ted  
fa t ty  acids for  de te rmin ing  the  double  b o n d  po- 
si t ions was done  wi th  a JEOL mass spec t rome te r  
JMS-D3000 opera ted  at an ion iza t ion  potent ia l  
o f  70 eV and ion source t empe ra tu r e  of  170 C. 
The pyrool id ides  o f  fa t ty  acids were prepared  
by  hea t ing  10 mg of  the  m e t h y l  esters in fresh- 
ly disti l led pyrrol id ine ,  1 ml, and acetic acid, 
0.1 ml, at 100 C for  30 min on a microscale  (20). 

RESULTS AND DISCUSSION 

Unusual Fatty Acid Components 

The lipid c o n t e n t  in the seeds of  G y mn o -  
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spermae is shown in Table  1. The total  lipids 
consisted primarily of  neutral  lipids. The GLC 
of  the fat ty acid methyl  esters prepared from 
each lipid indicated some unusual peaks. The 
typical  chromatograms are shown in Figure 1. 
The unusual peaks 5,7,9,  12, 14 and 16 appeared 
soon after the peaks of  9-18:1, 9,12-18:2, 9,12, 
15-18:3, 11-20:1, 1 i ,14-20:2 and 11,14,17-20: 
3, respectively. The components  of peaks 12 
and 14 were identified as 5,11-20:2 and 5,11, '  
14-20:3 on the basis of the agreement of  the 
retention data with those of  the reference speci- 
men obtained from sea urchins (3) and P. nagi 
seeds (8). 
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FIG. 1. GLC resolution of methyl esters of 5- 
olefinic NMIP acids in gymnosperm seed lipids on a 
WCOT Silar 5CP column. (1) 16:0; (2) 18:0; (3) 
18:1(n-9); (4) 18:1(n-7); (5) 18:2(5,9); (6) 18:2(n-6); 
(7) 18:3(5,9,12); (8) 18:3(n-3); (9) 18:4 (5,9,12,15); 
(10) 20:0; (11) 20:1(n-9); (12) 20:2(5,11); (13) 20:2 
(n-6); (14) 20:3(5,11,14); (15) 20:3(n-3); (16) 20:4 
(5,11,14,17). 

Separation of the NMIP Acids 

Methyl esters of fatty acids from the seed 
lipids showed spots in the following order from 
the top to the origin in AgNO3-TLC; (9-18:1), 
(9,12-18:2), (peak 5 and 12 components),  (9, 
12,15-18:3), (peak 7 and 14 components),  and 

(peak 9 and 16 components).  The components  
of peaks 5, 7, 14 and 16 were separated by 
AgNOa-TLC of the methyl  esters from T. cus- 
pidata, P. koraiensis, P. nagi, and J. chinensis 
seed lipids, respectively. The peak 7 and 16 
components  were concentrated by  the urea ad- 
duct method before the application of AgNOa- 
TLC. Each sample showed a puri ty exceeding 
96% in GLC. 

Mass Spectra of Pyrroliflifles 

The mass spectrum of  pyrrolidide from the 
peak 5 fraction showed the following irregular 
intervals of m/e 12 between the maxima in the 
fragment ion peaks for each carbon atom: C4 
(m/e 140, intensity 0.8% to the parent peak)-C s 
(m/e 152, 0.4%), and Cs(194, 0.5%)-C9(206 , 
0.3%). A molecular ion peak appeared at m/e 
333. The results show 5,9-18:2 for the structure 
of  the peak 5 component .  The mass spectrum 
of pyrrolidide from the peak 7 fraction showed 
the following intervals of m/e 12 between the 
maxima: C4(140, 0.8%)42s(152, 1.0%), Ca 
(194, 0.5%)429(206 , 0.4%), and Cn(234 ,  
1.0%)42,2(246, 1.0%). A molecular ion peak 
appeared at m/e 331. The results show 5,9,12- 
18:3 for the structure of  the peak 7 component .  
The pyrrolidide of the peak 14 fraction showed 
the following intervals of m/e 12 between the 
maxima: C4(140, 3.2%)-Cs(152, 2.1%), Clo 
(222, 1.5%)4211(234 , 1.8%), and C13(262, 
1.8%)4214(274, 1.0%). A molecular ion peak 
appeared at m/e 359. The results show 5,11,14- 
20:3 as the structure of the peak 14 compon- 
ent. The pyrrolidide of the peak 16 fraction 
showed intervals of m/e 12 between the maxima 
as follows: C4(140, 1.1%)-Cs(152, 0.7%), C10 
(222, 0.5%)-Cn(234, 0.7%), C13(262, 0.4%)- 
C14(274, 0.5%), and C16(302, 0.3%)4217(314, 
0.3%). A molecular ion peak appeared at m/e 
357. The results show 5,11,14,17-20:4 for the 
structure of the peak 16 component .  

NMR, IR and UV Spectrometry 

I R  and UV spectrometric analyses of each 
fraction were done by the procedure Cd 14-61 
and Cd 7-48 of the A OCS Official and Tentative 
Methods o f  Analysis. The limits of detect ion of 
isolated trans double bonds by IR analysis and 
conjugated double bonds by UV analysis were 
2% as methyl  elaidate and 1% as methyl  ot- 
eleostearate, respectively. The spectra did not  
show the presence of trans and conjugated un- 
saturated compounds in all of  the samples. 

The laC NMR of each fraction showed the 
peaks listed in Table 2. The laC NMR spectra 
for each NMIP acid were in fair agreement with 
those calculated by the set of additive substitu- 
ent parameters (21-23). Coexistence of trans 5 
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TABLE 2 

13C Chemical Shifts of Methyl Esters of 5-Oiefinic NMIP Acids from Seeds 

719  

Locant of 5,9-18:2 5,9,12-18:3 5,11,14-20:3 5,11,14,17-20:4 
C atom Found Calcd a Found Caled Found calcd Found calcd 

1 174.20 174.20 174.10 174.20 174.15 174.20 174.15 174.20 
2 33.55 33.55 33.49 33.55 33.54 33.55 33.55 33.55 
3 24.98 25.05 24.92 25.05 25.00 25.05 25.00 25.05 
4 26.68 26.65 26.65 26.65 26.68 26.65 26.64 26.65 
5 128.84 128.90 129.03 129.05 128.49 128.40 b 128.48 128.40 b 
6 130.54 130.65 130.38 130.40 130.92 131.30 b 130.92 131.30 b 
7 27.39 27.35 27.36 27.35 27.23 27.30 29.23 29.30 
8 27.39 27.35 27.36 27.35 29.43 29.40 29.39 29.40 
9 128.98 129.05 129.32 129.35 29.43 29.40 29.39 29.40 

10 130.48 130.55 128.70 128.70 27.23 27.30 27.23 27.30 
11 27.48 27.30 25.74 25.75 130.21 130.13 c 130.13 130.28 d 
12 29.82 29.80 127.91 127.95 128.16 128.07 c 127.79 127.87 d 
13 29.41 29.40 130.81 130.40 25 .76  25.75 25.70 25.75 
14 29.62 29.65 27.27 27.25 128.16 128.07 c 128.26 128.33 d 
15 29.41 29.40 29.39 29.45 130.21 130.13 c 128.26 128.33 d 
16 32.00 31.90 31.59 31.55 27.23 27.25 25.70 25.75 
17 22.78 22.75 22.63 22.60 29.43 29.45 127.19 127.31 d 
18 14.18 14.05 14.09 14.05 31 .64  31.55 131.95 131.86 d 
19 22.68 22.60 20.66 20.55 
20 14.16 14.05 14.39 14.40 

OCH s 51.46 51.45 51.45 51.45 51.43 51.45 51.42 51.45 

aCalculated shifts for each carbon are obtained with the method reported by B~S et al. (22), except those for 
olefin carbons which are taken from the data of b5-18:1 (21); c11,14-20:2; 11,14,17-20:3 (23), without 
correction for the effect induced between olefinie bonds. 

i somers  in  t he  5-olef inic  NMIP acids has  been  
r e p o r t e d  in the  f a t t y  acids of  some seed oils. 
The  ~i values of  these  5- isomers  are ca: 0.5 h igher  
in t he  5- and  6 -e thy len ic  carbons ,  and  5.4 h igher  
in  t he  4- and  7-allylic c a r bons  t h a n  those  o f  t he  
c o r r e s p o n d i n g  ca rbons  of  t he  cis 5 isomers ,  
respec t ive ly  (21-23) .  In  th is  s tudy ,  t he re  were 
n o  signals for  t he  trans 5-isomers  in  t he  t a c  
N M R  of  the  NMIP acid f rac t ions .  In Table  2, 
t he  re fe rence  values  for  the  e thy len ic  c a r b o n s  
o f  5,1 1 ,14-20:3  and  5 , 1 1 , 1 4 , 1 7 - 2 0 : 4  are t a k e n  
f r o m  the  da ta  of  5-18:1 (21) ,  11 ,14-20 :2  and  
1 1 ,14 ,17-20:3  (23)  w i t h o u t  co r r ec t i on  for  the  
i n d u c e d  ef fec t  b e t w e e n  5 and  o t h e r  d o u b l e  
bonds .  Since it  was r epo r t ed  t h a t  a cis doub le  
b o n d  has  effects  on  o t h e r  cis doub le  b o n d  in 
t h e  e pos i t i on  (23) ,  t he  11 ,14-diene  and  11,14,  
17-t r iene sys tem m u s t  have some  ef fec t  o n  the  
6 values  of  the  5- and  6 -e thy len ic  c a r bons  in 5, 
11 ,14-20:3  and  5 ,11 ,14 ,17 -20 :4 .  The  appre-  
ciable dev ia t ion  in the  value of  the  6 -ca rbon  
f r o m  the  re fe rence  values in Table  2 is a t t r ibu-  
t ab le  to  a downf i e ld  shif t  resu l t ing  f r o m  t he  de- 
shie lding ef fec t  of  t he  l l , 14 -d iene  and  11,14,  
17-t r iene o n  the  6 -ca rbon .  

All the  f r ac t ions  of  5 ,9-18:2 ,  5 ,9 ,12 -18 :3 ,  
5 ,11 ,14 -20 :3  and  5,1 1 ,14 ,17-20 :4  showed  
qua r t e t s  in the  XH N M R  spect ra  at  ~ 1.67, 
associated wi th  the  C3 m e t h y l e n e  group which  

is in  t he  fl pos i t i on  to b o t h  a d o u b l e  b o n d  and  a 
ca rboxy l i c  group in the  f a t ty  acids hav ing  an 
i so la ted  5 -doub le  b o n d  (24) .  I H NMR spec t ra  
of  5 ,9 -18 :2  and  5 ,9 ,12-18 :3  f rac t ions  were iden-  
t ical  to  those  r e p o r t e d  b y  Madrigal  e t  al. fo r  
5 ,9 -18 :2  f rom T. baccata seed oil (13) ,  and  by  
S m i t h  et  al. fo r  5 ,9 ,12-18 :3  f rom Teucrium de- 
pressure seed oil (25) ,  respect ively .  The  spec t ra  
o f  the  5 ,11 ,14 -20 :3  and  5 , 1 1 , 1 4 , 1 7 - 2 0 : 4  frac- 
t ions  inc lude  a 2 - p r o t o n  t r ip le t  at  ~ 2 .30 for  t he  
CH 2 group  wh ich  is in  t he  a pos i t i on  to the  car- 
b o x y l  group,  and  a 3 - p r o t o n  singlet  at  ~ 3.65 
for  the  C H 3 0  g roup  in c o m m o n .  The  spectra  of  
5 , 1 1 , 1 4 , 1 7 - 2 0 : 4  f r ac t i on  subs ta ined  an n-3 
doub le  b o n d  w i th  a sharp  t r ip le t  for  the  termi-  
nal  m e t h y l  g roup  at  ~ 0.95 as descr ibed  in t he  
l i t e ra tu re  (16) .  The  o t h e r  th ree  acids showed  
t r ip le ts  for  the  m e t h y l  group at ~ 0.88.  The  
spec t ra  of  the  5,1 1 ,14 ,17-20 :4  f r ac t ion  ind ica ted  
4 - p r o t o n  t r ip le ts  f o r  two  diaUyl m e t h y l e n e  
groups  at  ~ 2 .78 ;  those  of  the  5 ,9 ,12-18 :3  and  
5 ,11 ,14 -20 :3  f r ac t ions  ind ica t ed  2 - p r o t o n  t r ip-  
lets  for  one  diallyl  m e t h y l e n e  group  at  6 2.77.  
All the  spec t ra  s h o w e d  8 - p r o t o n  c o m p l e x  mul t i -  
p le ts  for  the  m e t h y l e n e  groups,  which  is in  the  
ct pos i t i on  to  d o u b l e  b o n d s ,  at  ~ 2.0-2.2.  The  
spect ra  of  t he  5 ,11 ,14 -20 :3  and  5 ,11 ,14 ,17-  
20 :4  f rac t ions  ind ica t ed  10 and  4 p r o t o n  com- 
plex  mu l t i p l e t s  for  the  o t h e r  m e t h y l e n e  groups  
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at ~ 1.3-1.4. These features agree with the struc- 
tures for each compound deduced by MS of  the 
pyrrolidides and 13C NMR. 

GLC ~havior of the Methyl Esters of NNIIP Acids 

The 5-olefinic acids found in this study have 
an additional 5:6 double bond in ordinary plant 
unsaturated fatty acids such as oleic, linoleic 
and linolenic acids, and their C: elongation 
compounds: 11-20:1, 11,14-20:2 and 11,14, 
17-20:3. The methyl  ester peaks of  the NMIP 
acids appear soon after the peaks of the methyl  
esters of  the corresponding ordinary acids. The 
separation factors and differences in equivalent 
chain length (AECL) between these fatty acid 
ester pairs remained about the same. The average 
with standard deviation for the separation fac- 
tors and AECL was 1.038 + 0.02 and 0.12 + 
0.01, respectively. The relations in GLC data can 
be used for a tentative identification of  the 5- 
olefmlc NMIP acid esters. According to this 
method,  the component  of  peak 9 was tenta- 
tively identified as 5,9,12,15-18:4 from the sep- 
aration factor 1.030 and AECL 0.13 between 
peak 9 and the 9,12,15-18:3 peak. In the GLC 
of  methyl  esters of  fatty acids from Cycas, P. 
macrophylla, and Ginkgo seed lipids, a small 
peak was found behind the 5,9-18:2 peak. The 
peak was tentatively identified as 5,11-18:2 by 
the separation factor 1.037 and AECL 0.11 be- 
tween the subjected peak and the 11-18:1 peak. 

Unusual Fatty Acid Composition 

The fatty acid composit ion of  neutral lipids 
from the seeds is shown in Table 3. The compo-  
sition is usually more complicated than that for 
vegetable oils. The lipids of  Cycas and Ginkgo 
seeds contain low levels of some NMIP acids 
such as 5,11,14-20:3,  5,11-20:2 and 5 ,9 -and  
5,11-18:2. The lipids of T. cuspidata seeds ob- 
tained in Japan contain a higher percentage of 
5,9-18:2 compared to that of T. canadensis ob- 
tained in Canada and "1". baccata obtained in the 
U.S. (12.2%) (13). T. nucifera belongs to Taxa- 
ceae with Taxus, but the major NMIP acid of 
T. nucifera seed lipids is 5,11,14-20:3,  as in the 
case of  Podocarpaceae. The lipids of  the 1', nagi 
seeds used in this study showed a somewhat 
higher percentage of 5,11,14-20:3 compared to 
that  reported in the previous paper (20.5%) (8). 
The major component of  the NMIP acid found 
in Pinaceae was found to be 5,9,12-18:3 (10, 
11,16). All seed lipids of  the nine species of  
Pinaceae examined in this study showed 5,9,12- 
18:3 as the major NMIP acid in the GLC analy- 
sis. Among these, the neutral seed lipids of P. 
Jezoensis and L. leptoIep~is contain an especial- 
ly high percentage of  5,9,12-18:3.  The charac- 
teristic NMIP acids of the neutral lipids of Taxo- 
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diaceae and Cupressaceae seeds are 5,11,14,17- 
20:4 which occur with 5,11,14-20:3. However, 
the content of these acids is less than 10%. In 
the previous paper, Ephedra eampylopoda seed 
oil was found to contain the maximal amount 
of  5,11,14,17-20:4 (21.9%) (15). The occur- 
rence of 5,11,14,17-20:4 was also found in the 
stalk lipids of  E. sinica as the major component 
of  the NMIP acids in this study, though the 
content was quite low. 

Desaturation of Fatty Acids at 5 :6  
Recently, 5-desaturation of fatty acids from 

oilseeds was demonstrated for the first time by 
incubation of X4C-labeled substrates with devel- 
oping seed slices and with a cell-free homogenate 
of meadowfoam (Limnanthes alba) seeds (26). 
The 5-desaturase activity of  the extracts of the 
developing seeds was characterized (27). The 
acyl group in meadowfoam seed oil contains 
about 60% of 5-20:1 with small amounts of 5- 
22:1, 5-18:1 and 5,13-22:2 as 5-olefinic fatty 
acids. The 5-olefinic NMIP acids in the gymno- 
sperm seeds can be formed in a similar manner 
by 5-desaturase. 

The seed lipids of certain kind of grass belong 
to Compositae, Raunculaceae, Labiatae, Lim- 
nanthaceae and Chemopodiaceae containing 5- 
olefinic unsaturated acids, including 5-mono- 
enoic acids (1,2). However, 5-monoenoic acids 
were not detected in the fatty acids of lipids 
from the seeds of the 20 species of Gymnosper- 
mac in this study. The efficiency of the open- 
tubular GLC column used in this study (theo- 
retical plates; 140,000 to 18 : 1) was enough to 
separate the peaks of 5-16:1, 5-18:1 and 5-20:1 
from those of the ordinary fatty acids included 
in gymnosperm seed lipids. Typical ECL values 
and separation factors under the conditions of 
this study are: ECL 5-16:1 16.11, 7-16:1 16.19, 
9-16:1 16.30, 5-18:1 18.12, 9-18:1 18.25, 11- 
18:1 18.32, 5-20:1 20.10, 11-20:1 20.22,  13- 
20:1 20.31, and separation factors 7-16:1/5- 
16:1 = 1.028, 9-!8:1/5-18:1 --- 1.046 (28). The 
absence of  5-monoenoic acids suggests one of 
the characteristics of the desaturase in the 
gymnosperm seeds. 

The desaturation of acyl groups resulting in 
the formation of  linoleate from oleate in phos- 
pholipids by cotyledons and microsomes of 
developing seeds has been reported (29,30). 
However, as was described in the previous paper, 
5-desaturase does not show activity toward polar 
lipids as substrates in L. alba seeds, since endo- 
genous phosphatidylcholine and-ethanolamine 
contain very low levels of 5-monoenoic acids 
(26,27). In this study, a considerable amount of 
5-olefinic NMIP acid was found in the polar 
lipids taken from the gymnosperm seeds tested 
(Table 4). However, the content was generally 
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lower  t han  t ha t  in  neu t r a l  lipids. Thus,  the  poss- 2. 
ibi l i ty  of  d i rec t  d e s a t u r a t i o n  of  acyl g roups  in 
polar  l ipids shou ld  be  cons idered  a possible  3. 
pa thway  for the  f o r m a t i o n  of  5-olef inic  acid in 
g e r m n o s p e r m  seeds. 4. 

In the  Ginkgo seeds used in this  s tudy ,  1 1- 
18:1 was p re sen t  in a grea ter  a m o u n t  t h a n  9- s. 
18:1,  wh ich  is the  ma in  18:1 acid in mos t  gym- 6. 
n o s p e r m  seeds. On the  o t h e r  hand ,  the  pecul ia r  
fea ture  of  the  NMIP acid in the  Ginkgo seed 7. 
lipids is the  p r e d o m i n a n t  occu r r ence  of  5,11- 8. 
18:2  as 18 :2  wh ich  was r epo r t ed  in the  previ- 
ous  paper  (9 ,10)  and  again observed  in this  s tudy.  9. 
The  usual  18:2  acid found  as a NMIP acid in 

10. 
g y m n o s p e r m  seeds is 5 ,9-18:2 .  These  facts  sug- 
gest the  b iochemica l  f o r m a t i o n  of  5 ,11 -18 :2  11. 
f rom 11-18:1 and  5 ,9-18:2  f rom 9-18:1 b y t h e  
5-desaturase ,  based on  the  analogy to the  re- 12. 
p o r t e d  p a t h w a y  f rom 13-22:1 to 5 ,13 -22 :2  in 13. 
the  c o t y l e d o n s  of  deve lop ing  L. alba (26) .  

14. 
Fatty Acid Distribution in Triacylglycerols 

15. 
The  cleavage of  t r iacylglycerols  f rom neu t r a l  

l ipids wi th  e t h y l m a g n e s i u m  b r o m i d e  was per- 16. 
f o r m e d  accord ing  to t he  Yurkowsk i  and  Brock-  

17. 
e r h o f f  p rocedu re  (31).  The  fa t ty  acid c o m p o -  18. 
s i t ion  of  the  or iginal  t r iacylglycerols  and  2- 
monoacy lg lyce ro l s ,  and  the  e n r i c h m e n t  fac tors  19. 
( c o n t e n t  of  the  acids in the  2 -monoacy lg lyce ro l s /  
c o n t e n t  of  the  same acid in the  t r iacylglycerols)  20. 
in mol  % (32)  are s h o w n  in Table  5. The  resul ts  21. 
show tha t  s a tu ra t ed  and  o rd ina ry  C20 acids are 
d i s t r ibu ted  ma in ly  in the  1,3-posi t ion,  and  oleic 22. 
an l inoleic  acids are p re fe ren t i a l ly  in th  2-posi- 23. 
t ion .  These  resul ts  are in ag reemen t  wi th  the  
rule p re sen ted  for  the  o rd ina ry  seed oils (33).  
In th is  s tudy ,  the  5-olef inic  NMIP acids showed  24. 
low e n r i c h m e n t  fac tors  (0-0.4)  for  the  seven 25. 
species tes ted  excep t  Ginkgo seed lipids,  wh ich  
showed  h igher  e n r i c h m e n t  fac tors  for  the  NMIP 26. 
acids. In s tereospeci f ic  analysis  of  t r iacylglycer-  
ols of  Limnanthes douglasii seed oil, t he  occur-  27. 
rence  of  5-olef inic  acids at  the  ou te r  acylgly- 28. 
cerol pos i t ions  was r epo r t ed  (34).  The  distri-  
b u t i o n  of  the  5-olef inic  NMIP acids o b t a i n e d  in 29. 
this  s tudy  showed  the  ana logous  fea ture  as 30. 
s h o w n  by low e n r i c h m e n t  factors.  
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The Effect of Dihydroergotoxine on Lipid 
Peroxidation in vitro 

KINGA KORI~Ha, c,*, MYRON L. SELIGMANa, b and HARRY B. DEMOPOULOS b, 
Departments of Neurosurgerya and Pathology b, New York University School of  Medicine 
and Department of  Biochemistry c, New York University College of Dentistry, 
New York, NY 10016 

ABSTRACT 

Dihydroergotoxine mesylate (DHET), an ergot alkaloid derivative, is widely used to treat senile 
cerebral vascular insufficiency. Aspects of this age-related phenomenon may be due to deterioration 
by lipid oxidation of cellular membranes. DHET stabilizes EEG alpha frequencies, increases cerebral 
blood flow and oxygen uptake and accumulates in lipid-rich structures of the brain. The effect of 
DHET was studied on iron-catalyzed peroxidation of liposomes as measured by the thiobarbituric acid 
assay. It was found that DHET inhibits peroxidation in vitro in a dose-dependent manner. These 
results suggest that DHET acts in part as a lipid antioxidant when used to treat senile cerebral vascular 
insufficiency. 
Lipids 17:724-726, 1982. 

The ergot alkaloids and their derivatives are 
a group of compounds with a wide variety of 
chemical and pharmacologic effects, the basic 
mechanisms of which have not as yet been 
explained. Their diverse actions include alpha 
adrenergic receptor blockade, contraction of 
uterine smooth muscle, influence on body 
temperature, stimulation of dopaminergic and 
serotoninergic receptors and the inhibition of 
norepinephrirm-stimulated cyclic AMP synthesis 
(1,2). 

The structure of the ergot alkaloids is com- 
posed of a basic ergoline system which is N- 
methylated at position 6, carries a carboxyl 
group at position 8 and usually a double bond 
at the 8-9- or 9-10-position (Fig. 1A). This 
heterocyclic structure can be linked through 
the carboxyl group to a series of tricyclic tri- 
peptides (Fig. 1B) to produce a family of 
peptide alkaloids with powerful pharmacologic 

HyCOOH 

i gAj . .  

A S 
FIG. 1. Components of DHET. (A) Ergoline sys- 

tem; (B) tricyclic tripeptide. 

*Author to whom correspondence should be 
addressed. 

properties. Four diliydrogenated peptide alka- 
loids of the ergotoxine group-dihydroergo- 
cornine, dihydroergocristine, dihydro-r162 
dihydro~-ergokrypt ine- in a ratio of 3:3:3:1 
comprise dihydroergotoxine methylsulfonate 
(DHET) (3). 

DHET, in particular, is widely used to treat 
senile cerebral vascular insufficiency, a term 
which encompasses many aspects of mental 
and behavioral deterioration associated with 
the aging process. Its mechanism of action is 
not fully understood in humans, and although 
much work has been done on its pharmacologic 
effects, it is unknown which of these are most 
relevant to its clinical application (3). 

DHET is therapeutically effective in amelio- 
rating certain age-related phenomena which 
may be partially due to the breakdown of cell 
membranes. For instance, studies have shown 
that patients with senile cerebral insufficiency 
maintained on a regimen of DHET exhibited 
marked increases in EEG alpha frequencies (4). 
DHET also increased cerebral blood flow and 
oxygen uptake, and reduced cerebral circula- 
tion time (3). In rive, DHET accumulates in 
the lipid-rich structures of the brain; notably, 
60% is concentrated in the synaptosomes (5). 

Due to its lipophilic nature and character- 
istic actions, it was postulated that DHET 
exerts a stabilizing or protective effect on lipid 
components. Therefore, DHET was tested as an 
antioxidant on iron-catalyzed peroxidation in 
liposomes as measured by the thiobarbituric 
acid (TBA) assay. 

MATERIALS AND METHODS 
Liposome Preparation and Incubation 
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Liposomes were prepared by combining 80% 
ovolecithin and 20% dicetylphosphate in 
chloroform in each of two round-bottom 
flasks. Sufficient DHET (Hydergine | Sandoz, 
Ltd.), dissolved in methanol, was added to one 
of the flasks to yield a final concentration of 
0.01, 0.05, 0.1 or 1.0 mM. An equal amount of 
vehicle (methanol) was added to the other 
flask. The solvents were removed in vacuo 
(Rinco flash evaporator) and a thin film of lipid 
was formed. Phosphate buffer, 0.05 M, pH 7.0, 
was added to each flask to yield a final concen- 
tration of  17.2 mM lipids. The mixtures were 
agitated by pasteur pipet and sonicated for 15 
rain. The two suspensions were each divided in 
half to yield two portions containing DHET 
and buffer and two portions containing vehicle 
and buffer. Ferrous sulfate (1.0 mM final con- 
centration) was added to one flask containing 
DHET and buffer and to one flask containing 
vehicle and buffer. The resulting liposome sus- 
pensions were incubated in loosely stoppered, 
25-ml erlenmeyer flasks in a shaking water bath 
at 37 C. 

Thiobarbituric Acid Assay 

The thiobarbituric acid (TBA) reagent was 
prepared by making a saturated TBA solution 
in 10% perchloric acid and diluting it with 20% 
trichloroacetic acid (2:3, v/v). 

Aliquots (0.1 ml) of each of the four lipo- 
some solutions were taken every 15 min up to 
1 hr and every 30 min thereafter, and added to 
5.0 ml of TBA reagent. The incubation was run 
for a total of 3 hr. The solutions were heated 
for 30 min in a boiling water bath and centri- 
fuged at 2,000 rpm for 15 min. The solutions 
were then read in a Beckman DU spectrophoto- 
meter at 532 nm. 

Calculations 

Standard solutions using four different con- 
centrations of malondialdehyde ( M D A ) w e r e  
run in duplicate with each assay. A standard 
curve of absorbance at 532 nm compared to 
MDA concentration was constructed for each 
assay. MDA was added as the tetraethyl acctal. 
The molar extinction coefficient was found to 
be, on the average, 78,503. Absorbance values 
were converted to nmol MDA/ml liposomes. 
Student's t-test was performed for each time 
period as compared to corresponding untreated 
(iron-containing) liposomes. P values were 
determined by the use of the two-tailed Z scale 
of a standard t-table. 

R ESU LTS 

The effects of 1.0 mM, 0.1 mM and 0.01 

mM DHET on the course of  iron-catalyzed per- 
oxidation in liposomes are presented (Fig. 2). 
DHET at a concentration of  1.0 mM produced 
virtually complete inhibition of lipid peroxida- 
tion (p<0.001). Reduction of the DHET con- 
centration by a factor of 10 also yielded sta- 
tistically significant decreases in peroxidation 
for all sample times with the exception of  90 
rnin. With the additional 10-fold reduction 
(0.01 mM) in concentration, DHET ceased to 
be protective. 

IOO- 
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FIG. 2. The effect of DHET on iron-catalyzed 
peroxidation in liposomes as measured by the TBA 
assay. The control curve represents a pooling of 11 
runs of the assay, and at least 3 runs were performed 
for each concentration of DHET. Vertical bars repre- 
sent the standard error of the mean. Control (1 mM 
Fe) o; 1 mM Fe + 0.01 mM DHET o; 1 mM F'e + 0.1 
mM DHET t~; 1 mM Fe + 1 mM DHET A; *p<0.001; 
**p<0.01; ***p<0.05. Symbols without asterisks 
indicate nonsignificant values. 

Two experiments using a concentration of 
0.05 mM DHET produced values of  which only 
44% were significantly different from the un- 
treated iron-containing liposomes. These experi- 
ments are not  included in Figure 2. 

DHET appears to exhibit a dose-dependent 
protective effect against peroxidation in lipo- 
somes, with the lowest effective concentration 
lying between 0.01 and 0.05 mM. 

DISCUSSION 

DHET at a concentration of 1 mM almost 
completely inhibits iron-catalyzed peroxidation 
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in liposomes. It is hypothesized that this in 
vitro action of  DHET may be due to an anti- 
oxidant mechanism. 

The structure of DHET is suited to such a 
mechanism, since it carries two hydrogen atoms 
at the 9- and 10-positions (Fig. 1A). These 
atoms may be extractable by free radical inter- 
mediates which are the products of  lipid perox- 
idation. They may also serve to reduce radical 
oxygen species such as superoxide anion (02-) 
and the hydroxyl radical ( 'OH) which are gen- 
erated in such reactions (6). 

DHET has been tested in many in vitro and 
animal studies, but doubt remains as to the 
clinical applicability of  the results. Several dis- 
tinct experimental effects nevertheless suggest 
that DHET may exert a central nervous system 
antioxidant or membrane-stabilizing action in 
vivo. 

The decreased blood flow elicited by animal 
models of  temporary ischemia leads to a dis- 
turbance of  normal EEG scans and a decrease 
in the diameters and lengths o f  cerebral blood 
vessels. The administration of  DHET prevents 
the reduction of  EEG frequencies and promotes 
an improvement in cerebral vascular morphol- 
ogy (7). 

The effect of  DHET on Purkinje cell firing 
has been studied. Drugs such as beta blockers 
and barbiturates alter the firing rates of  Pur- 
kinje cells. Addition of  DHET to Purkinje cells 
in vitro acts not to increase or decrease the 
firing rate, but rather to regularize the inter- 
spike interval without changing the average 
firing rate (8). It is plausible that DHET direct- 
ly stabilizes the neuronal membrane to elicit 
this response. 

Cerebral vascular insufficiency results in a 
number of deleterious effects on the CNS, 
including impaired neurotransmitter biosynthe- 
sis, disordered neurotransmitter storage and 
release, altered cAMP levels and mitochondrial 

damage (9). Lipofuscin accumulates in neurons 
with advancing age and its levels can be height- 
ened when an important endogenous antioxi- 
dant, c~-tocopherol, is lacking in the diet (10). 

Oxidative damage to membranes and other 
components of  the CNS seems to be a conse- 
quence of  aging, and treatment with antioxi- 
dants may ameliorate this process. If its mech- 
anisms are further elucidated, DHET may prove 
to be a valuable pharmacologic agent not  only/ 
in the management of  the aging process, but 
also of  other phenomena due to lipid oxidative 
processes. 
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Inhibition of Lymphocyte Capping by Fatty Acids 
in Mouse and Man 1 
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ABSTRACT 

Lipid-enriched diets have been related to a high cancer incidence in experimental animals for many 
years, and more recently, to assorted defects on the immune response. We investigated the effect of 
incubating human or murine (C3H/HEJ) lymphocytes with saturated (16:0) and unsaturated (18:1, 
18:2, 18:3, 20:4) fatty acids (12 txg for each 107 ceils), on the ability to cap with anahuman or anti- 
mouse anti-lgM, v-chain specific antibody. Capping was also tested in obese (ob/ob, C57BL/6J) mice. 
Capping at 30 and 60 min was reduced by fatty acid incubation to 10-30% of control values in humans 
(p<.001), and to 30% of control values in mice (p<.01), regardless of degree of unsaturation, ob/ob 
capped normally. A lymphocyte membrane effect caused by fatty acids is observed in these experi- 
ments. Whether this is related to the dysimmunity caused by lipid diets cannot be assessed from our 
data, especially since all fatty acids, regardless of unsaturation, reduced the capping phenomenon. 
Lipids 17:727-732, 1982. 

Lipids have been related to an abnormally 
high incidence of cancer in experimental 
animals for almost 40 years. Tannenbaum 
initially observed that mice fed a diet high in 
lipids had a higher incidence of spontaneous 
tumors (1). Szepsenwol systematically studied 
this problem in mice and identified a carcino- 
genic effect of lipids (2). This effect was not 
limited to a particular strain or organ and it did 
not appear to be related to the type of lipid 
used (3-6). Concomitant observations in 
humans have suggested that diets high in fat 
and/or cholesterol may be related to a higher 
incidence of cancer of  the pancreas (7). Similar- 
ly, fat is known to enhance the effect of some 
carcinogenic substances (8). 

Several hypotheses have been advanced to 
explain this effect, including cocarcinogenesis 
(9), an alteration of the hormonal environment 
with changes in the prolactin and estrogen 
levels (10), and a direct effect on mitogenesis 
(11). An additional possibility has been studied 
by us (12) and o thers -an  effect on the immune 
response. Di Luzio was the first to study the 
effect of lipids on the immune response in a 
comprehensive fashion and he detected reduced 
antibody production and impaired macrophage 
activity in animals fed fat-enriched diets (13). 
Subsequently, lipids were shown to prolong 
skin (14) and tumor allografts survival in mice 
across both weak and strong histocompatibility 

lExperiments carried out at Immunology Labora- 
tory, Department of Pathology, University of Puerto 
Rico Medical School, San Juan, Puerto Rico. 

*Author to whom correspondence should be 
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barriers (12). In vitro experiments showed that 
tmsaturated fatty acids suppressed phytohema- 
glutinin (PHA) lymphocyte transformation 
(15). Experiments in our laboratory have 
shown a decreased migration inhibition factor 
(MIF) production (submitted for publication) 
and diminished delayed hypersensitivity (16) 
and antibody production (17). Taken together, 
these data suggest that lipids, specifically fatty 
acids, alter to some extent the immune reac- 
tivity of an otherwise healthy animal. 

These observations led us to postulate that 
one critical effect of  lipids is on the immune 
response and that perhaps a combination of  
these changes, together with the low antigen- 
icity seen in the majority of  tumors, could be 
factors in tumor escape and growth (18). 
Furthermore, since many surface and behav- 
ioral properties of normal and cancerous cells 
depend on the properties of its membrane, and 
lipids are closely involved in the control of  cell 
membrane composition and properties, an 
effect on the membrane would be a possible 
factor in explaining the effect of  lipids on the 
immune response. We present experiments 
utilizing the capping phenomenon in an 
attempt to identify an effect of  lipids on the 
lymphocyte membrane. 

MATERIALS AND METHODS 

Experimental Design 

Experiments were done using both human 
peripheral lymphocytes and mouse spleen cells. 
Lymphocytes were washed and incubated with 
one of five different fatty acids of varying 
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degrees of  saturation : N-hexadecanoic (16:0,  
palmitic), cis-9-octadecenoic (18:1, oleic), 
cis,cis-9,12-octadecadienoic (18:2,  linoleic), all- 
cis-9,12,15-octadecatrienoic (18:3,  a-linolenic), 
and all-cis-5,8,11,14-eicosatetraenoic (20:4,  
arachidonic). After  incubation,  the cells were 
washed and incubated with either antihuman 
or antimouse fluoresceinated anti-IgM anti '  ody, 
/,t-chain specific. The ant ibody reacts with the 
p-chain of  the IgM on the surface of  the lymph- 
ocyte membrane and a ring is rapidly formed 
around the cell. Small sections of the ring 
complex fashion themselves into patches or 
aggregates and these eventually coalesce to one 
pole of  the cell to form a small cap. To induce 
and assay cap formation,  we have modified the 
method described by Hudson and Hay (19) 
using direct immunofluorescence. The percent- 
age of ceils with the cap were counted at the 
end of a specified time and compared with suit- 
able controls. Additional experiments were 
done using obese (ob/ob)  mice. 

Human Experiments 

Thirty to 50 (30-50) ml of  blood was drawn 
by venipuncture into a heparinized syringe 
from an anticubital  vein of  healthy volunteers 
(23-40 years old). Lymphocytes  were separated 
by density gradient centrifugation; a triple wash 
was performed with minimal essential medium 
(MEM); cells were diluted to 107 cells/m1, 
centrifuged at 150 x g for 10 min, resuspended 
and incubated at 37 C for 1 hr with or without  
the corresponding fatty acid (2.5 /11 of  fatty 
acid solution, 12 pg each, were used per 107 
ceils). Cell incubation with lipids was done for 
only 1 hr because lipids are rapidly (within 
minutes) taken up by the cell membrane (20- 
23). (With time, incorporat ion into phospho- 
lipids may occur with different results [21] .  
Conversely, some types of  dissociated ceils may 
lose their capacity to rearrange surface compo- 
nents with the passage of t ime [24] . )Con t ro l  
cells were incubated with or without  2.5/11 of  
95% alcohol, the vehicle of  dilution of  the fat ty 
acids (25). After  1 hr, the cells were centrifuged 
at 150 x g for 10 rain, washed with MEM and 
viability tests were performed on aliquots using 
the Trypan Blue dye exclusion technique. The 
pellet was incubated with fluoresceinated anti- 
human-IgM, /,t-chain specific ant ibody,  and the 
reaction was stopped with sodium-azide at 30 
or 60 min. Again the cells were centrifuged at 
150 x g for 10 min, washed twice with MEM, 
covered with glycerol and examined under 
ultraviolet (UV) light. The percentage of cells 
with caps was noted in a total 25-100 cell 
count. The observer was ignorant of  the origin 
of the sample. 

Mouse Experiments 

Female mice of the C3H/HEJ strain, 9-10 
months of age, weighing 22-28 g, were used for 
these experiments. Prior to the experiments,  
they had been kept under temperature-con- 
trolled conditions and fed Purina Laboratory 
Chow and fluids ad libitum. They appeared free 
of disease. The animals were lightly anesthe- 
tized with ether and sacrificed by cervical 
dislocation. The spleen was removed and 
macerated. The cells were washed with sodium- 
chloride solution and reacted with 0.83% 
ammonium-chloride and Tris buffer. They were 
washed with either RPMI 1640 or MEM, 
diluted to 107 cells and centrifuged at 150 x g 
for I0 mitt. At this point,  they were incubated 
at 37 C for 1 hr with or without  the corres- 
ponding fatty acid, and the controls with or 
without 95% alcohol. Viability was tested with 
Trypan Blue. The cells were centrifuged at 150 
x g for 10 min, washed in RPMI 1640 or MEM, 
and incubated with fluoresceinated antimouse- 
IgM, bt-chain specific ant ibody.  The reactions 
were stopped with sodium-azide at 30 or 60 
min; the cells were centrifuged at 150 x g for 
10 min, washed twice with RPMI 1640, had 
glycerol added, were examined under UV light, 
and the percentage of  cells with caps was noted 
in total  counts of  100 cells. 

Fatty Acids 

Palmitic, oleic, linoleic, linolenic and arachi- 
donic acids (see Experimental  Design) obtained 
from Sigma Chemical (Sigmagrades 1, 3) and 
Baker Company (chromatography) were dis- 
solved in 95% ethyl alcohol to a concentration 
of 4.8 mg/ml (4.8 pg/pl); 2.5 pl (ca. 12 #g) of  
each fat ty acid were used for 107 cells. Con- 
trois were incubated with normal saline or 2.5 
pl  of 95% ethyl alcohol. 

Capping in Obese Mice 

Female obese mice of  the ob/ob strain, 11- 
12 months of  age, were used. The rationale was 
that the ob/ob gene might predispose to lipid 
alterations, and that impaired immunity has 
been reported (26). Also, obese C3H mice show 
an increased incidence of mammary tumors 
over controls when fed a fat-enriched diet (27). 
The corresponding controls were C57/BL 
females of  identical age since ob/ob mutat ion 
originates from C57/BL. All mice were ob- 
tained from Jackson Laboratories, Bar Harbor, 
ME, and were kept under t e m p e r a t u r e - a n d  
humidity-controlled conditions on Purina Labo- 
ratory Chow. All animals appeared healthy.  
C57/BL mice weighed 25 g and ob/ob mice 
weighed 60 g average at the time of  the experi- 
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men t .  The animals  were l ight ly  anes the t i zed  
and sacrif iced b y  cervical d i s loca t ion .  The  
spleen was r emoved  and l y m p h o c y t e s  were 
pur i f ied  as a lready descr ibed.  S p o n t a n e o u s  cap- 
p ing f o r m a t i o n  was p e r f o r m e d  wi th  mouse  
anti-IgM an t i s e rum,  g-cha in  specific.  The  per- 
centage  of  cells w i th  caps were c o u n t e d  as we 
have descr ibed.  

Statistical Analysis 

In h u m a n  e x p e r i m e n t s ,  analysis  was done  by  
c o m p a r i n g  each fa t ty  acid w i th  the  con t r o l  at 
b o t h  30 and  60  min  wi th  analysis  o f  var iance  
(ANOVA) .  The  con t ro l s  were also c o m p a r e d  
wi th  a t - test  against  all t he  f a t ty -ac id - incuba ted  
cells toge the r ,  at  b o t h  30  and  60 rain.  In the  
mouse  e x p e r i m e n t ,  all the  f a t ty -ac id - incuba ted  
cells were c o m p a r e d  wi th  the i r  respect ive  con-  
t rols  at  30 and  60  mill  us ing t he  t- test .  In the  
obese  mouse  e x p e r i m e n t s ,  t he  t - test  was used 
to compare  o b / o b  capp ing  at 30  and  60  min  
against  the  C 5 7 / B L  cont ro l s .  A p r o g r a m m a b l e  
desk ca lcu la to r  was used.  

R ESU LTS 

Viability 

All ceils were i n c u b a t e d  wi th  saline or  wi th  
a lcohol  a lone  which  was the  vehicle for  dissolv- 
ing the fa t ty  acids. Viabi l i ty  tes t ing  was d o n e  
at the  end  of  the  i n c u b a t i o n  per iod  of  1 hr ,  
when  a l iquots  were t aken  and  s ta ined  wi th  
T r y p a n  Blue. At  least 90% viabi l i ty  was f o u n d  
wi th  all i n c u b a t i o n s  wi th  the  fa t ty  acids, the  
saline con t ro l s  and  the  a lcohol  cont ro l s .  

Human Experiments 

Table 1 i l lus t ra tes  ou r  resul ts  wi th  h u m a n s .  
Capping  is expressed in the  t ex t  and  tables  as 
a percen tage  of  to t a l  cells. It is ev ident  f rom 
this  table  tha t  capping  p roceeded  no rma l ly  
f rom 16.7% at 30 rain to  20% at 60 min .  It is 

also a p p a r e n t  t ha t  capp ing  is marked ly  inh ib-  
i ted at  b o t h  30 and  60 min w h e n  ceils are in-  
cuba t ed  wi th  f a t t y  acids. Con t ro l s  c o m p a r e d  
to pa lmi t i c  and the  u n s a t u r a t e d  fa t ty  acids at  
b o t h  30  and  60 min using A N O V A  show differ-  
ences  s ignif icant  to  p values of  less t h a n  .004 
and .0001,  respect ively  (F  = 6 .8163 ;  d r  = 2, 
df2 -- 25;  F = 20.4;  d r  = 2, df2  = 24).  There  is 
an increase  in capp ing  in all u n s a t u r a t e d  fa t ty  
acids at 60  min  f rom the  30-min  base l ine ,  b u t  
no t  on  pa lmi t ic  acid. In spite o f  this  increase  at 
60 rain,  the re  is still a s ignif icant  d i f fe rence  
be tween  expe r imen ta l s  and con t ro l s  at this  
t ime. Dif ferences  appea red  to be more  m a r k e d  
wi th  u n s a t u r a t e d  t h a n  wi th  pa lmi t ic  acids at 
30 rain,  and  a t r end  toward  less capp ing  was 
t h o u g h t  to  occur  wi th  increas ing u n s a t u r a t i o n ,  
bu t  the  d i f fe rence  was n o t  t oo  p r o n o u n c e d  and  
was n o t  f o u n d  to be  s ignif icant .  Indeed ,  at  60  
min,  this  t r end  was lost.  

Mouse Experiments 

Table  2 summar i ze s  the  resul ts  of  experi-  
men t s  wi th  capping  using mouse  spleen cells. 
S igni f icant  i nh ib i t i on  o f  capp ing  is observed  at 
30 and 60  min  when  ceils are i n c u b a t e d  wi th  
fa t ty  acids. Con t ro l s  show a rise in pe rcen tage  
capping,  f rom 9.1 + 1.39% at 30 rain to  14.6 +- 
2 .09% at 60  min ,  as expec ted .  However ,  cap- 
p ing af te r  i n c u b a t i o n  wi th  fa t ty  acids was very 
low at b o t h  30 min  (3 .57  +-.59, p < . 0 1 ) a n d  60  
min  (3 .13  + .65, p < . 0 1 ) .  No d i f ferences  were 
a p p a r e n t  be tween  the  d i f fe ren t  f a t ty  acids. 

Table  2 also i l lus t ra tes  data  c o n c e r n i n g  obese  
mice.  Compar i son  of  capping  of  spleen cells 
f rom these  mice against  the  respect ive  C 5 7 / B L  
con t ro l s  were n o t  d i f f e ren t  e i the r  numer i ca l ly  
or  s ta t is t ical ly .  The  tab le  gives t he  co r r e spond-  
hag values and s t anda rd  errors .  Two po in t s  are 
appropr ia t e .  Differences  b e t w e e n  C 5 7 / B L  and  
C3H mice  are a p p a r e n t :  the re  is more  capp ing  

"FABLE 1 

Resul ts  of Capping in Humans 

Fatty acids a 

Control P O L L' A 

Capping at 30 min b (%) 16.7 6.6 4.6 2.4 2 3.2 
Capping at 60 rain (%) 20.4 3 7.3 3 5 6.9 

No. of experiments 7 7 4 5 5 5 

aAbbreviations: P - palmitic acid; O - oleic acid; L - linoleic acid; L' - linolenic acid; 
A - arachidonic acid. 

bStatistic',d validity : C vs P v s  OLL'A at 30 min: p<.O04; at 6 0  rain : p < . 0 0 0 1  (ANOVA). 
C vs POLL'& at 30  rain: p<.001 ; at 60 rain : p<.001 (t-test). 
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TABLE 2 

Results of  Capping in Mice a 

C57BL 
Controls POLL'A b controls  OB/OB c 

Capping at 30 min • SEM (%) 9.1 • 1.39 3.57 + .59 35 • 6.49 34.5 • 5.68 
Capping at 60 min • SEM (%) 14.6 -+ 2.09 3.13 • .65 40 • 5.61 39.2 • 6.05 
No. of  experiments I0 25 9 17 

aAbbreviations: see legend for Table 1. 
bStatistical validity: control  vs POLL'A at 30 min: p<.Ol; controls vs POLL'A at 60 

rain: p<.Ol. 
CCSTBL vs OB/OB: not significant at both 30 and 60 rain. 

in the C57/BL than in the C3H mice. Also, the 
increase in percentage capping of 30-60 min is 
not marked in the C57 blacks as it is in the C3H 
mice and in humans. 

DISCUSSION 

Several experiments demonstrate an effect 
of lipids on immune function. Alderson and 
Green (28) enriched lymphocyte membranes 
with cholesterol. Upon stimulation with lectins, 
t h e  ceils showed binding into the membrane, 
but lymphocyte transformation was dimin- 
ished. Mihas and coworkers ( 1 5 ) i n c u b a t e d  
cells with oleic, linoleic and arachidonie acids 
and found that these fatty acids suppressed 
PHA transformation. Tonkin and Brostoff have 
questioned the role of fatty acids using in vitro 
experiments and have suggested the possible 
existence of artifacts in the system. We have 
performed preliminary PHA transformation 
using lymphocytes of BALB/C mice fed 
coconut-oil-supplemented diets, and have 
shown that 25/ag of PHA diminished the stimu- 
lation index (Santiago-Delpih and Romd.n- 
Franco, unpublished observations). In a sepa- 
rate set of experiments, we observed diminished 
MIF reactivity in the lymphocytes of mice fed 
high-lipid diet when stimulated with PHA in 
vitro. 

Experiments by Mertin (14,30) showed that 
primary and secondary cell-mediated immune 
response is inhibited by polyunsaturated fatty 
acids in vitro and that mice fed polyunsaturated 
fatty acids have an increase in skin graft sur- 
vival. Our own expe'_nments with skin and 
tumor allografts also show that survival of these 
grafts is significantly increased in those animals 
fed corn-oil-supplemented diet and that this 
occurred both across weak and strong histo- 
compatibility barriers (12). Experiments are in 
progress in our laboratory to investigate other 

aspects of cellular immunity in mice fed a high- 
lipid diet. 

Di Luzio showed that diets enriched with 
fatty acids lead to decreased antibody produc- 
tion and to decreased phagocytic and chemo- 
tactic activity of macrophages. Also, mice fed 
methylpalmitate grew larger allotumors than 
controls (13). Preliminary studies in our labora- 
tory demonstrate quantitative and qualitative 
changes in antibody production in mice fed 
diets with a high lipid content (17). Sheffy and 
Schultz (31) showed partial suppression of 
immune reactivity, most marked in dogs fed 
diets high in polyunsaturated fatty acids. 
Kollmorgen et al. (32) have shown inhibition 
of lymphocyte function in rats fed high-fat 
diets, and a transfer of this hyporeactivity with 
serum from fat-fed rats. However, one experi- 
ment by Moldawer et al. showed preservation 
of cell-mediated immunity (PPD in rats) by a 
lipid diet (33). More recently, Utermohlen et 
al. reported a decrease in direct migration 
inhibition of healthy human leukocytes when 
incubated with some unsaturated fatty acids 
(34). We have shown a suppressive effect of 
lipid diets on skin reactivity to DNCB in rats 
(16). 

From these and other studies, it is evident 
that lipids affect immune reactivity both in 
vivo and in vitro in experimental animals. The 
exact mechanism of this effect is not yet clear 
but one possibility is an effect on the lympho- 
cyte membrane with impairment of initial 
events during sensitization. The effect of lipids 
on biological membranes is well known and has 
been amply studied and documented (see ref. 
16 for a comprehensive review). 

Mandel and Clark used the patching time as 
an index of membrane fluidity (35). Anti-H2 
antisera was used in a T-cell leukemia model. 
Incubation. with 19:0 fatty acid resulted in a 
decrease in patching time, as did incubation 
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with an 18:3 fatty acid. These data are conso- 
nant with our own experiment in which cap- 
ping is decreased with all the fatty acids tested, 
regardless of degree of unsaturation. It has also 
been shown that mouse lymphocytes incubated 
with unsaturated fatty acids have a decrease in 
membrane microviscosity, but that in spite of 
this, linoleic acid inhibits capping of immuno- 
globulin by more than 80% and also inhibits the 
capping of H2 and 0-antisera on T-cells (36). 

Our experiments extend those of Mandel 
and Clark (35) and Bhalla et al. (36) to multiple 
unsaturated and one saturated fatty acids, and 
to the effect on the human lymphocyte. All 
tested fatty acids, irrespective of degree of 
saturation, produced a pronounced and signifi- 
cant decrease in cap formation in human and 
mouse lymphocytes. This was not due to im- 
paired viability since the Trypan Blue test 
showed the cells of all groups to be alive. 
Neither was it due to the effect of the alcoholic 
solvent since capping and viability were the 
same in saline and alcohol controls. However, 
we are unable to explain the comparable effect 
of both saturated and unsaturated fatty acids 
on the capping phenomenon,  although this was 
found by Mandel and Clark also in their patch- 
ing model (35), by Di Luzio in his in vivo 
experiments with methylpalmitate (13) and by 
our group in the in vivo susceptibility of rats 
to intraperitoneal sepsis (37). Although evi- 
dence is presented that human and murine 
lymphocytes incubated with saturated and 
unsaturated fatty acids decrease their ability 
to form caps when incubated with anti-IgM 
antiserum, /a-chain specific, and although these 
data are in harmony with other immunological 
experiments and suggest that a membrane 
alteration could be present, alternatives other 
than changes in fluidity must be considered in 
order to explain the similar effect of different 
fatty acids (21,35,38-41). Further experiments 
are needed to identify the molecular basis of 
this action. 
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Preferential Oxidation of Linolenic Acid Compared 
to Linoleic Acid in the Liver of Catfish 
(Heteropneustes fossilis and Clarias batrachus) 

GAUTAM K. B A N D Y O P A D H Y A Y  a, J Y O T I R M O Y  DUTTA a and SUDHAMOY GHOSHb, *, 
Departments of aChemistry and bBiochemistry, Bose Institute, Calcutta 700 009, India 

ABSTRACT 

The fate of [1J4C]linoleic acid and [1J4C]linolenic acid in the liver slices and also in the liver 
tissues of live carnivorous catfish, lteteropneustes fossilis and Clarias batrachus, was studied. Incorpo- 
ration of the fatty acids into different lipid classes in the live fish differed greatiy from the tissue 
slices, indicating certain physiological control operative in vivo. The extent of desaturation and chain 
elongation of linoleic and linolenic acids into long-chain polyunsaturated fatty acids was low. Lino- 
lenic acid was oxidized (thus labeling the saturated fatty acid with liberated ~4C-acetyl-CoA) in prefer- 
ence to linoleic acid, and this oxidation also seemed to be under physiological control since both of 
the fatty acids were poorly oxidized in the tissue slices and in the killed fish. These fish can therefore 
recognize the difference in the acyl chain structures of linoleate and linolenate. The higher oxidation 
of linolenic acid and poor capacity for its conversion to longer chain, highly unsaturated derivatives 
indicates a higher demand for the dietary supply of these essential fatty acids in these two species. 
Lipids 17:733-740, 1982. 

INTRODUCTION 

Requirements for PUFA in mammals vary. 
Most mammals need linoleic acid as EFA 
whereas some of the carnivorous mammals 
such as cats and lions are dependent on higher 
derivatives of linoleic acid, e.g., arachidonic 
acid, because they cannot desaturate linoleic 
acid due to a lack of desaturase enzyme (1-3). 
Most fish studied require linolenic acid as EFA 
but many of them cannot desaturate linolenic 
acid efficiently (4). For example, rainbow trout 
convert a greater part of  labeled 18:3(n-3) to 
22:6(n-3) but red sea bream, rockfish and 
globefish fail to do so (4,5). The latter species 
would therefore be expected to be nutritionally 
dependent on a dietary source of higher deriva- 
tives of  linolenic acid. It therefore seemed desir- 
able to ascertain the capacity of  the carnivorous 
catfish to metabolize ingested linolenic acid. 
In addition, the differences in EFA requirement 
by mammals and fish pose the question of 
whether these systems can recognize the dif- 
ferences in the structures of  linoleic acid and 
linolenic acid in any of  the metabolic steps. 

It has already been found by the present 
authors that the two catfish Heteropneustes 
fossilis and Clarias batrachus cannot synthesize 
linoleic and linolenic acids (6). It has also been 

*Author to whom correspondence should be 
addressed. 

Abbreviations: PUFA, polyunsaturated fatty acid; 
EFA, essential fatty acid; ECL, equivalent chain 
length; TG, triglycerides; FFA, free fatty acid; PL, 
polar lipids; WE, wax ester; and TLC, thin layer 
chromatography. 

observed that both of these fatty acids are 
poorly desaturated and chain elongated. 

In this communication, studies on the meta- 
bolic fate of incorporated labeled linoleic and 
linolenic acids in the livers of live fish and in 
tissue slices of the two catfish are reported. 
Linolenic acid is preferentially oxidized com- 
pared to linoleic acid and this oxidation is 
inhibited in the tissue slices. 

MATERIALS AND METHODS 

It. fossilis and C. Batrachus were collected 
live from the market and kept in different 
glass jars containing 10 ~ of  tap water (32 +- 
2 C) and fed with a dough prepared from wheat 
powder and dry fish meal. They were kept 
under these conditions for two days before 
onset of the experiments. The Krebs-Ringer 
phosphate buffer, pH 7.4 (7), used for suspend- 
ing tissues, contained 2.5 mM CaC12. [1J4C]-  
Linoleic acid (sp act 60 mCi/mmol)  and [ l -  
14C]linolenic acid (sp act 60 mCi/mmol) were 
purchased from The Radiochemical Centre, 
Amersham, England. Omnifluor was purchased 
from New England Nuclear. Reference fatty 
acid methyl esters, neutral lipids and phospho- 
lipids were purchased from Nu-Chek-Prep 
(Elysian, MN) and the solid support and liquid 
phases for gas chromatography were from 
Applied Science Lab (State College, PA). 

Incorporation of Labeled Fatty Acids into Fish Liver 

[ I J4C]Linole ic  acid and [l-14C]linolenic 
acid were dissolved in 75% ethanol containing 
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I% NaC1; 100 #I of each of these fatty acid 
solutions containing 5 /aCi of the labeled fatty 
acid was injected into the peritoneum of the 
live fish. Injected fish were kept at 32 -+ 1 C in 
tap water without feeding for 4 hr, after which 
they were sacrificed. In the case of the killed 
fish experiment, fish were hit on the head with 
a mallet or killed by prolonged exposure to 
chloroform 10 min after injection of radio- 
active materials. The killed fish were kept in 
water for a total period of 4 hr after which they 
were sacrificed and the livers were removed. 
Tissues were washed first with cold Krebs- 
Ringer phosphate buffer (pH 7.4) and then 
with cold 50% ethanol. 

In the case of tissue slice experiments, livers, 
washed free of blood with Krebs-Ringer phos- 
phate buffer, were sliced (at 0 C) into pieces 
about 0.5 mm thick. These slices were placed 
in 10 ml of Krebs-Ringer phosphate buffer 
(pH 7.4) and incubated with 5 /aCi of labeled 
fatty acids at 32 + 1 C for 4 hr. To end the 
incubation, the contents of the flasks were 
chilled in an ice-bath and centrifuged. The 
resulting pellets were washed with cold 50% 
ethanol. 

Lipid Extraction from Fish Liver 

About 20 ml of water was added to 1 g of 
tissue in the stainless steel container (immersed 
in ice bath) of a Sorvall Omnimixer and homog- 
enized three times for 45 sec with 1-min 
intervals. The volume of the extract was noted, 
a 0.2-ml aliquot was put into a vial, dried in a 
vacuum oven and counted for radioactivity in 
a scintillation counter using toluene/Triton 
X-100 fluor. This represents total incorporation 
of radioactivity into the tissues. For lipid isola- 
tion, a mixture of methanol/chloroform (2:1) 
was added to the tissue extract maintaining the 
final ratio of methanol/chloroform/water (2:1: 
0.8) which constituted a monophasic system. 
Lipids were extracted following a modification 
of the Bligh and Dyer procedure (8). The 
chloroform layer containing lipids was dried 
over anhydrous Na~SO4, concentrated under 
vacuum and stored at -20 C if it was not  used 
immediately. 

Separation of Lipid Classes by Thin Layer 
Chromatography on Silica Gel G 

Separation of lipid classes by TLC was done 
on Silica Gel G (Kieselgel G, Type 60, E. 
Merck). Coated glass plates (0.5 mm thick x 
20 cm x 14 cm) were activated at 110 C for 
1 hr. Lipid samples were applied side by side, 
with the reference lipids along a line 2 cm 
above the bot tom edge of the plates, and were 

then developed in solvent mixtures such as 
petroleum ether (bp 40-60 C)/diethyl ether 
(peroxide-free)/acetic acid (80:20:1.5,  v/v/v) 
for neutral lipids and chloroform/methanol/ 
water (65:25:4, v/v/v) for polar lipids. Spots 
were detected either by iodine vapor or by 
specific staining reagents (9). 

Preparation of Fatty Acid Methyl Esters 

Total lipid (50-100 mg) was saponified b y  
refluxing with 10% methanolic KOH. The 
nonsaponifiable fraction was removed by 
diethyl ether extraction. Free fatty acids gen- 
erated by acidification of K-soaps were ex- 
tracted with diethyl ether (peroxide-free). 
These fatty acids were then subjected to either 
acid- (10) or BF3- (11,12) catalyzed methanol- 
ysis. The methyl esters were then collected in 
hexane after addition of water and dried over 
anhydrous Na2SO4. 

Argentation TLC 

Fatty acid methyl esters were separated 
according to their number  of double bonds on 
AgNO3-treated Silica Gel G plates. The method 
of either Bandyopadhyay and Durra (13) or 
Dudley and Anderson (14) was followed, 
depending on the humidity of the laboratory. 
The methyl esters were separated into seven 
different bands, starting from saturated (at the 
top) to hexaenoate (at the b o t t o m ) o n  the 
chromatogram. Esters were extracted from the 
silica gel bands by a mixture of chloroform/ 
methanol (2:1) and were further purified by 
rechromatography. 

Gas Chromatography of Fatty Acid Methyl Esters 

A gas chromatograph with dual column and 
dual flame ionization detector (Model GCD, 
Pye Unicam Ltd., Cambridge, U.K.) was used. 
Chromatograms were taken at 170 C with 6 ft 
x 1/8 in. stainless steel columns packed with 
15% DEGS on 100-120 mesh Gas-Chrom P. 
The carrier gas (nitrogen) flow rate was main- 
rained at 30 ml/min. Injection port and detec- 
tor temperatures were kept at 230 C. Hydrogen 
and air flow rates for the detectors were 150 
ml/min and 300 ml/min, respectively. Refer- 
ence fatty acid methyl esters were run under 
the same conditions and the ECL values of the 
peaks were compared for identification of fatty 
acids (15). The fatty acid composition was 
computed from peak areas. To avoid overlap- 
ping of peaks, fatty acid esters were first sepa- 
rated by argentation TLC, extracted from each 
TLC band, mixed with a known amount of 
methyl ester of either 15:0 or 19:0 as internal 
standard, and subjected to gas chromatography. 
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Total composit ion was obtained by normalizing 
against those standards. 

Decarboxylation of Labeled Fatty Acids 

Schmidt reaction with NaN3 was done for 
the decarboxylat ion of  labeled fatty acids (16, 
17). Instead of measuring the radioactivity in 
the involved 14CO2, counts remaining in the 
product  were measured. Fat ty  acids (1-2 mg) 
were placed in Thunberg tubes kept at 0 C. 
Fif ty mg of  NaN3 and 0.5 ml of an ice-cold 
mixture of fuming H2SO4 and conc H2SO 4 
(1:3) were added. After partial removal of  the 
gases from inside, the tubes were heated at 70 C 
for 2 hr with occasional shaking. At the end of 
the reaction, the mixture was neutralized with 
6 N NaOH and lyophilized to dryness. The dry 
mass was extracted with a mixture of meth- 
anol/chloroform/water  (2:1:0.8).  The solvent 
was concentrated,  dried in a scintillation vial 
and counted for radioactivity. 

Radioactive Counting 

Radioactivity in a sample was counted in a 
liquid scintillation counter (Beckman, LS-100). 
Toluene containing 0.4% Omnifluor (New 
England Nuclear) was used as counting fluor. 
For aqueous samples, a mixture of toluene/  
Triton X-100 (2:1, v/v) was used as counting 
base. The efficiency of the instrument for 14C- 
isotope was about 85%. 

[1-X4C]linolenic acid (ca. 55%). Incorporation 
of [1-14C]linolenic acid was further reduced 
(33-34%) in the case of  killed fish. 

Labeling of hepatic lipid classes by the 
labeled fatty acids in live fish and in tissue slice 
experiments demonstrated that, compared to 
live fish, tissue slices incorporated less fatty 
acids into PL and WE but more into F F A  and 
TG (Table 3). The results were similar with the 
two fatty acids used. There was also some sig- 
nificant variation in the labeling of polar lipid 
components.  [ 1J4C] linolenic acid was incorpo- 
rated more in the cardiolipin and glycolipid 
fractions in the tissue slices than the other frac- 
tions, whereas in the live fish, higher incorpora- 
tion took place in the lecithin, lysolecithin and 
phosphatidylethanolamine (Table 4). 

Incorporat ion of radioactivity from the 
labeled fatty acids into the long-chain PUFA 
of the live fish was quite low. With [ IJ4C] lino- 
leic acid, some 2-3% of total radioactivity was 
found in each of 20:2(n-6), 2 0 : 3 ( n - 6 ) a n d  
22:6(n-3) as shown in Table 5. Of these, 6-8% 
radioactivity of 22:6(n-3) was retained after 
decarboxylat ion (Table 6), demonstrating that 
this fatty acid was terminally labeled at the 
carboxyl end by 14C-acetyl-CoA liberated 
during oxidat ion of [1-14C]linoleic acid. Incor- 

RESULTS 

Typical fatty acid composit ions of the total  
hepatic lipid of the two catfish H. fossilis and 
C. batrachus are given in Table 1. A notable 
point in the composit ion is the presence of  high 
concentrations of 20:4(n-6) compared to the 
precursor 18:2(n-6). Although it has been 14:0 
reported that  some catfish from the temperate 14:1 16 :0  
latitudes contain very low levels of 20:4(n-6), I6:1(n-7) 
analysis of fatty acid composition of many 18:0 
tropical air-breathing fish, including H. fossilis 18:1(n-9) 
and C. batrachus collected from their natural 18:2(n-6) 

2 0 : 0  
habitats, showed deposition of these higher 18:3(n-3) 
levels of 20:4(n-6) ( l  8-22). 2o: 1(n-9) 

Incorporation of labeled fatty acids (as per- 18:4(n-3) 
2 0 : 2 ( n - 6 )  

c~ntage of input)  into the hepatic tissues of  the 20:3(n-6) 
live catfish was much less than that of the tissue 20:3(n-3) 
slices. Incorporation was still lower in the killed 20:4(n-6) 
fish livers (Table 2). This was expected because 20:4(n-3) 

20:  5(n-3)  
heartbeat and blood flow stopped soon after 22:4(n-6) 
death (fish were killed 10 rain after injection) 22:5(n-6) 
and sufficient labeled fatty acids could not  be 22:5(n-3) 
carried to the liver. 22:6(n-3) 

Incorporation into lipids, expressed as 
percentage of  tissue incorporation,  was more 
with [1-14C]linoleic acid (ca. 70%) than with 

T A B L E  1 

Fatty Acid  C o m p o s i t i o n  o f  To ta l  Lip ids  o f  Fish Liver  

D i s t r i b u t i o n  o f  f a t t y  ac ids  
(wt %) 

Fatty ac ids  H. fossil is  C. ba trachus  

2 .10  1 .70 
0 .40  0 .53  

2 2 . 6 0  1 9 . 5 0  
4 .25  3 .20  

1 1 . 5 0  5 .32  
2 1 . 6 0  2 4 . 5 0  

4 . 1 0  7 .11  
0 . 8 0  0 .65  
2 .30  6 .70  
-- 0.50 

0.30 
1.34 0 .72  
0 .65  0.53 
1.72  1 ,15  

1 1 . 3 0  1 3 . 5 0  
0 .43  0 .31  
3 . 3 0  4 . 6 5  
0 . 9 0  1 .05 
2 . 1 0  0 . 5 4  
1.30 1.52 
7 .80  7 . 0 0  

Resul t s  are m e a n  o f  t h r e e  sets  o f  e x p e r i m e n t s ,  e ach  
set c o n s i s t i n g  o f  t w o  fish f o r  e a c h  species .  ( - - )  = B e l o w  
0.2%. 
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TABLE 2 

Incorporat ion of Labeled Fatty Acids into l lepat ic  Tissues and Lipids of  I,~sh 

Name of fish 

Total incorporat ion in liver (% of  input)  

[ l-z4C] Linoleic acid [ 1-14C] Linolenic acid 

Incorporat ion in to  l ipid 
(% incorporated into tissue) a 

[ 1-14C] Linoleic acid [ 1-:4C] Linolenic acid 

Live fish 
[-1. fox,  ills 3.25 4.00 68.80 54.50 
C. batrachus 2.95 3.15 69.50 56.40 

Killed fish 
H. fossilis 1.30 33.30 
C. batrachus 1.40 34.10 

Liver slice 
H. fossilis 11.80 6.00 71.20 55.42 
C. batrachus 17.30 8.50 70.80 56.66 

Results are the mean of three experiments .  Five /~Ci of  labeled fat ty  acids were either injected into the peri- 
toneum of live fish (body wt 80-90 g) or incubated with sliced liver (700 rag). The period of incubat ion was 
4 hr at 32 -+ 1 C. Killed fish (killed 10 rain after inject ion) were similarly incubated for 4 hr. 

aTotal incorporat ion in lipid X 100/total  incorporat ion into liver. 

TABLE 3 

Incorporat ion of  Radioactivity from [ 1-14C] Linoleic Acid and [ 1-14C] Linolenic Acid 
into Lipid Classes of Fish Liver 

% Distribution of  radioact ivi ty 

After [ 1-14C]linoteie acid 
incorporat ion 

After [ l : 4 C l l i n o l e n i c  acid 
incorporat ion 

H. fo~ilis C. batrachus H. fosMlis C. batrachus 

Live Liver Live Liver Live Liver Live Liver 
fish slice fish slice fish slice fish slice 

Polar lipids 31.20 13.83 38.30 14.30 42.91 21.83 43.55 18.80 
Diglycerides + cholesterol 7.50 7.72 2.10 10.00 6.35 7.10 11.71 9.90 
Free fatty acids 26.12 27.66 19.90 24.24 15.04 25.70 14.73 12.90 
Triglycerides 14.66 46.30 17.60 48.10 20.62 37.03 14.40 52.40 
Wax ester 17.90 3.00 16.53 2.00 10.66 4.50 11.00 4.70 
Cholesteryl ester 2.50 1.40 5.60 0.70 4.40 3.80 9.64 1.34 

Results are the mean of three experiments .  

TABLE 4 

Incorporat ion of  Radioactivity from [ 1-~4C| Linolenic Acid into Polar Lipid Classes 
of Fish Liver 

Polar lipid class 

% Distribution of  radioactivity 

H. fossilis C. batrachus 

Live Liver Live Liver 
f'Lsh slice fish slice 

Sphingomyelin 7.74 5.20 9.74 4.41 
Lysolecithin 10.24 4.60 14.60 3.33 
Lecithin 37.12 22.52 34.90 24.36 
Phosph at idylethan olamine 22.82 10.11 17.44 8.20 
Cardiolipin 10.70 21.43 12.42 19.60 
Phosphatidic acid + glycolipid 11.40 36.24 10.30 40.30 

Results are the mean of three experiments .  
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poration in the tissue slices gave similar results. 
Most of the radioactivity (75-85%) of [ 1-14C]- 
linoleic acid was found in the 18:2(n-6) of  the 
tissue. Saturated fatty acids contained very few 
counts. Very low conversion of labeled 18:2- 
(n-6) to 20:4(n-6), as shown in Table 5, indi- 
cates that the accumulation of higher percent- 

T A B L E  5 

I n c o r p o r a t i o n  o f  R a d i o a c t i v i t y  
f r o m  [ 1-14C] L ino le ic  Ac id  

i n to  H e p a t i c  F a t t y  A c i d s  o f  Fish 

% D i s t r i b u t i o n  o f  r a d i o a c t i v i t y  

H. fosstlis C. batrachus 

Live Liver  Live Liver 
Fatty acids fish slice fish slice 

14 :0  0 . 4 0  -- 0 . 5 3  -- 
16 :0  1 .56  0 . 4 4  1 .60  0 . 6 0  
18 :0  1 .46  0 .41  1 .10  0 . 4 0  
2 0 : 0  . . . . .  
14:1 . . . .  
16: l (n-7)  1 .90  1 .72  2 . 2 0  1 .40  
1 8 : 1 ( n - 9 )  4 . 9 2  4 . 4 5  4 . 0 0  4 .41  
2 0 : 1 ( n - 9 )  0 . 2 0  0 . 2 0  -- -- 
1 8 : 2 ( n - 6 )  7 9 . 1 0  8 2 . 5 0  7 5 . 2 0  8 5 . 0 0  
2 0 : 2 ( n - 6 )  3 .15  4 . 3 0  3 .40  2 .50  
18:3(n-3)  . . . .  
2 0 : 3 ( n - 6 )  2 . 7 0  2 . 0 0  2 .65  1 .12  
2 0 : 3 ( n - 3 )  -- -- 1 .10 -- 
18-4(n-3) . . . .  
2 0 : 4 ( n - 3 )  . . . . .  
2 0 : 4 ( n - 6 )  0 . 6 6  0 .72  1 .43 1 .00  
2 2 : 4 ( n - 6 )  0 . 5 0  0 . 5 4  0 . 7 0  0 . 5 0  
2 0 : 5 ( n - 3 )  - - 0 . 3 0  -- 
2 2 : 5 ( n - 6 )  0 . 5 0  0 .42  1 .10  0 . 5 0  
2 2 : 5 ( n - 3 )  0 . 5 0  0 . 4 2  0 .93  0 . 4 3  
22:  6 (n -3 )  2 . 0 0  2 . 0 0  3 .40  1 .00  

Results are the  m e a n  o f  t h ree  e x p e r i m e n t s .  ( - )  = 
B e l o w  0 .2%.  

ages of 20:4(n-6) in the liver of the catfish 
(Table 1) is due to the dietary uptake of  pre- 
formed 20:4(n-6). 

Experiments with [ 1-14C] linolenic acid gave 
somewhat different results. In contrast to 
[ 1-14C]linoleic acid, saturated fatty acids were 
very significantly labeled (39-44%) after incor- 
poration of [1-14C]linolenic acid into the 
hepatic tissues of  live fish (Table 7). This indi- 
cates profuse oxidat ion of [ 1)4C] linolenic acid 
and subsequent labeling of saturated fatty acids 
during synthesis or chain elongation by 14C- 
acetyl-CoA liberated by fl-oxidation of  [ 1-14C]- 
linolenic acid. Interestingly, this labeling of 
saturated fatty acids was drastically cut to 1-2% 
when incorporat ion was carried out  in the liver 
slice (Table 7). If the fish were killed 10 min 
after injection of  [l-14C]linolenic acid, satu- 
rated fatty acids were labeled to an intermedi- 
ate degree (8-10%). All these results relating to 
the labeling of saturated fatty acids are sum- 
marized in Table 8 where the ratio of radio- 
activity in the total  saturated fat ty acids x 100/ 
18:2(n-6), after incorporat ion of  [1-t4C]lino - 
leic acid, and in the total  saturated fatty acids 
x 100/18:3(n-3) after incorporat ion of [ 1-14C]- 
linolenic acid, were computed from the results 
presented in Tables 5 and 7. This comparison 
(Table 8) shows that,  in the live fish, linolenic 
acid was more readily oxidized relative to lino- 
leic acid, and that the killing of  fish destroyed 
this capacity for specific oxidat ion,  as a result 
of which there was poor oxidation of  the fatty 
acids in the liver slices. 

Incorporat ion of radioactivity from [ I : 4 C ] -  
linolenic acid into the long-chain PUFA of live 
fish was 3-5% or less of total  radioactivity. This 
was observed in 18:4(n-3), 20:4(n-3), 20:5(n-3) 
and 22:6(n-3). In the killed fish tissues and liver 

T A B L E  6 

C h e m i c a l  D e c a r b o x y l a t i o n  o f  L a b e l e d  F a t t y  Ac ids  O b t a i n e d  a f t e r  I n c o r p o r a t i o n  
o f  [ 1- t4C]  Linole ic  Ac id  a n d  [ 1-14C] L ino len ic  Acid  

% R a d i o a c t i v i t y  r e t a i n e d  in the fatty  acids after d e c a r b o x y l a t i o n  

A f t e r  i n c o r p o r a t i o n  o f  A f t e r  i n c o r p o r a t i o n  o f  
L a b e l e d  [ 1-14C] l inole ic  ac id  i n t o :  [ 1 ) 4 C ] l i n o l e n i c  ac id  i n t o :  

fatty ac ids  C. batrachus H. fossilis C. batrachus H. fossilis 

18:0 84 88 87 85 
1 8 : 2 ( n - 6 )  2 3 ND ND 
1 8 : 3 ( n - 3 )  N D  ND 3 .50  2 .5  
2 0 : 4 ( n - 6 )  7 8  80 10 8 
20:  5 (n-3)  13 20  88  80 
2 2 : 6 ( n - 3 )  8 6 82 7 9  

N D  = e x p e r i m e n t s  n o t  d o n e .  L a b e l e d  f a t t y  ac ids  w e r e  i so la t ed  b y  a r g e n t a t i o n  T L C  a n d  
preparative gas c h r o m a t o g r a p h y .  F a t t y  ac ids  c o n t a i n i n g  a m i n i m u m  o f  3 X 103 c o u n t s  was  
used for  d e c a r b o x y l a t i o n .  
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TABLE 7 

Incorporation of  Radioactivity from [ l-t4C] Linolenic Acid into Hepatic Fatty Acids of  Fish 

% Distribution o f  radioactivity 

H. fossilis C. batrachus 

Live Killed Liver Live Killed Liver 
F a t t y  acids fish fish slice fish fish slice 

14:0 3.02 0.70 -- 2.70 0.80 -- 
16:0 26.62 6.00 1.03 15.74 4.53 0.70 
1 8 : 0  14.60 3.30 0.60 10.05 2.90 0.43 
20:0 -- -- -- 0.72 0.20 --  
1 4 : 1  --  - -  - -  0.44 0.32 - -  
1 6 : 1  ( n - 7 )  1 . 5 2  1 . 4 6  0 . 6 0  3 . 5 0  2 . 5 0  0 . 9 0  
1 8 : 1  ( n - 9 )  1 . 8 2  1 . 7 5  0 . 7 1  6 . 1 0  4 . 4 0  1 . 5 3  
20:1(n-9) . . . . . .  
18:2(n-6) 1 . 7 0  1 . 1 0  1 . 2 0  2.15 1 . 5 0  1 . 3 0  
2 0 : 2 ( n - 6 )  3 . 8 4  3 . 1 0  2 . 6 0  5 . 1 0  4 . 5 0  4 . 1 4  
18:3(n-3) 20.10 33.61 66.00 30.74 38.00 56.70 
20: 3(u-6) 2.10 3.50 6.85 1.90 2.20 3.45 
20:3(n-3) 4.52 6.22 7.16 6.25 11.80 4.22 
18:4(n-3) 3.04 7.63 2.15 3.60 3.20 5.90 
20:4(n-3) 4.60 10.15 3.00 2.60 3.60 8.70 
20:4(n-6) 1.06 3.16 0.82 0.85 1.05 2.21 
22:4(n-6) 1.80 5.26 1.35 2.06 2.55 5.36 
20: 5(n-3) 2.43 3.80 0.80 1.40 4.10 0.72 
22: 5(n-6) 0.42 1.40 -- 0.26 1.13 -- 
22:5(n-3) 1.72 3.16 0.60 1.00 3.53 0.53 
22:6(n-3) 5.05 4.62 3.55 2.80 6.80 1.16 

Results are the mean of  three exper iments .  ( - )  = Below 0.2%. 

TABLE 8 

Relative Incorporation o f  Radioactivity into Total Saturated Fatty Acids 
from Labeled Linoleic and Linolenic Acids in Fish 

R a d i o a c t ~ i t y i n :  

H. fossilis C. batrachus 

Live Killed Liver Live Killed Liver 
fish fish slice fish fish slice 

Total sa tura ted / l  8:3(n-3) • 100 
a f t e r  incorporation o f  
[ 1-14CIlinolenic acid 

Total sa tura ted / l  8:2(n-6) X 100 
after incorporat ion of  
I l-~4C]linoleic acid 

220 29.60 2.60 95.00 22.10 2.20 

4 .46  ND 1.20 4.25 ND 1.35 

Data were calculated on the basis o f  the results presented in Tables 5 and 7. ND = not  done.  

s l ices ,  i n c o r p o r a t i o n  i n t o  s o m e  o f  t h e s e  f a t t y  
a c id s  i m p r o v e d  t o  s o m e  e x t e n t .  H o w e v e r ,  f r o m  
t h e  d e c a r b o x y l a t i o n  s t u d i e s ,  it  m a y  be  c o n -  
c l u d e d  t h a t  i n c o r p o r a t i o n  i n t o  2 0 : 5 ( n - 3 ) a n d  
2 2 : 6 ( n - 3 )  o c c u r e d  m a i n l y  t h r o u g h  m e t a b o l i c  
c o n v e r s i o n  o f  i n t a c t  m o l e c u l e s  o f  [1-14C] l ino-  
l en ic  ac id ,  a n d  n o t  b y  t e r m i n a l  l a b e l i n g  w i t h  
14C-ace ty l -CoA.  In  b o t h  cases ,  m o r e  t h a n  8 0 %  
o f  t h e  c o u n t s  were  r e t a i n e d  a f t e r  d e c a r b o x y l a -  
t i o n  (Tab l e  6) .  I t  a lso s h o w e d  t h a t  s a t u r a t e d  
f a t t y  ac ids  r e t a i n e d  a m a j o r  pa r t  o f  t h e i r  r ad i o -  

a c t i v i t y ,  w h a t e v e r  m a y  be  t h e  i n c o r p o r a t i n g  
fatty a c i d s  ( T a b l e  6) .  

DISCUSSION 

We h a v e  o b s e r v e d  in o u r  l a b o r a t o r y  t h a t  t h e  
c a t f i s h  H. fossilis and C. batrachus c a n n o t  s y n -  
t h e s i z e  l ino le i c  ac id  a n d  l i n o l e n i c  ac id  (6) .  T h e  
f a t e  o f  t h e s e  f a t t y  a c id s  in t h e  l iver  o f  t h e s e  f i sh  
was  t h e r e f o r e  i n v e s t i g a t e d .  In  t h e  live f i sh ,  i t  is 
q u i t e  l ike ly  t h a t  r e l a t e d  e n z y m e s  fo r  i n c o r p o -  
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rating fatty acids into different lipid classes are 
under strict hormonal control. This control, 
which channeled fatty acids more toward PL 
and WE in our experiments, was inoperative 
in the tissue slices (Table 3). As a result, the 
pattern of incorporation in tissue slices changed 
significantly from that in live fish. It should 
also be noted here that, among the polar lipids, 
incorporation of fatty acids into cardiolipin and 
glycolipids of tissue slices increased significant- 
ly, whereas labeling of sphingomyelin, lyso- 
lecithin, lecithin and phosphatidylethanolamine 
decreased (Table 4). It appears that, in these 
cases, slices do not resemble the in vivo meta- 
bolic situation. 

One important finding of the present work is 
associated with the fate of the incorporated 
linoleic and linolenic acids in the two species of 
catfish. In general, [1-14C]linoleic acid was 
poorly desaturated and elongated (Table 5); 
as a result, low percentages (2-3%) of counts 
were found in long-chain PUFA. Incorporation 
of radioactivity of [1-14C]linolenic acid into 
PUFA was slightly more in the killed fish 
tissues or in the liver slices. Desaturation and 
chain elongation of linolenic acid were almost 
the same as in the case of linoleic acid (Table 7) 
and the processes were much weaker in these 
two species of fish in comparison to the results 
obtained with rainbow trout, where about 70% 
of the incorporated radioactivity from [ 1-14C]- 
linolenic acid was channeled to 22:6(n-3)(4) .  
It may be concluded that enzyme activities for 
desaturation and elongation in these species of 
catfish are lower than in other species, but may 
not be altogether missing. The lower conversion 
of linoleic and linolenic acids to their long- 
chain polyenoic derivatives, e.g., 20:4(n-6), 
20:5(n-3) and 22:6(n-3), probably makes these 
fish dependent on the dietary supply of these 
C20 and C22 fatty acids for their growth and 
well being. Like carnivorous animals (e.g., cat 
and lion), many fish such as turbot, red sea 
bream, black sea bream, mullet, opaleye, rock- 
fish and globefish possess very poor capacity 
for desaturation and chain elongation of C~a 
PUFA (2-5,23). With respect to the metabolic 
activities related to chain elongation and de- 
saturation of PUFA, the two catfish investi- 
gated appear to be closer to marine fish (5,23). 

Another important feature regarding the fate 
of the incorporated EFA is profuse oxidation 
of [ 1-14C] linolenic acid in the fish, resulting in 
significant labeling of saturated fatty acids. 
About 40% of the radioactivity of [ 1-14C] lino- 
lenic acid was present in the saturated fatty 
acids (Table 7). If the relative incorporation of 
radioactivity into total saturated fatty acids 
from the labeled linoleic and linolenic acids are 

calculated (Table 8), the significance of these 
differences become more evident. These results 
show that, in the liver of the live catfish, lino- 
lenic acid was preferentially oxidized in com- 
parison to linoleic acid and the liberated 14C- 
acetyl-CoA was incorporated in the saturated 
fatty acids. However, it was observed by Murata 
et al. (24) in common carp that starvation 
caused greater utilization of stored 18:2(n-6) 
as an energy source compared to 18:3(n-3), 
where the level remained almost unchanged. 
It may be said, therefore, that fish can distin- 
guish the acyl chain structure of linoleic and 
linolenic acids during oxidation. 

Interestingly, oxidation of both linoleic and 
linolenic acids was reduced more drastically in 
the case of linolenic acid in the liver tissue slices 
(Tables 5, 7 and 8), indicating that the prefer- 
ential response toward the oxidation of lino- 
lenic acid in live fish could be under physiolog- 
ical control and this control was lost in the 
tissue slices. Hormone(s) can stimulate fatty 
acid oxidation, as was observed in the isolated 
rat hepatocytes in the presence of Ca 2+ and 
vasopressin (25), catecholamines (26) or 
glucagon (27). This type of hormone-mediated 
control of fatty acid oxidation may also oper- 
ate in llve fish but with some discrimination in 
the structure of the fatty acids to be oxldxzed. 

Results of decarboxylation experiments 
show that radioactivity in (n-6) and (n-3) poly- 
enoates of 20- and 22-carbon chain lengths 
were obtained mostly by metabolic inclusion 
of intact [ 1-14C] linoleic acid and [ 1-14C] lino- 
lenic acid molecules (Table 6). 

The differential oxidation of linoleate and 
linolenate, which occurred in the hepatic tissues 
of the two species of catfish when they were 
alive, may result from: (a) a process related to 
oxidation which could recognize the difference 
in the acyl chain structures of the two fatty 
acids and channel one of them preferentially 
toward oxidation, or (b) from the difference 
in Km values between carnitine acyltransferase, 
glycerol-3p-acyltransferase or cholesterol acyl- 
transferase for the two fatty acids. In the latter 
case, should there be a greater affinity of carni- 
tine acyltransferase compared to the other two 
enzymes for linolenic acid, it would lead to 
increased transport of this fatty acid into mito- 
chondria and, therefore, higher oxidation. 

It may be noted that the extensive labeling 
of saturated fatty acids by 14C-acetyl-CoA 
(derived from /3-oxidation of incorporated 
[1-14C]linolenic acid) occurred without much 
dilution by the unlabeled cytoplasmic acetyl- 
CoA pool. This is expected since oxidation 
takes place inside the mitochondria and 14C- 
acetyl-CoA is protected from dilution (by the 
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cytoplasmic pool)  by the mitochondrial  mem- 
brane barrier wh ich  prevents free permeation 
of  acetyl-CoA. The mitochondrial  chain elonga- 
tion system, on the other hand, uses this rela- 
tively less diluted 14C-acetyl-CoA for chain 
lengthening. 

The significance of  the preferential oxida- 
tion of  linolenic acid in these catfish is not  very 
c/ear at this time. Higher oxidation o f  linolenic 
acid in the live fish will create a greater nutri- 
tional demand for this fatty acid as EFA in 
these fish. It is possible that  these fish require 
long-chain PUFA as essential nutrients (which 
they must get from the diet) and use, whenever 
necessary, linolenic acid rather than linoleic 
acid as the preferred source of  energy. 
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A Study of the Plasma Lipoproteins and the Tissue 
Lipids of the Migrating Lamprey, Mordacia mordax 

FLORENCE C.I. FELLOWS and ROBYN M. MCLEAN*,  Russell Grimwade School of  
Biochemistry, Universiw of  Melbourne, Parkville, Victoria 3052, Australia 

ABSTRACT 

Sea lampreys, Mordaeia mordax, were collected in spring from the Yarra River, Victoria, during 
their upstream spawning migration, to study the lipid composition in their tissues and plasma and their 
lipid transport system. Plasma lipoproteins were isolated by preparative ultracentrifugation and their 
chemical compositions were analyzed. The major classes of lipoproteins were found to be similar to 
those of man and higher animals. Lipids from the muscle and liver were analyzed for fatty acids. The 
striking feature of the lipids in the migrating lamprey is the presence of very high levels of cholesterol 
in both plasma and muscle. The possible metabolic roles of cholesterol have been discussed. 
Lipids 17:741-747, 1982. 
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INTRODUCTION 

Sea lampreys, upon reaching their adult stage, 
migrate to freshwater rivers to spawn and, dur- 
ing this period, they do not feed. The energy 
source during this migration is mainly the lipid 
and protein from the muscle of the body wall 
(1). Lamprey muscle contains a considerable 
amount of lipids, 20-45% of the body dry wt 
(2-4). It has been shown (1) that the triacyl- 
glycerol levels in the muscle of the body wall 
and in the liver fall by 90% by the end of the 
spawning period. The body protein has also de- 
creased to one-half. 

Although the migratory animal is in a fasting 
state, the plasma of the short-headed lamprey, 
Mordacia rnordax, contains a low concentra- 
tion (0.1 mM) of nonesterified fatty acids 
(NEFA) (5). It has a fatty acid transport system 
similar to those of higher vertebrates. A protein- 
binding fatty acid is present in amounts com- 
parable to those in teleost fish (6). 

This paper reports the composition of plas- 
ma lipoproteins, muscle and liver lipids of the 
short-headed lamprey, M. mordax, during its 
spring migration. 

MATERIALS 

Chemicals 

Triheptadecanoin, dihep tadecanoyl-L-a-leci- 
thin, cholesteryl heptadecanoate and polyun- 
saturated fatty acid esters (PUFA no. 1, marine 
source and PUFA no. 2, animal source) were 
obtained from Supelco, Inc., Bellefonte, PA. 
Butylated hydroxytoluene (BHT), cetyl alcohol, 
stearyl alcohol, palmitic acid stearyl ester, steric 
acid oleyl ester and squalene were purchased 

*Author to whom correspondence should be ad- 
dressed. 

from Sigma Chemical Co., St. Louis, MO. Boron 
trifluoride methanol complex (14% BF3) was 
obtained from The British Drug Houses, Poole, 
England. Silica Gel G (type 60) for thin layer 
chromatography (TLC) was from Merck, Darm- 
stadt, West Germany. For gas chromatography, 
10% SILAR-10C on Gas Chrom-Q (100-120 
mesh) was obtained from Applied Science 
Laboratories Inc., State College, PA. Solvents 
used were redistilled from analytical-grade 
commercial preparations. Diacylglycerols were 
a gift from Dr. F.A. Shamgar, Department of 
Physiology, University of Melbourne. Alkyl- 
diacylglycerols were prepared chromatograph- 
ically from liver oil of Squalus acanthias (7). 

Animals 

Short-headed lampreys (Mordacia rnordax 
[Richardson]) were collected from the Yarra 
River (Victoria, Australia) during the upstream 
spawning migration (Sept.-Oct.). The weight 
range of the lampreys was 35-51 g with a mean 
weight of 40 g. The average length was 35 cm. 

METHODS 

Blood Sample, Muscle and Liver 

Lampreys were rendered insensible by sever- 
ing the spinal cord about 1 cm posterior to the 
eyes. This procedure maintained the function 
of the heart for some time, allowing blood sam- 
ples to be collected. These samples were col- 
lected from the tails by cutting off 4 cm and 
making sure that urine was drained away before 
making the cut. The blood was mixed with 
EDTA (4 mM final concentration) and the anti- 
oxidant, BHT, was added at 50 mg/1 blood. It 
was centrifuged and the plasma was stored at 
-20 C. Muscle (lateral musculature from the 
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middle section of the trunk) and liver were 
removed from the animal after taking the blood 
and were frozen in liquid nitrogen. They were 
stored at -70 C. 

Isolation of Lipoprotein 

Five ml of pooled plasma was used as the 
starting material. The procedure used for the 
isolation of the major classes of lipoproteins 
was the sequential preparative ultracentrifuga- 
tion of Lindgren (8). Subfractionation was not 
done due to the shortage of plasma sample. The 
density adjustments were made with solutions 
containing NaC1 and NaBr. The centrifugation 
was performed in a 50-Ti rotor in a Beckman 
preparative ultracentrifuge L2-65. 

Lipid Extraction 

Plasma and Lipoproteins. The lipids were ex- 
tracted by the method of Folch et al. (9) with 
(and without) added triheptadecanoin, dihepta- 
deca_noyl-L-tx-lecithin, cholesteryl heptadecano- 
ate and heptadecanoic acid as internal standards. 

Muscle and liver. The extraction procedure 
was modified from Nevenzel et al. (10). Frozen 
muscle (~2 g) was dissected free of the noto- 
chord and intestine and put into liquid nitrogen 
immediately. It was then powdered by shaking 
with a precooled ball-bearing, in a stainless steel 
centrifuge tube. The powder (1 g) was first 
homogenized in 4 ml of Krebs-Ringer phosphate 
buffer, pH 7.4, with a Dounce homogenizer, 
followed by the addition of 20 ml of chloroform/ 
methanol (1:1, v/v). The homogenate was fil- 
tered through a sintered glass funnel and the 
residue washed with 10 ml of chloroform, fol- 
lowed by 10 ml of diethyl ether. The livers 
were thawed and cut finely with scissors and 
homogenized using the same procedure as for 
the muscle. Lipid standards were added at the 
homogenization stage. 

Separation and Determination of Lipid$ 
Plasma lipids were separated by TLC accor- 

ding to Fellows et al. (5). Muscle and liver lipids 
were separated by TLC with a different solvent 
system (petroleum ether/diethyl ether/acetic 
acid, 80:20:1, v/v/v) which resolved diacyl- 
glycerols from cholesterol and alkyldiacylgly- 
cerols from triacylglycerols. However, wax es- 
ters, squalene and cholesteryl esters all moved 
together and close to the solvent front in the 
latter system. This fraction was collected and 
eluted with diethyl ether and rechromato- 
graphed in n-hexane/diethyl ether (95:5, v/v) 
(11). Squalene was well separated from wax es- 
ters and cholesteryl esters but the latter two 
were not completely separated. In an attempt 
to determine whether wax esters were present, 

the following procedure was used. The ester 
fraction was recovered with diethyl ether and 
dried under N2. It was hydrolyzed at 100 C for 
1 hr with boron trifluoride methanol reagent 
(14% BFa/methanol/benzene,  30:30:35, v/v/v) 
which methylated the fatty acids and liberated 
the free fatty alcohols and cholesterol. Water 
(1 ml) was added to the hydrolysate and it w a s  
followed by three extractions with light petro- 
leum ether (bp 40-60 C). The combined extracts 
were evaporated to dryness under N 2. The ex- 
tract was separated by TLC using petroleum 
ether/diethyl ether/acetic acid (80:20: 1, v/v/v). 
Free fatty alcohols were recovered and esteri- 
fled with acetic anhydride in pyridine (12). 
Both methyl esters of fatty acids and acetate 
esters of fatty alcohols were analyzed by gas- 
liquid chromatography (GLC) under the con- 
ditions described earlier (5). Standard wax esters 
treated as above were recovered (98-101%)as 
their fatty acid and fatty alcohol derivatives. 

Nonesterified fatty acids, triacylglycerols, 
cholesteryl esters and phospholipids were 
separately methylated with boron trifluoride 
methanol reagent and the methyl esters of fatty 
acids liberated from these lipids were analyzed 
by GLC and identified by the use of standards. 
Squalene was separately measured by GLC 
under the same conditions as those for fatty acid 
esters. 

Diacylglycerols and alkyldiacylglycerols 
were estimated gravimetrically after recovery 
from TLC plates and after drying to constant 
weight. The component fatty acids were 
methylated by trifluoride methanol reagent and 
analyzed by GLC. Comparable results were 
obtained from the above two methods. Total 
cholesterol and cholesteryl esters were deter- 
mined by the method of Webster (13). In this 
method, digitonin was used to separate choles- 
teryl esters from free cholesterol. The total and 
ester cholesterol were determined by glacial 
acetic acid/ferric chloride reagent. Cholesteryl 
esters obtained using the method just des- 
cribed were in good agreement with those 
determined by GLC. 

Protein Determination 

The three major fractions of lipoproteins 
were thoroughly dialyzed against phosphate 
buffered saline, pH 8.0, at 2-4 C. Apolipopro- 
reins were separated by extraction with ethanol/ 
ether (3:1, v/v) according to Mills et al. (14). 
The precipitated protein fraction, after washing 
several times with the solvent, was dried under 
vacuum and dissolved in 1 M NaOH. Theprotein 
was determined by the method of Lowry et al. 
(15). Bovine serum albumin was used as the 
standard. 
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Bilirubin Determination 

Bilirnbin con t en t  in the liver lipid ex t rac t  
was measured  spec t ropho tomet r i ca l ly  in chloro-  
fo rm at 452 nm. A molar  ex t inc t ion  coeff ic ient  
o f  62,000 cm -1 M -1 in ch lo ro fo rm was used for 
calculation. The lipid ex t rac t ion  procedure  was 
done  in a dark room.  

RESULTS 

The lipid c o n t e n t  o f  the tissue and plasma 
are shown in Table 1. Close to 70% of  the total  
muscle lipid was found  to  be neutral  fats, in- 
cluding small amoun t s  of  diacylglycerols and 
alkyldiacylglycerols.  Muscle also con ta ined  con- 
siderable amoun t  of  cholesterol ,  380 mg (free 
and ester if ied)  per  100 g. The liver was abou t  
0.5% of  the fresh body  wt (40 g) and varied in 
color  f rom b rown  to deep green, depending  on 
the amoun t  of  bil irubin and biliverdin present  
(16). Bilirubin was found  to be ext rac ted  along 
wi th  the lipids, but  the  green-colored biliverdin 
was removed during washing procedure .  The 
amoun t  o f  bilirubin in the lipid extract  ranged 
up to  1% of  the total.  The liver lipids were low 
in tr iacylglycerols,  but  con ta ined  an appreci-  
able a m o u n t  of  diacylclycerols  (~7%).  Phos-  
phol ipids  and choles terol  were the main com- 
ponen t s  in liver lipids. Squalene was present  in 
bo th  liver and muscle.  The  plasma conta ined  
very high concen t r a t ions  o f  choles terol  and a 

small a m o u n t  of  tr iacylglycerols.  A thorough  
search was made for wax ester  in the tissues and 
plasma, but  no de tec tab le  a m o u n t  was found  in 
e i ther  the tissues or 'plasma.  

The lamprey plasma l ipopro te ins  isolated by 
sequent ia l  u l t racent r i fugat ion  showed  three 
major  classes, i.e., very low densi ty  l ipopro te in  
(VLDL) ,  low densi ty  l ipoprote in  (LDL) and 
high densi ty l ipoprote in  (HDL) as def ined in 
Table 2. Chy iomic rons  were no t  de tec ted  in the 
plasma. The VLDL mainly  t ranspor ted  triacyl- 
glycerols and choles terol  (free and ester if ied)  
whereas  the LDL conta ined  a lmost  exclusively 
choles terol  and its esters. The cholesterol  pres- 
ent  in these two fract ions was largely esterif ied 
(80%). However ,  only 45% o f  the choles terol  
in HDL was present  in an esterif ied form. Phos- 
phol ipids  and pro te in  were the  major  co mp o n -  
en ts  in HDL. 

The fa t ty  acid compos i t i on  in the lamprey  
lipids is shown in Tables 3-5. The sa tura ted 
fa t ty  acids (11-39%) are mainly palmit ic  and 
stearic. The m o n o e n e  acids (20-58%) are pre- 
d o m i n a n t l y  Cts accompanied  by Ct6 and C20. 
The remaining acids are mainly  n-6 (18:2 to  
22:4)  and n-3 (18:3 to 22:6)  families. The lam- 
prey lipids are very rich in po lyunsa tu ra ted  acids, 
par t icular ly C20 and C22 acids. The fat ty acid 
esters  o f  diacyl and alkyldiacylglycerols  were 
also shown to be similar to the general pa t te rn  
of  tissue lipids. 

TABLE 1 

Lipid Content of Tissues and Plasma 

Lipid content Muscle (9) Liver (6) Plasma (4) 

Total lipid 10.7 • 0.5 
(mg/g wet wt) 57.4 -+ 3.3 a 68.4 + 3.5 b mg/ml 

Wt% 

NEFAc 1.1 + 0.3 3.0 +- 1.0 0.2 • 0.01 
Triacylglycerol 68.5 • 2.3 8.6 • 3.1 8.0 • 0.3 
Diacylglycerol d 1.0 • 0.4 6.9 • 2.0 0 
Aliyldiacylglyeerol d 0.5 • 0.3 1.0 • 0.3 0 
Phospholipid 20.3 • 2.2 54.7 • 3.3 34.5 -+ 1.3 
Cholesterol 3.7 -+ 0.8 10.6 • 1.5 9.3 • 1.0 
Cholesteryl ester 4.9 +- 0.2 14.6 • 1.2 48.0 • 2."/ 
Squalene Trace 0.6 • 0.5 0 

The number of determinations is in parentheses; liver and plasma samples were from 
pooled sources. 

aMean • SEM. 
bTotal liver lipid includes bilirubin which varies from 0.03 to 0.12 mg/g wet wt. 
CNEFA - nonesterified fatty acids. 
dThe results are from three determinations of pooled lipid extracts. Animals were of 

both sexes. 
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TABLE 2 

Plasma Lipoproteins 

Totala Wt % 
Lipoprotein (mg/100 Triacyl- Cholesteryl  . Cholesterol 

classes ml plasma) Protein glyceride Phospholipid esters (free) 

VLDL (<1.006 g/ml)  226 8.0 36.0 20.0 31.0 5.0 
LDL (1.006-1.063 g/ml) 664 17.0 2.0 11.0 60.0 10.0 
HDL (1.063-1.21 g/ml)  507 43.0 0.4 46.8 5.6 4.2 

The results are the mean of  two determinat ions  from two pooled batches of  plasma samples. 

aThe amount  of  l ipoprotein was measured by the analysis of  lipid and protein contents  in each class. 

TABLE 3 

Fat ty  Acid Composi t ion of  Triacylglycerols 

TABLE 4 

Fatty Acid Composi t ion of  Phospholipids 

Wt % Wt % 

Fatty acids Muscle (9) Liver (6) Plasma (4) Fat ty  acids Muscle (9) Liver (7) Plasma (4) 

Saturated (37.6) (39.0) (28.0) Saturated (38.5) (21.4) (14.3) 
14:0 2.1 -+ 0.3 a 7.9 + 2.5 3.3 -+ 1.0 14:0 0.9 -+ 0.2 a 2.1 -+ 1.0 1.1 -+ 0.6 
16:0 13.2 • 1.1 18.2 + 3.0 14.7 + 1.4 16:0 23.2 -+ 1.3 9.2 -+ 1.7 10.4 _+ 0.9 
18:0 20.7-+0.8  1 1 . 9 + 2 . 5  8.4-+0.9 18:0 11.3-+0.6 7.9-+ 1.3 2.8-+0.5 
20:0 1.6 -+ 0.4 1.0 -+ 0.4 1.6 -+ 0.6 20:1 3.1 -+ 0.3 2.2 -+ 0.7 0 
Monoenes (22.1) (23.0) (39.9) Monoenes (26.9) (19.5) (39.5) 
16:1 1.0 + 0.1 0 . 9 •  1 1 . 6 + 2 . 2  16:1 5.5-+0.5 4 . 2 + 0 . 8  3 . 1 •  
18:1 21.1 -+ 2.2 22.1 -+ 1.5 28.3 -+ 3.1 18:1 21.4 + 1.0 15.3 -+ 0.9 36.4 -+ 3.6 
2 0 : 1  b . . . .  20:1 b - -  _ _ 

n-6 Polyenes (5.5) (14.8) (9.1) n-6 Polyenes (12.3) (28.0) (24.2) 
18:2 2.6 -+ 0.3 8.4 -+ 0.8 1.7 + 0.7 18:2 1.8 -+ 0.5 2.2 -+ 0.6 2.4 + 0.6 
20:4 0.9 -+ 0.2 4.3 -+ 0.6 5.5 -+ 1.3 20:4 5.5 -+ 0.9 22.7 -+ 1.7 19.8 -+ 2.7 
22:4 2.0 -+ 0.3 2.1 -+ 0.5 1.9 + 0.1 22:4 5.0 • 0.6 3.1 -+ 0.2 2.0 -+ 0.5 
n-3 Polyenes (34.8) (29.0) (26.0) n-3 Polyenes (20.3) (28.8) (21.0) 
18:3 b 17.6 -+ 0.4 15.5 -+ 0.5 2.8 • 0.6 18:3b 2.0 -+ 0.3 1.7 + 0.2 2.6 -+ 0.4 
20:5 2.5 -+ 0.4 4.7 -+ 1.4 7.8 -+ 2.0 20:5 4.8 -+ 0.6 10.8 -+ 0.5 5.8 -+ 2.0 
22:5 2.7 -+ 0.5 1.7 + 0.6 5.4 -+ 1.1 22:5 1.5 + 0.1 2.7 + 0.2 4.8 -+ 1.0 
22:6 11.8-+2.4 7.1 +2 .4  1 0 . 0 + 2 . 0  22:6 12.0-+ 1.4 1 3 . 6 + 0 . 6  7.8+-0.7 
Unidentified 1.2 -+ 0.5 4.2 -+ 0.6 0 Unidentif ied 2.0 -+ 0.6 2.3 -+ 0.5 1.0 • 0.4 

The number of  determinat ions  is in parentheses. 
n-3 and n-6 refer to the first double bond in posi- 

t ion 3 and posi t ion 6 with respect to the CH 3 group, 
respectively. 

aMean -+ SEM. 

bin the analyses, no dist inct ion was made between 
20:1 and 18:3(n-3) and the peak was assigned to 18:3 
only. 

The number o f  determinat ions  isin parentheses. 
n-3 and n-6 refer to the first double bond in posi- 

t ion 3 and position 6 with respect to the CH 3 group, 
respectively. 

aMean -+ SEM. 
b in  the analyses, no distr inct ion was made between 

20:1 and 18 :3(n-3)and  the peak was assigned to 18:3 
only. 

DISCUSSION 

T h i s  s t u d y  e x a m i n e d  t h e  p l a s m a  lipopro- 
r e i n s  a n d  t i s s u e  l i p i d s  i n  t h e  sea  l a m p r e y  M. 

mordax d u r i n g  i t s  u p s t r e a m  s p a w n i n g  m i g r a t i o n .  
T h i s  m i g r a t i o n  o c c u r s  in  t h e  s o u t h e r n  h e m i s -  

p h e r e  s p r i n g  f r o m  e a r l y  S e p t e m b e r  t o  t h e  e n d  
o f  O c t o b e r .  I t  is o n l y  a t  t h i s  t i m e  o f  t h e  y e a r  
t h a t  a d u l t  l a m p r e y s  m a y  be  f o u n d  a n d  c a u g h t  

in  t h e  Y a r r a  R i v e r  i n  V i c t o r i a  (8 k m  f r o m  t h e  

sea) .  A t t e m p t s  t o  o b t a i n  n o n s p a w n i n g  l a m p r e y s  

f r o m  t h e  o f f s h o r e  f i s h i n g  g r o u n d s  h a v e  b e e n  un -  
s u c c e s s f u l .  

T h e  ave rage  b o d y  w t  o f  t h e  l a m p r e y s  i n  t h e s e  
s t u d i e s  was  a b o u t  4 0  g. T h i s  is  m u c h  less  t h a n  
t h a t  f o r  s o m e  o t h e r  sea  l a m p r e y s ,  s u c h  as P. 
marinus (3 ,4 ) .  I t  is  k n o w n  t h a t  m i g r a t i n g  l a m -  
p r e y s  l a c k  f o o d  and  w a t e r  i n t a k e  a n d  t h a t  
a t r o p h y  o f  t h e  i n t e s t i n e  o c c u r s  ( 1 , 16 ) .  I n  t h e  
s p e c i m e n s  s t u d i e d ,  t h e r e  w e r e  n o  o b s e r v a b l e  

LIPIDS, VOL. 17, NO. 10 (1982) 
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T A B L E  5 

Fatty Acid C o m p o s i t i o n  o f  C h o l e s t e r y l  Esters 

Wt % 

F a t t y  ac ids  Muscle  (3) Liver  (4)  P l a sma  (4)  

Saturated 
14 :0  
16 :0  
18 :0  
2 0 : 0  
M o n o e n e s  
16:1  
18:1  
20 :1  b 
n-6  P o l y e n e s  
18 :2  
2 0 : 4  
2 2 : 4  
n-3  P o l y e n e s  
18 :3  b 
2 0 : 5  
22 :5  
2 2 : 6  
U n i d e n t i f i e d  

( 1 3 . 1 )  ( 1 0 . 6 )  ( 1 6 . 8 )  
3 . 2 •  a 0 . 3 •  0 .3  ~ 0 . 1  
8 . 2 •  3 . 1 •  9 . 4 •  
1 . 0 •  3 . 2 •  3 . 9 : 0 . 4  
0 . 7 •  4 . 0 •  3 . 2 + 0 . 5  

( 2 5 . 6 )  ( 5 8 . 5 )  ( 4 2 . 0 )  
7 . 2 •  5 . 4 •  4 . 0 •  

1 8 . 4 •  53.1 • 10.1 3 8 . 0 •  

(23.2) (5.7) (7.a) 
1 2 . 0 •  2 . 6 •  2 . 0 : 0 . 3  

7 . 2 •  1.0 2 . 0 •  3.6 * 0 . 4  
4 . 0 •  1 . 1 •  1.7 ~ 0 . 3  

(35 .5 )  ( 2 1 . 9 )  ( 3 0 . 9 )  
3 . 0 •  7 . 2 •  8 . 0 * 2 . 3  

1 2 . 4 •  7 . 0 •  14 .0  t 1.9 
1 2 . 0 •  1.4 L1  •  3 . 2 5  0.1 

8 . 1 •  6 . 6 •  5 . 7 •  
2 . 3 •  3 . 4 •  3 . 0 4 0 . 6  

The  n u m b e r  o f  d e t e r m i n a t i o n s  is in parentheses. 
n-3 a n d  n-6 re fe r  to  the  f i rs t  d o u b l e  b o n d  in posi- 

tion 3 a n d  p o s i t i o n  6 w i t h  r e spec t  to  the  CH 3 g r o u p ,  
respectively. 

a M e a n  • SEM. 

b i n  the  ana lys i s ,  n o  d i s t i n c t i o n w  as m a d e  b e t w e e n  
20 :1  a n d  1 8 : 3 ( n - 3 )  a n d  the  p e a k  w a s  ass igned  to  18 :3  
o n l y .  

traces of food or fluid in the intestines. The 
intestines themselves were small with thin, flat- 
tened wails which had a defalted appearance. 

The relative size of the liver (0.5% of the 
body weight) was also considerably smaller 
than that of other lampreys (3,4). The liver 
color in nonmigrating lampreys is usually orange 
(16). In the animals studied, it varied from 
brown to deep green. This color change is caused 
by increased amounts of biliverdin in the liver. 
It is associated with a progressive degeneration 
of the liver tissues and a decrease in the ability 
to convert biliverdin to bilirubin (16). Judged 
by the size and amount of eggs developed in 
the females, the lampreys were at various stages 
of sexual development. 

There are two findings of particular interest 
in relation to muscle lipids. The first is that the 
lamprey stores its energy source, triacylglycer- 
ols, almost entirely in the muscle. Most fish 
appear to use mainly the liver and/or skeletal 
muscle for triacylglycerol storage (17). This is 
in contrast with mammals which have well de- 
veloped adipose tissue. It is generally considered 
that, in the more active fish, skeletal muscle 
acts as the storage function (18,19). Eels (20) 

and salmon (17) have large amounts of triacyl- 
glycerols stored in this manner. The second fin- 
ding of interest in relation to muscle lipid is 
that the lamprey has a very high cholesterol con- 
tent in the muscle. Our results show a level of 
380 mg (free and esterified) in 100 g muscle 
(wet wt). Crustaceans such as shrimps and lob- 
sters have also been shown to have high choles- 
terol levels (200 mg and 170 mg/100 g muscle, 
respectively) (21). It is known, however, that 
these animals are incapable of the biosynthesis 
of cholesterol (22-24) and store it from dietary 
intake. The reason for lampreys storing such an 
unusually high level of cholesterol in muscle is 
unknown. It may be related to the spawning 
process. During the spawning migration, liver 
and intestine are known to degenerate (1,16) 
and to lose their normal functions. At the same 
time, the lampreys cease feeding. It is therefore 
possible that the lamprey draws upon the reserve 
source of cholesterol in the muscle for the de- 
velopment of gonads and eggs. 

There were two findings of particular interest 
in relation to plasma lipids. The first is that 
cholesterol and its esters accounted for 57% of 
the total plasma lipids in the migrating lampreys. 
Three-quarters of the total cholesterol was pres- 
ent in an esterifled form. The high level of cho- 
lesterol in the plasma may be related to physio- 
logical changes during spawning. The salmoni- 
dae have been found to have an elevated level 
of plasma cholesterol during the upstream 
spawning migration (25,26). It has been ob- 
served, in general, that many teleost fish have 
much higher cholesterol levels than that of 
mammalian plasma (19,27). The high level of 
cholesterol in the cyclostome,Myxineglutinosa, 
is correlated with its utilization of cholesterol 
for the synthesis of bile salt, myxinol disulfate 
(28). The lamprey is also a cyclostome and may 
use the same pathway to produce its bile salt. 

The second finding of interest in relation to 
plasma lipids in the lampreys is the very low 
level of triacylglycerols. This contrasts with 
findings for teleost fishes and elasmobranches 
(F. Fellows and R. McLean, unpublished re- 
suits). The triacylglycerol levels in the plasma 
of teleosts are three to 17 times greater than 
that found in lampreys. In the elasmobranch, 
they are two to 14 times greater. 

In evolution, the lamprey is regarded as 
primitive. Nevertheless, its use of lipoproteins 
as binding agents to transport plasma lipids is 
similar to higher animals. The major classes of 
its lipoproteins resemble those found in higher 
vertebrates. Their protein content is, in general, 
very similar. The lipid composition of lamprey 
lipoproteins has a lower percentage of triacyl- 
glycerols and a higher percentage of cholesterol 
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than those of man and ,p ther  animals (29). A 
distinct feature is t ha t  the lamprey possesses a 
large amount  of plasma LDL containing a very 
high concentration of  choles terol -70% of LDL 
weight. This is considerably higher than LDL in 
other animals (29) and contrasts with that of 
hagfish (14). 

In higher animals, one of the important  roles 
of  LDL is carrying cholesterol to the body cells 
(30). The nonhepatic cells in the body obtain 
the cholesterol necessary for structural main- 
tenance through LDL. It  is known (31-33) that 
the high:affinity specific receptors on the cell 
surface-bind plasma LDL. In this way, the cells 
take-up the l ipoprotein by endocytosis,  use its 
cholesterol and suppress their own endogenous 
cholesterol synthesis. The cells, by regulating 
the number of LDL receptors on their surface, 
are able to control the entering amount of cho- 
lesterol (34). Thus, they are protected from ex- 
cessive cholesterol accumulation which may 
lead to pathological conditions,  such as athero- 
sclerosis. It is unknown how the lamprey me- 
tabolizes LDL or by what mechanism the LDL 
delivers its cholesterol to the cells. 

Great variations in the levels of nonesterified 
fatty acids have been observed in the plasma of 
fish (5,19). Most teleost species have levels ex- 
ceeding 400 pM (19). In the lampreys studied, 
these levels were relatively low (75 pM). The 
circulating level of nonesterified fatty acids in 
fish is believed to be determined by the site of 
fat storage (muscle, liver, other depots) (19) 
and is possibly also related to the muscular ac- 
tivity of the species. It is possible that the 
migrating lampreys mobilize nonesterified fatty 
acids by direct lipolysis in the muscle tissue 
without  being released into the bloodstream. 

The fat ty acid composit ion of the lipids in 
the lamprey is consistent with that commonly 
present in marine fishes (35). They are straight- 
chained and even-numbered acids varying in 
chain length from Cta to C22. The saturated 
acids are mainly palmitic and stearic. The mono- 
ene acids are predominantly C is. The poly- 
unsaturated acids of the CIS, C20 and C22 series 
are important  constituents of  lamprey lipids. 
They are based on the patterns of linoleic (n-6) 
and linolenic (n-3) acids. They have up to five 
double bonds in the C20 series and up to six 
double bonds in the Cz~ series. The origin of 
these highly unsaturated acids in lamprey lipids 
is probably associated with their dietary sources. 
The migratory lampreys are known to be para- 
sitic (1) and their hosts are mainly the teleost 
fish (4). The physiological importance of having 
large proport ion of polyunsaturated acids in the 
lipids of lamprey and other fish is because the 
melting points of these acids are low. This facil- 

i tates the cellular exchange of  lipids at the low 
temperature of their habitats. 
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Differential Uptake of Cholesterol and Plant Sterols 
by Rat Erythrocytes in vitro 1 

P. CHILD a and A. KUKSIS*, b, aDepartment of Biochemistry and bBanting and Best Department 
of Medical Research, University of Toronto, Toronto, Canada M5G 1L6 

ABSTRACT 

The in vitro uptake of radioactively labeled cholesterol and the plant sterol/~-sitosterol has been ex- 
amined in rat erythrocytes. From mixed micellar solutions containing egg yolk phospholipid and sodium 
taurocholate, the erythrocytes showed a nonlinear uptake of the two sterols. The uptake leveled off 
after about 45 min with the attainment of a 1 : 1 total sterol-to-phospholipid ratio within the cell mem- 
brane, as determined on a mass basis. From soltuions containing egg yolk phospholipid, or purified egg 
yolk phosphatidylchollne, a preference for cholesterol over the plant sterol was observed, increasing 
with time from a cholesterol/#-sitosterol uptake ratio of unity (the media ratio) to a maximum of 2 
after a 60-min incubation. Correction of the data for nonspecffically bound sterol increased the ratio 
to a maximum of 5 at the 30-rain time point. The increase in the cholesterol/~-sitosterol uptake ratio 
with time, following an initial nonspecific association, showed that penetration of the plasma mem- 
brane by the sterol was required for the selectivity to be expressed. The presence of lysophosphatidyl- 
choline or bovine serum albumin did not exert any noticeable influence over the extent or selectivity 
of absorption. Replacement of the egg yolk phosphollpid with synthetic dipalmitoyl-phosphatidylcho- 
line led to a loss of the sterol selectivity. No evidence was found to support a selective extraction of 
sterol from the erythrocyte membrane to account for the observed effects, nor was there any sign of 
a mass accumulation of phospholipid during the incubation. It is suggested that the media phospho- 
lipid influences the membrane permeability toward cholesterol and #-sitosterol. 
Lipids 17:748-754, 1982. 

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

Studies  on  t he  u p t a k e  and  l y m p h a t i c  t rans-  
por t  o f  s terols  by  the  in te s t ina l  mucosa  in vivo 
have d e m o n s t r a t e d  t h a t  cho les te ro l  is ab so rbed  
a b o u t  10 t imes  more  readi ly  (1-4)  and  camp-  
es terol  a b o u t  four  t imes  more  readi ly  (5)  
t h a n  /3-sitosterol. F u r t h e r m o r e ,  the  p lan t  
dily (5)  t h a n  ~s i t o s t e r o l .  F u r t h e r m o r e ,  the  p l an t  
s terols  have been  s h o w n  to in te r fe re  wi th  t he  
u p t a k e  o f  l umena l  cho les te ro l  (6-8),  wh ich  has  
genera ted  m u c h  in te res t  in the  d ie tary  con t r o l  
o f  cho les te ro l  a b s o r p t i o n  by  /3-sitosterol (9).  
A t t e m p t s  to es tab l i sh  the  m e c h a n i s m  of  p l an t  
s terol  i n h i b i t i o n  of  cho les te ro l  a b s o r p t i o n ,  how-  
ever, have  been  unsuccessfu l  (2,3) .  These  s tudies  
have been  compl i ca t ed  by  the  fai lure o f  several 
well charac te r i zed  in v i t ro  p r e p a r a t i o n s  o f  in- 
tes t inal  t issue, inc lud ing  rings (10)  and  ever ted  
sacs (11) ,  to  mi r ro r  the  in vivo f indings.  Thus ,  i t  
has  been  suggested (10 ,12 )  t ha t  t he  in tes t ina l  
a b s o r p t i o n  o f  s terols  c a n n o t  be inves t iga ted  by  
c o n v e n t i o n a l  m e t h o d s  in vitro.  This  suggest ion 
appeared  to be b o r n e  o u t  by  a s imilar  lack of  
select ive s terol  a b s o r p t i o n  in isola ted in tes t ina l  

Ipresented in part at the 72nd annual meeting of 
the American Oil Chemists' Society, New Orleans, LA, 
May 1981. 

*Author to whom correspondence should be ad- 
dressed. 

e n t e r o c y t e s  (13) ,  w h i c h  can  be p repared  in a 
highly active me tabo l i c  s ta te  and  w i t h o u t  the  
m u c o u s  g lycocalyx  t ha t  may  nonse lec t ive ly  re- 
ta in  s terol  subst ra tes .  

C o m m o n  to  all of  the  above  in vi t ro  prepar-  
a t ions,  however ,  is a suscept ib i l i ty  to  anox ia  
and mechan ica l  damage dur ing  the  i so la t ion  
p rocedure  (14) ,  and  the  presence  of  e n d o g e n o u s  
p ro t eo ly t i c  and  l ipolyt ic  e n z y m e s  (15).  These  
fac tors  would  all be e x p e c t e d  to in f luence  the i r  
behavior .  To assess the i r  in f luence ,  i t  was de- 
sirable to examine  micel lar  s terol  u p t a k e  in an  
i n d e p e n d e n t  in vi t ro  sys tem which  does  no t  
suffer  these d rawbacks .  In this  s tudy ,  we have 
e x a m i n e d  the  in v i t ro  u p t a k e  of  cho les te ro l  and  
p lan t  s terols  by  ra t  e r y t h r o c y t e s  and  have f o u n d  
t h a t  the  relat ive ra tes  of  the  s terol  u p t a k e  de- 
pend  on  the  a m o u n t  and  n a t u r e  of  t he  phos-  
pha t i dy l cho l i ne  p resen t  in the  sod ium tauro-  
ch01ate micelles con ta in ing  the  sterols.  

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

Sod ium t a u r o c h o l a t e ,  f a t ty  acid-free bov ine  
serum a lbumin ,  choles terol , /3-s i tos terol ,  [4-14C] 
cho les te ro l  and  [22,23-3H]/3-s i tos terol  were as 
previously  descr ibed (13).  sn-l,2-Dipalmitoyl- 
p h o s p h a t i d y l c h o l i n e  (98%) and  egg yolk  sphin-  
gomye l in  were o b t a i n e d  f rom Sigma Chemica l  
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Co. (St. Louis, MO). Egg phospholipid was pur- 
chased from British Drug Houses (Toronto, 
Canada) and contained 75% phosphatidylcho- 
line, 13% phosphatidylethanolamine, 12% lyso- 
phosphatidylcholine and traces of sphingomye- 
lin and free fatty acid, as estimated by thin- 
layer chromatography (TLC). An egg phospha- 
tidylcholine preparation obtained from Nutri- 
tional Biochemicals (Cleveland, OH) contained 
61% phosphatidylcholine and 21% lysophos- 
phatidylcholine. Purified egg phosphatidylcho- 
line was obtained from this preparation by TLC. 

Erythrocyte Preparation 

Fresh blood from 250-300- g male Wistar 
rats was treated with 4 mM EDTA. The cells 
were pelleted at 1,200 x g for 10 min and the 
supernatant and buffy coat were removed by 
aspiration. The cells were then washed several 
times with 5 vol of Hank's balanced salt solu- 
t ion containing 15 mM 2-(N-2-hydroxyethyl- 
piperazin-N'-yl) ethanesulfonic acid (HEPES) 
buffer (phenol red omitted to allow detection 
of hemolysis) and stored at room temperature 
in the same buffer (30% hematocrit) until  use 
(maximum 2 hr). In some experiments, the cells 
were suspended in the above buffer containing 
4% fatty acid-free bovine serum albumin. 

Preparation of Micellar Solutions 

MiceUar solutions were Prepared by mixing 
the lipid components in amounts sufficient to 
give 6.6 mM sodium taurocholate, 0.5-1.5 mM 
phospholipid and 100-600 /~M sterol (plus the 
appropriate tracer sterol) in the desired volume. 
In some cases, oleic acid (1.2 mM) and sn-2- 
monooleoylglycerol (0.6 mM) were included. 
Following evaporation of the solvent under ni- 
trogen, the required volume of Hank's balanced 
salt solution (containing 15 mM HEPES) (pH 
7.4) was added and the resulting turbid suspen- 
sion was incubated at 37 C with shaking (65 cy- 
cles/min) in a Dubnoff shaker bath for 1 hr. 
After cooling, the suspensions were filtered 
through a 0.2-/sm Milex filter disc (Millipore 
Corp., Mississauga, Ontario, Canada) attached to 
a disposable syringe Under light plunger pres- 
sure. The mixed micellar solutions containing 
the crude egg phospholipid were water-clear 
in appearance. The proportions of the various 
lipids in the final filtered solutions were as- 
sessed following total lipid extraction by gas 
liquid chromatography (GLC) of the TMS 
derivatives as previously described (16). The ac- 
tual composition of the solutions is indicated in 
the legends to the figures. 

Measurement of Sterol Uptake 

Incubations were initiated by the addition of 

1 ml of the erythrocyte suspension (30% hema- 
tocrit) to 4 ml incubation medium, prewarmed 
to 37 C in a 50-ml plastic beaker, and the sus- 
pension was shaken at ! 00 cycles]min in a Dub- 
noff shaker bath. Samples were withdrawn at 
each time point and released into 5 ml iced sa- 
line and centrifuged at 1,200 x g for 5 min, 
followed by a wash with 10 ml iced saline. After 
careful removal of the remaining solution by 
Pasteur pipette, the cell pellets were frozen in 
dry ice[methanol for storage at -20 C, if neces- 
sary. Upon thawing, the erythrocyte pellets 
were slowly dispersed with stirring into 50 vol 
of methanol as described by Nelson (17) fol- 
lowed by the addition of chloroform to bring 
the ratio to 2:1 chloroform/methanol. The or- 
ganic phase was washed with 0.9% saline using 
the ratios of Folch et al. (18), and following re- 
moval of the lower phase, the aqueous layer 
was re-extracted once more with freshly equili- 
brated lower phase. The lipid extracts were re- 
duced to a small volume under N2 and aliquots 
were transferred to glass scintillation vials. Fol- 
lowing evaporation of the solvent, 10 ml of 
Aquasol (New England Nuclear Corp., Boston, 
MA) was added and the samples counted in an 
Isocap 300 liquid scintilation counter (Searle 
Corp., Oakville, Ontario, Canada), using the ex- 
ternal standard ratio to correct for quenching. 
The dual label deconvolution and the dpm cal- 
culations were carried out on a desk top com- 
puter. 

Calculation of Sterol Uptake Ratio 

A comparison of the mean ratio of [14C] 
cholesterol to [3 H] /3-sitosterol at each time 
point (three or more replicates of cell prepar- 
ations) was made with that in the incubation 
medium on the basis of the radioactivity (dpm). 
The significance of the "difference between the 
means was assessed using Student's t-test. FoP 
lowing this, the ratios were normalized to a 
media dpm ratio of 1.00, giving the normalized 
cellular uptake ratios reproduced in Figures 1 
and 2 and discussed in the text. Uptake values 
corrected for nonselectively bound sterol were 
obtained by a subtraction of either the 1 min 
(37 C) or zero degree control values from those 
measured at 30 min (37 C). Unless otherwise 
indicated, however, the data presented in the 
tables and figures are uncorrected. 

Mass Analyses 

For mass analyses of the sterol and phospho- 
lipid classes, aliquots of the total lipid extracts 
of the cells were applied to thin layers of mag- 
nesium acetate-treated Silica Gel H and the 
plates were developed with chloroform/metha- 
nol/acetic acid/water (100:45:20:6.8 by vol), 
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FIG. 1. Uptake of radiolabeled cholesterol and/~- 
sitosterol by rat erythrocytes from mixed micellar sol- 
utions. Rat erythrocytes were incubated in media con- 
taining 6.6 mM Na taurocholate, 1.5 mM egg phospho- 
lipid, 280 tzM cholesterol plus [4J4C] cholesterol tracer 
and 240 /~M #-sitosterol plus [22,23-3H]f-sitosterol 
tracer. Open circles refer to cholesterol uptake, dosed 
triangles to #-sitosterol uptake, and open squares to 
the cellular uptake ratio of cholesterol to #-sitosterol. 
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FIG. 2. Effects of variation of the incubation 
conditions on sterol uptake by rat erythrocytes. The 
cells were incubated as follows: (A) media as in Fig. 1, 
incubation for 30 min at 0 C. (B) As in A, incubation 
for 1 min at 37 C. (C) As in A, incubation for 30 min 
at 37 C. (D) Media containing 6.6 mM Na taurocholate, 
600 pM egg phosphatidylcholine, 200 pM egg lysophos- 
phatidylcholine, 210 pM cholesterol plus [4-14C 1 cho- 
lesterol and 230 pM #-sitosterol plus [22,23-3Hl#- 
sitosterol, incubation for 30 min at 37 C. (E) As in A, 
with the inclusion of 0.8% (w/v) BSA, incubation for 
30 min at 37 C. (F) Media containing 6.6 mM Na 
taurocholate, 1 mM dipalmitoyl phosphatidylcholine, 
130 pM cholesterol plus [4J4C]cholesterol and 134 
pM sitosterol plus [ 22,23 -3 H] -/3-sitosterol, incubation 
for 30 min at 37 C. Clear bars refer to the uptake of 
cholesterol and the hatched bars to/~-sitosterol. Values 
are presented as the means +_ SD for three determina- 
tions. The cellular uptake ratios of cholesterol to #- 
sitosterol, normalized to that in the media, were as 
follows: A, 0.99 +_ �9 B, 0.94+_ 0.03} C, 2.14 _+ 0.07; 
D, 1.68 +- 0.03; E, 2.47 +- 0:07 and F, 0.74 +- 0.02. 

as previously described (19).  The sterols were 
scraped from the solvent front of the plate, 
eluted with diethyl ether/pentane (1:1), and 
analyzed as the TMS ethers by temperature- 
programmed GLC using 3% OV-1 columns (16). 
The remainder of the thin-layer plate was ex- 
posed to iodine vapor and the various phospho- 
lipid classes were located and scraped directly 
into test tubes. The scrapings were digested 
with H2SO4-HCIO4 and the phosphorus was 
determined as described by Nelson (17). 

Measurement of Hemolysis 

Any hemolysis of the red blood ceils (RBC) 
was assessed spectrophotometrically according 
to the method of Roelofsen et at. (20). 

R ESU LTS 

Prevention of Hemolysis 

The incubation of rat erythrocytes in micel- 
lar media containing sterols, oleic acid, mono- 
acylglycerol and sodium taurocholate, as used 
previously with isolated intestinal villus cells 
(13), led to an instant hemolysis. Under these 
conditions, it was not possible to isolate pellet- 
able material by centrifugation at 30,000 x g- 
min. A replacement of  the oleic acid and mono- 
acylglycerol with a similar amount (1.0-1.5 mM) 
of  crude egg yolk phospholipid prevented hemo- 
lysis. Table 1 shows that comparable propor- 
tions of  egg phosphatidylcholine containing 20 
mol % lysophosphatidylcholine, as well as syn- 
thetic s n - l , 2 - d i p a l m i t o y l - p h o s p h a t i d y l c h o l i n e ,  
had a similar protective effect, although a com- 
plete range of  concentrations was not examined. 
Table 1 also demonstrates that low levels (200 
/aM) of free fatty acid did not  influence the ex- 
tent of cell lysis, but the addition of larger 
amounts of oleic acid completely lysed the 
cells. Under appropriate conditions, therefore, 
the incubations could be carried out without 
detectable hemolysis for up to 60 min, allow- 
ing the sterol uptake to be assessed. 

Uptake of Sterols by Erythrocytes 

Figure 1 shows the cellular accumulation of 
radioactive cholesterol and ~-sitosterol with 
time. The uptake is nonlinear and reaches a 
plateau after about 45 min. At points corres- 
ponding to the plateau region of the uptake 
curve, the total sterol contents of  the cells had 
increased by about 10%, raising the cellular 
total sterol/total phospholipid ratio (mol/mol) 
from 0.92 before incubation to 1.03 after incu- 
bation, as determined on a mass basis (Table 2). 
From Figure 1, it is seen that the radioactive 
cholesterol was taken up about two times more 
readily than ~-sitosterol. Thus, the cellular ratio 
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TABLE 1 

Effect of  Micellar Lipid Composi t ion on the Hemolysis  a o f  Rat Erythrocytes  

751 

Hemolysis 
Media lipid composi t ion 30 rain 60 rain 

6.6 mM sodium taurocholate 
300-500 #M sterol 

+500 #M oleic acid and 
400/zM monooleoylglycerol  

+1.5 mM egg phospholipid 
(contains 200/aM free fat ty acid) 

+1.5 mM egg phospholipid and 
0.8% bovine serum albumin 

+1.5 mM egg phospholipid and 
1.0 mM oleic acid 

+1.0 mM egg phosphat idylchol ine 
+0.6 mM egg phosphat idylchol ine and 

0. 2 mM egg lysophosphatidylcholine 
+1.0 mM dipalmitoyl-phosphat idylchol ine 
+0.8 mM dipalmitoyl-phosphatidylcholine and 

0.2 mM egg lysophosphat idylchol ine 
+0.5 mM dipalmitoyl-phosphat idyleholine and 

0.5 mM egg phosphat idylchol ine 

+ +  

+ + 

- -  + 

- -  ND 

- -  N D  

aCells were incubated at 37 C as described in Methods;  ++, cells dissolved; +, cells lysed; - ,  
no  hemolysis;  and ND, not  determined.  

TABLE 2 

Erythrocyte  Sterol to Phospholipid Ratio before 
and after Incubat ion in Mixed Micellar Solution 

Total 
Cholesterol Campesterol  Sitosterol sterol 

Sample total PL total PL "total PL total PL 

(nmol /nmol)  
Unincubated 
erythrocytes  0.88 • .05 0.024 • .008 0.017 • .002 0.92 • .02 
Incu bated a 
erythrocytes  0.95 +- .03 0.030 • .006 0.051 • .013 1.03 • .06 

Sterol uptake 0.07 (130) 0.006 (11) 0.034 (63) 0.11 (204) 

aCells were incubated for 60 min in HBSS + HEPES buffer  containing 6.6 mM sodium 
taurocholate,  1 mM egg phospholipid,  280 #M cholesterol and 250 #M /3-sitosterol. Values 
are presented as means  • SD for three replicate determinat ions.  Values in parentheses are 
the uptake values expressed as nmol  sterol/ml packed erythrocytes .  

of cholesterot//3-sitosterol (normalized to that 
in the medium) increased with time from the 
media ratio (1.0) to a maximum of 2.1 at 30 
m i n .  T h e  overa l l  m e a n  u p t a k e  r a t io  o b t a i n e d  
ove r  seve ra l  e x p e r i m e n t s  (n--  12) was  1.8 3 + 0 . 2 1 .  
T h i s  u p t a k e  r a t io  w a s  a lso  f o u n d  t o  be  r e f l e c t e d  
in  t h e  m a s s  a n a l y s i s  ( T a b l e  2). 

T h e  s i m i l a r i t y  o f  t h e  ce l lu l a r  u p t a k e  r a t i o  
to  t h a t  in t h e  m e d i u m  d u r i n g  t h e  f i rs t  m i n u t e  
o f  i n c u b a t i o n ,  w h i c h  c o r r e s p o n d e d  t o  t h e  m o s t  
r ap id  r a t e  o f  a c c u m u l a t i o n ,  s u g g e s t e d  t h e  p res -  

ence of adherent fluid, perhaps leading to an 
overestimation of the actual sterol uptake. Sev- 
eral s u b s e q u e n t  sa l ine  w a s h e s  o f  t h e  cell  pe l l e t ,  
h o w e v e r ,  d id  n o t  r e d u c e  t h e  level  o f  u p t a k e  sig- 
n i f i c a n t l y  o r  c h a n g e  t h e  r a t i o  o f  t h e  r a d i o a c t i v i e s  
o f  t h e  s t e ro l s .  F i g u r e  2 s h o w s  t h a t  t h e  i n c u b a t i o n  
o f  t h e  cei ls  fo r  30  m i n  o n  ice ( p a n e l  A )  led to  a 
c o m p a r a b l e  n o n s p e c i f i c  a c c u m u l a t i o n  o f  l abe l ed  
s t e ro l .  T h i s  w a s  t w o  t i m e s  h i g h e r  t h a n  t h a t  
o b s e r v e d  a f t e r  1 m i n  o f  i n c u b a t i o n  at  37  C 
( p a n e l  B). F o l l o w i n g  i n c u b a t i o n  u n d e r  a n y  o f  
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the above conditions, the phospholipid profile 
of the erythrocytes did not differ significantly 
from that in unincubated cells (Table 3). Thus, 
there was no evidence for a cellular accumula- 
tion of  media phospholipid. 

Role of Micellar Components 

Figure 2 also shows that the replacement of  
the egg phospholipid with an egg phosphatidyl- 
choline preparation containing lysophospha- 
tidylcholine (panel D) did not  lead to an 
overall alteration in the cellular sterol uptake. 
Although the sitosterol uptake is somewhat 
larger than that in the control sample (panel C), 
the normalized cellular uptake ratio of 1.68 is 
well within the range of experimental variation 
obtained in the presence of  egg phospholipid. 
Similar results were found with purified egg 
phosphatidylcholine. Thus, the presence oflyso-  
phosphatidylcholine does not  appear to influ- 
ence the overall uptake characteristics signifi- 
cantly. Similarly, the inclusion of 0.8% bovine 
serum albumin (panel E) in the incubation 
medium did not perturb the overall uptake or 
the ratio of the two sterols. This finding, and 
the known ability of albumin to bind free fatty 
acids, demonstrate that the small amounts of 
free fatty acid contained in the egg phospho- 
lipid preparation do not contribute signifi- 
cantly to the effects noted here. 

Replacement of the egg yolk phospholipid 
with synthetic sn-l,2-dipalmitoyl-phosphatidyl- 
choline, however, led to a dramatic loss of the 
sterol uptake specificity (panel F). The overall 
shape of the uptake curve and total sterol up- 
take (about 200 nmol/ml RBC in 60 rain) was 
similar to that obtained with egg phospholipid, 

but the cellular ratio of radioactivities decreased 
to a minimum of 0.74 in the presence of dipai- 
mitoyl-phosphatidylcholine. A comparable loss 
of sterol uptake specificity was experienced 
with egg yolk sphingomyeIin (results not shown). 

The inclusion of 20 mol % lysophosphatidyl- 
choline or 50 mol % purified egg phosphatidyl- 
choline into dipaimitoylphosphatidylcholine 
preparations did not restore a preferential cell- 
ular accumulation of  cholesterol, although the 
cellular ratio of  cholesterol to sitosterol radio- 
activity in these instances did not fall below 
that in the medium. 

DISCUSSION 

This study confirms the previously reported 
protective effect of  phosphatidylcholine upon 
the hemolysis of  RBC by bile salt micelles. It 
had been shown by Coleman et al. (21) that the 
addition of phosphatidylcholine to incubation 
solutions containing bile salt prevented the 
hemolysis of  erythrocytes when the ratio of 
phospholipid to bile salt was greater than 0.125. 
The 1.0-1.5 mM egg phospholipid used in the 
present experiments exceeds this ratio and re- 
sembles that found in many mammalian biles 
(21). In the presence of egg phospholipid, the 
lipolytic products normally found in the intes- 
tinal micellar millieu, such as free fatty acids 
and lysophosphatidylcholine, did not lead to 
an increased lysis of the cells at concentrations 
less than 200 #M and did not impair the selective 
accumulation of radioactive cholesterol (over 
~-sitosterol) by the cells. 

The general agreement between the radio- 
active tracer data presented in Figures 1 and 2 
and that obtained on a mass basis shown in 

TABLE 3 

Phospholipid Composition (Mole P e r c e n t a g e )  
o f  I n c u b a t e d  a n d  U n i n c u b a t e d  R a t  E r y t h r o c y t e s  

Incubated cells 

Dipalmitoyl- 
Control cells a Egg phosphatidyl- 

Phospholipid (unincubated) phospholipid b choline c 

Cardiolipin [phosphatidic 
acid 2.87 + 0.28 

Phosphatidylethanolamine 8.49 + 0.54 
Phosphatidylserine/ 

phosphatidylinositol 8.88 + 0.22 
Phosphatidylcholine 49.40 + 0.91 
Sphingomyelin 20.35 + 0.33 
Lysophosphatidylcholine 10.01 + 0.19 

4.28 + 0.67 
8.03 + 2.35 

1 0 . 6 1  + 1 . 7 4  
47.15 + 2.53 
17.11 + 0.73 
12.82 + 2.07 

3.89 + 1.94 
7.24 + 0.58 

8.20 + 2.82 
54.84 + 1 . 3 3  
18.12 + 0.79 
7.69 + 0.42 

aCells w e r e  o b t a i n e d  as d e s c r i b e d  in M e t h o d s .  

bCells were incubated as in Fig. 2D, for 60 rain. 
CCells were incubated as in Fig. 2F, for 60 rain. 
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Table 2, suggest that the sterols are taken up 
by the ceils, rather than simply undergoing ex- 
change with endogenous sterol. Thus, the net 
increase in the cellular cholesterol content ex- 
cludes a simple exchange of labeled cholester- 
ol as an explanation for the enhanced accumu- 
lation of radioactive cholesterol in the presence 
of egg phospholipid. The plateau of the sterol 
uptake following only a 10% increase in the 
total cellular sterol supports this supposition. 
The accumulation of labeled cholesterol would 
be expected to continue if exchange were the 
dominant mechanism.  

The at tainment of a sterol/phospholipid 
molar ratio of 1.03 within the cell at a point 
corresponding to the leveling off in total sterol 
uptake, supports the idea of a physicochemical- 
ly defined endpoint  for cellular sterol absorp- 
tion, as was previously noted for erythrocytes 
(22) and isolated villus cells (13). Fifty mol % 
sterol is believed to represent the maximal 
amount that can be accommodated by a phos- 
pholipid bilayer (23) without bringing about a 
more extensive sterol-sterol interaction than 
dimer formation (24). It should be pointed out, 
however, that sterol/phospholipid ratios greater 
than unity have been reported for human RBC 
following incubation with sterol-rich phospho- 
lipid liposomes (25). Under these conditions, 
sterol uptake had also occurred. 

The measured sterol accumulation is expec- 
ted to contain a component derived from ad- 
herentmedia ,  which would also obscure the ob- 
served selectivity. The absence of phospholipid 
accumulation in the erythrocytes during the in- 
cubations indicates that the contribution of ad- 
herent fluid to the measured sterol uptake is 
small in this case. The presence of some adsorbed 
nonmicellar sterol is, however, implied by the 
initial, nonspecific accumulation of radioactivity 
at 37 C (Fig. 1 and 2). If this is considered to 
be indicative of sterot adsorbed to the outer 
membrane surface, the overestimation in the 
total sterol uptake would be about 15% for 
cholesterol and about 30% for/3-sitosterol. This 
correction enhances the cholesterol//3-sitosterol 
uptake ratio significantly. If the ice blank value 
(Fig. 2, panel A) were used for a similar correc- 
tion of the data obtained at 37 C (Fig. 2, panel 
C), the cellular uptake of cholesterol at 30 rain 
would be five-fold greater than that of/3-sito- 
sterol and would presumably reflect only that 
sterol that was partitioned into the cell mem- 
brane. This implies that a penetration of the 
cell membrane by the sterol is required for the 
selectivity to be expressed. The adherence of 
some sterol to the cell surface is likely a pre- 
requisite for absorption and would be enhanced 
in cases where diffusion to the membrane sur- 

face was not  rate-limiting. 
The ability of the plasma membrane of the 

RBC to absorb lower molecular weight sterols 
preferentially over those of higher molecular 
mass was  previously indicated by the experi- 
ments of Edwards and Green (26), who showed 
that the plant sterol campesterol (C28) ex- 
changes for cholesterol (C27) more readily than 
/3-sitosterol (C29) when the plant sterols, in the 
form of egg phosphatidylcholine hposomes, are 
incubated with the cells. Rat erythrocytes were 
found to accumulate 2.5 times more campester- 
ol than /3-sitosterol during a 16-hr period (26). 
This difference is somewhat greater than that 
seen for the small amounts of campesterot con- 
taminating the/~-sitosterol preparation tested in 
this study. However, the micellar properties of 
the sterols in the presence of sodium taurocho- 
late and differences between the uptake and ex- 
change processes may have contributed to the 
difference in the magnitude of the effect. 

The ability of the plasma membrane to selec- 
tively absorb cholesterol over /3-sitosterol was 
found to be greatly influenced by the nature of 
the diacyl phospholipid incorporated i n to  the  
micellar incubation medium. Of particular inter- 
est is the loss of the selective sterol uptake in the 
presence of dipalmitoyl-phosphatidylcholine 
and egg yolk sphingomyelin, despite the similar- 
ity of the antihemolytic effects of these com- 
pounds to that of the unsaturated phospholipid. 
Since the sterol uptake ratio remained constant  
in the presence of these saturated phospholipids, 
a preferential extraction of cholesterol from the 
cell membrane is precluded as a rationale for 
the enhanced accumulation of/3-sitosterol with 
dipalmitoyl-phosphatidylcholine. Similarly, a 
preferential release of/3-sitosterol over choles- 
terol from the dipalmitoyl-phosphatidylcholine 
micelles, followed by a nonselective uptake by 
the cell membrane, is difficult to rationalize 
with changes in the cellular uptake ratio with 
time in the presence of egg phospholipid. Fur- 
thermore, the results obtained with the saturated 
phospholipids cannot be attributed to the ab- 
sence of phosphatidylethanolamine or lyso- 
phosphatidylcholine from these preparations. 

The differing effects of the saturated and un- 
saturated phospholipid types may arise through 
interactions of the micellar phospholipid with 
the cell membrane, leading to a modification of 
the membrane permeability toward the two 
sterols. A modification of intestinal membrane 
permeability by mixed micellar phospholipid 
has been suggested by Rampone and Machida 
(27) to account for the ability of dipatmitoyl- 
phosphatidylcholine to decrease the in vitro 
uptake of cholesterol in the absence of demon- 
strable micelle expansion. Similarly, egg phos- 
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pha t idy lcho l ine  and d ipa lmi toy l -phospha t idy l -  
chol ine have been s h o w n  to  in teract  d i f fe ren t -  
ly wi th  cell membranes ,  as ref lected in the abil- 
i ty  of  egg phosphol ip ids  to  induce  microviUi 
on  the surface of  mouse  l y m p h o c y t e s  and the  
inabil i ty of  the  sa tura ted phospho l ip ids  to  do 
so (28). In the  absence o f  a ne t  mass up take  of  
e i ther  the  sa tura ted  or  unsa tu ra ted  phospho l ip id  
by the e r y t h r o c y t e  m e m b r a n e  in the  p resen t  
expe r imen t s ,  an increased phospho l ip id  con t en t  
c anno t  be cons idered  to  be a con t r ibu t ing  fac- 
tor.  However ,  an exchange of  endogenous  spe- 
cies for  exogenous  phospha t idy lcho l ines  can- 
no t  be ruled out.  

Regardless of  the mechan i sm of  act ion of  
the  unsa tura ted  phospha t idy lcho l ines ,  the  pres- 
en t  expe r imen t s  d e m o n s t r a t e  tha t  a preferent ia l  
up take  o f  choles terol  over /~-s i tosterol  can be 
ob ta ined  in vitro in the  presence  of  sod ium 
taurochola te  and o the r  l ipolytic products .  
Therefore ,  it  becomes  o f  in teres t  to  de t e rmine  
w h e t h e r  the  inclusion of  egg phospha t i dy l cho -  
line in sod ium taurochola te  micelles will re- 
establ ish a preferent ia l  up take  of  choles terol  
over  ~-si tosterol  in villus cells in vitro.  The 
appl ica t ion  o f  the  incuba t ion  cond i t ions  used 
here,  to isolated je junal  villus cells, forms the  sub- 
j ec t  o f  a subsequen t  repor t .  
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Synthesis of Diene Prostaglandins in Freshwater Fish 

G A U T A M  K. B A N D Y O P A D H Y A Y  a, JYOTI  R M O Y  D U T T A  a and S U D H A M O Y  GHOSHb, *, 
Departments of  aChemistry and bBiochernistry, Bose Institute, Calcutta 700 009, India 

755 

ABSTRACT 

Biosynthesis of PGD2, PGE~ and PGF~a in four species of freshwater fish, Tilapia mossambica, 
Cyprinus carpio, Heteropneustes fossilis and Clarius batrachus was studied. Both arachidonic acid and 
PGH 2 were used as substrates. When PGH 2 replaced arachidonic acid in the enzymic reaction, there 
was a 3- to 4-fold increase in PGE 2 synthesis, but no such increase in the synthesis ofPGF 2 a and PGD 2 
was observed. 
Lipids 17:755-758, 1982. 

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

Occurrence and synthesis of prostaglandins 
in some fish tissues have already been reported 
(1-6). Various studies suggested that prostag- 
landins play important roles in fish reproduc- 
tion, particularly in ovulation and spawning be- 
havior (7-11). In most of the in vitro studies in 
fish, monoene prostaglandins were synthesized 
from dihomo-T-linolenic acid (5,6). In this com- 
munication, studies have been extended to in- 
clude a few more species of fish and the synthe- 
sis of  diene prostaglandins from arachidonic 
acid in four species of  freshwater fish, Tilapia 
mossambica, Cyprinus carpio, Heteropneustes 
fossilis and Clarias batrachus, are reported. Of 
these, the two non-air-breathing fish (T. mos- 
sambica and C. carpio) are omnivorous, and the 
two air-breathing catfish (H. fossilis and C. bat- 
raehus) are carnivorous. Using aH-20:4(n-6) 
and 3H-PGH2 as substrates and microsomal 
preparations of liver, kidney, stomach and in- 
testine as enzyme source, it was observed that, 
although biosynthetic activities were low with 
20:4(n-6), the use ofendoperoxide intermediate 
(PGH 2) as substrate gave increased levels of  
PGE 2 synthesis. 

Labeled PGH2 was prepared from 3H-20:4 
(n-6) using fractionated, solubilized microsomes 
of goat seminal vesicles as the source of cyclo- 
oxygenase activity. The goat is a readily availa- 
ble animal in India and its seminal vesicles are 
a rich source of  prostaglandin synthetase as ob- 
served in our laboratory (12). 

*Author to whom correspondence should be addressed. 

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

Chemicals 

3H-Arachidonic acid (5,6,8,9,11,12,14,15- 
3H-20:4[n-6];  60 Ci/mmot) and Omnifluor 
were purchased from New England Nuclear. 
Hemin, epinephrine and glutathione were pur- 
chased from Sigma Chemical Co. All reference 
prostaglandins were obtained as gift from Up- 
john Co., Kalamazoo, MI. 

Preparation of Microsomes 

Fish tissues were collected in the laboratory 
but goat seminal vesicles were procured from 
a local slaughterhouse. The tissues were cleaned 
and freed from adhering fatty materials and 
then suspended by adding 2 ml of 20 mM po- 
tassium phosphate buffer (pH 7.4) per g of tis- 
sue. The starting materials were 20 g of goat 
vesicular tissue and about 3-5 g of fish tissues 
which were homogenized at 0 C in an omni- 
mixer (Sorvall) for 2 min and then centrifuged 
at 10,000 x g for 10 min. The supernatants 
were filtered through cheese cloth and then 
centrifuged in a Beckman ultracentrifuge at 
105,000 x g for 60 min. Microsomal pellets 
were resuspended in 20 mM phosphate buffer, 
pH 7.4, bringing the protein concentration to 
ca. 9-10 mg/ml. Protein concentrations were 
determined by the method of Lowry et al. (13). 
Microsomal suspensions were stored at -20 C. 

Fractionation of Microsomes 
and Synthesis of 3 H.PGH2 

Microsomes of vesicular tissue were solubil- 
ized by 1% (w/v) Tween-20 in 20 mM potassium 
phosphate buffer, pH 7.4, and fractionated by 
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DEAE-cellulose column chromatography fol- 
lowing the procedure of Miyamoto et al. (14). 
The DEAE~ column, after loading with 
the solubilized microsomes, was washed with 
20 mM phosphate buffer, pH 7.4, containing 
0.2% Tween-20. The middle fractions of the 
washings were pooled and designated fraction I, 
which contained cyclooxygenase activity. 

For  preparative scale synthesis of  3H_PGH2 
from 3 H-20:4(n-6), the procedure of Miyamoto 
et al. (14) for PGHI preparation was followed. 
3H-20:4(n-6) was incubated with fraction I 
protein in the presence of hemin and epine- 
phrine. The products were analyzed by thin 
layer chromatography (TLC) at -20 C in the sol- 
vent mixture diethyl ether/hexane/acetic  acid 
(85:15:0.1).  In the chromatogram, a product  
carrying significant radioactivity which moved 
with the same Rf as PGB2 was identified as 
PGH 2 since (a) it  was converted to PGF20t by 
the treatment of  SnC12, (b) its synthesis was re- 
duced in the absence of epinephrine, and (c) it 
was inhibited by indomethacin (results not  
shown). 

Assay for Prostaglanflin Synthesis 

For the assay of prostaglandin synthesis in 
fish tissues, the following procedure was adop- 
ted. Microsomes (500 /2g protein) prepared 
from various fish tissues was added to an assay 
mixture (0.5 ml) consisting of Tris-HC1, pH 8.0 
(10 #mol),  epinephrine (0.5 /.tmol), heroin (0.,1 
nmol), reduced glutathione (5 ~umol), unlabeled 
20:4(n-6) (5 nmol) and 3H-20:4(n-6) (sp. act 
60 Ci/mmol;  0.1 /aCi). The reaction mixture 
was incubated at 30 C for 0 and 2 rain. When- 
ever boiled microsomes were tested as control, 
levels of prostaglandins found were less than O 
min control. Incubation was terminated by 
adding 0.5 ml of  precooled (-20 C) solvent mix- 
ture consisting of diethyl e ther /methanol / l  (N) 
HCI (30:4:1).  The upper solvent layer was re- 

moved, concentrated, mixed with reference 
prostaglandins (PGF2a,  PGE2, PGD2, PGB2) 
and spotted on an activated Silica Gel G plate. 
The chromatogram was developed up to 16 cm 
at room temperature using the upper layer of 
the solvent mixture ethyl acetate/isooctane/ 
acetic acid/water (11:5:2:10) .  Spots were lo- 
cated by iodine vapor, scraped off  and counted 
for radioactivity using 4% Omnifluor in toluene 
as counting fluor. When intermediate PGH2 
was used as a substrate, 5 nmol of 3H-PGH2 
(0.1 /aCi) was incubated with fish microsomes 
at 30 C for 2 rain without epinephrine and 
hemin. In these cases, boiled microsomes, pre- 
pared by heaing at 100 C for 10 min, were used 
as a control in addit ion to the O-min control. 
The thin layer chromatogram was developed at 
-20 C in the solvent mixture dethyl  ether/hex- 
ane/acetic acid (85 : 15:0.1). Recovery of radio- 
activity in the chromatogram was 70-75%. 
About  2-3 nmol of  arachidonic acid and 1-2 
nmol of PGH 2 were found as unreacted sub- 
strate. 

RESULTS AND DISCUSSION 
When fish tissue microsomes were incubated 

with 3H-20:4(n-6), PGD2, PGE2 and PGF2~ 
were formed (0.2-0.4 nmol/mg protein/2 min) 
as shown in Table 1. The product ion of prostag- 
landins from 20:4(n-6) by the fish microsomes 
was sensitive to indomethacin inhibition and 
dependent on the presence of reduced GSH 
(results not shown). Incubation of 3H-PGH2 
with microsomes resulted in increased synthesis 
(3- to 4-fold) or  PGE2 (Table 2), but there was 
hardly any increase in the synthesis of PGF2~ 
and PGD2. When boiled microsomes were incu- 
bated with 3II-PGH2, nonenzymatic  synthesis 
of PGD2, PGE2and PGF20t occurred, the level 
of PGF2~ being higher than PGE 2 and PGD2 
(values shown in the footnote  to Table 2). 
However, enzymatic synthesis of  PGE2 from 

T A B L E  i 

S y n t h e s i s  o f  P r o s t a g l a n d i n s  f r o m  3 H - 2 0 : 4 ( n - 6 )  b y  Fish Tissue M i c r o s o m e s  a 

Prostaglandin s y n t h e s i z e d  ( n m o l / m g  p r o t e i n / 2  m i n )  

N a m e  o f  f ish P G E  2 PGF2 tx PG D 2 

S t o m a c h  S t o m a c h  
+ + 

Liver  K i d n e y  in te s t ine  Liver  K i d n e y  i n t e s t i ne  Liver  

S t o m a c l l  
+ 

K i d n e y  in t e s t ine  

T. mossambica 0 .22  0 .25  0 .33  0 . 2 0  
C. carpio 0 . 2 0  0 .32  0 . 3 2  0 .22  
H. fossilis 0 .26  0 . 3 6  0 . 2 4  0 . 1 8  
C. batrachus 0 . 3 0  0 . 2 8  0 . 4 0  0 . 2 0  

0 . 3 0  0 .22  0 . 2 6  0 . 3 0  0 . 3 0  
0 . 3 6  0 .22  0 . 2 0  0 . 2 0  0 .34  
0 . 2 8  0 . 2 6  0 . 2 4  0 . 2 2  0 . 3 0  
0 . 2 6  0 . 3 2  0 .25  0 . 2 0  0 . 2 5  

a R e s u l t s  are t h e  m e a n  o f  t h r e e  e x p e r i m e n t s .  
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TABLE 2 

Synthesis of Prostaglandins from 3 H.PGH2 by the Microsomal Preparation of Fish Tissues 

757 

Prostaglandin synthesized a (nmol/mg protein/2 min) 

Name of  fish PGE 2 PGF2a PGD2 

Stomach Stomach Stomach 
+ + + 

Liver Kidney intestine Liver Kidney intestine Liver Kidney intestine 

7/'. mossamb ica  0.28 0.88 0.68 0.14 0.68 0.36 0.16 0.26 0.36 
C. r 0.48 0.78 0.98 _b  0.12 0.06 0.15 0.16 0.18 
H. fossil is  0.34 0.84 0.68 -- 0.04 -- 0.14 0.45 0.35 
C. batrachus  0.24 0.60 0.92 -- - 0.04 0.06 0.10 0.20 

Results are the mean of three experiments.  
alncubat ion of 3H-PGH~ with boiled microsomes (500 /zg of protein) of the tissues produced 0.24 +- 0.04 

nmol  of  PGD2, 0.32 • 0.05 nmol of PGEa and 0.56 • 0.08 nmol of PGF2cz per mg protein in 2 rain. Experimen- 
tal values over these controls are presented. 

bDenotes values less than 0.04. 

3H-PGH2 over the nonenzymatic level was 3- 
to 4-fold higher. The reasons for low level of 
synthesis of PGE2 from arachidonic acid could 
be due to (a) reduced formation of interme- 
diate PGH2 because of competitive inhibition 
of cyclooxygenase (15,16) by fatty acids like 
18:3(n-3), 20:5(n-3), and 22:6(n-3) whose con- 
centrations in fish tissues are generally higher 
than mammals (6,17,18); (b) dilution of labeled 
arachidonic acid by endogenous free arachidon- 
ic acid or (c) low levels of cyclooxygenase in 
these fish. In spite of the possibility of compe- 
tition or dilution, the first two reasons seem to 
be untenable here since the free acid content of 
the washed microsomal preparations are negli- 
gible. On the other hand, the activity of cyclo- 
oxygenase and thereby the level of intermediate 
PGH2 could be limiting, which would explain 
why the exogeneous addition of PGH2 resulted 
in the increased synthesis of PGE2. Here, it 
should be noted that increased production of 
PGE2 was found with microsomes of kidney 
and stomach plus intestinal tissues, but not of 
liver (Table 2). Synthesis of diene prostaglandins 
in fish may be considered to be more relevent 
in fish physiology in comparison to monoene 
prostaglandins as the concentration of 20:4(n-6) 
in fish tissues is generally found to be higher 
than 20:3(n-6) (substrate of monoene prostag- 
landins). It may also be speculated that, in fish, 
the activities of synthesis of triene prostaglan- 
dins (e.g., PGH3, PGE3, PGF30t)from 20:5(n-3) 
may be more prominent than the diene prostag- 
landins synthesized from 20:4(n-6). The basis 
of this speculation is that n-3 fatty acids are 
generally considered to be essential fatty acids 
for fish (19) and the levels of PGF3a and PGE3 
are found to be significant in some fish tissues 

(3,20). Moreover, a new prostaglandin, PGF4r 
has been discovered from the trout gill tissue 
which is synthesized from 22:6(n-3), a fatty 
acid deposited in fish tissues in significant 
amounts (20). Direct comparative studies using 
different substrates for prostaglandin synthesis 
may give physiologically relevent results. 
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Fatty Acid Chain Length Combinations in Ascitic Fluid 
Triglycerides Containing Lymphatic Absorbed 
Medium-Chain Fatty Acids 

A. CHRISTOPHE a, *, G. VERDON K a, M. MASHALY b and P. SANDRA b, Departments 
of aGerontology, Dietetics and Nutrition Research and bOrganic Chemistry, University 
of Gent, Gent B 9000, Belgium 

ABSTRACT 

Information on the fatty acid chain length combinations in lymph triglycerides containing medium- 
chain fatty acids was obtained by combining the fatty acid composition and the carbon number com- 
position of tdglycerides from ascitic fluid of patients on medium-chain triglyceride-containing diets. In 
these triglycerides, the major part of the medium-chain fatty acids was present in combination with 
long-chain fatty acids. These results indicate that part of the lymphatic absorbed medium-chain fatty 
acids are absorbed as triglycerides which also contain long-chain fatty acids. 
Lipids 17:759-761, 1982. 

Lymphatic absorption of medium-chain 
fatty acids fed as MCT is enhanced by the 
presence of LCT in the diet (1). In human diets 
with MCT, LCT are always present (small 
amounts as invisible food fat and often present 
in the MCT preparation as natural oils rich in 
essential fatty acids [EFA] to insure the EFA 
requirements of the patients). Accordingly, 
medium-chain fatty acids have been demon- 
strated in ascitic- (2) and in pleural- (3) fluid 
triglycerides of patients on MCT-diets. It is 
unknown, however, if the medium-chain fatty 
acids present in lymphatic absorbed triglycer- 
ides are present as MCT, or in combination with 
long-chain fatty acids. The aim of this study 
was to obtain information on the fatty acid 
chain length combinations in triglycerides that 
are transported in man after feeding diets that 
contain MCT. 

MATERIALS AND METHODS 

Lymph-derived lipids were obtained from 
ascitic fluids of selected patients. Accumulation 
of ascitic fluid was caused by traumatic injury 
(patient C), congenital stenosis (patient D) or 
lymphoma-induced (patient A) obstruction of 
the ductus thoracicus or by portal hypertension 
due to alcoholic cirrhosis (patient V). Ascitic 
fluid had to be removed periodically to reduce 
intraabdominal pressure. 

The patients were fed a diet containing a 
mixture of MCT with sunflower seed oil (94:6, 

Abbreviations: MCT: medium-chain triglycerides; 
LCT: long-chain triglycerides; MML-TG: long-chain 
acyl-di-medium-chain-acylglycerols; MLL-TG: medium- 
chain-aeyl-di-long-ehain-acylglycerols. 

*Author to whom correspondence should be 
addressed. 

w/w), about 0.5 g/kg body weight/day (fatty 
acid composition is given in Table 1, carbon 
number composition in Table 2). The amount 
of invisible food fat (LCT) (from bread, lean 
meat, skimmed yogurt, cheese from skimmed 
milk) was estimated to be about 0.2 g/kg/day, 
the MCT/LCT ratio of the diet being about 
67:33 (w/w). The protein/fat/carbohydrate 
ratio in the diet was about 90:50::150 (w/w/w). 

Lipids were extracted from the MCT prepa- 
ration and from the ascitic fluid according to 
Folch et al. (4), fractionated by thin layer 
chromatography (5) and the triglycerides were 
eluted with CH2C12. Triglyceride carbon 
number composition was determined by capil- 
lary gas chromatography (GC). An aliquot of 
the triglyceride solution was introduced (6) on 
a 15 rn/0.3 mm HTS-OV-1 capillary column (7) 
programmed from 230 C to 350 C (3 C/min). 

The fatty acid composition of the triglycer- 
ides was determined by GC of the propyl esters 
as described previously (5). 

Because the major long-chain fatty acids of 
ascitie fluid triglycerides were fatty acids with 
16 or with 18 carbon atoms (respectively, 
palmitic + palmitoleic and steafic + oleic + 
linoleic acid) and the major medium-chain fatty 
acid had 10 carbon atoms (capric acid, Table 1), 
most of the triglycerides with a certain carbon 
number were made up mainly of those trigly- 
cerides which contained these fatty acids in 
such a combination that the sum of their chain 
lengths equaled the carbon number. For each 
carbon number, the most probable combination 
of fatty acids was calculated, based on the rela- 
tive abundance of the different fatty acids 
shown in Table 1. There are other possible com- 
binations for most of these, but the amounts 
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would be rather small compared to the compo- 
sition suggested in Table 2. 

RESULTS AND DISCUSSION 

The results of the analyses of the fatty acid 
composition of the MCT preparation and of the 
ascitic fluid triglycerides after MCT/LCT feed- 
ing are reported in Table 1. 

Ascitic fluid triglyceride carbon number 
composition was determined in several patients 
after feeding diets with butter, with natural fats 
containing only long-chain fatty acids, or with 
MCT/LCT. After butter feeding, the major 
ascitic fluid triglycerides had carbon numbers 
from 42 (14 + 14 + 14) to 54, whereas after 
feeding LCT, they had carbon numbers from 
48 to 54. 

Table 2 shows the carbon number composi- 
tions of the MCT-preparation and of the ascitic 
fluid triglycerides after MCT/LCT feeding and 
the major chain length combinations they 
represent. 

A representative result of the analyses after 
butter feeding and after LCT feeding is also 
shown. After feeding, the mixture of MCT with 
LCT triglycerides with carbon numbers 30, 36, 

38, 42 and 44 were considerably elevated, the 
medium-chain containing triglycerides (carbon 
numbers 24 to 46) making up more than half of 
the total triglycerides present. Most of the tri- 
glycerides which contain medium-chain fatty 

T A B L E  1 

F a t t y  Ac id  C o m p o s i t i o n  (mo l  %) o f  M C T  P r e p a r a t i o n  
a n d  o f  Asei t ic  F lu id  T r ig lyce r ide s  a f t e r  F e e d i n g  

M C T - C o n t a i n i n g  Diets  

Asci t ic  f lu id  t r i g lyce r i de s  MCT 

F a t t y  ac id  A a C a D a V a p r e p a r a t i o n  

8 : 0  4 . 2  2 .3  3 .2  4 . 3  2 1 . 8  
1 0 : 0  26 .7  42 .1  22 .7  26 .4  7 4 . 0  
1 2 : 0  tr  2.1 5.1 1.1 0 .3  
1 4 : 0  4 .4  2.4 2.1 3 .0  
1 6 : 0  2 2 . 0  14 .5  15.4  16.2  0 .3  
16:1  3.7  1.4 0 .9  2 .0  
1 8 : 0  4 .7  5.6 3 .3  5.5 0 .2  
18 :1  23 .4  15 .3  18 .5  22.1  0 .7  
1 8 : 2  10 .8  12 .9  28 .0  18 .8  2 .8  
2 0 : 4  0 .2  1.4 0 .8  0 .6  

a D i f f e r e n t  pa t i en t s .  F o r  de ta i l s ,  see Mater ia ls  a n d  
M e t h o d s .  

T A B L E  2 

C a r b o n  N u m b e r  C o m p o s i t i o n  ( m o l  %) o f  Asc i t i c  F lu id  Tr ig lyce r ides  a n d  o f  MCT P r e p a r a t i o n  

Asci t ic  f l u id  t r i g lyce r i de s  

C a r b o n  Majo r  cha in  l eng th  M C T / L C T  B u t t e r  L C T  M C T  
n u m b e r  c o m b i n a t i o n s  ~ A a C a D a V a C a V a p r e p a r a t i o n  

24  8 +  8 +  8 1.0 
26 8 +  8 + 1 0  0 .3  2 .8  1.2 
28  8 + 1 0  + 1 0  0 .6  2 .3  2 .8  1.6 
30 10 + 1 0  + 1 0  3 .5  15 .0  2 .0  10 .0  
32 8 +  8 + 1 6  1.3 1 .8  1.9 1.0 
34  8 + 1 0  + 1 6  2.1 2 .6  2 .0  1.5 
36  1 0 + 1 0 + 1 6  6 .6  11 .4  7 .8  7 .3  
3 8  1 0 + 1 0 + 1 8  8.7 19 .0  8 .4  13 .3  
4 0  10 + 1 4  + 1 6  3 .2  2 .7  3 .2  1.2 
4 2  10 + 1 6  + 1 6  7 .6  4 . 8  4 . 3  3.2 
44  1 0 + 1 6 + 1 8  12 .6  11 .0  10 .4  9.1 
4 6  1 0 + 1 8 + 1 8  11 .6  12 .0  10 .7  11.4  
4 8  16 +16  + 1 6  6 .2  2.1 3.1 4 .4  
50 16 + 1 6  +1 8 12.3  3 .6  3 .8  7 .0  
52 1 6 + 1 8 + 1 8  16.3  5 .4  11 .3  14.0  
54 1 8 + 1 8 + 1 8  8 .0  5.1 20 .7  14 .0  
56 18 + 1 8  + 2 0  3 .8  
2 4 - 3 0  MCT 4.1 17 .6  8.6 12 .8  
3 2 - 3 8  M M L - T G  18 .7  3 4 . 8  20.1  23.1  
4 0 - 4 6  M L L - T G  35 .0  30 .5  28 .6  24 .9  
4 8 - 5 6  L C T  4 2 . 8  16.2  4 2 . 7  39 .4  

0 .1  
0 .3  
0 .5  
1.2 0.1 
2 .6  0 . 2  
5.1 0 . 6  
9.2 1.3 

15.2  3 .6  
23 .2  9 .2  
2 6 . 0  23 .3  
15 .3  56 .4  

0 .9  2 .8  

6 .6  
12 .6  
19 .8  
55 .3  

2 .4  c 

0.1 
0 .6  
2 .7  

a l ) i f f e r e n t  p a t i e n t s .  

b B a s e d  o n  the  re la t ive  a b u n d a n c e  o f  t he  f a t t y  ac ids  p r e s e n t  in asc i t i c  f lu id  t r i g lyee r i de s  a f t e r  L C T  
or  M C T / L C T  f eed ing  ( n o t  val id  a f t e r  b u t t e r  f e ed ing  r e su l t i ng  in t r i g lyee r i de s  c o n t a i n i n g  c o n s i d e r a b l e  
a m o u n t s  o f  m y r i s t i c  ac id ) .  

CMainly l a u r y l o y l d i e a p r i n o y l g l y c e r o l  (see f o o t n o t e  b) .  
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acids were MLL-TG and MML-TG. In analogy 
to MCT and LCT, we suggest the name "mixed- 
chain triglycerides" for these components. 

On a mole basis, medium-chain fatty acids 
make up 3/3 of the fatty acids of MCT, 2/3 of  
these of  MML-TG and 1/3 of  these of  MLL-TG. 
Thus, most of the medium-chain fatty acids in 
ascitic fluid triglycerides were present as mixed- 
chain triglycerides (about 72 mol % as an 
average; about 43 tool % as MML-TG and 29 
tool % as MLL-TG) and not as MCT (about 28 
mol %). 

The composition of  the triglycerides in 
ascitic fluid, is not necessarily the same as that 
in lymph. Indeed, there could be differential 
influx in ascitic fluid of different lymph lipo- 
proteins, which might or might not differ in 
triglyceride composition. There could be some 
difference in the rate of clearance between 
different triglycerides in ascitic fluid, although 
the available evidence suggests that this is not 
the case (2). At any rate, our results indicate 
that a considerable fraction of lymphatic 
absorbed medium-chain fatty acids were trans- 
ported as mixed-chain triglycerides in our 
patients on MCT-containing diets. In all proba- 
bility, this would also be the case in individuals 
on MCT diets who do not accumulate ascitic 
fluid. 

The finding that substitution of an MCT/ 
long chain monoglyceride mixture for a MCT/ 
LCT mixture in the diet resulted in reduced 
lymphatic transport of medium-chain fatty 
acids (A. Christophe and G. Verdonk, unpub- 
lished data) suggests that formation of  mixed- 
chain triglycerides after MCT/LCT feeding is 
probably due to acylation of medium-chain 
partial glycerides with long-chain acyl-CoA. 
This mechanism and the finding that there are 
MCT in ascitic fluid would imply that there is 

also absorption of intact MCT in the intestinal 
cell. These MCT might be protected against 
further intestinal hydrolysis (as occurs in the 
absence of LCT in the diet) (8) by "dissolving" 
in the triglyceride droplets or in the intestinal 
lipoproteins formed due to LCT administration. 
Whatever the mechanism of enhancement of 
lymphatic absorption of medium-chain fatty 
acids fed as MCT by simultaneous administra- 
tion of LCT in the diet (1), it is clear from the 
relative proportions of capric and caprylic acid 
in ascitic fluid triglycerides and in the fat fed 
that there is a considerable difference in chylo- 
portal repartition between these two acids. 
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Effect of Eicosatetraynoic Acid 
on Liver and Plasma Lipids 
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ABSTRACT 

Groups of rats were fed a fat-free diet supplemented with 0.5% safflower oil (control) or the con- 
trol diet containing 0.5% of 5,8,11,14-eicosatetraynoic acid (TYA). Blood was collected weekly and 
plasma lipids analyzed. After 4 weeks, the animals were killed and the liver lipids were analyzed in de- 
taft. The acetylenic fatty acid perturbed plasma neutral lipid and phospholipid class concentrations 
and reduced growth rates. Liver triglyceride concentrations were reduced dramatically in the TYA fed 
animals, suggesting interference with complex lipid synthesis. Plasma and liver triglycerides were shifted 
to higher molecular weight species suggesting that TYA affected fatty acid metabolism. The phospho- 
lipids showed an accumulation of 18:2 and a fall in 20:4 percentages indicating an inhibition in the 
conversion of linoleate to arachidonate. All major lipid classes exhibited an increase in 18:1 levels. 
Analysis of the octadecenoate positional isomers indicated the proportion of oleate increased substan- 
tually in all lipid classes whereas vaccenate proportions had fallen dramatically. All of the data collec- 
tively suggest that TYA inhibits the elongation of unsaturated fatty acids. A group of rats bearing 
hepatoma 7288CTC were also fed the TYA diet. Host liver lipids were affected by TYA similar to 
normal TYA fed animals, but the effects on hepatoma lipids were marginal. 
Lipids 17:763-770, 1982. 

INTRODUCTION 

Our interest in eicosatetraynoic acid (TYA) 
resulted from our awareness of the possibility 
that it might possess anti tumor activity. This 
conclusion was based on our observation that 
elevated levels of linoleic acid inhibited hepa- 
toma cell growth in culture [unpublished data, 
(1)] and the observation made by Robinson et. 
al (2) that indicated acetylenic CoA esters in- 
hibited, fatty acid synthesis and blocked the 
condensation of malonyl-CoA with acetyl-CoA 
in rat tissues. Since the microsomal elongation 
system uses malonyl CoA for the biosynthesis 
of polyunsaturated fatty acids (3), it was rea- 
soned that TYA might block the elongation of 
linoleic acid causing a build up that would in- 
hibit hepatoma growth. It was also known in 
1975, when our studies began, that TYA in-  
hibited prostaglandin biosynthesis (4-7), which 
might also play a role in the inhibition of tumor 
growth. Since then a large number of papers 
have appeared that have described a variety of 
effects on lipid metabolism and these have been 
covered in a recent review by Tobias and Hamil- 
ton (8). This report describes the effect of di- 
etary TYA on the plasma and liver lipids. A 
preliminary report of this work has appeared (9). 

MATERIALS AND METHODS 

Groups of male Buffalo strain rats weighing 
ca. 220 g were selected at random, marked for 
identification, and placed on one of the follow- 
ing diets: a fat-free diet supplemented with 

0.5% safflower oil (control) or the control diet 
supplemented with 0.5 % 5,8,11,14-eicosatetray- 
noic acid (TYA). The fat-free diet was formu- 
lated according to Wooley and Sebrell (I0). A 
group of rats was also transplanted with hepa- 
toma 7288CTC (11) and placed on the TYA 
and control diets. Blood was collected at the 
start of the study and weekly from the tail of 
individual animals. Bleeding was facilitated by 
using a heated rat-holding unit  from Narco Bio- 
systems Inc., Houston, TX. 

After 4 weeks, the animals were sacrificed, 
livers removed, blotted, weighed, lyophilized 
and the total lipids extracted by the Bligh and 
Dyer procedure (12). Blood samples were cen- 
trifuged and the plasma extracted by the same 
procedure (12). Neutral lipids were separated 
from the polar lipids by silicic acid chromato- 
graphy (13). The percentages of each fraction 
were determined gravimetrically for liver. The 
quanti ty of neutral lipids in the plasma was de- 
termined by the addition of a known amount  
of trimyristin before analysis by high tempera- 
ture gas liquid chromatography (GLC) of the 
intact lipids (14,15). The distributions of the 
neutral lipid classes in liver were determined by 
this method also. The quantity of phospho- 
lipids in the plasma and liver was determined by 
phosphorous analysis (16). Phospholipid classes 
were resolved by thin layer chromatography 
(TLC) on adsorbent layers of Silica Gel HR, de- 
veloped in a solvent system of chloroform/ 
methanol]acetic acid/saline (50:25:8:4,  v/v). 
Neutral lipids were resolved by TLC on adsor- 
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b e n t  layers  of  Silica Gel  G deve loped  in a sol* 
ven t  sys tem of  h e x a n e / d i e t h y l  e the r / ace t i c  
acid ( 8 0 : 2 0 : 1 ,  v/v).  Ind iv idua l  neu t r a l  l ipid 
classes and  p h o s p h o l i p i d  classes were de t ec t ed  
o n  TLC p la te s  b y  spray ing  w i th  R h o d a m i n e  6G 
and  2 '~7r-dichlorof luorescein ,  respect ively ,  and  
v iewing u n d e r  U V  light.  

Me thy l  esters  were p repa red  f rom the  l ipid 
classes by  sulfur ic  acid ca ta lyzed  t ranses ter i f i -  
ca t ion  (17)  and  ana lyzed  quan t i t a t i ve ly  by  GLC 
o n  SP 2330  packed  c o l u m n s  (18) .  Peak ident i -  
t ies were based  on  c o c h r o m a t o g r a p h y  wi th  
s t andards  ana lyzed  on  polar  and  n o n p o l a r  l iquid 
phases  be fo re  and  af te r  h y d r o g e n a t i o n .  T he  cis 
o c t a d e c e n o a t e  i somers  were separa ted  b y  argen- 
t a t i on  TLC af te r  t he  C-18 m o n o e n e s  h a d  been  
isola ted by  prepara t ive  GLC (19) .  T he  pos i t i on  
of  the  d o u b l e  b o n d  in the  o c t a d e c e n o a t e s  was 
d e t e r m i n e d  by  GLC analysis  of  the  ozono lys i s  
cleavage p r o d u c t s  (20) .  

E i c o s a t e t r a y n o i c  acid (TYA,  Ro 3 - 1 4 2 8 ) w a s  
a gift f rom Dr. J.G. H a m i l t o n  of  H of f m an- L a -  
Roche ,  Nut l ey ,  NJ. T he  glass dist i l led solvents  
used in th is  s t udy  were pu rchased  f rom Burd ick  
and  J ackson  Labora to r ies ,  Muskegon ,  MI. Lipid  
s t anda rds  and  c h r o m a t o g r a p h i c  suppl ies  were 
f r o m  Nu-Chek-Prep. ,  Inc. ,  Elysian,  MN, a n d  Su- 
pelco,  Inc. ,  BeUefonte ,  PA. 

R ESU LTS 

Growth of  Animals 

Rats  o n  the  con t ro l  d ie t  gained 63 + 3 g e a c h ,  

whereas  the  TYA-fed  rats  gained 51 + 8 g for  
t he  4 weeks. The  d i f fe rence  was s ignif icant  at  
t he  90% p r o b a b i l i t y  level. Dur ing  t he  first week,  
the  con t ro l  ra ts  ga ined 5 -+ 4 g, whereas  TYA- 
fed rats  gained 20  + 2 g. The  g rowth  ra tes  of  
the  con t ro l  and  TYA-fed  an imals  for  the  last  3 
'weeks were 60 + 3 g and  33 + 6 g, respect ively ,  
w h i c h  is s igni f icant ly  d i f fe rent .  These  results  
ind ica te  t ha t  0.5% T Y A  in t he  diet  i nh ib i t ed  
the  g rowth  rate  o f  n o r m a l  animals .  

The  general  appea rance  o f  the  TYA-fed  hos t  
an imals  sacr i f iced a f te r  4 weeks  suggested t hey  
m ay  have  had  a m e a n  survival  t ime  longer  t h a n  
the  n o r m a l  4-5 weeks.  A l t h o u g h  t u m o r  weights  
were n o t  recorded ,  t he  size of  the  h e p a t o m a  
was on ly  a b o u t  one -ha l f  t h a t  n o r m a l l y  observed  
on  o t h e r  diets  a f te r  4 weeks. In s t ead  of  the  nor-  
mal  sof t  diffuse na tu re  of  the  h e p a t o m a ,  the  
h e p a t o m a s  f rom the  TYA-fed  an imals  were f i rm,  
well encapsu la ted ,  and  fdled w i th  a greenish  
th ick  f luid in the  hoUow center .  

Plasma Lipids 

The c o n c e n t r a t i o n s  o f  t he  ma jo r  neu t ra l  l ip id  
and  p h o s p h o l i p i d  classes measu red  at weekly  
in tervals  in the  p lasma are s h o w n  in Table  1. 
T he  ef fec ts  of  the  TYA diet  on  p lasma l ipid 
c o n c e n t r a t i o n s  were i ncons i s t en t  and  var iable ,  
bu t  f o u r t h  week  levels were genera l ly  decreased.  
Changes  in the  molecu la r  species o f  p lasma tri- 
g lycer ides  as a f fec ted  by  T Y A  are re f lec ted  in 
the  c a r b o n  n u m b e r  d i s t r i bu t ions  given in Table  
2. The  d i s t r i bu t ion  of  the  p lasma t r iglycer ide 

TABLE 1 

Concentration of Neutral Lipid and Phospholipid 
Classes in the Plasma of Untreated and TYA-Fed Rats 

Time Cone (/a moles/ml plasma) a 
(weeks) Diet b Sterol Sterol E. TG Lyso-Pc PC 

Initial Chow 0.33 4- .02 0.76 + .06 1.32 + .22 0.27 +- .03 0.92 + .12 
Control 0.55 + .06 1.06 • .04 0.72 • .25 0.37 + .02 1.50 • .10 1 TYA-fed 0.34 + .10 d 0.84 • .05 f 0.96 + .21 0.38 • .02 0.92 + .11 f 
Control 0.35 • .04 0.70 • .09 0.38 • .16 0.24 • .01 0.78 • .04 2 TYA-fed 0 .39+ .06  0.92 +.12 c 1.39+-.43 e 0.34 •  d 0.66 •  
Control 0.38 + .07 0.88 -+ .09 0.66 • .31 0.25 + .00 0.89 + .05 3 TYA-fed 0.38 +.03 0.67 • d 0 .94•  0.36 • f 0 .90+ .08  
Control 0.47 • .07 1.09 + .08 0.89 -+ .78 0.35 -+ .06 1.07 • .10 4 TYA-fed 0.32 +,07 c 0.77 • d 0.50 + .24 0.21 +.08 c 0.75 +.27 

Abbreviations: TYA, eicosatetraynoic acid; FFA, free fatty acids; Sterol, free sterols; 
Sterol E., sterol esters; TG, triglycerides; Lyso-Pc, lyso phosphatidylcholine; PC, phospha- 
tidylcholine. 

aConcentrations represent the mean of 3 animals + the standard deviation. 
bControl diet = fat-free diet + 0.5% safflower oil. 
CSignificantly different (p~0.05) from controls (student's t-distribution). 
dSignificantly different (p~0.025) from controls. 
eSignificantly differnt (p~0.01) from controls. 
fSignificantly different (pg0.005) from controls. 
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TABLE 2 

Effect  of TY.g on Triglyceride Carbon Number Distribution in Plasma o f  Untreated and TYA-fed  Rats 

Time Mole percentages a,b 

(weeks) Animals 48 50 52 54 5 6  58 

Initial Group 1 2 .5•  14.2• 41.7• 21.6• 12.6• 
Group2 1.9•  13.1• 41.6•  25.2• 13.4• 
Control  9.1•  31.3• 46.9•  12.3• T 

1 TYA-fed 4.5 • 1.7 d 22.2•  f 61.6• 1.8 f 11.1• 0 .6•  
Control  4.2•  33.9• 46.4•  12.6• 2 .9•  

2 TYA-fed 2 .4•  19.4• 1.0 f 6S.2• 1.8 f 9 .S•  c 0.3•  
Control  13.4• 33.9• 42.7• 6 .1•  T 

3 TYA-~d 3.5• e 27.7• 1.3 e 59.2• f 8 .7•  T 
Control  9.0• 31.2• 44.2•  14.4• T 

4 TYA-fed T f 24.0•  e 62.9• 1.8 f 11.3• T 

3.3•  
3 .6•  

apercentages represent  the mean o f  3 animals.  The difference be tween  the 
100 represents  minor  amounts  o f  shorter  and longer carbon numbers .  

bLevels  o f  s ignif icance are the same as l isted in Table 1. 

sum o f  percentages  in any r o w  and 

carbon numbers  obta ined initially and for a 
second group analyzed 3 months  later shows 
close agreement  and is also given in Table 2. 
Changes in the plasma tr iglycerides occurred 
within the first week. The higher molecular  
weight  species decreased in the groups relative 
to the chow-fed groups at the  start of  the  study. 
TYA-fed animals exhibi ted  significantly higher 
percentages of  carbon number  52 and lower  
percentages  o f  carbon numbers  48 and 50 than 
controls  for all t ime periods. 

Liver Lipids 

The concent ra t ions  of  the major  neutral  
lipids and phosphol ip id  classes in liver of  cont ro l  
and TYA-fed  animals are given in Table 3. Tri- 
glycerides and sphingomyel ins  were reduced sig- 
n i f icant ly  and sterol esters were increased in 
TYA-fed  normal  animals relative to controls .  
Excep t  for sphingomyel in ,  the major  phospho-  
lipid class concent ra t ions  were no t  al tered sig- 
nif icant ly  by the TYA. 

The carbon number  distr ibut ions o f  trigly- 
cerides obta ined f rom liver of  cont ro l  and TYA- 
fed rats are given in Table 4. The T Y A  caused a 
shift  to higher percentages o f  carbon number  
5 2 and 54. Plasma tr iglycerides showed increased 
percentages of  carbon number  52, but  no t  car- 
bon number  54. 

The  fat ty acid composi t ions  of  the major  
lipid classes isolated f rom liver o f  cont ro l  and 
TYA-fed  rats are given in Table 5. General ly ,  

T Y A  causes a decrease in 16:1 percentages and 
an increase in 18 : 1 percentages in all classes. 
The two  phosphol ip id  classes conta ined  higher 
percentages of  18:2 and lower  percentages o f  
20:4  in TYA-fed animals than controls .  The de- 
crease in phospha t idy le thanolamine  (PE) was 
much less than phosphat idylchol ine  (PC). 

The  dis tr ibut ions of  the geometr ical  and 
posi t ional  oc tadecenoa te  isomers in the  major  
lipid classes f rom liver o f  cont ro l  and TYA-fed 
rats are given in Table 6. The oc tadecenoates  
f rom all the lipid classes of  bo th  liver and hepa- 
t oma  consisted of  > 98% the  cis isomers.  The  
cis octadecenoates  consis ted p redominan t ly  of  
two isomers,  the  A9 (oleate)  and A11 (vaccen- 
ate). The  neutral  lipids o f  the TYA-fed  animals 
consisted of  > 90% oleate,  while PC and PE of  
this group consisted o f  > 83% oleate.  In con- 
trast,  neutral  lipids f rom the  cont ro l  group con- 
sisted of  66?'o-75% oleate,  and oleate  percenta-  
ges represented less than 40% of  oc tadecenoa tes  
of  PC and PE. These dis tr ibut ions o f  posi t ional  
isomers for the cont ro l  groups are similar to 
those repor ted  earlier for animals fed chow and 
fat-free diets (21). 

DISCUSSION 

Effect of T Y A  on Hepatoma and Host 

A subjective evaluat ion indicated the reduced 
size of  the  tumors  may  have been due to the  
TYA. It  was repor ted  ineffect ive  in reducing 
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the growth rate of hepatoma 7777 in an earlier 
s tudy (8), but  some reduced growth rates of  
mammary adenocarcinomas (22), mammary 
tumor  Cfz No. 3 (23) and the number of skin 
papillomas produced by carcinogens and phor- 
bol esters (8) have been observed. Studies con- 
ducted thus far on the inhibition of tumor  
growth by TYA have generally been variable 
and unpredictable�9 This may result from the 
virtual insolubili ty and presumed low absorp- 
t ion of  TYA from the intestine. 

The effect of TYA on hepatoma lipids was 
generally minor to insignificant from what we 
have reported earlier for hepatomas from host 
animals fed a variety of diets (11,24-27). 

The effects of  TYA on the host animal liver 
lipids were generally similar to that  observed in 
the normal animals, except for the magnitude. 
In order to focus at tention on the effects of  
TYA in normal animals, host  and hepatoma 
data have been omit ted.  

Effect of  T Y A  on Animals 

The growth rates of the rats were inhibited 
moderately by TYA at the concentrations used. 
Since plasma lipid concentrations of most classes 
were beginning to show significant decreases by 
the fourth week, growth rates might have been 
affected even more at longer feeding times. Liver 
weights (4�9 + 0.25), expressed as percent 
of body weight, of  TYA fed animals were not  
statistically different from controls (4.6% + 
0.05)�9 Increased liver weights of  tumor-bearing 
animals given high levels of TYA by gastric in- 
tubat ion for 5 weeks have been reported (8). 
Since the experimental  condit ions were totally 
different, the different results from the two stu- 
dies are not  surprising. 

Effect on Plasma Lipids 

There have been only a few reports on the 
effect of  TYA on plasma lipid concentrations 
and these have been reviewed by Tobias and 
Hamilton (8). Generally, TYA lowered plasma 
cholesterol concentrations in man and rats to a 
modest  degree (8). Our data are in agreement: 
except for the second week, sterol esters were 
reduced significantly and free cholesterol levels 
were reduced the fwst and last week (Table 1). 
The inconsistent and variable hypocholestolemic 
effect may be related to the inert nature of 
TYA. 

Plasma triglycerides of TYA-fed animals 
were elevated significantly by the second week 
and then declined in the third and fourth weeks 
(Table I). PC concentrations were reduced dra- 
matically the first week and then returned to 
normal by the tlaird week, where they again fell. 
This cyclic response of the plasma lipid classes 
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TABLE 4 

Carbon Number Distribution of Triglycerides 
Derived from Liver of Untreated Rats Fed TYA 

767 

Triglyceride carbon number 
mole percentages a,b 

Diet  4 6  4 8  50  52  54 

Control 1.4 + 0.3 13.8 • 0.6 39.6 • 0.7 39.4 • 1.1 6.3 + 0.5 
T Y A - f e d  - 1.8 • 0.3 f 26.6 • 2.9 e 57.3 + 2.9 f 10.5 + 0.2 f 

apercentages and standard deviations represent the mean of 3 animals. 
bThe levels of significance are the  same as listed in Table 1. 

to TYA is not understood, but it is interesting 
that the concentration of all the lipid classes in 
the fourth week was lower than the controls, 
and in many cases significantly lower. This 
appears to represent an alteration in a basic 
lipid metabolic process that takes a while to be 
observed. 

Effect of T Y A  on Hel~t ic Lipids 

Liver lipid class concentrations of TYA-fed 
animals show sphingomyelin, sterol ester and 
triglyceride levels were altered significantly 
after 4 weeks. Although sphingomyelin and 
sterol ester values were altered significantly rel- 
ative to control values in this study, they fall 
within the extremes of values produced when 
chow and fat-free diets were fed (11,24). A 
reduction of  more than 60% of the major lipid 
class in liver, the triglycerides, does appear to 
represent a major alteration produced by TYA 
(Table 3). This reduction in the liver triglycer- 
dies also agrees with the lower plasma trigly- 
ceride level in the TYA-fed animals at the fourth 
week. 

In addition to changes in triglyceride concen- 
trations of liver, the composition of  the trigly- 
cerides was also changed dramatically (Tables 
4 and 5). The carbon number distributions in 
liver agreed with those of  the plasma (Table 2), 
which indicates these shifts in triglyceride mol- 
ecular species may have occurred within the 
first week. Changes in the molecular species of 
the triglycerides probably occurred as a result 
of  changes in fatty acid biosynthesis (discussed 
later), whereas changes in liver triglyceride con- 
centrations that reached a maximum after two 
weeks on the TYA diet and a minimum the 
fourth week, probably resulted from other per- 
turbations in the lipid metabolism. 

Effect of  T Y A  on Fatty Acid Modification 

Fatty acid analysis of total lipids from liver 

and other organs from animals fed TYA have 
revealed previously that 18:2 percentages in- 
creased, whereas 20:4 percentages decreased 
(22,28,29). These results led the previous in- 
vestigators to conclude that TYA inhibited the 
conversion of  linoleic to arachidonic acid. These 
results were examined by others (8) who con- 
cluded that TYA interfered with the desatura- 
tion of linoleate to arachidonate. Our results 
(Table 5) confirm that 18:2 percentages are ele- 
vated and 20:4 percentages are decreased in PC 
and PE of TYA-fed animals, but the present 
data indicate the two phospholipid classes are 
not affected to the same extent.  Further, our 
data show that 18:2 percentages do not increase 
significantly in the two major neutral lipid 
classes. 

A further examination of  the fatty acid com- 
position of  the individual lipid classes (Table 5) 
revealed that 16:1 percentages were decreased 
and 18 : 1 percentages were increased significant- 
ly in all the lipid classes of  TYA-fed animals. 
The decreases in 16:1 percentages are consistent 
with that reported by Rao et al. (30) for the 
total liver lipids. In their experiments with TYA, 
18:1 percentages were not  elevated, but de- 
creased, and 20:4 percentages showed only 
marginal changes. These results prompted the 
authors (30) to suggest that dietary TYA in- 
hibited hepatic desaturase activity. Contrary to 
the paper just mentioned (30), the total lipids 
from other studies with TYA-fed animals showed 
increases in 18:1 percentages (22,28,29), as our 
data indicate. Since most of the evidence ob- 
tained thus far indicates a single enzyme system 
for the desaturation of palmitate and stearate 
to the corresponding A9 monoenes (31,32), the 
increased percentage of  18:1 in the previous 
and present data do not support the notion that 
the A9 desaturase system is inhibited by TYA. 
The increased proportion of oleate in the octa- 
decenoates from all the lipid classes (Table 6) 
likewise rules against the desaturase system 

LIPIDS, VOL. 17, NO. II (1982) 



7 6 8  

~D 

=. 

o 

J 

~3 

O 

O 

O 

~3 

~D 

O 

.o. 

~D 

O 

R. WOOD 

0 O 0  

N 

O 0  O 0  O 0  O 0  
-~1-~ - H - ~  -H -I-I - H + l  

~ o 0  ~ . ~  ~ .  ~.~. o 

~3 

�9 14"t-I "t-14-t "H +1 "t-144 ~ ~ 

�9 

~ r -  ~ , ~  ~ -  ~ , ~  ~ ' ~  

~ , n ~  ~ r  .~ ~ . ~  

o 

O 

LI]PIDS, VOL. 17, NO. 11 (1982)  



EFFECT OF TYA ON HEPATIC LIPIDS 

TABLE 6 

Percentage Distribution o f  Positional Oetadecenoate  Isomers in 
the Major Lipid Classes from Liver of  Untreated and TYA-fed Rats 

769 

Percentages a 

Control  diet TYA diet 

cts A 9 c18 A 11 cts A 9 cis A 11 

Triglycerides 75 + 1.3 22 + 2.0 92.8 + 1.0 7.2 + 1.0 
Sterol esters 66 30 92.9 + 0.9 7.1 • 0.9 
Phosphatidylcholine 39 + 0.5 58 • 1.1 89.1 + 2.0 10.9 +- 2.0 
Phosphatidylethanolamine 27 65 83.0 + 3.2 17.0 + 3.2 

Abbreviation: TYA = 5,8,11,14 eicosatetraynoic acid. 
aMean percentages -+ standard deviation are from 3 animals. Values wi thout  standard 

deviations represent the analysis o f  a pooled sample. The difference between  the sum of the 
percentages o f  the two  isomers and 100 represents minor amounts  o f  other isomers not  
given in the table. 

be ing  inh ib i t ed .  I t  shou ld  be n o t e d ,  however ,  
t h a t  d ie ta ry  c y c l o p r o p e n e  f a t t y  acid,  a k n o w n  
i n h i b i t o r  o f  t he  A9 desa turase  sys tem (31 ,33) ,  
is t he  on ly  o t h e r  d ie ta ry  c o m p o u n d  t h a t  we 
have  f o u n d  to  a l te r  the  class charac te r i s t i c  A9 
to  A l l  ra t ios  (21 ,25 )  as observed  in Table  6. 

The  da ta  in the  p resen t  s tudies  a p p e a r  bes t  
exp la ined  i f  one  assumes t h a t  T Y A  inh ib i t s  
f a t t y  acid e longa t ion  of  u n s a t u r a t e d  f a t t y  acids. 
Since the  conve r s ion  o f  l ino lea te  to  a r a c h i d o n a t e  
involves  an e longa t ion  s tep,  the  i n h i b i t i o n  o f  
th is  s tep  would  cause a bui ld  up  of  18:2 and  a 
decrease  in the  pe rcen tage  of  20 :4 ,  wh ich  is 
cons i s t en t  w i th  the  data.  When  T Y A  is added  to  
a fat-free diet ,  one  migh t  expec t  the  20 :3  per- 
cen tages  to  be  decreased  if  T Y A  i n h i b i t e d  e lon-  
gat ion.  A l t h o u g h  the  0.5% saff lower  added  to 
the  diets  in th i s  s t udy  k e p t  20 :3  levels t o o  low 
to  p rov ide  rel iable values,  Conigl io  et al. (28)  
and  A b r a h a m  et  al. (29)  have r epo r t ed  t ha t  
T Y A  added  to  fat-free die ts  did lower  20 :3  per- 
centages.  The  increased  p r o p o r t i o n  of  o lea te  in  
o c t a d e c e n o a t e s  f rom the  l ipid classes of  the  
TYA-fed  an imals  also ind ica tes  t h a t  e longa t ion  
was inh ib i t ed .  The  i n h i b i t i o n  of  t h e  e longa t ion  
of  pa lmi to l ea t e ,  t he  p recurso r  of  vaccena te  (34) ,  
wou ld  have r educed  the  A11 i somer  levels as 
observed.  One  migh t  argue t h a t  the  decreased 
16:1 pe rcen tages  cou ld  have also r educed  the  
level o f  the  vaccena te ,  bu t  t h a t  does  n o t  appea r  
to  be  the  case. We have s h o w n  tha t  in  chow-fed  
animals ,  where  the  level o f  16:1 was m u c h  lower  
t h a n  the  p resen t  s tudy ,  vaccena te  levels were 
h igher  (11 ,21 ,24) .  Final ly ,  we have r e p o r t e d  
t h a t  2 -hexadecynoa t e ,  an  ace ty len ic  acid,  in- 
h ib i t s  f a t t y  acid e longa t ion  in vivo and  in v i t ro  
(27 ,35) .  A m e t a b o h t e ,  the  2,3-al lene t h a t  resul t s  
f rom the  i somer i za t ion  of  the  t r iple  b o n d  at 

e i t he r  the  2 or 3 pos i t ion ,  is the  p roposed  ac- 
tive i n h i b i t o r  (35) .  Af te r  the  removal  of  one  
ace ta te  f rom TYA,  the  resu l t ing  c o m p o u n d  
wi th  t he  t r iple  b o n d  in the  3 -pos i t ion  may  be  
i somer ized  to  the  act ive i n h i b i t o r  o f  f a t t y  acid 
e longa t ion  also. A l t h o u g h  these  data  suggest 
t h a t  T Y A  inh ib i t s  the  e longa t ion  of  u n s a t u r a t e d  
f a t t y  acids, i t  does  n o t  p rec lude  the  poss ib i l i ty  
t h a t  T Y A  m a y  affec t  the  d e s a t u r a t i o n  o f  un-  
s a tu ra t ed  f a t t y  acids as well. 
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Effect of Hepatoma on Host Liver, Heart 
and Lung Lipids as Tumor Growth Progresses 
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College Station, TX 77843 

ABSTRACT 

A large group of rats was transplanted with hepatoma 7288CTC and 4 animals were sacrificed at 
3-day intervals for four weeks. Lipid class concentrations, fatty acid class compositions, and the distri- 
bution of cis octadecenoate positional isomers in the major lipid classes were determined for heart, 
liver and lung at each time period. The hearts of host animals decreased in dry weight as hepatoma 
growth progressed. At day 30, heart weights were less than two-thirds of initial weights. Lipid class 
concentrations changed in all three tissues : cholesterol and free fatty acids increased in liver; trigly- 
cerides and cholesterol decreased and then increased in heart; and cholesterol, triglycerides and PC 
decreased in lung as tumor growth progressed. Hexadecenoate percentages exhibited a progressive 
decrease in all the lipid classes of heart and liver. Although total octadecenoate percentages showed 
only minor changes, oleate concentrations generally increased and vaccenate levels decreased in heart 
and liver lipids as tumor growth progressed. Palmitoleate, precursor of vaccenate, exhibited decreased 
concentrations early that resulted in decreased vaccenate levels. Decreased palmitoleate concentrations 
suggest inhibition of the A9 desaturase system, but normal oleate concentrations complicate this 
interpretation. Most of the changes in the lipids were detectable 3-6 days after transplantation, indi- 
cating the hepatoma affects the lipid metabolism of the host animal early and well in advance of 
nutritional stresses. 
Lipids 17:771-779, 1982. 

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

The depletion of fat stores in the advanced 
stages of tumor growth is common in both 
humans and experimental animals. Work con- 
ducted in this area prior to 1956 has been 
reviewed by Haven and Bloor (1). Since then, 
additional studies have indicated that the 
growth of a tumor affects the lipid metabolism 
of the host (2-10). Our work with minimal 
deviation hepatoma 7288CTC has shown that 
host liver phospholipids contain a higher 
percentage of polyunsaturated fatty acids 
(11) and that the octadecenoates contain a 
higher proportion of oleate (12). Generally, 
the effects on the host lipids have been ob- 
served in the advanced stages of tumor growth 
when nutritional stresses can also affect the 
host lipids. 

Recently we observed changes in the lipids 
of the host animal well in advance of detect- 
able tumor growth and nutritional stresses. 
Plasma phospholipids exhibited a detectable 
change in the ratio of oleate to vaccenate 3 
days after hepatoma transplantation and the 
change was highly significant at 6 days (13). 
Plasma neutral lipid class concentrations of 
tumor-bearing animals changed dramatically 

*Author to whom correspondence should be 
addressed. 

over the entire growth period of the tumor, 
while hexadecenoate and polyunsaturated fatty 
acid percentages decreased in all lipid classes 
and plasma phospholipids, respectively (14). 

The present study was carried out to deter- 
mine whether lipids of host liver, heart and lung 
exhibit changes as hepatoma growth progresses. 
A preliminary report of this work has appeared 
(15). 

MATERIALS AND METHODS 

Heart, liver and lung were obtained from the 
same groups of animals sacrificed at 3-day 
intervals after hepatoma 7288CTC transplanta- 
tion to study changes in plasma lipids (14). The 
lyophilized tissues were extracted twice by the 
Bligh and Dyer procedure (16) and separated 
into neutral lipid and phospholipids by silicic 
acid chromatography (17). The neutral lipid 
classes were quantitated by high-temperature 
gas liquid chromatography (GLC) (18). Phos- 
pholipid classes were analyzed quantitatively 
by phosphorous analysis (19) after resolut_.:on 
by thin layer chromatography (TLC) (14). 
Methyl esters were prepared by acid-catalyzed 
transesterification (18), separated according to 
configuration and degree of unsaturation by 
argentation TLC, hexadecenoates and octadece- 
noates were isolated by preparative GLC and 
the position of the double bonds determined 
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by GLC of the ozonides (20). The percentage 
distribution of  the fatty acids in the individual 
lipid classes of the various tissues was deter- 
mined by GLC analysis of  the methyl esters on 
a 10% SP-2330 column (21). Identity of the 
fatty acids was based upon cochromatography 
with authentic standards, analysis before and 
after hydrogenation, and analysis of  methyl 
e s t e r  bands separated according to degree of 
unsaturation by silver ion TLC. 

The sources of standards, solvent, reagents 
and other supplies were the same as given 
previously ( 14,21 ). 

RESULTS 

Liver 

Neutral lipid class concentrations deter- 
mined in the liver of host animals at 3-day 
intervals after hepatoma transplantation are 
given in Table 1. Free cholesterol and free fatty 
acid levels increased immediately after trans- 
plantation. Diglyceride concentrations, al- 
though low, increased as tumor growth pro- 
gressed until the 27th day and then dropped 
sharply. Trigiyceride levels showed little change 
until day 30 when concentrations plummeted. 
Changes in liver phospholipid class concentra- 
tions were marginal relative to day zero. Phos- 
phatidylinositol (PI) showed the largest 
changes: values dropped to 50% of day zero 
values by the 9th day and then steadily in- 
creased to exceed initial values by 20% by day 
30. Phosphatidylethanolamines (PE) exhibited 
a steady increase of more than 45% from day 

zero to the 30th day. 
The fatty acid compositions of  liver, trigly- 

cerides, phosphatidylcholines (PC) and PE at 
selected times are given in Table 2. Palmitate, 
octadecenoate, and octadecadienoate percent- 
ages represented between 85 and 98% of the 
liver triglyceride fatty acids at all times after 
hepatoma transplantation. Hexadecenoate per- 
centages decreased steadily after day 6, which 
was offset by increased 18:2 percentages. Liver 
PC consisted of  ca. 50% palmitate plus stearate 
and 50% unsaturated fatty acids. Hexadeceno- 
ate and octadecenoate percentages decreased 
as tumor growth progressed, while stearate and 
docosahexenoic acid increased. Liver PE con- 
tained the same proportion of  saturated fatty 
acids as PC, but a higher percentage of C20 and 
C22 polyunsaturated fatty acids. Hexadeceno- 
ate and octadecenoate percentages decreased 
as tumor growth progressed while stearate per- 
centages increased up to the 21st day. Eicosa- 
tetraenoic acid percentages decreased in liver 
PE after the 15th day, while docosahexenoic 
acid percentages increased from this time 
period. Free fatty acid and cholesterol ester 
compositions (data not shown) exhibited a 
dramatic decrease in hexedecenoate percentages 
(>65%) and a moderate to variable decrease in 
octadecenoate percentages as tumor growth 
progressed. 

Percentage distributions and concentrations 
of the hexadecenoate and octadecenoate posi- 
tional isomers isolated from host liver lipid 
classes as tumor growth progressed are shown in 
Tables 3 and 4, respectively. Palmitoleate con- 

TABLE 1 

Concentration of Neutral Lipids Derived from Host Liver 
at Various Times after Hepatoma Transplantation 

Days after Neutral lipid classes (mg/g dry wt) a 
transplant CHOL FFA DG TG CE TNL 

0 7.5 1.1 0.9 25.0 1.6 36.1 
3 8.7 f 1.2 1.1 c 25.5 1.3 37.8 
9 9.5 d 1.7 b 1.1 28.7 1.7 42.6 c 

18 7.6 2.0 e 1.2 c 32.9 b 1.4 45.l c 
30 12.6 d 3.4 f 0.9 8.6 f 1.2 b 26.8 e 

Abbreviations: CHOL, cholesterol; FFA, free fatty acids; DG, diglycerides; TG, trigly- 
cerides; CE, cholesteryl esters; TNL, total neutral lipids. 

aConcentrations represent the mean of 3-4 animals. Standard deviations have been 
omitted, but the level of significance has been indicated by a superscript. 

bsignifieantly different (p < 0.1) from day zero (student's t-distribution). 
CSignificantly different (p < 0.05) from day zero. 
dSignificantly different (p < 0.025) from day zero. 
eSignificantly different (p < 0.01) from day zero. 
fSignificantly different (p < 0.005) from day zero. 
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TABLE 2 

Fatty Acid Composition of  Triglycerides, Phosphatidylcholines 
and Phosphatidylethanolamines Derived from Host Liver at Various Times 

after Hepatoma Transplantation 

Days after Fatty acid percentages a 

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

Trigiycerides 
0 28.8 8.2 1.6 32.1 23.0 1.1 1.2 
3 31.4 9.0 2.4 32.0 17.6 0.8 0.8 
9 29.0 4.2 2.3 30.5 28.7 1.3 1.4 

18 27.6 3.1 2.0 29.0 29.8 2.5 1.5 
30 28.9 0.8 6.7 26.1 30.3 2.2 1.8 

Phosphatidylcholines 
0 24.4 2.2 18.9 12.0 20.3 18.1 1.8 
3 24.3 2.6 20.0 10.0 19.6 1S.2 2.6 
9 20.8 1.1 23.5 8.4 19.1 21.3 2.7 

18 24.6 1.2 25.6 9.0 15.9 18.2 3.9 
30 25.5 0.6 24.6 8.6 23.4 8.7 5.6 

Phosphatidylethan olamines 
0 23.2 1.0 21.4 9.8 11.6 22.8 5.6 
3 24.6 1.4 21.6 7.1 9.6 23.4 6.4 
9 20.9 0.5 27.4 7.3 9.9 25.1 5.6 

18 21.2 -- 29.3 5.5 6.2 22.8 11.6 
30 23.0 - 26.6 5.3 10.4 15.7 14.6 

apercentages represent the mean of  3 or 4 analyses. The differences between the sum 
of the percentages and 100% represent the sum of other acids present in small amounts  but 
not shown in the table. 

TABLE 3 

Changes in the Distribution of  Liver Hexadecenoate Positional Isomers 
as Hepatoma Growth Progressed 

Positional isomer percentages a,b 

Days after TG PC PE 
transplant A6 + A7 A9 A6 + A7 A9 A6 + A7 A9 

0 8 90 (1.84) 10 88 (1.18) 8 90 
3 8 90 (2.10) 8 88 (I .26) 8 90 
9 7 91 (1.10) 18 76 (0.48) 12 84 

18 11 87 (0.89) 16 79 (0.52) 24 74 
30 43 54 (0.40) 36 S6 (0.21) 30 65 

Abbreviations: TG, trigiycerides; PC, phosphatidylcholineS; PE, phosphatidylethanol- 
amines, 

aAnalyses were performed by capillary GLC (14) on a pooled sample from 3 or 4 ani- 
mals, except day zero which was determined previously by ozonolysi~ of a pooled sample 
from 3 or 4 animals (20). 

bConcentrations (#g/mg dry weight) are given in parentheses for TG and PC. 

e e n t r a t i o n s  dec reased  s ign i f ican t ly  by  day  6 a n d  
c o n t i n u e d  t o  decrease  fo r  t h e  res t  o f  t he  g r o w t h  
pe r i od  whi le  t he  p e r c e n t a g e  o f  the  A 6 p lu s  A 7 
i s o m e r s  inc reased .  The  p r o p o r t i o n  o f  vaccen ic  

acid decreased  ear ly  a f t e r  h e p a t o m a  t r a n s p l a n -  
t a t i o n  in t r ig lycer ide  and  PC o c t a d e c e n o a t e s .  
T h e  p e r c e n t a g e  o f  vaccena t e  also dec reased  in 
PE,  b u t  on ly  a f t e r  t he  12 th  day o f  t u m o r  
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TABLE 4 

Changes in the Distribution of Octadecenoate Positional Isomers 
of Host Liver, Heart and Lung as Hepatoma Growth Progressed 

Positional isomer percentagea, b 

TG PC PE Days after 
transplant A9 A11 A9 AI 1 A9 A11 

Liver 
0 83 (6.66) 17 c (1.36) c (2.64) c (4.67) c (0.76) c (1.63) 
3 81 (6.61) 19 (1.55) 41 (2.27) 59 (3.26) 37 (0.66) 63 (1.13) 
9 89 (7.79) 11 (0.96) 50 (2.41) 50 (2.41) 36 (0.64) 64 (1.13) 

18 89 (8 .49)  11 (1 .04)  62 (3 .09)  38 (1 .89)  53 (0 .82)  47  (0 .73)  
30 87 (1.95) 13 (0.29) 71 (3.87) 29(1.58) 67 (1.26) 33 (0.62) 

Heart 
0 90 .1+1 .8  9.9-+1.8 31 .5+1.5  68.7-+1.5 39.7-+2.1 60.3-+2.1 
9 86.7 13.3 30 .9  69.1 45 .4  54.6 

18 88.2 11.8 36.2 63 .8  51.5 48 .5  
30 83.5 16.5 42 .4  57.6 57.6 42 .4  

Lung 
0 90.5-+0.5 9.5-+0.5 70.0-+3.9 30.0-+3.9 82.5+4.4  16.3-+4.4 
9 90.5 9.5 77.9 22.1 90.4 9.6 

18 90.3 9.7 76.5 23.5 90.3 9.7 
30 87.5 12.4 75.0 25.0 87.6 12.4 

Abbreviations: TG, triglycerides; PC, phosphatidyleholines; PE, phosphat idylethanol-  
amines. 

apercentages were obtained from the analysis o f  a pooled sample from 3 or 4 animals at 
each t ime period, except  day zero for heart and lung which represents the mean o f  4 animals 
analyzed individually. 

bConcentration (~g/mg dry weight)  are given in parentheses for liver. 
CSamples lost. Values reported previously (20) for normal animals or zero t ime were 81% 

A9 and 19% A 11 for triglycerides; 31% A9 and 64% A 11 for phosphatidylcholines; and 32% 
A9 and 68% A11 for phosphat idylethanolamines .  These values were used to calculate 
concentrat ions .  

growth. Oleate percentages and concentrations 
continued to increase in host liver PC and PE as 
tumor growth progressed and represented 65- 
75% of the octadecenoates by the 30th day. 
Triglyceride oleate concentrations increased to 
the 27th day and then dropped sharply. 

Heart 

The major effect of  tumor growth on heart 
and heart lipids is shown in Table 5. Heart dry 
weights decreased dramatically after the 9th 
day and continued to decrease for the duration 
of  the tumor growth period. Except for the 
15th day, changes in the total lipid content  of 
the heart were marginal. Free cholesterol and 
triglycerides, the major neutral lipids, decreased 
dramatically after hepatoma transplantation 
and remained low for the first half of  the 
growth period and then increased. The increase 
in cholesterol exceeded initial concentrations, 
but triglyceride increases only approached one- 
third of the initial concentrations. The phos- 
pholipids represented 80 -+ 6% of the total 

lipids for all time periods. The average phospho- 
lipid class composition (percentage) for all time 
periods was LPC, 0.5+0.5; SPIt, 3.8+2.0; PC, 
45.0-+2.3; PI, 5.7+2.6; PS, 3.2+0.8; PE, 34.4-+ 
1.5, indicating only minor changes as hepatoma 
growth progressed. 

Heart triglycerides were analyzed intact by 
high temperature GLC (18) to determine the 
carbon number distribution at various stages of  
hepatoma growth. Generally, there was a shift 
to higher molecular triglyceride species with 
time, i.e., carbon number 50 decreased from 
29% to 11% while carbon number 56 increased 
from 1% initially to 16% at day 30. The trigly- 
ceride fatty acid compositions are compared 
with the fatty acid composition of the major 
phospholipid classes at selected time periods in 
Table 6. Generally, the saturated fatty acids re- 
mained constant at all time periods of all the 
lipid classes, whereas monoene fatty acids de- 
creased and 22:6 increased dramatically by the 
9th day in the phospholipid classes. Although 
PC and PE did not contain sufficient hexadece- 

LIPIDS, VOL. 17, NO. 11 (1982) 



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

T A B L E  5 

E f f e c t  o f  ProgresMve H e p a t o m a  G r o w t h  o n  H o s t  A n i m a l  
H e a r t  Dry  Weigh t  a n d  L ip id  C o n t e n t  

775 

N L  c o n e  (/~g/mg d r y  w t )  a 
Days  a f t e r  Dry  w t  T o t a l  l ip id  
t r a n s p l a n t  m g / h e a r t  % o f  d ry  w t  To ta l  C H O L  T G  

0 2 1 5  17 .0  71 .0  7 .9  6 1 . 8  
3 211 17-.3 15 .4  4 . 5  10 .5  
9 2 0 9  15 .0  b 12 .3  5 .9  6 .3  

18 166  e 14 .4  c 28 .1  8 .8  18 .5  
3 0  1 3 3  e 13 .3  c 13 .9  11 .4  2.1 

A b b r e v i a t i o n s :  N L ,  n e u t r a l  l ip id ;  C H O L ,  c h o l e s t e r o l ;  T G ,  t r i g lyce r ide s .  

a C o n c e n t r a t i o n s  w e r e  o b t a i n e d  b y  h igh  t e m p e r a t u r e  G L C  ana lys i s  o f  a p o o l e d  s a m p l e  
c o n t a i n i n g  an  i n t e r n a l  s t a n d a r d .  

b S i g n i f i c a n t l y  d i f f e r e n t  (p ~ 0 .1 )  f r o m  d a y  zero  ( s t u d e n t ' s  t - d i s t r i b u t i o n ) .  

CSign i f i can t ly  d i f f e r e n t  (p ~ 0 . 0 5 )  f r o m  d a y  ze ro .  

d s i g n i f i c a n t l y  d i f f e r e n t  (p ~ 0 . 0 2 5 )  f r o m  d a y  ze ro .  

e S i g n i f i c a n t l y  d i f f e r e n t  (p ~ 0 . 0 0 5 )  f r o m  d a y  ze ro .  

T A B L E  6 

F a t t y  Ac id  C o m p o s i t i o n  o f  t he  Majo r  Lip id  Classes  f r o m  H o s t  A n i m a l  H e a r t s  
a t  Se l ec t ed  T i m e  In t e rva l s  a f t e r  H e p a t o m a  T r a n s p l a n t a t i o n  " 

F a t t y  ac id  p e r c e n t a g e s  a 
D a y s  a f t e r  
t r a n s p l a n t  1 6 : 0  16:1  1 8 : 0  18:1  18 :2  2 0 : 4  2 2 : 6  

T r ig tyce r ide s  

0 2 7 . 7 + 2 . 0  8 . 3 •  4 . 2 + 0 . 4  3 8 . 8 + 1 . 0  1 8 . 0 + 4 . 8  
9 2 4 . 8  5 .9  5.5 33 .2  2 1 . 8  

18  26 .5  5.7 4 .7  37 .4  23 .8  
3 0  26 .0  1.5 10 .2  25 .5  2 8 . 6  

P h o s p h a t i d y l c h o l i n e s  

0 2 1 . 5 + 0 . 4  0 . 6 + 0 . 2  2 4 . 2 + 0 . 6  1 1 . 1 + 0 . 6  2 1 . 0 + 3 . 0  1 7 . 4 + 2 . 9  1 .7+0 .4  
9 21 .7  0 .7  2 4 . 7  7 .4  11 .9  2 4 . 9  5 .0  

18 18 .0  -- 31 .9  5 .3  9.1 2 8 . 9  4 . 3  
30  19.0  -- 2 8 . 0  6.1 18 .0  2 0 . 3  6.1 

P h o s p h a t i d y l e t h a n o l a m i n e s  

0 9 .8+0 .1  0 .5+0 .1  2 6 . 4 + 4 . 1  8 . 4 + 0 . 7  1 3 . 3 + 1 . 4  2 2 . 8 + 0 . 8  1 2 . 2 + 1 . 3  
9 10 .0  --  24.1  4 . 3  9 .8  18 .6  24 .5  

18 9 .6  -- 24 .5  5.1 7 .7  19 .7  2 6 . 9  
3 0  10 .9  -- 2 1 . 3  3 .5  7 .8  20 .1  2 9 . 9  

P h o s p h a t i d y l i n o s i t o i s  a n d  p h o s p h a t i d y i s e r i n e s  

0 6 .9  - 4 6 . 3  10.2  5.5 2 1 . 8  5 .7  
9 7 .4  -- 38 .2  8 .0  6 .2  2 4 . 0  11 .2  

1 8  6 . 4  - -  4 4 . 0  7 .7  5.1 2 2 . 6  11 .3  
3 0  5.1 -- 4 6 . 5  7 .2  4 .5  2 1 . 6  11 .6  

a D i f f e r e n c e s  b e t w e e n  t h e  s u m  o f  a n y  r o w  a n d  1 0 0 %  r e p r e s e n t s  m i n o r  a m o u n t s  o f  o t h e r  
f a t t y  ac ids  n o t  g iven in t h e  t ab le .  Va lues  f o r  d a y  ze ro  r e p r e s e n t  t he  m e a n  o f  i nd iv idua l  
a n i m a l s ,  w h e r e a s  the  o t h e r  d a y s  r e p r e s e n t  t he  m e a n  o f  d u p l i c a t e  a n a l y s i s  o f  a p o o l e d  s a m p l e  
f r o m  4 an ima l s .  

noate levels to permit analysis of positional 
isomers at each time period, a pooled sample 
analysis indicated substantial amounts (25-30%) 
of other isomers than palmitoleic. Triglyceride 

hexadecenoates exhibited an increase in the A 7 
isomer as tumor growth progressed at the ex- 
pense of palmitoleate. Comparisons of oleate to 
vaccenate percentages at selected time periods 
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for the major lipid classes (Table 4) indicate 
that  heart  oleate percentage increased in the 
phospholipids as tumor  growth progressed, but  
not  in the trigiycerides. 

L u n g  

Changes in lung lipid concentrations of  the 
host animal as hepatoma growth progressed are 
shown in Table 7. Total phospholipids de- 
creased through 9 days, whereas concentrations 
of PE began to increase after 9 days. Total 
neutral lipids decreased after hepatoma trans- 
plantat ion and remained low through the 30th 
day at which time the concentration was less 
than 40% of the initial level. Cholesterol (free) 
concent ra t ions  decreased dramatically during 
the first 6 days of tumor  growth and remained 
at the low level for the duration,  whereas tri- 
glyceride concentrations continued to fall 
through the growth period (except day 18). 
The fatty acid composit ions o f  host lung lipid 
classes at selected times are given in Table 8. 
Hexadecenoate percentages in triglycerides and 
PE showed marginal decreases as tumor  growth 
progressed, but generally the changes in the 
fatty acids of the lung lipid classes were minor 
compared to heart  and liver. Palmitoleate repre- 
sented between 87 and 94% of the hexadece- 
noate positional isomers in lung trigiycerides 
for the first 12 days. The  A 7 hexadecenoate 
isomer represented 34% of lung PC at day zero 
and increased to 75% by day 15, whereas pal- 
mitoleate percentages decreased. A pooled 
hexadecenoate fraction from lung PE showed 
the A 7  isomer represented 33% and the A 9  
isomer 60%. The A 6  isomer represented 3-7% 
of the hexadecenoates in all lung classes at all 

times. The octadecenoate positional isomers at 
selected time intervals for the 3 major lipid 
classes of  host lung are given in Table 4. Unlike 
heart  and liver, oleate was the predominant  
isomer in all 3 lipid classes at all times and the 
proport ion of oleate to vaccenate did not 
change in lung as tumor growth progressed. 

DISCUSSION 

Except for the analysis of hexadecenoate 
and octadecenoate positional isomers in heart 
and lung, all the analyses in this report  were 
made at 3-day intervals, but to conserve space, 
only selected time periods are given. Generally, 
these time periods reflect the overall changes 
and trends. 

Effect of Hepatoma on Host Organs 

The decrease in heart  dry weight beginning 
on the 12th day after hepatoma transplantation 
was probably due to loss of  protein since total  
lipid changes were marginal relative to dry 
weight (Table 5). Since Liver and lung dry 
weights were not  determined,  it is not  known if 
the effect is organ specific. The decreases in 
heart size before the 18th day after transplanta- 
tion suggest that  the observed decreases are not  
related to nutrit ional stresses, but probably 
represent an effect of the hepatoma on the 
protein metabolism of the host animal. Some 
enzyme activities have been shown to change in 
livers of  rats bearing hepatoma 7800 (22), but  
it is not  known whether this represented altered 
protein metabolism or enzyme inhibition. 

Effect of Hapatoma on Host Lipid Classes 

T A B L E  7 

C o n c e n t r a t i o n  o f  L u n g  Lip ids  O b t a i n e d  f r o m  H o s t  A n i m a l  
a t  V a r i o u s  Stages o f  G r o w t h  

Days  a f t e r  lag/rag o f  d r y  w t  a 

t r a n s p l a n t  To ta l  PL PC PE To ta l  N L  C H O L  T G  

0 150  + S 82  19 107  + 10 4 7  54 
3 134  -+ 7 b 67  18 81 + 23  35 4 3  
9 128  • 4 c 53 2 6  57 +- 9 d 2 6  27  

18 132  • 6 b 64  2 9  85 + 21 29  51 
3 0  114  +- 7 c N D  N D  3 8  • 10 c 27 8 

A b b r e v i a t i o n s :  PL,  p h o s p h o l i p i d ;  PC,  p h o s p h a t i d y l c h o l i n e s ;  PE,  p h o s p h a t i d y l e t h a n o l -  
a m i n e s ;  N L ,  n e u t r a l  l ip ids ;  C H O L ,  c h o l e s t e r o l ;  TG,  t r i g l y c e r i d e s ;  ND,  n o t  d e t e r m i n e d .  

aVa iue s  w i th  s t a n d a r d  d e v i a t i o n s  were  o b t a i n e d  f r o m  4 an ima l s .  O t h e r  va lues  w e r e  
o b t a i n e d  f r o m  the  ana lys i s  o f  p o o l e d  s a m p l e s .  

b s i g n i f i c a n t l y  d i f f e r e n t  (p g . 0 2 5 )  f r o m  d a y  ze ro  ( s t u d e n t ' s  t - d i s t r i b u t i o n ) .  
CSigni f ican t ly  d i f f e r e n t  (p  g . 0 1 0 )  f r o m  d a y  ze ro .  

d S i g n i f i c a n t l y  d i f f e r e n t  (p < . 0 0 5 )  f r o m  d a y  ze ro .  
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TABLE 8 

Fatty Acid Composi t ion of the Major Lipid Classes Isolated from Lungs 
of Animals Bearing Hepatomas at Various Stages of Growth 

777  

Days after Percentagesa 
transplant 16:0 16:1 18:0 18:1 18:2 20:4 22:6 

Triglycerides 
0 26.6• 7.2-+1.1 3.2_+0.5 37.0_+1.4 21.6_+1.6 T b - 
9 24.8 7.8 3.9 35.2 21.1 0.8 - 

18 26.6 6.4 4.5 37.1 20.4 0.7 -- 
30 25.8 4.9 6.8 30.6 22.5 2.0 -- 

Phosphatidylchol ines  
0 60.8_+3.1 9.8+-0.5 4.8-+0.4 9.2-+0.1 6.0_+1.0 3.9-+0.4 T 
9 58.7 11.0 4.3 8.6 6.5 2.1 T 

18 53.8 10.2 5.8 10.7 6.8 4.5 T 
30 56.1 9.5 6.1 9.5 9.3 2.0 -- 

Phusphatidylethanolamines 
0 19.8-+1.5 2.9-+0.6 15.9_+0.8 19.0_+1.1 6.0+_0.7 22.6+-2.7 2.1_+0.3 
9 ! 1.0 1.7 15.6 17.2 5.5 29.6 2.8 

18 10. I 1.4 15.2 18.0 5.2 32.7 4.3 
30 12.0 1.8 19.~ 19.6 01.8 21.4 6.4 

aZero day values represent the mean of 4 animals analyzed individually.  Values for the 
other time periods represent the mean of duplicate determinations of a pooled sample. The 
difference between the sum of percentages ia any row and 100 represents the amount of 
other fatty acids not  given in the table. 

bT denotes  detectable amounts of less than 0.5%. 

All 3 hos t  t issues e x h i b i t e d  changes  in l ipid 
ctasg Concen t r a t ions  in the  first few days  a f te r  
h e p a t o m a  t r a n s p l a n t a t i o n ,  well in advance  o f  
any  nu t r i t i ona l  stresses. Changes  have  been  
observed  in the  neu t ra l  l ipids and  p h o s p h o l i p i d s  
of  hos t  mice  livers bea r ing  Ehr l ich  ascites ceils 
(8) ,  bu t  the  changes  bear  n o  similar i t ies  to  
t hose  r e p o r t e d  here .  In con t r a s t  to  l iver  neu t ra l  
l ipids,  b o t h  hea r t  and  lung  exh ib i t ed  large 
decreases  in the  c o n c e n t r a t i o n s  of  cho les te ro l  
and  t r iglycer ides  wi th in  a few days  a f te r  hepa-  
t o m a  t r a n s p l a n t a t i o n  (Tables  5 and  7).  These  
resul ts  make  it  clear t h a t  the  h e p a t o m a  af fec ts  
the  l ipid class c o n c e n t r a t i o n s  in  hea r t ,  l iver and  
lung  o f  h o s t  an imal  soon  a f t e r  t r a n s p l a n t a t i o n .  

Effect of Hepatoma on Host Fatty Acids 

The decrease  in the  pe rcen tage  of  h e x a d e c e -  
n0a tes  in all the  l ipid classes o f  all t he  t issues,  
excep t  lung  PC (Tables  2, 6, 8), was the  m o s t  
cons i s t en t  and  d rama t i c  change  in the  h o s t  
f a t ty  acids. O c t a d e c e n o a t e  pe rcen tages  also 
decreased as t u m o r  g r o w t h  progressed  in some 
l ipid classes, bu t  the  decreases  were m o d e r a t e  
and  var iable .  E x p l a n a t i o n  for  the  relat ively 
large progressive d i sappearance  of  the  hexadece -  
noa t e s  beg inn ing  i m m e d i a t e l y  af te r  h e p a t o m a  
t r a n s p l a n t a t i o n ,  while o c t a d e c e n o a t e  decreases  
were marginal ,  are di f f icul t  to  imagine .  I m m e d i -  

a te ly  one  assumes t h a t  the  A 9  desa turase  sys- 
t em is i nh ib i t ed ,  b u t  the  small  decreases  in  the  
o c t a d e c e n o a t e s  and  the  fact  t ha t  a single en- 
zyme  appears  to  ca ta lyze  the  de sa tu r a t i on  o f  
pa lmi t a t e  and  s teara te  (23 ,24 )  do  n o t  s u p p o r t  
this  conc lus ion .  I t  is possible  t h a t  the  A 9 desat-  
urase sys tem is par t ia l ly  i n h i b i t e d  in the  h o s t  
animal ,  b u t  t h a t  t issue levels of  o c t a d e c e n o a t e s  
are n o t  a l te red  s igni f icant ly  because  t issue levels 
are m a i n t a i n e d  by  m o b i l i z a t i o n  of  adipose  
t issue.  A l ipid m o b i l i z a t i o n  f ac to r  has  b e e n  
r e p o r t e d  in the  s e rum o f  t u m o r - b e a r i n g  an imals  
(25) ,  and  s tearoyl  CoA desa turase  act ivi t ies  
of  l iver f rom h e p a t o m a  bea r ing  an imals  has  
been  r epo r t ed  to  be r educed  relat ive to  n o r m a l  
l iver (26 ,27) .  The  lack o f  a fall in the  oc tadece -  
n o a t e  levels s imilar  to  t h a t  observed  for  the  
h e x a d e c e n o a t e s  may  resul t  f r om the  b iosyn-  
thesis  o f  o lea te  by  an  a l t e rna te  rou t e  w h e n  the  
s t ea roy l -CoA desa turase  sys t em is i n h i b i t e d  in 
t he  hos t  animal .  Oleate  levels of  l iver p h o s p h o -  
l ipids are m a i n t a i n e d  when  the  A 9  desa turase  
sys tem is i n h i b i t e d  (28)  and  an a l t e rna te  rou te  
for  oleate  b iosyn thes i s  has  been  p roposed  
(28 ,29) .  

Effect of Hepatoma 
on Host Fatty Acid Positional Isomers 

The decreased pe rcen tage  of  hexadecenc~  
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ates was also-accompanied by a change in the 
positional isomers. Decreased palmitoyl-CoA 
desaturase activity and an unchanged chain 
shortening of oleate, the precursor of the A 7 
isomer (30), could explain the apparent in- 
crease in the percentage of the A 7 isomer. 

The octadecenoate positional isomer data 
demonstrate that the changes in the ratio of 
oleate to vaccenate that we had observed in 
the host liver phospholipid at the 30th day 
(12) were detectable by the 12th day after 
hepatoma transplantation in liver and heart, 
but not lung. Changes in the proportion of 
oleate to vaccenate can result from an increase 
in the concentration of oleate or a decrease 
in the level of vaccenate or both. Absolute 
concentrations of oleate and vaccenate found 
in the 3 major lipid classes from liver are shown 
in Table 4. Except for day 30, oleate concen- 
trations of PE remained relatively constant. 
Triglyceride and PC oleate levels likewise 
remained relatively constant until  the 9th-12th 
day of tumor growth, but increased signifi- 
cantly thereafter. In contrast, vaccenate con- 
centrations exhibited a progressive decrease 
as tumor growth progressed. The decrease in 
the vaccenate concentrations can be attributed 
to the decrease in palmitoleate concentrations. 
The correlation between palmitoleate and 
vaccenate concentrations is 0.81 and 0.91 for 
triglycerides and PC, respectively, and are 
highly significant. Heart lipids exhibit a similar 
progressive decrease in vaccenate concentra- 
tions whereas oleate changes are only marginal, 
especially in the phospholipids. These data 
indicate that the decrease in vaccenate concen- 
t.rations as tumor growth progresses results 
from a decrease in the precursor, palmitoleate 
(31,32), that probably results from a decrease 
in the A 9 desaturase system activity, but we 
are stuck with the dilemma of explaining the 
unchanged to higher concentrations of oleate 

t hough t  to arise from the same A9 desaturase 
system. 

Early Changes in Host Lipids 

Comparisons of the lipids of tumor-bearing 
animals with normal animals have generally 
been made just prior to death of the host ani- 
mal. At this stage of tumor growth, any differ- 
ences in the llpids can be attributed to nutri- 
tional stresses, as well as the tumor. This prob- 
lem can be circumvented and the real effects 
of the tumor on the host animal lipids can be 
assessed if the comparisons are made in the 
early stages of tumor growth, preferably in the 
first half of the growth period while food con- 
sumption is normal. The present study shows a 

number of early changes in the lipids of the 
host animal. All 3 tissues exhibited some 
dramatic changes in lipid class concentrations 
within 6-9 days after hepatoma transplantations 
and many changes occurred as early as 3 days. 
These early changes are consistent with those 
observed earlier in the plasma lipids (14). The 
progressive decline in hexadecenoates, predom- 
inantly palmitoleate, beginning by the 6th day 
in all the lipid classes of heart and liver also 
agrees with that observed earlier in the plasma 
lipid classes (14). We had reported previously 
from this laboratory that the proportion of 
oleate to vaccenate changed significantly in the 
plasma phospholipids by the 6th day after 
hepatoma transplantation (13). The present 
study shows the changes in the proportions of 
oleate and vaccenate that occur early in heart 
and liver phospholipids results from a decrease 
in vaecenate concentrations and not  an increase 
in oleate concentrations (Table 4). 

These data demonstrate quite clearly that 
the hepatoma affects the lipid metabolism of 
the host animal early, well in advance of detect- 
able tumor growth and nutritional stresses. 
Studies to determine what lipid metabolic sys- 
tems are affected and the mechanism by which 
these early effects are exerted on the host 
animal are planned. 
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Photosensitized Oxidation of Methyl Linolenate. 
Secondary Products 

W.E. NEFF, E.N. FRANKEL* and D. WEISLEDER, Northern Regional Research Center, 
Agricultural Research Service, US Department of Agriculture 1, 1815 North University 
Street, Peoria, IL 61604 

ABSTRACT 

Previous studies of secondary oxidation products by high-pressure liquid chromatography (HPLC) 
o f  autoxidized methyl oleate, linoleate and linolenate and photosensitized-oxidized linoleate axe 
extended to photosensitized-oxidized linolenate. Photoscnsitized-oxidized linolenate was fractionated 
by silicic acid chromatography with diethyl ether/hexane mixtures. Selected silicic acid chromato- 
graphic fractions were separated by polar phase HPLC and characterized by thin layer and gas liquid 
chromatography and by ultraviolet, infrared, nuclear magnetic resonance and mass spectrometry. 
Secondary products from the photosensitized oxidation mixtures (containing 8.2 to 29.0% monohy- 
droperoxides) included keto- and epoxy-dienes (0.4-1.6%), hydroperoxy ~pidioxides (0.8-4.9%), 
hydroperoxy bicyclic monoenes (0.1-0.3%), dihydroperoxides (1.0-5.6%), and hydropcroxy bis- 
epidioxides (0.7-1.6%). Some of these secondary products axe new and unique to photosensitized 
oxidation. Cyclization of the 10., 12-, 13- and 15-hydroperoxides of linolenate would account for 
their lower relative concentration than that found for the 9- and 16-hydroperoxides. Dihydroperox- 
ides may be derived from monohydroperoxides by singlet oxygenation or free radical oxidation. The 
hydroperoxy bis-epidioxides may be formed by further serial cyclization of the hydroperoxy epidi- 
oxides from 10- and 15-monohydroperoxides. Dthydroperoxides, hydroperoxy epidioxides and hydro- 
peroxy bis-epidioxides axe suggested as important flavor precursors in oxidized fats. 
Lipids 17:780-790, 1982. 

High-pressure liquid chromatography 
(HPLC) has been used extensively to isolate 
and identify oxidation products ( I )  that con- 
tribute either directly or as precursors to the 
flavor deterioration of unsaturated lipids (2). 
Reverse-phase HPLC was used to separate and 
characterize the secondary oxidation products 
of autoxidized methyl oleate, linoleate and 
linolenate (3,4) after reduction with NaBH 4 or 
Ph3P. Polar phase HPLC on microporous ~lica 
was used to separate directly and identify 
hydroperoxy epidioxides in autoxidized methyl 
linolenate (4,5) and photosensitized-oxidized 
linoleate (6,7), and hydroperoxy bicyclic endo- 
peroxides in autoxidized linolenate (8). 

This paper extends our previous structural 
studies to the secondary products of photo- 
sensitized-oxidized finolenate. Unique major 
products included dihydroperoxides, hydro- 
peroxy epidioxides and hydroperoxy bis- 
epidioxides. Minor products included hydro- 
peroxy bicyclic compounds and epoxy- and 
keto-dienes. The results support 1,3-cyclization 
o f  internal monohydroperoxide isomers (I0-, 
12- ,  13-, 15-OOH) and account for their lower 

*Author  to w h o m  correspondence should be 
addressed. 

IThe ment ion  of  firm names or trade products 
does not  imply that they are endorsed by the US 
Department  of  Agriculture over other firms or similar 
products not  ment ioned .  

concentration relative to the external mono- 
hydroperoxide isomers (9-, 16-OOH). Dihydro- 
peroxidation apparently involves all monohy- 
droperoxides. 

EXPERIMENTAL 

Materials and Methods 

The methyl linolenate (100% by GLC) used 
was described previously (9). Before each oxi- 
dation, any traces of oxidation products were 
removed from linolenate by silicic acid chro- 
matography eluting with diethyl ether/hexane 
(10.-90, v/v). The same Ph3P-bonded styrene- 
divinyl benzene copolymer was used to reduce 
monohydroperoxides (4). For dihydroperox- 
ides which were more difficult to reduce, 
NaBH4 (9) was used prior to mass spectrometry 
(MS). Monohydroxy compounds were silylated 
with bis(trimethylsilyl) trifluroacetamide, The 
silylating reagent was blown off with dry N2 
and the residue was dissolved in dry CS2. The 
procedure for sflylation of polyhydroxy com- 
pounds for gas chromatography-mass spectrom- 
etry (GC-MS) was reported previously (10). 
Catalytic hydrogenation was conducted by 
bubbling H 2 at atmospheric pressure for 15 min 
through an ethanol solution of sample with 
PtO2 (5% by wt) in a 15 x 45 mm vial. The 
catalyst was removed by filtration through 
celite. 
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Oxidations 

Photosensit ized oxidat ions were carried out  
with 2-mg methylene blue per g of methyl lino- 
lenate in CH2C12 solution at 0 C by bubbling 
O2 in an open tube exposed to a 1000-Watt air- 
cooled tungsten light source, shined through a 
1-in. layer of water to filter infrared (IR) radia- 
tion. Oxidation was followed by TLC and 
peroxide value determinations (AOCS method 
Cd 8-53). 

HPLC 

Oxidized samples were first separated on a 
silicic acid chromatographic column eluting 
with diethyl ether-hexane mixtures as pre- 
viously reported (4). Hydroperoxy epidioxide 
and bis-epidioxide fractions were further sepa- 
rated by HPLC using a refractive index detector 
and sample size of ca. 40 mg on a 100 x 0.94 
cm 10/am silica column (Magnum 9, Partisil 10, 
Whatman, Inc., Clifton, NJ) at 20 C. Solvent 
systems were hexane/CH2Cl2/ethyl acetate 
(7:4: 1, v/v/v) pumped at 4 ml/min for hydro- 
peroxy epidioxides and 5:3:1, v/v/v at 7 ml/ 
mill for hydroperoxy bis-epidioxides. The frac- 
tion containing dihydroperoxides and hydro- 
peroxy bicyclic compounds was separated on a 
25.0 x 2.12 cm 6 /am column (Zorbax Sil, 
Dupont, Analytical Instruments Division, Wil- 
mington, DE) using 3% absolute ethanol in 
hexane, v/v at 20 ml/min. A variable wave- 
length ultraviolet (UV) detector was used, with 
range set at 0.64 ASU and wavelength at 215 
nm until  10,16-dihydroperoxy octadecatrieno- 
ate was eluted. The last conjugated triene com- 
ponents were detected at 268 nm. Keto- and 
epoxy-dienes were identified by GC-MS either 
directly or after hydrogenations. The keto- 
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dienes after hydrogenation were silylated and 
identified as the silyl ethers (9). 

Characterization 

The oxidation products were characterized 
by GC, TLC, UV, IR, nuclear magnetic reso- 
nance (NMR), MS and GC-MS as described 
previously (3,11). To elute the silylated penta- 
hydroxy derivatives of the hydroperoxy bis- 
epidioxides, the GC temperature program 
required an upper temperature held at 250 C 
for 15 min. 

RESULTS 

Samples of methyl linolenate photooxidized 
in the presence of methylene blue to different 
peroxide values (PV) were fractionated by 
silicic acid column chromatography. Various 
oxidation product mixtures were thus separated 
and identified by TLC on the basis of func- 
tional groups by comparison with previously 
characterized compounds (4,6). New com- 
pounds that are identified later include hydro- 
peroxy bis-epidioxides, hydroperoxy bicyclic 
endoperoxides and keto-dienes. Quantitative 
weight analyses show that the relative amounts 
of secondary products decrease in the order: 
dihydroperoxides, hydroperoxy epidioxides, 
hydroperoxy bis-epidioxides, keto-/epoxy- 
dienes and hydroperoxy bicyclic endoperoxides 
(Table 1 ). 

Samples of photooxidized linolenate were 
further analyzed for isomeric hydroperoxides 
by GC-MS (9) at various peroxide levels. This 
analysis confirms previous results ( 1 2 - 1 4 ) i n  
showing a consistently higher ratio of 9- (20- 
23%) and 16-hydroperoxides (22-29%) than of 

TABLE 1 

Weight-Percent Composition of Silicic Acid Fractions 
from Methyl Linolenate Photosensitized-Oxidized at 0 C 

Peroxide value (me/kg) a 
Compounds 800 1956 2720 3031 

Weight,  % 
Linolenate 87.8 65.5 59.0 55.2 
Keto- and epoxy-esters 0.4 1.6 1.1 1.0 
Monohydroperoxides  b 8.2 25 .6  26.4 29 .0  
Hydroperoxy epidioxides 0.8 2.2 3.1 4.9 
Hydroperoxy bicyclic  endoperoxides  0.1 0.1 0.2 0.3 
Dihydroperoxides  1.0 3.0 5.3 5.6 
Hydroperoxy bis-r pidioxides 0.7 1.0 1.6 1.2 
Unidentif ied polar material 1.0 1.0 3.3 2.8 

aOxidat ion times: 5, 9, 10, and 10.5 hr, respectively.  
b9 + 10 + 12 + 13 + 15 + 16-OOH (12) .  

LIPIDS, VOL. 17, NO. 11 (1982) 
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the 10-, 12-, 13- and 15-hydroperoxides (rang- 
ing from 12-16% each) at all peroxide levels 
studied between 317 and 3031. 

Hydropwoxy Epidioxides 

A concentrate was first obtained by silicic 
acid column chromatography eluting the hydro-  
peroxy (OOH) epidioxide mixture with a di- 
ethyl  ether/hexane (40:60 to 50:50, v/v) gra- 
dient. The epidioxide mixture was then sepa- 
rated by HPLC on a microporous silica column 
(Fig. 1) into fractions containing either posi- 
tional or diastereoisomers of  hydroperoxy  epi- 
dioxy dienes, as shown in Figure 2. The follow- 
ing relative weight percent composit ion was 
estimated: A-1 plus A-2, 3%; B, 34%; C, 36%; 
D, 14%; and E, 13%. Compounds B-E have cis, 
trans-diene conjugation. No hydroperoxy  epi- 
dioxides with trans,trans-diene conjugation 
were detected.  

TLC (silica, hexane/CH2Cl2/ethyl acetate, 
7:4:1,  v/v/v) Rf A: 0.36 relative to l inolenate,  
UV inactive and B, C, D, E: 0.35, 0.32, 0.26, 
0.23 relative to linolenate, UV positive, all com- 
pounds peroxide positive. GC of  hydrogenated-  
silylated derivatives have the same respective 
retentions as 10,12,13-trihydroxystearate for 

A-1 

H O 0  O - - O  

A-2 

O- -O  OOH 

O - - O  OOH 

HO0 0 - - 0  

0 - - 0 0 0 H  

v-v  

oz  

�9 Mon.00H 

20 30 

D 

I I ! J e t e e I J i 

40 50 
Time (min.) 

FIG. 1.10-~m silica HPLC chromatogram of hydro- 
peroxy epidioxide mixture from linolenate photosensi- 
tiz~l-oxidized at 0 C in CH2CI=, methylene blue, PV 
3031 (flow 4.0 ml/min; mobile hexane/CH2C1Jethyl 
acetate, 7:4:1, v/v/v; refractive index detector X8; 
column temperature 20 C). 

. o 9  o - o  

Hff \"B -'1 

R = (CH2)6COOCH 3 

FIG. 2. Structures of hydroperoxy epidioxide frac- 
tions isolated by HPLC (see Fig. 1). Each structure 
shown consists of pairs of enantiomers and only one 
isomer is shown. 

A- l ,  12,13,15-tt ihydroxystearate for A-2, 9,10, 
12-trihydroxystearate for B, D, and 13,15,16- 
t r ihydroxystearate  for C, E, relative to methyl  
stearate. UV (methanol)  B: 233 (Era 20100), 
C :  233 (E m 24800), D: 234 (E m 21600), E:  
234 nm (Em 26200). IR (CS2) A-E: 3520 (free 
C-OOH), 3660-3150 (bonded C-OOH), 3002- 
3020 (olef'mic-H) and A: 960 (isolated trans 
unsaturation) and B-E: 980-988,947-952 (con- 
jugated cis, trans unsaturation) cm -1. 

The NMR data support  a 5-membered ring 
and the general hydroperoxy epidioxy diene 
structures for A-E (4,6,7) (Fig. 2). ZH-NMR 
shows absorption at 1.00 ppm for the terminal 
methyl group attached to the methylene group 
of A-1 and 1.78 ppm for the terminal methyl  
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group at tached to the vinyl group of  A-2. For 
B, C, D and E, a trans coupling constant J = 11, 
15 Hz was found due to the double bond adja- 
cent to the ring and a cis coupling constant J = 
8 Hz was found due to the double bond adja- 
cent to the alkyl or ester port ion of the hydro-  
peroxy epidioxide,  thus confirming the IR 
evidence for conjugated cis,trans unsaturation.  
The stereochemical relationship between the 
hydroperoxy group relative to the adjacent epi- 
dioxide (Fig. 2) is supported by the different 
chemical shifts of  the hydroperoxy-bear ing car- 
bond methine proton for B (4.18 ppm),  C (4.10 
ppm),  D (3.90 ppm) and E (3.85 ppm) com- 
pared to the related mono trans unsaturated 
cyclic peroxides identified in photosensit ized 
oxidized linoleate (6,7). The chemical shift 
difference for the ring methylene ~ proton 
between diastereoisomers B (2.44 ppm) and D 
(2.13 ppm) and between C (2.47 ppm) and E 
(2.13 ppm) reflects the different shielding 
effect of the hydroperoxy group due to its 
rotation with respect to the peroxide ring. The 
IaC-NMR spectra showed a chemical shift for 
the ring methylene carbon as the only signifi- 
cant difference between diastereoisomeric pairs 
B (41.4 ppm),  D (42.4 ppm) and C (41.4 ppm),  
and E (43.5 ppm).  

Further  identif ication of the positional 
isomers was based on MS of the silylated hydro-  
genated and PhaP-reduced hydroperoxy epidi- 
oxides. GC-MS of the silylated hydrogenated 
mixture A-1 and A-2 produced 2 GC peaks with 
the same fragment ions as 10,12,13-triOTMS- 
stearate (7) and 12,13,15-triOTMS-stearate, 
m/e (rel. intensity);  M-(90 + 15): 457 (0.93), 
C-12:301 (41.63), C-15:145 (100), respective- 
ly. After reduction with Ph3P, the molecular 
related peaks were very weak: M-32:380  (0.07) 
and M-(90 + 15): 307 (0.34). Cleavage at the 
carbon-bearing OTMS gave for the 13-hydro- 
peroxy epidioxide (A-I)  C-13:171  ( 1 9 . 1 ) a n d  
ring-containing fragment 241 (0.5), and for the 
12-hydroperoxy epidioxide ( A - 2 ) C - 1 2 : 2 9 9  
(16.4) and ring containing fragment: 113 (3.2). 
For  B, C, D, and E, the mass spectra were simi- 
lar to those reported previously for methyl 9- 
hydroperoxy-  10,12-epidioxy-trans-13, cis- 15-oc- 
tadecadienoate (B,D) and for 16-hydroperoxy- 
13,15-r 
(C,E) (4). 

Other compounds eluting before the hydro-  
peroxy epidioxides (Fig. 1) were identified as 
monohydroperoxides  by tH-NMR and GC-MS 
of the silylated-hydrogenated derivatives (12). 
Fraction C-1 eluting between peaks C and D 
(Fig. 1) contained a mixture of aldehyde esters. 
IR (CS2) 2718 (aldehyde C-H), 1735 (ester 
carbonyl),  1698 (aldehyde carbonyl)  970, 948 

(conjugated cis, trans unsaturation) cm -1. 1H- 
NMR indicated at least two aldehydic com- 
pounds, 9.54 and 9.52 ppm (CHO). GC-MS, 
m/e (rel intensity) indicated a mixture consist- 
Lug of methyl 9-oxononanoate 158 (M-28, 
11.2) and 155 (M-31, 5.3) and of  methyl  12- 
oxo-8,10-dodecadienoate,  224 (M, 6.2), 81 
(100): 

O 
II 

CH3OC-(CH2) 6 
I 
! CH = CH-CH = CH-CHO, 
I 
"~81 

These aldehyde esters are apparently decompo- 
sition products from cleavage at the hydroper-  
oxy carbon (9-oxo-nonanoate) and between 
carbons 12 and 13 (12-oxo-8,10-dodecadieno- 
ate) of the 9-hydroperoxy-10,12-epidioxy diene 
(7,15). The two fractions eluting after peak E 
(Fig. 2) are unidentif ied but  are not  hydroper-  
oxy epidioxides.  

Dihyflroperoxides 

A concentrate was first obtained by silicic 
acid chromatography eluting with a diethyl 
ether]hexane (50:50 to 60:40,  v/v) gradient. 
The dihydroperoxide mixture was characterized 
by UV (methanol),  234 (E m 13795); 256, 267, 
279 nm (Em, 267 nm, 8 0 3 2 ) f o r  conjugated 
diene and triene, respectively. GC-MS, after 
hydrogenation and silylation, indicated a mix- 
ture of  dihydroperoxides  with one OOH scat- 
tered between C-9 and C-13 on the one hand, 
and between C-12 and C-16 on the other hand. 
The dihydroperoxide mixture was then sepa- 
rated by HPLC on a microporous silica column 
(Fig. 3), and the identified dihydroperoxides 
are listed in  Figure 4. Peaks G and I, H and J, 
L-I and L-2, M, N, and P, O and Q are due to 
diastereoisomeric pairs, but  their absolute con- 
figuration could not  be assigned without  suit- 
able reference compounds.  Weights of  HPLC 
fractions in Figure 3 indicated the 9,16-dihy- 
droperoxy conjugated triene represented 35 to 
38% of  the total in samples of  PV 1798 to 2720 
(me/kg). 

TLC, GC and UV data for the dihydroperox- 
ides are summarized in Table 2. All TLC spots 
were peroxide positive. TLC did not  separate 
the two dihydroperoxide components  of F. 
UV showed conjugated diene for F-K and con- 
jugated triene for M-Q, with L containing two 
dihydroperoxides with conjugated diene and 
triene, respectively. IR (CS2) F-Q: 3520-3510 
(free C-OOH), 3700-3140 (bonded C-OOH), 
3020-3010 (olefinic-H); F-L: 985-979,953~ 
(conjugated cis, trans unsaturation) 968-960 
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LI 

F1 ~ 2  H 

L2 

,= 2t5nm _~: 268r~= =. 
, , I . . . . .  i , , , I . . . . .  , , , 1 . 

30 40 50 60 70 
Time (min.I 

FIG. 3. 6-pm silica HPLC chromatogram of di- 
hydroperoxides from linolenate oxidized at 0 C in 
CH=C12, methylene blue, PV 1798 (flow 20 ml/min; 
mobile 3% ethanol/hexane, v/v; UV detector 0.64 
ASU with 215 nm for 42 min, then 268 nm;column 
temperature 20 C). 

( isolated t rans  unsa tu ra t ion) ;  L, M, N, P:  960 
(s t rong)  [conjugated  trans,  cis, t rans  ( t , c , t  ) - t r iene  
as in t -8 ,c-10, t -12-octadecat r ienoic  acid (16)] ; 
O,Q: 996-991 (s t rong)  [conjugated  trans,  trans,  
t rans  unsa tura t ion  as in fl-eleostearate ( t -9, t -11,  
t -13-oc tadeca t r ienoa te ) ,  (17)1 cm -1 . 

1H-NMR ass ignments  in Table 3 for  H,J,L-1 
show the te rminal  me thy l  group b o n d e d  to  a 
vinyl group,  1.80-1.76 ppm,  and for  F - l ,  F-2, 
G, I, K, L-2, M-Q, the te rminal  me thy l  group 

F-1 

F-2 

G,I 

H,J 

L-1 

L-2, 
M,N,P 

0,0 

H O O  O O H  

H O O  O O H  

HOO O O H  
15 13 R 

H O O  O O H  

11 

HO0 OOH 

H O O  O O H  

H O O  O O H  

H O 0  O O H  
14 12 la I 

R 

R = (CH2)6COOCH 3 

FIG. 4. Structures of dihydroperoxide fractions 
isolated by HPLC (see Fig. 3). 

TABLE 2 

Chromatographic and Ultraviolet Data of Dihydroperoxides (Figs. 3 and 4) 

HPLC TLC a GC b UVC 
f rac t ions  R f  a h n m  Em 

F 0.47 1.95, 2.03 233 30,100 
G 0.46 2.01 233 29,600 
H 0.47 2.01 235 26,500 
I 0.44 2.01 231 29,800 
J 0.46 2.01 234 25,800 
K 0.51 2.01 232 27,100 
L 0.50, 0.46 2.12, 2.16 237,258, 268,279 14,300; 23,700 
M 0.47 2.16 259,268,278 51,000 
N 0.44 2.16 259,268,278 38,400 
O 0.45 2.16 260,268,280 52,300 
P 0.41 2.16 259,268,279 42,700 
Q 0.39 2.16 258,268,279 58,000 

aTLC: (silica, diethyl ether/hexane, 60:40, v/v), Rf relative to linolenate. 
bGC: hydrogenated-silylated derivative; ~: peak retentions relative to stearate. 
cUV: (methanol); Fraction L: Em at 237 and 268 nm; Fractions M-Q, Em at 268 nm. 
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TABLE 3 

XH-NMR of Dihydroperoxides (Figs. 3 and 4) 

785 

HPLC 
fractions 6 ppm (Multiplicity a, proton, assignment) 

F 
(F-I, F-2) 

G 

H 

I 

J 

K 

L 
(L-l, L-2) 

M 

N 

O 

P 

Q 

8.07 (br s, 2, OOH), 5.80-5.45 (m, 6, H-10, 11, 13, 15, 16, 17fl-I-9, 10, 11, 
12, 14, 15), 4.86, 4.42 (m, 2, H-9, 12/1-I-13, 16), 3.66 (s, 3, CO2CHa), 2.30 
(m, 2, H-2), 2.2-1.8 (m,4, H-8, 17), 1.02 (t, 3, CHa-C). 
8.05, 8.02 (s, 2, OOH), 6.60 (m, 1, H-14), 6.15-5.25 (m, 5, H-8, 9, 13, 15, 
16), 4.49 (m, 2, H-10/12), 3.66 (s, 3, CO2CHa); 2.31 (m, 2, H-2), 2.2-1.8 
(m, 6, H-7, 11, 17), 1.01 (t, 3, H-18). 
8.08, 7.99 (s, 2, OOH), 6.63 (m, 1, H-I1), 6.20-5.25 (m, 5, H-9, 10, 12, 16, 
17), 4.50 (m, 2, H-13, 15), 3.66 (s, 3, CO2CHa), 2.32 (m, 2, H-2), 2.1-1.9 
(m,  6, H-8, 14), 1.8 (m, 3, H-I 8). 
8.05 (br s, 2, OOH), 6.63 (m, 1, H-14), 6.1-5.3 (m, 5, H-8, 9, 13, 15, 16), 
4.51 (m, 2, H-10, 12), 3.66 (s, 3, CO2CHa), 2.5-2.0 (m, 8, H-2, 7, 11, 17), 
1.10 (t, 3, H-18). 
8.04, 7.94 (s, 2, OOH), 6.63 (m, 1, H-II),  6.15-5.25 (m, 5, H-9, 10, 12, 16, 
17), 4.48 (m, 2, H-13, 15), 3.66 (s, 3, CO2CH3), 2.31 (m, 2, H-2), 2.2-1.8 
(m, 6, H-a, 14), 1.8 (m, 3, H-18). 
8.04 (br s, 2, OOH), 6.55 (m, 1, H-14), 6.25-5.25 (m, 5, H-8, 9, 12, 13, 15), 
4.34 (m,  2, H-10, 16), 3.66 (s, 3, CO2CH3), 2.31 (m, 2, H-2), 2.08 (m, 6, 
H-7, 11, 17), 0.93 (t, 3, H-18). 
7.88, 7.83 (s, 2, OOH), 6.90-5.25 (m, 6, H-10, 11, 12, 13, 16, 17/H-10, 11, 
12, 13, 14, 15), 4.40 (m, 2, H-9, 15/H-9, 16), 3.66 (s, 3, CO2CH3), 2.31 (m, 
2, H-2), 1.85-1.75 (m, 4, H-8, 14fl-l-8, 17), 1.8 (m, 3, CH 3 C = C), 0.95 (t, 3, 
CH3-C). 
7.83 (br s, 2, OOH), 6.75, 6.05, 5.68 (m, 6, H-10, 11, 12, 13, 14, 15), 4.42 
(m, 2, H-9, 16), 3.66 (s, 3, CO2CH3), 2.34 (m, 2, H-2), 1.85-1.75 (m, 4, H-8, 
17), 0.95 (t, 3, H-I 8). 
7.90, 7.77 (s, OOH), 6.80-5.27 (m, H-10, 11, 12, 13, 14, 15), 4.38 (m, H-9, 
16), 3.66 (s, COACH3), 2.37 (m, H-2), 1.85-1.75 (m, H-8, 17), 0.95 (t, H-I 8). 
7.75 (br s, 2, OOH), 6.27, 5.75 (m, 6, H-10, 11, 12, 13, 14, 15), 4.35 (m, 2, 
H-9, 16), 3.66 (s, 3, CO2CHa), 2.37 (m, 2, H-2), 1.85-1.50 (m, 4, H-8, 17), 
0.95 (t, 3, H-IS). 
7.94 (br s, OOH), 6.85-5.25 (m, H-10, 11, 12, 13, 14, 15), 4.35 (m, H-9, 16), 
3.66 (s, CO2CHa), 2.30 (m, H-2), 1.85-1.75 (m, H-8, 17), 0.95 (t, H-18). 
7.75 (br s, OOH), 6.27, 5.75 (m,H-10, 11, 12, 13, 14, 15), 4.34 (re, H-9, 
16), 3.66 (s, CO2CH3), 2.34 (m, H-2), 1.80-1.70 (m, H-4), 0.94 (t, H-I 8). 

aMultiplicity: br = broad, s = singlet, m = multiplet, t = triplet. 

bonded  to me thy lene ,  0.90-0.95 ppm.  The 
IH-NMR could  no t  distinguish the diastereo- 
meric pairs G,I;  H,J;  L-2, M and O,Q. 

Fur the r  ident i f icat ion o f  the posi t ional  
isomers was based on MS of  the hydrogena ted  
and NaBH4 reduced d ihydroperoxides .  Hydro-  
genat ion o f  F-Q yielded diOH-stearates,  identi-  
fied by MS after  si lylation as 9 ,12-(F1) ;  13,16- 
(F2);  10,12-(G); 13,15-(H); 10,12-(I); 13,15- 
(J);  10,16-(K); 9,15-(L-1);  and 9,16-(L-2, M, N, 
O, P, Q)-diOTMS-stearates.  Reduc t ion  o f  F-M, 
O, Q with NaBH4 yie lded diOH-octadecatr i -  
enoates ident i f ied by MS, m/e  (rel in tensi ty)  
F - l :  453 (M-15, 0.6), 437 (M-31, 1), 378 
(M-90, 2), 311 (21), 157 (7.3),  311-90 = 221 
(3.5): 

CH3CH=CH = CH-CH = CH-CH(OTMS)-CH 

= CH-CH(OTMS) [ (CH2)TCOOMe 

311~'~157 

F - 2 : 4 5 3  (M-15, 0.1), 437 (M-31, 0 . I ) ,  378 
(M-90, 0.5), 439 (13), 143 (37), 439-90 = 349 
(0.2): 

CH3CH 2 ~ CH(OTMS)-CH = CH-CH(OTMS)-CH 

~'~ 439 

= CH-CH = CH-CH 2 Iw (CH2)6COOMe 
I 
"~ 143 

G: 453 (M-15, 0.7), (M-31, 0.7), 378 (M-90, 
5.3), 183 (23), 271 (35), I: 468 (M, 0.4), 378 
(M-90, 3.7), 183 (11), 271 (27):  

CH3CH2CH = CH-CH 

=CH-CH(OTMS) I CH= ] CH(OTMS)CH 
I ! 

183 .t.-" "~ 271 

= CH-(CH~)6COOMe 

LIPIDS~ VOL. 17, NO. 11 (1982) 



786 W.E. NEFF,  E.N. FRANKEL AND D. WEISLEDER 

H: 498 (M, 0.3), 437 (M-31, 0.4), 387 (M-90, 
0.4), 143 (100), 311 (1.8); J: 453 (M-15, 0.1), 
387 (M-90, 0.7), 143 (100), 311 (3.2): 

I I 
CH a CH = CH-CHtOTMS) " - ~  CH2"  ~ C"(OTM S)CH 

143 ~/ "~311 

= CH-CH = CH-(CH2),~COOMe 

K: 468 (M, 0.2), 437 (M-31, 0.2), 378 (M-90, 
8.6), 439 (0.2), 197 (2.5), 271 (26), 439-90 = 
349 (4.2): 

I 
C H 3 C H 2 - - - ~ C H ( O T M S ) - C H  = CH-CH 

",a 

439 

= CH-CH= I CH(OTMS)CH = CH-(CH=)6COOMe 

1 9 7 ~ 2 7 1  

L-l: 143 (100), 329 (0.3), 157 (2.6): 

CH3CH = CH-CH(OTMS) ~ CH2-CH = CH-CH 

~43 P 

= CH-CH(OTMS) ~ (CH=)TCOOMe 

329 ~1"~ 157 

L-2 :468  (M, 0.1), 453 (M-15, 0.2),437 (M-31, 
0.1), 439-90 = 349 (0.8), 311 (0.6); M: 468 
(M, 1.4), 453 (M-15, 1.3), 437 (M-31, 1.9), 378 
(M-90, 48), 311 (8.0), 311-90 = 221 (50), 439 
(1.4), 439-90 = 349 (17), 157 (36); O: 378 
(M-90, 1), 311 (0.3), 311-90 = 229 (0.3), 439- 
90 -- 349 (0.3), 157 (7.7); Q: 468 (M, 0.1), 453 
(M-15, 0.3), 437 (M-31, 0.3), 378 (M-90, 12), 
311 (3), 311-90 = 221 (16), 439 (0.1), 439-90 
= 349 (5), 157 (9): 

(Fig. 5) into 4 major components consisting of  
positional and diastereoisomeric isomers (Fig. 
6) with the following composition: 9-OOH-10, 
12,13,15-bis-epidioxy-trans-16-octadecenoate, R 
(32%), T (14%) and 16-hydroperoxy- 10,12,13, 
15-bis-epidioxy-trans-8-octadecenoate, S (37%), 
U (17%). 

>= 

, , , I , I , , , 

20 28 315 44 

T i m e  ( m i n . )  

FIG. 5. 10-~tm silica HPLC chromatogram of hydro- 
peroxy bis-epidioxide mixture from linolenate photo- 
sensitized-oxidized at 0 C in CH2CI =, methylene blue, 
PV 3031 (flow 7 ml/min; mobile hexane/CH2Cl2/ 
ethyl acetate, 5:3: 1, v/v/v; refractive index detector 
X8; column temperature 20 C). 

I 
C H 3 C H 2 - - ~ I  CH(OTMS)CH = CH-CH = CH 

4 3 9  

-CH = C H - C H ( O T M S ) - - ~ I  (CHa)TCOOMe 

311 ~'J~157 

Hydroperoxy bis-Epidioxides 

These compounds were first concentrated by 
silicic acid chromatography eluting with a di- 
ethyl ether/hexane (70:30, v/v) mixture. The 
hydroperoxy bis-epidioxide mixture was fur- 
ther resolved by HPLC on microporous silica 

TLC (silica, diethyl ether/hexane, 1:1, v/v) 
showed Rf relative to linolenate 0.26 (R, T) 
and 0.20 (S, U), UV negative and peroxide posi- 
tive. GC, hydrogenated-silylated derivatives, 
peak retentions relative to stearate, gave a 
double peak 3.35 (R, T) and 3.58 (S, U). IR 
(CS2) for all isomers: 3530 (free C-OOH), 
3700-3150 (bonded C-OOH), 960 (isolated 
trans unsaturation) cm -1. IH-NMR (Table 4) 
spectra were consistent with the assigned struc- 
tures of bis-epidioxide shown in Figure 6. The 
double bond in R-U contains a trans coupling 
constant confirming the IR evidence for a trans 
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double  bond.  The posi t ional  isomers could be 
dist inguished by the vinyl  m e t h y l  absorpt ions  
(1.73 ppm)  for  R and T and absorpt ions  due to  
terminal  me thy l  bonded  to me thy lene  (1.05 
ppm)  for  S and U. The  dias tereomers  could  be  
di f ferent ia ted  by the  ehernieal shifts o f  p ro tons  
on carbons bearing the h y d r o p e r o x y  groups 
with 4.17 p p m  for  R and S and 3.88 p p m  for  T 
and U. The s tereochemical  relat ionship be tween  

O - - O  O O H  

R 

~ R 

O--6 

o-q OOH 

16 12 10 R 

HO.O 0--0 
! 

R : (CH2)6COOCH 3 

FIG. 6. Structures of hydroperoxy bis-epidioxides 
isolated by HPLC (see Fig. 5). Each structure consists 
of a pair of enanliomers and only one isomer is shown. 

OF Me LINOLENATE 787 

the  hyd rope rox ide  group in R-U (Fig. 6) rela- 
tive to the  adjacent  ep id ioxide  was established 
by the IH-NMR data on re ten t ion  vo lume order  
relative to the h y d r o p e r o x y  epid ioxides  identi-  
fied in pho toox id i zed  l inoleate  (7). However ,  
the relative ring s tereochemis t ry  was deduced  
only on steric grounds and f rom examina t ion  o f  
models.  

Fur the r  ident i f ica t ion  of  the posi t ional  
isomers was based on MS of  the hydrogena ted  
and Ph3P reduced h y d r o p e r o x y  bis-epidioxides.  
Hydrogena t ion  o f  R and T p roduced  9,10,12,  
13,15-pentaOH-stearate  ident i f ied by MS (10) 
after  si lylat ion,  m/e  (rel in tens i ty)  R:  145 
(100),  261 (4), 261-90 = 171 (3), 477-90 = 387 
(82), 477-180  = 297 (23),  47%90  = 389 (41), 
479-180  = 299 (24),  259 (43)  and T:  145 
(100),  261 (3), 2 6 1 - 9 0 =  171 (2),  477-90 = 387 
(66),  477-180  = 297 (13),  479-90  = 389 (28),  
479-180  = 299 (16),  259 (32): 

CH3 (CH2) 2 CH(OTMS).=_~CH2.CH(OTM S ) I t 

145 ) 2 6 1 ~ 4 7 7  
I 

CH(OTMS)CH=-CH(OTMS) I 

479 ~ 259 

CH(OTMS)(CHa)?COOMe 

Hydrogenation of S and U produced 10,12,13, 
15,16-pcntaOH-stearate identified by MS (I0) 
after sflylation, m/e (rel intensity) S: 131 (40), 
607-90 = 517 (4), 607-180 = 427 (13),  349 (2), 
349-90 = 259 (78),  349-180 = 159 (5),  273 
(100)  and U :  131 (41),  607-90 = 517 (2), 607- 
180 = 427 (8), 349 (1),  349-90 = 259 (80), 
349-180 = 169 (6), 273 (100):  

TABLE 4 

SH-NMR of Hydroperoxy Bis Epidioxides (Figs. 5 and 6) 

HPLC 
fract ions  G ppm (Multiplicity a, proton, assignment) JHz 

R 

S 

T 

U 

9.20 (s, 1, OOH), 5.88 (dd, 1, H-16) J: 15.1, 6.2; 5.35 (m, 1, H-17), 4.47 (m, 
4, H-10, 12, 13, 15), 4.17 (m, I, H-9), 3.66 (s, 3, COACH,), 2.1-2.8 (m, 4, 
H-11, 14), 2.30 (t, 2, H-2), 1.73 (dd, 3, H-I 8) J: 5.8, 1.5; 1.31 (m, CH2). 
9.20 (s, 1, OOH), 5.88 (dd, 1, H-9) J: 15.1, 6.4; 5.35 (m, 1,H-8),4.47 (m,4,  
H-10, 12, 13, 15), 4.17 (m, 1, H-16), 3.66 (s, 3, CO=CH3), 2.1-2.8 (m,4,  H-I 1, 
14), 2.30 (t, 2, H-2), 1.31 (m, CH2), 1.05 (t, 3, H-18). 
8.73 (s, 1, OOH), 5.88 (d d, 1, H-!6) J: 15.1, 6.2; 5.35 (m, l ,  HdT), 4.47 (m, 
4, H-10, 12, 13, 15), 3.88 (m, 1, H-9), 3.66 (s, 3, CO2CH3), 2.1-2.8 (m, 4, 
H-I 1, 14), 2.30 (t, 2, H-2), 1.73 (dd, 3, H-18) J: 5.8, 1.5; 1.31 (m, CH2). 
8.73 (s, 1, OOH), 5.88 (dd, H-9), J: 15.1, 6.4; 5.35 (m, 1, H-8), 4.47 (m, 4, 
H-10, 12, 13, 15), 3.88 (m, 1, H-16), 3.66 (s, 3, CO=CHa), 2.1-2.8 (m,4,  H-II ,  
14), 2.30 (t, 2, H-2), 1.31 (m, CH2), 1.05 (t, 3, H-I 8~. 

aMultiplicity: br = broad, s = singlet, d = doublet, m = multiplet. 
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CHs CH2-CH(OTM S)-~CH(OTMS)-CH2-CH (OTM S ) 

131 kJ"t 607 
! I 
I CH(OTM S).CH2 I.~CH(OTMS)(CHa)sCOOMe 

349 273 

Reduction of R and T with Ph3P produced the 
hydroxy bis-epidioxide derivatives identified by 
MS after silylation R: 259 (58), 185 (11) and 
T: 259 (54), 185 (12): 

SMTO ~ OTMS 

/' / I 
273 ~ OTMS 

259 

and 545 [(M-15, (0.7)1, 455 [M-(90 + 15), 
(0.2)1, 131 (32),401 (3): 

0 ~ 0  0 0 
= I , CHnCH CH-~H-CHa-~H-~H-CH2-CH 

! 

185~"~259 

CH(OTMS)-(CH2)TCOOMe 

SMTO ~ OTMS 
SMTO ! ~ / 

~ (CH2)6COOMe 

I 

t31) "~4oi 
Reduction of S and U with PhaP produced the 
hydroxy bis-epidioxide derivatives identified by 
MS after silylation S: 131 (96), 313 (4)and U: 
131 (53), 313 (2): 

O' 0 0 --0 

c ' [ H, CH2-CH(OTM S)'--I~H-CH a-CH-~H-CH 2 -~H-CH 
13 l't'J~313 

= CH-(CH2)vCOOMe 

Hydroperoxy Bicyelic Endoperoxides 

Small peaks eluting before dihydroperoxides 
by HPLC on microporous silica were identified 
as epimeric mixtures of hydroperoxy bicyclic 
endoperoxides similar to those reported by 
O'Connor et al. (18). 

TLC (silica, hexane/diethyl ether, 1:1, v/v) 
showed one spot, UV inactive and peroxide 
positive, centered at Rf 0.46 relative to lino- 
lenate. GC, hydrogenated-silylated derivative, 
gave peak retentions for each fraction 2.80 and 
2.90 relative to stearate. IR (CS2) all HPLC 
fractions: 3520 (free C-OOH), 3620-3010 
(bonded OOH), 960 (isolated trans unsatura- 
tion) cm -1. The Itt-NMR was consistent with 
data reported by O'Connor et al. for the lino- 
lenate 9-hydroperoxy bicyclic endoperoxide 
(8). 

Further identification of the pair of posi- 
tional isomers in the epimeric mixtures was 
based on MS of the hydrogenated hydroperoxy 
bicyelic endoperoxides. MS after silylation, m/e 
(rel intensity) 545 (M-15, 0.3), 455 [M-(90 + 
15), 0.4], 259 (5), 273 (22): 

This trilhydroxy ester is derived from the 16- 
hydroperoxy bicyclic endoperoxide found in 
our mixture and not reported by O'Connor et 
al. (8) because they started with the 13-hydro- 
peroxide isomer of linolenate. 

Koto-Dienes 
A silicic acid chromatographic fraction 

eluted with the first 50 ml of a diethyI ether/ 
hexane (20:80, v/v) gradient was identified as a 
mixture of keto-dienes. TLC (silica, diethyl 
ether/hexane, 1 : 1, v/v) Rf relative to linolenate 
0.98, UV active and peroxide negative. GC-MS 
indicated a mixture of 9-, 10-, 12-, 13-, 15-and 
16-keto-dienes ( 2 0 ) m / e  (rel intensity): 308 
(M, 3.8), 290 (M-18, 2.6); 151 (5.1), 185 (3), 
(9-keto-diene); 137 (40), (10-keto-diene); 111 
(14), (12-keto-diene); 259 (18), (13-keto- 
diene), 71 (15), (15-keto-diene); 57 (26), 
(16-keto-diene). Hydrogenation produced a 
mixture of 9-, 10-, 12-, 13-, 15-and 16-hy- 
droxystearates identified by MS after silylation 
(12). 

Epoxy-Dienes 

A silicic acid chromatographic fraction 
eluted with the last 50 ml of a diethyl ether/ 
hexane (20:80, v/v) gradient contained a mix- 
ture of epoxy-dienes. TLC (silica, diethyl ether/' 
hexane, 1 : 1, v/v), Rf relative to linolenate 0.89- 
0.95, UV and peroxide negative. GC-MS before 
hydrogenation indicated the presence of epoxy- 
dienes (18), m/e (rel intensity) (308, 0.24), 277 
(M-31, 1), 199 (2), 171 (0.9), 151 (2.2), 123 
(6): 
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CHaCH~CH = CH-CH2-CH 

= CH'CH2 I CH-===--*CH I (CH2)vCOOMe 
I 10  9 I 
i I 
t~ | 

1 9 9  151 ~ 
-28 -2___88 
171 123 

211 (10), 83 (24): 

, \ , 
CH~CH=CH= CH-CH= I ' J  CH ) CH=-CH 

I 13 12 I 

239 111 
-2__~8 -2__~8 

211 83 

= CH-(CH2)TCOOMe 

71 (16) ,43 (48), 279 (0.1), 251 (0.I) :  

, /o\ , 

CH, CH =--"l"--" CrH,,--"--?C H - - ' ~  C H a -CH 
I 16  15  I 

279 71 
-2.__~8 -28 
251 43 

= CH-CH~-CH = CH-(CH2)vCOOMe 

GC-MS after hydrogenation indicated the pres- 
ence of  epoxy stearates (18), 281 (M-31, 1.1), 
199 (3), 171 (2.1), 155 (11), 127 (13):  

, jo\ i 
C H s ( C H , ) T t C H  CHt(CH2),)COOMe 

I 10 9 I 

L.~ 1 9 9  1 5 5  J 
-2__8 -28 
171 12q 

241 (I .2), 213 (1.9), 113 (6.2), 85 (12): 

, / o , , ,  , 

CHa(CH2)4"~CH CH--=~, (CH2),oCOOMe 
i 13 12 ; 

241 113 ' J  
-2_~s -28 

213 85 

71 (52) ,43 ( 3 6 ) ,  255 ( 0 . 4 ) :  

CH3CH 2 
i jo~ i 

I CH --=---CH I--~(CH 2 )i s COOMe 
I 16  15 I I 

t,~ 283 71 ~1 
-2___~8 -28 
255 43  

D I S C U S S I O N  

In the present study, samples of  methyl 
linolenate photooxidized in the presence of  
methylene blue were analyzed for isomeric 
hydroperoxides at a wider range of  oxidation 
levels than previously reported (12). The results 
confirm previous analyses in showing signifi- 
cantly higher levels of the external 9- and 16- 
hydroperoxides than of  the internal 10-, 12-, 
13- and 15-hydroperoxides. These uneven 
isomeric distributions can be explained in 
the same was as done for autoxidized methyl 
linolenate (4) by the tendency of  the internal 
hydroperoxide isomers to cyclize due to their 
homoallylic structure. The major portion (97%) 
of  the hydroperoxy epidioxides identified in 
the present work are those derived from the 
cyclization of the 12- and 13-hydroperoxides 
(B, C, D, E, Fig. 2), also identified in autoxi- 
dized methyl linolenate (4,5). The correspond- 
ing epidioxides (A-1 and A-2, Fig. 2) expected 
from cyclization of  the 10- and 15-hydroperox- 
ide from radicals 3 and 4 (Scheme 1) were 
found only in minor amounts (3%). The reason 
for this difference in relative concentration is 

II1 -H '~  (2t 

@ - - 0  0 - -  

131 

@+1 
R+T S+U 

R = {CH216COOCH 3 

SCHEME 1. Mechanism for the serial cyclization of 
hydroperoxy epidioxides in photosensitized-oxidized 
linolenate. 

LIPIDS, VOL. 17, NO. 11 (1982) 



790 W.E. NEFF, E.N. FRANKEL AND D. WEISLEDER 

that the hydroperoxy epidioxides from the 10- 
and 15-hydroperoxides tend to cyclize again to 
form the hydroperoxy bis-epidioxides R, S, T, 
U (19) (Scheme 1). Serial cyclization has been 
suggested in the autoxidation of  polyunsatu- 
rated lipids on the basis of  model studies with 
a 1,5-diene system producing 6-membered 
bis-cyclic peroxides (20). The present work 
shows, however, that the required precursors 
for bis-epidioxides are present only in photo- 
sensitized-oxidized methyl linolenate (10- and 
15-isomers) and n o t  in autoxidized methyl 
linolenate (12- and 13-isomers). Methyl arachi- 
donate and other fatty esters containing more  
than three double bonds do produce internal 
isomeric hydroperoxides (21,22) that would 
be expected to undergo serial cyclization. 

Dihydroperoxides were also identified in this 
work as a major secondary product of  methyl  
linolenate photosensitized-oxidized with meth- 
ylene blue. The 9,12-, 13,16-and 9,16-dihydro- 
peroxides may be formed from the 9- and 16- 
hydroperoxides by the same mechanisms sug- 
gested for autoxidlzed methyl  linolenate that 
proceeds through pentadienyl radicals (4). The 
remaining dihydroperoxides identified in this 
work are the 1,3-disubstituted (13,15 and 
10,12) and 1,7-disubstituted (9,15 and 10,16). 
These dihydroperoxides are presumed to come 
from the corresponding monohydroperoxides 
by concerted addition of singlet oxygen: 

9-OOH --* 9,12- + 9,IS- + 9,16-diOOH 
10-OOH --* 10,12- + lO,16-diOOH 
12-OOH ---, 9,12- + 10,12-diOOH 
13-OOH --" 13,15- + 13,16-diOOH 
15-OOH "-~ 9,15- + 13,15-diOOH 
16-OOH --~ 9,16- + 10,16- + 13,16-diOOH 

The hydroperoxy bicyclic endoperoxides 
identified in this work were minor secondary 
products. The 9-hydroperoxy bicyclic endo- 
peroxide isomer derived from 13-hydroperox- 
ide is the same as that identified by O'Connor 
et al. (8) from the autoxidation of  the corres- 
ponding enzymaticaUy produced hydroperox- 
ide. The 16-hydroperoxy-bicyclic endoperoxide 
isomer was derived from the 12-hydroperoxide, 
presumably by the same mechanism suggested 
by O'Connor et al. (8). Other identified minor 
secondary products include the epoxy esters 
that may be formed by 1,2-cyclization of  the 
monohydroperoxides (4) and the keto esters 
that may be formed by dehydration of  the cor- 
responding monohydroperoxides.  

The possible contribution of secondary 
products of oxidation to flavor deterioration 
of  unsaturated fats has been discussed pre- 
viously (1,2,7,15). Hydroperoxy cyc/ic perox- 

ides from photosensitized-oxidized methyl lino- 
leate were previously shown t o  contribute 
important volatile products similar to those 
formed by thermal decomposition of mono- 
hydroperoxides (7). The other secondary prod- 
ucts identified in this work also may be impor- 
tant sources of  volatile decomposition products 
from photooxidized fats. 
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ABSTRACT 

Germfree gerbils were associated with a murine-derived hexaflora which produced only minor 
changes in the primary bile acid pattern of rats. These hexaflora-associated gerbils had relatively small 
ceea (4% of body weight) and reproduced well. Although serum cholesterol levels of both conven- 
tional and hexaflora-associated gerbils increased in response to dietary cholesterol, the hexaflora- 
associated gerbil showed a greater elevation in serum cholesterol than the conventional gerbil when 
maintained on a diet containing 0.1% cholesterol. This increase in serum cholesterol manifested itself 
almost totally in the very low density lipoprotein and low density lipoprotein fractions. The fecal bile 
acids of the hexaflora-associated gerbil were largely deconjugated, but very little further modification 
of either cholic or chenodeoxycholic acid had taken place. The data suggest that in the absence of 
elements of the intestinal microflora that can express a bile acid-modifying potential, and particularly 
a 7-~-dehydroxylating capacity, catabolism of cholesterol to bile acids is reduced, and cholesterol 
accumulates in the very low density and low density serum lipoprotein fractions. 
Lipids 17:791-797, 1982. 

Serum cholesterol levels rise in the gerbil and 
man when their dietary cholesterol and fat is 
increased (1). The rat appears to be a less satis- 
factory model for studies of the effects of 
dietary cholesterol on serum cholesterol and 
bile acid (BA) metabolism because its serum 
cholesterol concentration rises relatively little 
in response to dietary cholesterol (2). The rat 
metabolizes additional dietary cholesterol, 
increasing the muricholic acids and their secon- 
dary derivatives which are less well reabsorbed 
than cholic acid and its derived BAs (3). The 
gerbil, however, is quite sensitive to dietary 
cholesterol and early work comparing germfree 
(GF) and conventional (CV) gerbils has indi- 
cated a microflora can lower serum cholesterol 
concentration (4). 

A major focus in the metabolism of  choles- 
terol obviously is on its catabolic conversion to 
BAs. Gerbils and man have similar BA patterns, 
with cholic and chenodeoxycholic acids as their 
primary BAs (4). In the CV state, various com- 
ponents of  the intestinal microflora are able to 
deconjugate, dehydroxylate, and oxidize the 
primary BAs, resulting in the production of  a 
variety of secondary BAs. These modifications 
generally enhance excretion of BAs, thereby 
increasing cholesterol catabolism. The ensuing 
decrease in the concentration of  various BAs in 

*Author to whom correspondence should be 
addressed. 

Ipiease send reprint requests to Dr. Bernard Wost- 
mann at address in byline. 

Abbreviations: BA, bile acid; GF, germfree; CV, 
conventional; GN, gnotobiotie; VLDL, very low 
density lipoprotein; LDL, low density lipoprotein; 
HDL, high density lipoprotein. 

the enterohepatic circulation (5,6) will also 
reduce cholesterol absorption to a limited 
extent. While the effect of  a CV microflora on 
intestinal BAs has proven to be substantial 
(7-11), there is only limited documentation 
on the ability of specific bacteria to metabolize 
BAs in vitro or in vivo. The in vitro 7-a-dehy- 
droxylation of BAs appears to be mainly due 
to species of bacteriodes and lactobacilli (11), 
while clostridia, enterococci and various gram- 
negative organisms have been shown to decon- 
jugate BAs and form keto-acids (8). However, 
the actual microorganisms involved in modifica- 
tion of  bile acids in vivo have remained obscure. 
Because of  the importance of the microflora 
effect, gnotobiotic (GN) gerbils with defined 
floras have been used to study the influence of  
selected microbial components on specific BA 
modifications. 

C-ermfree gerbils were obtained (4 ) fo r  base- 
line studies on the effect of intestinal bacteria 
on cholesterol and BA metabolism. Due to 
excessive cecal enlargement, they failed to 
reproduce. Germfree gerbils were then associ- 
ated with a murine-derived "hexaflora"  (12). 
In rats, this microflora left the primary BA 
pattern largely intact; only 6% cholic acid- 
derived secondary BAs were present in their 
feces. In the gerbil, this same hexaflora led to 
a substantial reduction in cecal size. These 
gerbils were able to reproduce and a colony of  
hexaflora-associated gerbils (hexa-gerbils) was 
established. Thus, the objectives of this study 
were to obtain functionally normal GN gerbils 
for studies on the microbial factors that affect 
cholesterol and bile acid metabolism and to 
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compare the effect of. dietary cholesterol on 
serum cholesterol,  serum lipoproteins and fecal 
bile acids in these GN gerbils and in gerbils 
harboring a CV microflora. 

35% Quaker Oats, 5.2% coconut  oil, 0.1% cho- 
lesterol and K- and Mg-acetate and inositol as 
before and represents a moderate cholesterol, 
moderate saturated fat diet. 

MATERIALS AND METHODS 

Experimental Animals 

Adult male hexaflora-associated and CV 
Mongolian gerbils (Meriones unguiculatus) were 
used. The CV gerbils originated from Tumble- 
brook Farms, West Brookfield, MA. The hexa- 
flora-associated animals were the offspring of  
caesarian-derived GF gerbils. 

Germfree gerbils were obtained by removing 
the young from the uterus by sterile surgical 
procedures. Cesarian sections were performed 
after the dam had delivered one baby naturally 
in order to ensure being as close to normal 
parturit ion and development as possible. The 
newborn gerbils were transferred into an 
attached breeder isolator containing GF lactat- 
ing female C3H/He mice and their newborn 
litters. Preferably, two foster mothers were 
made available. Part of one litter was replaced 
by no more than three newborn gerbils. 

Hexaflora-associated gerbils were originally 
obtained by introducing a male and female GF 
gerbil into an isolator containing C3H/He mice 
associated with a hexaflora consisting of  Lacto- 
bacillus brevis, Streptococcus faecalis, Entero- 
bacter aerogenes, Staphylococcus epidermidis, 
Bacterioides fragilis var. vulgatus, and a Fuso- 
bacterium sp. The gerbils were housed in cages 
on bedding used by the mice. All six of  these 
microbial species originally derived from rats 
or mice, became established in the hexaflora 
gerbils. These gerbils will be called "hexa- 
gerbils." In order to broaden this colony's  
genetic base, four additional caesarian opera- 
tions were performed introducing additional 
baby gerbils when a female gerbil was nursing a 
new li t ter  of  her own. This microflora was mon- 
i tored regularly by established microbiological 
procedures. 

All gerbils were housed in plastic shoebox 
cages in Trexler-type plastic isolators, following 
established gnotobiotic procedures (13). The 
CV gerbils were housed in the same type  plastic 
cages, under filter tops, in a temperature and 
humidty  controlled animal room. All were 
maintained on autoclaved diet L477E4 or 
L477E5. Both diets are based on natural ingre- 
dient mt diet L485 (14). Diet L477E4 con- 
rained 60% L485, 36% Quaker Oats, 1.8% corn 
oil, 0.6% each of  K- and Mg-acetate, and 0.09% 
inositol and represents a cholesterol-free, low 
fat diet. Diet L477E5 contained 58% L485, 

Cholesterol and Lipoprotains 

A micromethod (2), based on the cholesterol 
assay of  Caraway (15) was used to follow total  
serum or plasma cholesterol in CV and GN male 
gerbils. After overnight fasting, the gerbil was 
placed in a jar  and exposed to halothane 
(Ayerst  Laboratories,  Chicago, IL). Blood was 
obtained by orbital bleeding using a micro- 
blood-collecting tube containing heparin (No. 
B3095-2, Scientific Products, McGaw Park, IL) 
and alternating eyes at each sampling. These 
and other samples were always collected be- 
tween 8:00 and 10:00 A.M. 

To determine very low density l ipoproteins 
(VLDL), low density l ipoproteins (LDL) and 
high density l ipoproteins (HDL), blood was 
collected by cardiac puncture since large vol- 
umes of  blood were needed for l ipoprotein-  
cholesterol determination.  The animals were 
starved overnight, anesthetized with ether, and 
exsanguinated. The blood was allowed to clot, 
centrifuged at 2000 x g for 20 min at 4 C, and 
serum was separated from cells with a Pasteur 
pipette.  Cholesterol content  of  these fractions 
and total  cholesterol content  were determined 
as described above. The l ipoprotein fractions 
were separated by microultracentrifugation 
after staining with Fat  Red 7B stain (Beckman 
Instruments, Inc., Fullerton,  CA) (16). 

Bile Acids 

Bile acids were determined after solvolysis 
and, where pert inent,  were separated into the 
conjugated and nonconjugated BAs, via thin 
layer and gas liquid chromatography.  Sulfated 
BAs were included in the total  bile acid analysis. 

Feces were collected from male gerbils over 
a 24 hr  period and frozen. Free and conjugated 
fecal bile acids were determined by the method 
of Madsen et al. (5) based on the method of  
Grundy et al. (17) after desalting (18) and sol- 
volysis according to Eyssen et al. (19). 

Organs and Tissues 

Conventional and gnotobiotic male gerbils 
used for l ipoprotein-cholesterol determinat ion 
were sacrificed as mentioned above. Whole 
body weights and weights of  heart,  liver, lungs, 
small intestine, large intestine,  cecum, kidneys,  
thymus,  spleen, adrenals and testes were re- 
corded. Representative sections "of small intes- 
tine from CV and GN gerbils were obtained.  
The contents were removed and the wet 
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weights o f  the wall de termined.  The samples 
were then  dried in a vacuum oven for 48 h r  at 
60 C and were weighed immedia te ly  to  deter-  
mine the dry weights.  Sect ions o f  Peyer 's  
patches and spleen for histological  evaluat ion 
were excised f rom the  CV and GN gerbils, and 
immedia te ly  placed in Bouin ' s  fixative. Af t e r  
overnight  f ixa t ion ,  the tissues were dehydra ted  
through increasing concent ra t ions  o f  e thyl  
alcohol.  The tissues were imbedded  in paraff in ,  
sect ioned and stained with hema toxy l in  and 
eosin. 

Bacteriology 

Bacteria were isolated f rom por t ions  of  
ei ther  the s tomach,  mid-small intest ine or 
cecum of  male hexa-gerbils to de termine  the  
dis t r ibut ion of  the  hexaf lora  components ,  
Gerbils were sacrificed by e ther  inhalat ion.  The 
gastrointest inal  tract  was tied off, surgically 
removed,  weighed and transferred to an anaer- 
obic glove box.  The samples were di luted in the 
proper  a m o u n t  of  prereduced di lut ion fluid to 
make a I : 1 0 0  di lut ion and the  wall plus con-  
tents were homogen ized  and serial di lut ions 
were made. One m L  of  each di lut ion was inoc- 
ulated on to  the surface of  selective growth 
m e d i a .  Bacterial counts  are expressed as the 
number  o f  bacteria per  gram homogena te  wet  
weight.  Isolates were character ized and identi-  
fied on the basis o f  growth characterist ics on 
tile selective media,  microscopic  co lony  appear- 
ance,  morpho logy  and Gram stain react ion.  

Since the Fusobacterium sp. failed to grow 
in any prereduced media  using our  anaerobic  
techniques ,  a direct  microscopic  de te rmina t ion  

of  these bacteria  was pe r fo rmed  by the  Breed 
milk count  m e t h o d  (20). 

RESULTS AND DISCUSSION 

A major  aspect o f  the metabol i sm of  choles- 
terol  is its catabolic  conversion to BAs. The 
modi f ica t ion  of  pr imary BAs by an intest inal  
microf lora  generally enhances  excre t ion  o f  BAs, 
thereby,  increasing catabol ism of  choles terol  
(7-11). When the CV gerbil is compared  to 
ei ther  the GF  or  the hexa-gerbil ,  the  serum 
cholesterol- lowering effect  of  the CV micro-  
flora becomes  o b v i o u s .  This effect  is much 
more apparent  with the  G F  gerbil than with the 
GF rat (Table 1). The serum cholesterol- lower-  
ing e f f e c t  of  a l imi ted microf lora  is also less 
obvious wi th  the  hexa-  than with  the  GF  gerbil, 
but  in the  la t ter  case, becomes  much  more  
p ronounced  upon  feeding a modera te  choles- 
terol,  modera te  saturated-fat-containing diet. 
The data in Table 1 generally show a much  
greater  serum cholesterol  concen t ra t ion  in the  
gerbil compared  to the  rat when they  are fed 
modera te  cholesterol ,  modera te  saturated-fat-  
containing diets. Table 2 demonst ra tes  that  the 
CV gerbils '  microf lora  decreases the V L D L  and 
LDL cholesterol  f ract ions in serum. 

The enhanced fecal BA el iminat ion usually 
accompanying  (and supposedly causing) the  
lowering of  body cholesterol  pools  by a CV 
microf lora  (21), was no t  found  in the present  
study. The hexa-gerbil  excretes  substantially 
more  BA (as cholic acid) on cholesterol-free,  
low fat diet I A 7 7 E 4  than the CV gerbil w h i c h  
excretes B A  mainly as deoxychol ic  acid (Table 
3). This indicates that  on diet L477E4 more  

TABLE 1 

Comparison of Serum (Plasma) Cholesterol in Male Rats 
and Gerbils, 3-6 Months Old 

Dietary mg ch01esterol/dl -+ SE 
Diet cholesterol Germ free Hexaflora Conventional 

Rat 

Gerbil 

L485 a - 104 -+ 3 ND b 95 -+ 4 
L488F c 0.05% 109 -+ 4 ND 101 -+ 4 
L490 d 0.10% ND ND 120 + 6 

L485 a - 149 -+ 3 e ND 74 -+ 2 e 
L477E4 f -- N D  102 -+ 3 86 -+ 3 
L477E5 f 0.10% ND 249 -+ 8 170 -+ 4 
L490 d 0.10% ND ND 271 -+ 31 

aL485 Natural ingredient diet (14). 
bND: not done. 
CL488F Casein-starch diet (26). 
dL490 Casein-starch, coconut oil added (2). 
eWostmann et al. (12). 
fL477:L485 and Quaker oats (see Materials and Methods). 
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TABLE 2 

Serum Lipoproteins of Conventional and Hexaflora 
Male Gerbils a 

mg cholesteroi/dl +- SE 

VLDL LDL HDL Total 

Hexa b 77 • 2 c 136 • 7 e 26 • 1 239 • 8 c 
Cony. b 50 • l 120 + l 22 +- 1 174 • 2 

aDiet L-477E5 (0.1 cholesterol). 
bAge: 6-8 months,  8 observations/group. 

csignificantly different from conventional gerbils, 
p <  0.01. 

e n d o g e n o u s  c h o l e s t e r o l  is c a t a b o l i z e d  to  BA b y  
the  hexa-gerb i l  t h a n  b y  the  CV gerbi l .  H o w e v e r ,  
we  also f o u n d  m u c h  h i g h e r  in t e s t ina l  w e i g h t s  
in t h e  hexa -ge rb i l  t h a n  in t h e  CV gerbi l  (Tab le  
4 ) .  D r y  w t  d e t e r m i n a t i o n  c o n f i r m e d  t h a t  th is  
w e i g h t  increase  was  due  to  t i s sue  mass ,  n o t  an  
inc rease  in t i s sue  h y d r a t i o n ,  whi le  h i s to log ica l  
o b s e r v a t i o n  ind ica t ed  n o r m a l  cell size. A p p a r -  
en t l y  th i s  c o m b i n a t i o n  o f  m u r i n e - d e r i v e d  orga-  
n i s m s  o r  t he  a bse nc e  o f  o t h e r  in tes t ina l  ba c t e r i a  
resu l t s  in in tes t ina l  t i ssue  h y p e r p l a s i a  in t h e  
gerbi l .  Since the  liver and  the  gu t  wall are c o n -  
sidereal the  m a j o r  p r o d u c e r s  o f  e n d o g e n o u s  
cho l e s t e ro l ,  th is  increase  in in t e s t ina l  t i s sue  

TABLE 3 

Bile Acids 0tg/day -+ SE a) in the Feces of  Hexa- and Conventional Gerbils 
on Cholesterol Free (L477E4) and Cholesterol-Containing (L477ES) Diets 

Fecal Hex a-gerbil Conventional 

bile acids L477E4(7) c L477E5(6) L477E4(8) L477ES(8) 

3-OH bile acids 851 -+ 23 1341 + 88 1542 • 21 518+ 86 
Deoxycholicacid 111 z,3 +- 36 176 I'a • 15 27092 • 158 6246 + 355 
Chenodeoxycholic 321 z,3 • 31 333 I,a -+ 43 tr 0 
Cholicacid 4587 z,2,3+ 246 6710 ~,a • 251 166 + 48 125-+ 8 
Bile acid 110/120 b 01,3 0 ~'3 1062 • 20 223 + 34 
Keto-acids 201 t'3 + 38 2711'3• 52 382 • 36 354 • 51 

Total, mg/day 5.31'3 • 0.2 7.7 • 0.2 3.52 • 0.2 7.5 -+ 0.4 

aDifferent superscripts (1, 2, and 3) in rows indicate significantly different values. 
1 : Significantly different than conventional gerbils on same diet. 
2: Significantly different than L477E5 (0.1% cholesterol) fed gerbils. 
3: Significantly different than conventional gerbils on either diet. 

bBile acid with GLC-RT relative to cholic acid: 110 on SE-30, 120 on QF-I .  
CNumber of  observations ( ) .  

TABLE 4 

Organ Weights of tlexaflora-Associated and Conventional Gerbils (4-7 Month Males) a 

Organ weights (mg) b 

Organ weight (mg) Hexa-gerbil Conventional 
per 100 g body weight (9) c (tO) 

Heart (rag) 408 • 25 452 + 27 0.08 
Liver 3750 -* 164 3897 • 172 0.36 
Lung 476 • 28 515 + 37 0.21 
Small intestine 2414 • 169 1348 • 84 < 0.01 
Large intestine 789 + 63 545 + 47 < 0.01 
Thymus 90 • 17 142 • 15 < 0.01 
Spleen 71 • 11 88 + 21 0.30 
Cecum (% body weight) 4.6 + 0.4 1.9 • 0.2 < 0.0l 

aDler L477E4. 
bMean * SE. 
CNumber of  observations ( ) .  
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mass could enhance cholesterol production to 
the extent that in the hexa-gerbil, both high 
serum cholesterol levels and high fecal acid 
sterol excretion are observed. The apparent 
cholesterol-lowering effect of the CV micro- 
flora could, therefore, be explained at least in 
part by the smaller amount of intestinal tissue 
of the CV animal. 

When fed moderate cholesterol, moderate 
saturated-fat-containing diet L477E5, fecal BA 
excretion of the hexa-gerbil increases by 2.3 
mg and of the CV gerbil by 4.0 mg, to become 
7.7 and 7.5 mg/day, respectively. Both hexa- 
and CV gerbils consumed 5-6 g of diet per day, 
containing 5-6 mg cholesterol. The excretion 
data indicate that feedback mechanisms have 
now reduced hepatic cholesterol production, 
especially in the hexa-gerbil, to levels resulting 
in comparable amounts of cholesterol being 
catabolized to BA. However, even under these 
conditions, serum VLDL, LDL and total choles- 
terol values in the hexa-gerbil appear to be 
much higher than in the CV gerbil (Table 2), 
suggesting a relative reduction in cholesterol 
catabolism via BAs in the absence of the modi- 
fying elements of the CV intestinal microflora 
(Table 2). 

Not much information is available on the 
influence of specific microbial components on 
BA metabolism in vivo. In vitro, 7-~-dehydrox- 
ylation of BAs appears to be carried out mainly 
by bacteriodes and lactobacillus species (11). 
A great variety of microorganisms such as 
clostridia, enterococci and a number  of gram- 
negative organisms are able to deconjugate BAs 
and form keto-acids. But the species of micro- 
organisms that are involved is still obscure. 

The gastrointestinal and fecal bacterial flora 
of the CV gerbil was examined by Majumdar 
and Carroll (22). They found that lactobacilli 

were the most prominent type in the gastro- 
intestinal tract and feces. Anaerobic clostridia, 
enterococci and flavobacteria were also present 
in large numbers. The bacteroides were not the 
most prevalent organisms in the CV gerbil's 
gastrointestinal tract. Coliforms were present 
in high numbers in feces and all parts of the 
gastrointestinal tract. Except for the prevalence 
of bacteroides and greater numbers of S. epi- 
dermidis in hexa-gerbils, the number  and loca- 
tion of hexaflora bacteria were similar in the 
intestinal tracts of CV and hexa-gerbils. Bac- 
teroides, which are the second most predom- 
inant organism present in hexa-gerbils, occupied 
the same niche as clostridia in CV gerbils. Large 
numbers of bacteroides in the  gastrointestinal 
tract are not to be considered normal if one 
compares gerbils and mice. In mice, bacteroides 
are present predominantly in the lower intes- 
tinal tract. 

The data in Table 5 indicate that, although 
deconjugation of BA by the hexaflora is almost 
complete, little further modification of BA 
occurs (also Table 3). Bile acids which are 
deconjugated but not further modified might 
have the effect of enlarging the gut by stimulat- 
ing a large increase in mucosal cell turnover. 
Rank.in et al. showed an enhanced mucosal cell 
turnover when deconjugated cholic acid was fed 
to mice (23). The large amount of deconjugated 
cholic acid present in hexa-gerbils may be re- 
sponsible for the increase in hexa-gerbil intes- 
tinal weight (Table 4). On the other hand, the 
absence of certain beneficial bacteria from the 
hexaflora may also account for the increased 
intestinal weight. The predominant anaerobes 
in the CV gerbil's gastrointestinal tract play an 
important role in the maintenance of its physio- 
logical structure and function. In the hexa- 
gerbil, the absence of such a protecting micro- 

TABLE 5 

Primary Bile Acid Content and Percent Deconjugation of Fecal Bile Acids 
of Germfree, Hexaflora-Associated and Conventional Gerbils 

in Relation to Primary Bile Acid Production 

% Bile acids 

Bile acids Germ free a Hexa-gerbil b Co nventionalb 

Primary BA 100 92 5 
Deconjugated BA < 2 90 97 
Deconj. Chenodeoxy 0 92 0 
Deconj. Cholic 0 88 81 
Cholic + deriv, mg/dl 0.57 4.90 3.26 
Chenodeoxy + deriv, mg/dl 0.31 0.41 0.16 

aDiet L485. 
bDiet L477E4. 
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flora may lead to abnormal ecological niches 
and colonization patterns that can exert pres- 
sure on the physiological structure of the 
gastrointestinal tract. 

Although lactobacilli and bacteroides were 
found to be predominant in all portions of the 
gastrointestinal tract of the hexa-gerbil, th.ese 
organisms appear to carry out only very limited 
7-~-dehydroxylation of primary BA. The pres- 
ent hexaflora appears remarkable in that it 
deconjugates primary BA almost as extensively 
as a CV microflora, but 7-a-dehydroxylates to 
only a minor extent (Table 5). In most cases, 
as in conventional animals, it has been found 
that deconjugation and subsequent dehydroxyl- 
ation and ketone formation go hand in hand 
(7,11). In CV gerbils, 7~-dehydroxylat ion of 
cholic acid is almost complete (Table 3). But 
the hexa-gerbil demonstrates that deconjuga- 
lion may occur with little further modification 
of the bile acids. The hexaflora components 
(numerically mostly lactobacilli, bacteroides 
and enterococci) are able to deconjugate at 
least 90% of the bile acids but subsequent 7-a- 
dehydroxylation of eholic acid (3a,7tLl 2or-OH) 
and chenodeoxycholic acid (3a,7a-OH) to their 
secondary derivatives, deoxycholic acid (3a, 
1 2 a - O H )  and lithocholic acid (3a-OH) is quite 
limited (Table 5). This agrees with the afore- 
mentioned in vitro data showing the ability of 
enterococci and some gram-negative organisms 
to deconjugate bile acids. However, the in vitro 
data do not  agree with the apparent inability 
of bacteroides and lactobacilli, together with 
the other elements of this hexaflora, to effec- 
tively dehydroxylate at the 7 ~  position in vivo 
(11). The recent addition of a Clostridium sp., 
due to an accidental contamination to the hexa- 
flora, resulted in moderate 7-~-dehydroxylation, 
but rather pronounced keto-acid formation 
(data not  shown). 

The hexa-gerbil's cecum (4.6% body weight) 
is much smaller than that of its GF counterpart 
(15% body weight). The smaller cecum prob- 
ably allows the hexa-gerbfl to reproduce. The 
heart of the hexa-gerbil, as in other GN rodents, 
tends to be smaller than that of the CV gerbil 
(24,25). However, when comparing CV gerbils 
to hexa-gerbils, both small and large intestines 
weighed substantially more and the thymus 
significantly less in hexa-gerbils (Table 4). The 
increased intestinal tissue weight, together with 
the lower weight of the thymus of the hexa- 
gerbil, suggests a certain incompatibility of this 
mufine-derived microflora with the gerbil host. 
Histology showed that inflammatory reactions 
did not  cause the significant increases in intes- 
tinal weight. Thus, the increase in intestinal 
weight observed in the hexa-gerbil did not  ap- 

pear to be caused by a pathological condition, 
especially since no infiltration of mononuclear 
cells into the intestinal tissue was observed, and 
the spleen demonstrated a decidedly "germfree" 
appearance. These observations suggest that the 
increased intestinal weight may be more the 
result of the absence of elements of a CV 
microflora, rather than the presence of specific 
bacterial components of this hexaflora. 

In conclusion, the combination of the six 
microbial associates of the hexa-gerbil substan- 
tially reduced cecal enlargement. The hexa- 
gerbil caused almost total deconjugation of 
primary BA, but minimal dehydroxylation and 
keto-acid formation. When the gerbils were fed 
0.1% cholesterol and a moderate saturated-fat 
diet, serum cholesterol levels remained sub- 
stantially higher in the hexa-gerbil than in the 
CV gerbil. Obviously, other microorganisms 
must be added to this hexaflora to obtain 
"normal" serum cholesterol levels. The ensuing 
changes in bile acid metabolism may aid in 
elucidating the essential biochemical mech- 
anisms underlying the cholesterol lowering 
capacity of the CV microflora. 
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Synthesis and Identification of Bis (Diacylglycero) 
Phosphoric Acid and Bis (Monoacylglycero) Phosphoric Acid 

QUOC QUAN DANG, PIERRE ROGALLE, ROBERT SALVAYRE and LOUIS DOUSTE- 
BLAZY*, INSERM Unit~ 101, Biochimie des Lipides, H~pital Purpan, 31059 Toulouse, 
France 

ABSTRACT 

Synthesis of bis-(diacylglycero)phosphoric acid from sn-l,2-dipalmitoylglycerol and phenyl- 
phosphoryl dichloride according to Baer (1) was revised. New data are reported about identifica- 
tion of the intermediate and final products: (a) bis-phosphatidic acid phenyl ester is very slowly 
visualized by the Zinzade reagent and can escape notice; (b) large amounts of phosphatidic acid 
chloride phenyl ester are also formed; and (c) very little transacylation from sn-l,2-dipalmitoyl- 
glycerol to the 1,3-isomer is observed, ltydrolysis of bis-phosphatidic acid to bis-lysophosphatidic 
acid is much easier using phospholipase A s from pig pancreas than from snake or bee venom. 
Lipids 17: 798-802, 1982. 

INTRODUCTION 

Bis-(diacylglycero)phosphoric acids, formerly 
called bis-(phosphatidic) acids (BPA), were first 
described by Baer and Kates (1,2) (see also re- 
views 3 and 4). Their biological interest was for- 
merly due to their possible use as a substitute 
of cardiolipin in syphilis diagnosis, then, during 
the last decade, to their occurrence in develop- 
ing plant tissues (5), and the presence of their 
lyso-derivatives in mammalian tissues and their 
lysosomal accumulation in the course of heredi- 
tary or induced phosphoiipidoses (6-14). 

Bis-(1,2-dipalmitoyl-sn-glycero-3)-(phenyl)  
phosphate (BPA q~) (Fig. I,IV) had been ob- 
tained as a by-product in the synthesis of phos- 
phatidylcholines, in the reaction of  one mole of 
phenylphosphoryl dichloride with one mole of 
1,2-dipalmitoyl-sn-glycerol, the main product 

�9 being 1,2-dipalmitoyl-sn-glycerophosphoric acid 
chloride phenylester or phosphatidic acid chlor- 
ide phenyl ester (Fig. 1,III) (1). Later on, Baer 
reported an almost quantitative yield of  bis- 
phosphatidic acids by the reaction of two moles 
of saturated diacylglycerols on one mole of  
phenylphosphoryl dichloride in anhydrous pyri- 
dine, followed by hydrogenolysis in order to 
remove the phenyl protecting group (Fig. 1) (2). 

However, some problems still remain. Neither 
of the two intermediates, PACI~b and BPA~, 
have been described and almost no chromato- 
graphic and spectrometric data has been reported 
(15). As stated by Brown in 1963 (16), the dif- 
ference of reactivity between the first and 
second chlorine atoms of phenylphosphoryl di- 
chloride may induce difficulties in obtaining 
the bis-phosphatidic acids in quantitative yield. 

Baer did not  give any analytical evidence for 

*Author to whom correspondence should be addressed. 
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FIG. 1. Scheme of the preparation of bis-(l,2- 
dipalmitoyl-sn-glycero-3)-phosphoric acid and its lyso- 
derivative. 

1: 1,2-Dipalmitoyl-sn-glyc'erol or D-#,.r-dipalmitine 
(DP). 
I1: Phenylphosphoryl dichloride. 
II1: 1,2-Dipalmitoyl-sn-glycero-3-phosphoric acid 
chloride phenyl ester, or phosphatidic acid chloride 
phenyl ester (PACIr 
IV: Bis-(1,2-dipalmitoyl-sn-glycero-3)-(phenyl) phos- 
phate or bis-(phosphatidic) acid phenyl ester (BPA@). 
V: Bis-(l,2-dipalmitoyl-sn-glycero.)-3-phosphofic acid 
or bis-(phosphatidic) acid (BPA). 
VI: Bis-(mono-l-palmitoyl-sn-glycero)-phosphoric acid 
or bis-(lysophosphatidic) acid (BLPA). 
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the structure o f the bis-(1,2-diacyl-sn-glycer0-3) 
phosphoric acid; perhaps isomerization such as 
transacylation from 1,2-diglyceride to 1,3-di- 
glyceride (17) or some racemization could 
occur during the reaction. Finally, bis-(lyso- 
phosphatidic acid) (BLPA) IV prepared by 
Morton et al. used an enzymatic procedure 
which required large amounts of  enzyme (1 mg 
of  Crotalus adamanteus venum for 5 mg of  BPA 
substrate) (18). 

The present study was made to determine 
the practical prodecures, including chromato- 
graphy and spectrometry,  for the preparation 
of  BPA and to ascertain its structure and also 
to find out a more efficient preparat ion of  its 
lyso-derivative, BLPA. 

MATERIALS AND METHODS 

1,2-Dipalmitoyl-sn-glycerol puriss ,  was pur- 
chased from Fluka,  Switzerland, and dried in 
vacuo over P2Os for 12-24 hr. 1,3-Dipalmitoyl- 
glycerol puriss, and methyl heptadecanoate  
(17:0)  were also supplied by Fluka. Phenyl- 
phosphoryl  dichloride was synthesized as pre- 
viously described (19). Anhydrous pyridine was 
obtained by drying the pure Merck reagent over 
KOH, the distillation from Call  2. Boron tri- 
fluoride (14% in methanol)  was purchased from 
BDH, England. Other chemicals and solvents 
were of analytical grade from Merck, Darm- 
stadt. Phospholipase A 2 from pig pancreas, and 
from bee venom were purchased from Boeh- 
ringer, Mannheim, and C. adamanteus phospho- 
lipase A 2 was from Sigma, St. Louis, Mo. 

T h i n  l aye r  chromatography (TLC) was 
carried out  on precoated Silica Gel G, 0.25 
mm-thick plates from Merck, in the systems; A) 
CHCI3].CH3OH/H20 (65:25:4,  v/v/v), and B) 
CH2C1-CH2CI/CHaOH (98:2, v/v) and C) 
CHC13/CHaOH/NH4 OH (65/25/5,  v/v/v). 
Visualization of  all lipids was obtained first in 
an iodine chamber; after removal of  the iodine, 
the phosphorus-containing lipids were visual- 
ized by spraying with Zinzade-Dittmer reagent 
(20). 

Qualitative halogen test was performed by 
Beilstein flame, and also by action of  metallic 
sodium, followed by characterization of  AgC1 
in nitric acid medium. Melting points were 
determined with a Tottol i  apparatus (Buchi, 
Switzerland). Phosphorus content  was deter- 
mined essentially according to Rouser et al. 
(21), using 1 mM KH2PO 4 aqueous solution as 
a reference, and a solution of the lipid in CHC13 
at about  1 mM concentration. 

The acyl/phosphorus ratio was determined 

by alkaline hydrolysis  in a large excess of  0.5 N 
KOH in 1:1 CH3OH/H20,  under gentle reflux 
overnight, neutralization by 6 N aq HCI, ex- 
haustive extract ion by 3:1 hexane/ether  and 
methyla t ion  of the fat ty acid with BF3/MeOH. 
The methyl  esters were evaporated to dryness 
with an approximately equivalent amount  of 
17:0 fat ty acid methyl  ester as internal stan- 
dard and redissolved in hexane to about  2.5 
mM final concentrat ion for quantitative gas 
ch romatography  (IGC 120 DFL Intersmat 
chromatograph,  capillary glass column, 31 m- 
long, 0.3 mm id coated with carbowax 40 M). 

Microanalysis of  C and H was carried out in 
a Perkin Elmer CHN 240 analyzer, in the 
Laboratory of Prof. Mila, Ecole Nationale 
Sup6rieure de Chirnie de Toulouse. 

Proton NMR spectra were run on a Bruker 
WM 250 or Bruker 90 WH using CDCI 3 or 
CC14, and te tramethyl  silane TMS as internal 
reference. IR spectra were run on a Perkin- 
E l m e r  283 spectrometer  in KBr pellet. 

Synthesis of Bis-(1,2-diacyl-sn-glycero-3)-(phenyl) 
Phosphate (BPA ~) 

To a solution of  500 mg of sn-l ,2-dipalmi- 
toylglycerol (1) (0.88 mmol) in 4.3 ml of an- 
hydrous pyridine was added a 200 /~1 solution 
of 92.7 mg (0.44 mmol) of phenylphosphoryl  
dichloride in anhydrous pyridine,  in a ground- 
glass-stoppered flask. After  a few minutes at 
50 C, the  reaction mixture was stirred for 24 hr 
at room temperature.  Then, two volumes of 
water were gradually added, stirring continued 
for another half hour, and the precipitate was 
filtered under suction, washed thoroughly and 
dried in vacuo over P205 overnight, yielding 
508 mg solid (91% yield). 

TLC of the solid gave only" one immediate 
phosphorus positive spot at Rf 0.52 (system A) 
and Rf 0 (system B), which correspond to 
PAC 1r A second phosphorus positive spot 
appeared clearly only 24 hr  after the spraying 
(Rf  0.88 system A, Rf 0.56 system B); this was 
found to be the expected BPAo(IV). 

For  separation, 494 mg of  the crude solid 
products  dissolved in a minimum of  chloroform 
was applied to a column of 25 g of silica gel, 
35-70 mesh in chloroform, and eluted succes- 
sively with:  (a) chloroform (containing 1% 
ethanol as a stabilizer), 440 ml; (b) chloro- 
form/methanol  (9:1, v/v), 200 ml; and (c) 
chloroform/methanol  (8:2, v/v), 200 ml. 

The eluates were followed by TLC (Fig. 2). 
Eluating solvent (a) gave IV mixed with some 
1,2-dipalmitine and 1,3-dipalmitin. Identifica- 
tion of  the dipalmitins was determined by their 
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FIG. 2. Elution profile of BPAq~ and accompanying 
compounds from a silica gel column, TLC system B. 
Open spots visualized by iodine only; full spots visual- 
ized by both iodine and Zinzade reagent. 

IR spectra and Rf. Preparative TLC of  an ali- 
quot of eluate (a) on Silica Gel H in system B 
gave 16% of  1,3-dipalmitin and 84% of  1,2- 
dipalmitin. Before column chromatography,  
only traces of 1,3-dipalmitine were observed. 

The removal of dipalmitins from the evapo- 
rated eluates (a) (325 m g ) b y  extract ion with 
dry acetone gave 274 mg of B P A r  (0.215 
mmol, yield based on the starting dipalmitin 
49%) mp 75 C, halogen free. Elemental analysis: 
found C, 71.20, H 10.66, P 2.42% calcd, for 
BPA~b C76H1390 lzP(1276.7 ) C 71.5, H 
10.98, P 2.43%, acyl/P 4.0 IR (cm -1) 1740 
(v.s.): C=O stretching ester, 1250 (s) P=O 
stretching, 3030 (w) C-H stretching aromatic,  
1600 (m) 1500 (m) C--C stretching aromatic  
(26). 

The eluate (b) yielded 77 mg PA~CI (III) mp 
205 C, yield 24% based on dipalmitin, halogen 
test positive; elemental analysis: P found 4.26; 
calcd for C41H72C1 O6P (726.5) P 4.27%. 
Acyl/P found 1.86, calcd 2/1. IR (cm -1) 1740 
(v.s.): C=O stretching ester, 1230 (s) P=O 
stretching, 3030 (w) C-H stretching aromatic,  
1600 (m) 1500 (m) C=C stretching aromatic, 
555 (m)P-C1 in (RO2)POC1 (22,23). 

The two phospholipids IV and III showed 
similar NMR spectra; they differed only in the 
relative intensity of  the signals. IV showed 8 
ppm/TMS: 7.1-7.5 (multiplet  C6H s 5H), 5.2 
(mult iplet  2H, HCOCOR), 3.8-4.3 ( two broad 
signals 8H, CH20  CO, CH2OP) , 2.3 (tr iplet  
8H,-CHzCO), 1.6 (shoulder 8H, CH2-C-CO) , 
1.25 unresolved peak 96 H, (CH2)12 , 0.87 
triplet 12H, CH3-C-). III  showed the same 
chemical shifts, but based on the intensity of 
the signal of the phenyl as reference (5H at 
7.1-7.5), the relative intensity of all the other 
signals is half  the intensity of the corresponding 
signal in IV: 8 5.2 (1H, HCO-OR) 3.8-4.3 (4H, 
CH2OCO, CH2OP), 2.3 (4H, CH2CO) , 1.6 (4H, 
CH2-C-CO), 1.25 (48H, (CH2)12), 0.87 (6H, 
CHa-C). 

Bis- ( 1 ,2 -d  ipal m itoyl-sn-glycero-3-phosphoric acid 
(BPA) 

Dry IV (195.9 mg, 0.154 mmol)  in a mix- 
ture of pure dry chloroform (2.78 ml) and 
absolute ethanol (1.04 ml) and 53.5 mg PrO 2 
were vigorously stirred in an atmosphere of  
hydrogen under an initial pressure of 40 cm of 
water  until no more hydrogen was absorbed 
(about  1 hr). The volume of hydrogen taken up 
was equal to the calculated value for the re- 
a c t i o n s  PrO2 - Pt, and -OC6H 5 ~ -OH + 
C6H12. Removal of  the plat inum by filtration 
and of  the solvent by evaporation under nitro- 
gen gave 175 mg of  BPA (V), yield 95%, mp 
59-62 C, showing a single spot, Rf 0.60 in sys- 
tem A, Rf 0.00 in system B. Recrystallization 
from toluene-acetone gave the pure BPA (V) 
mp 62 C; ref. 2 : 6 2 - 6 3  C. Analysis: found C 
6 8 . 6 4 ,  H 11 .41 ,  P 2 . 5 2 % ,  calcd,  for 
C7oH13sO12P.H20 (1218) C 69.04, H 11.34,  
P 2.54%. Acyl/P found 3.8, calcd. 4/1, (~)D 23 
= 6.4 ~ c = 10 mg/ml benzene;ref .  2: (~) D2a= 
6.7 ~ NMR: CC14, 8 5.2 (broad multiplet ,  2H, 
HCO-COR), 3.8-4.4 (multiplet,  8 H, CH20-CO, 
CH2OP), 2.3 (triplet,  8H, CH2CO), 1.25 (un- 
resolved peak, 96H, (CH2)12), 0 . 8 7  (triplet,  
12H, CH3-C). IR (cm -1) 3450 (m, broad), O-H 
stretching hydrogen bonded,  1740 (v.s.) C=O 
stretching ester, 1250 (s) P=O stretching. 

Bis-(1-palmitoyl-sn-glycero-3)-phosphoric acid (BLPA) 

Preliminary enzymatic hydrolysis  of  BPA 
with C. adamanteus venom or bee venom (1 
mg/5 mg substrate) in aqueous ethereal medium 
according to the procedure of Chadkrabart i  and 
Khorana (24) which was a modification of (25), 
gave only incomplete  reaction after 24 hr. In- 
spired by De Haas et al. (26) and Rimon and 
Shapiro (27), the following procedure was 
preferred. 

BPA (V) (80 rag, 66.7 mmol)  was stirred at 
37 C in a well-stoppered flask with 80 ml of pH 
8.3 0.1 N borate buffer containing 0.12 mM 
calcium chloride, 240 ml of  deperoxydated 
ether and 200 /al of  a solution containing 2 mg 
of phospholipase A 2 from pig pancreas. The 
hydrolysis  was followed by TLC in the solvent 
A which showed that  the reaction was complete 
after 12 hr. 

After  removal of  the ethereal phase which  
contained only fat ty acid, the aqueous phase 
and the solid phase at the interface were 
lyophilized, then extracted with 3:1 dry ether/  
acetone to remove the fatty acid, then with 2:1 
dry chloroform/methanol  for the separation of  
the lyso compound (centrifugation at room 
temperature was done after each extract ion by 
vortex stirring). The CHC13/MeOH extract  gave 
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40 mg of the lyso compound (Rf 0.42 in the 
system A). Recrystallization in absolute ethanol 
o r  d r y  chloroform/acetone gave. the pure 
product  VI, mp 152 C. Analysis: found C 59.76, 
H 10.71, P 4.13%; calcd, for C38H7sO10P. 
2H20:  C 60.13, H 10.49, P 4.08%, acyl/P 
found 2.2, calcd. 2/1. NMR (CDCI 3) 8 3.8-4.3 
(multiplet,  broad, 10 H, CH2-OCO, CH2OP, 
CtlOH), 2.3 (triplet,  4H, CH2CO), 1.25 (un- 
resolved peak, 48H, (CH2)12), 0.87 (triplet,  
6H, CH3). IR (cm - l )  3450 (m, broad, O-H 
stretching H bonded), 1740 (C=O stretching 
ester), 1225 (m, P=O stretching). 

In order to compare our results with data in 
the literature, we chromatographed our four 
purified products PACI~  BPA~, BPA and 
BLPA, with egg phosphatidylcholine and 1,2- 
and 2,3-dipalmitoylglycerol in system C (28). 
In Figure 3, the Rf of BLPA and the Rf ratio 
between BLPA and PC are in reasonable agree- 
ment with those previously reported (5,28). 

FIG. 3. TLC in system C: 1) egg phosphatidylcholine, 
2) PACI~, 3) BPA~, 4) BPA, 5) BLPA, 6) 1,2-di- 
palmitoylglycerol, 7) 1,3-dipalmitoylglycerol. Visuali- 
zation by Zinzade reagent, except for spots 6 and 7 
with broken lines were revealed by iodine vapor only. 

DISCUSSION AND CONCLUSIONS 

In the synthesis of  BPA (V) using Baer's 
procedure (1), the special TLC behavior of the 
intermediate BPAr (IV) may give problems. 
The lat ter  compound is not immediately visual- 
ized by Dit tmer reagent. As Baer reported, an 
almost quantitative yield of BPAr and as the 
by-product  PACIr  (III) alone is immediately 
visualized, this la t ter  is easily mistaken for the 

desired product .  
The special TLC behavior of BPA~ might be 

explained by the fact that  it is a phosphate tri- 
ester, whereas usually phospholipids are phos- 
phate diesters or monoesters. Phosphate triester 
would be less readily hydrolyzed by the sulfuric 
acid in the Dit tmer reagent before giving the 
phosphomolybdate  blue color. 

Under the experimental  condit ions of Baer 
(1), even in rigourously anhydrous condition~, 
the by-product  PACIr (III) was fo rmed  in 
about half the yield of BPAr This is due to the 
lesser reactivity of the second chlorine atom for 
acyl substi tut ion ( I 1 ). 

During the reaction of 1,2-dipalmitoyl-sn- 
glycerol with phenylphosphoryl  dichloride in 
anhydrous pyridine, some isomerization into 
1,3-dipalmitoylglycerol was observed by TLC 
on silica gel. However, one single spot has 
always been observed in TLC for the bis-(l,2- 
d ip  al m i t  o y l - s n - g l y  c e r o - 3 ) p  h osphoric acid 
phenyl ester obtained. Moreover, its TLC and 
IR spectrum showed it was not  contaminated 
by  t h e  1 ,3-d ipa lmi toy lg lycero  isomer we 
synthesized (unpublished paper). Since TLC 
s h o w e d  that  the column chromatography 
eluates contain relatively larger amounts of  
1,3-dipalmitoylglycerol than the product  just  
after the reaction, the appearance of 1,3- 
dipalmitoylglycerol  is rather due to isomeriza- 
tion during silica gel column chromatography 
than to the basicity of  the pyridine reaction 
medium. 

The BPA (V) we isolated had the same melt- 
ing point  as the one reported by Baer (1); how- 
ever, the specific optical activity was somewhat 
different, although optical puri ty was con- 
trolled by us for the starting sn-l ,2-dipalmitoyl-  
glycerol ([o~] ~ = 2.6 ~ in chloroform), for the 
intermediate BPAr (IV) (see above), and al- 
though we checked by TLC and IR that our 
BPA (V) was not  contaminated by optically in- 
active or less active components  such as fatty 
acid, 1,3- and 1,2-dipalmitoylglycerols. It is 
noticeable that  De Haas et al. reported for a 
m i x e d  a c i d  b i s ( l , 2 - d i a c y l - s n - g l y c e r o - 3 ) -  
phosphoric acid, sodium salt, an [~x] ~ = + 4.9 ~ 
(29). 

Hydrolysis of bis-(diacylglycero)-phosphoric 
acid (V) by phospholipase A2 is very slow and 
incomplete when venom enzymes from Cro- 
talus (18,24,25) or bee are used, even at high 
concentrat ions of  enzyme (1/5-1/3 of  the 
weight of  substrate). In contrast,  phospholipase 
A 2 from pig pancreas gives a quantitative yield 
with small amounts  of enzyme. In the case of 
bis-(phosphatidic) acid, as well as in the case of 
phosphatidic acid previously reported (26,27), 
neither desoxycholate  nor Ca ++ are needed 
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when an aqueous-ethereal medium is used. 
The quantitative yield obtained in phospho- 

lipase A2-catalyzed hydrolysis  leads to two 
conclusions: first, no racemization occurs in the 
preparat ion;  this confirms the configuration of 
1,2-diacyl-sn-gly cerol or bis-(diacyl-La-gly ce ro)- 
phosphoric acid (V) set by Baer, because the 
D-a form is not  degraded by phospholipase A 2 
(30). Secondly, i t  confirms that  phospholipase 
A2 from pig pancereas shows a predilection for 
anionic phospholipids, whereas the venom en- 
zymes prefer neutral phospholipids as substrates 
(26,31). 
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ABSTRACT 

Ceramides and cerebrosides were isolated from immature and mature soybeans, and structures of 
the constituents were investigated. As component fatty acids, normal, 2-hydroxy and 2,3-dihydroxy 
acids were found in ceramides, whereas only normal and 2-hydroxy acids were identified in cerebro- 
sides. The principal fatty acid component was 2-hydroxylignoceric acid in ceramides, and 2-hydroxy- 
palmitie acid in cerebrosides. Sphingoids in ceramides consisted mainly of trihydroxy bases, with 
4-hydroxy-trans-8-sphingenine being predominant. In contrast, cerebrosides contained mainly dihy- 
droxy bases, the principal constituent being trans-4,trans-8-sphingadienine. The only sugar in cerebro- 
sides was glucose. The constituents of the two sphingolipids were similar to each other in immature 
and mature seeds. Possible metabolic relations of plant sphingolipids, based on composition, are 
discussed. 
Lipids 17:803-810, 1982. 

INTRODUCTION 

Sphingolipids are known to occur widely in 
organisms as components of the biomembranes. 
However, few studies have been carried out on 
the structure, the metabolic pathway and the 
physiological role of plant sphingolipids. Several 
analyses have been done concerning plant cere- 
brosides, a representative sphingolipid, but the 
detailed chemical composition, especially the 
component sphingoids, has not  yet been com- 
pletely elucidated. Previously, we examined 
cerebrosides isolated from rice, wheat grains 
and Azuki beans and found that typical sphin- 
goids in seeds were 4,8-sphingadienine or 8- 
sphingenine, but  not  phytosphingosine (4-hy- 
droxysphinganine) and dehydrophytosphingo- 
sine (4-hydroxy-trans-8-sphingenine ) (1-3). 

Free ceramide, a metabolic precursor of 
sphingolipids in animal tissues, was isolated for 
the first time in the plant kingdom from alfalfa 
leaves in this laboratory (4). Our recent papers 
reported that a comparatively large amount  of 
ceramides was present in seeds such as rice, 
wheat and Azuki bean (1-3). As a preliminary 
survey of plant sphingolipids showed that cera- 
mide was commonly distributed together with 
cerebroside in cereals, beans and leaves (3), 
ceramide seemed to be one of the typical sphin- 
golipids in higher plants. 

In this paper, we describe the chemical 
constituents and structures of ceramides and 
eerebrosides from immature and mature soy- 
beans, and structural and possible metabolic 
re lat ions  of the two sphingolipids. Although 
c trebros ide  in immature soybeans has been 

*Author to whom correspondence should be 
addreued. 

isolated previously (5), individual components 
were not  identified. 

EXPERIMENTAL METHOD 

Isolation and Fractionation of Sphingolipid$ 

Mature soybeans (Kitamusume variety, 2 
kg), harvested at Hokkaido prefecture in 1978, 
were ground to powders, and extracted with 
hexane and then with chloroform/methanol 
(2:1, v/v) and water-saturated butanol. The 
latter two extracts were concentrated and 
washed with water to get pure lipids (1). Alter- 
natively, soybeans of the same variety were 
cultured at the experimental farm in the uni- 
versity, and the immature plants were collected 
at 35 days after flowering. The beans (100 g) 
separated from the pods were extracted with 
hot isopropanol and chloroform/methanol to 
prepare total lipids (6). Both lipids (81 g and 
40 g from mature and immature seeds, respec- 
tively) thus obtained were hydrolyzed with 
mild alkali to remove contaminating glycero- 
lipids (1). Ceramides and cerebrosides were 
isolated from the alkali-stable lipid fractions 
by silicic column chromatography followed by 
acetylation, preparative thin layer chromatog- 
raphy (TLC) and subsequent deacetylation as 
described previously (1,2). 

Purified ceramide was fractionated by silica 
gel TLC into three fractions according to degree 
of hydroxylation (7). On the other hand, cere- 
broside was subjected to silica gel/borax (98:2, 
w/w) TLC in order to separate into subfractions 
roughly according to the number of hydroxy 
groups on the ceramide moiety (8,9). These 
subfractions were analyzed directly by gas 
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chromatography-mass spectrometry (GC-MS) 
(7,10). 

Analyses of Components 

Each sphingolipid was degraded with meth- 
anolic 1 N HCI, aqueous methanolic I N HCI 
(11), aqueous dioxanic 10% Ba(OH)2 (12) and 
methanolic 1 N KOH, respectively. Thus, meth- 
ylglycosides, fatty acid methyl  esters and sphin- 
golds were obtained in every case, and analyzed 
as described previously (1-3). 

The position of the double bonds in sphin- 
goids was determined by periodate-permang- 
anate oxidat ion (Von Rudloff  degradation) and 
subsequent gas liquid chromatography (GLC) 
of the resultant monocarboxyl ic  acid (13). The 
result was confirmed by GC-MS analyses of 
polyhydroxyla ted  products of methyl ethers 
derived from sphingoids by oxidation with 
NalO4 followed by reduction with NaBH4, 
methylat ion and subsequent oxidation with 
OsO4 (1). 

Each sphingolipid was dissolved in methanol  
and oxidized with NalO4 to determine fatty 
acid composit ions of the two groups, which 
comprised the d ihydroxy and t r ihydroxy bases 
(14). The products were subjected to silica gel 
TLC with chloroform/methanol  (95:12, v / v ) t o  
be fractionated into the groups described 
above, and methanolyzed.  2-Hydroxy fat ty acid 
methyl  esters were isolated by silica gel TLC 
from the methyl  ester fractions and analyzed 
by GLC. 

For  the determination of  the anomeric con- 
figuration of the glycosidic linkages, acetyl 
cerebrosides were analyzed by a nuclear mag- 
netic resonance spectrometer,  operating in the  
Fourier transform mode at 200 MHz using 
deuterium chloroform as a solvent. 

RESULTS 

Confirmation of Sphingolipids 

Purified ceramides were isolated in yields of  
10 mg and 50 rag, and cerebrosides in yields of  
33 mg and 130 rag, from immature and mature 
soybeans, respectively. These sphingolipids 
showed the same mobilities as those of  authen- 
tic ones isolated from rice bran and Azuki 
beans on silica gel TLC (1,2). Moreover, infra- 
red (IR) spectra of the lipids (not shown) 
exhibited the typical patterns of  sphingolipids. 

An oligoglycolipid, tentatively identified as 
diglycosylceramide, was also recognized in the 
fraction eluted from the silicic acid column by 
chloroform/methanol  (80:20, v/v), but was 
not  analyzed further in this work because of 
the insufficient amount.  

Composition of Fatty Acids 

The fatty acid composit ion,  calculated from 
th.e relative ratio of  each type and analyses by  
GLC, is shown in Table 1. The major acids in 
decreasing order were 2-hydroxylignoceric,  
2-hydroxybehenic and palmitic acids in cera- 
mides, whereas 2-hydroxypalmit ic ,  2-hydroxy- 
lignoceric and 2-hydroxybehenic acids, particu- 
lar ly the first one, were in cerebrosides. 

Characterization of Component Sphingoids 

Silica gel TLC, of  the component  sphingoids 
prepared from alkaline degradation of each 
sphingolipid, with chloroform/methanol /2  N 
ammonia (40:10:1,  v/v) gave commonly three 
spots corresponding to trans-4-sphingenine (SI),  
sphinganine ($2) and 4-hydroxysphinganine 
($3). From GC-MS analyses of  these spots as 
N-acetyl, O-trimethylsilyl ether  derivatives (15), 
trans-4-sphingenine and sphingadienine were 
identified in $1, sphinganine and x ( n o t 4 ) -  
sphingenine in $2 and 4-hydroxysphinganine 
and 4-hydroxysphingenine in Sa. 

Von Rudloff oxidation of the acetyl sphin- 
golds gave essentially a Cl0-monocarboxylic 
acid, showing that  the position of  the double 
bond besides C-4 was exclusively C-8, which 
was confirmed by GC-MS analyses. The mass 
spectrum of the oxidized product  originating 
from sphingadienine (Fig. I (A))  showed ions 
at m/z 371 and 147 indicating the presence of  
a vicinal t r imethylsi loxy group at C-2 and C-3 
and ions at m/z 229, 257 and 289, which were 
the assignments for the other pair of tr imethyl-  
siloxy groups at C-6 and C-7. The mass spec- 
trum of the polyhydroxyla ted  compound 
derived from x(not4)-sphingenine (Fig. I(B)) 
exhibited ions at m/z 203 and 229, whereas 
that from unsaturated sphingoid $3 (Fig. I(C)) 
gave ions at m/z 189 and 229. These ions sug- 
gested that the presence of  a vicinal tr imethyl-  
siloxy group were at C-6 and C-7 in the former, 
and at C-5 and C-6 in the latter,  respectively. 
Thus, the positions of the double bonds in 
sphingoids turned out to be C-4 and/or  C-8. 
When N-, O-acetyl derivatives of  spots St and 
Sa in (mature) cerebroside were subjected to 
silica gel-AgNOa TLC (1), three spots (a, b and 
c) were found in both cases. Judging from their 
mobilities on TLC and results described above, 
St-a, -b and -c were characterized as trans-4- 
sphingenine, trans-4,trans-8-sphingadienine and 
trans-4,cis-8-sphingadienine, respectively. S3-a, 
-b and -c were identified as 4-hydroxysphing- 
anine, 4daydroxy-trans-8-sphingenine and 4- 
hydroxy-cis-8-sphingenine, respectively (1,3, 
16). Although spingoid $2 was not  analyzed in 
detail, 8-sphingenine was considered to be a 
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TABLE 1 
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I m m a t u r e  s e e d s  M a t u r e  s e e d s  

F a t t y  ac id  C e r a m i d e  C e r e b r o s i d e  C e r a m i d e  C e r e b r o s i d e  

1 6 : 0  1 3  1 8 4 
1 8 : 0  5 1 2 2 
2 2 : 0  1 < 1  2 < 1  
2 4 : 0  2 < 1  1 < 1  
h I 1 6 : 0  a 3 7 3  2 7 9  
h I 2 2 : 0  1 4  1 0  2 6  5 
h I 2 3 : 0  4 < 1  6 < 1  
h I 2 4 : 0  4 2  1 3  4 1  9 
h I 2 5 : 0  5 < 1  3 < 1  
h I 2 6 : 0  2 I < 1  < 1  
h 2 2 2 : 0  b 1 --  < 1  --  
h 2 2 4 : 0  3 -- 3 - 
h 2 2 5 : 0  1 - 2 - 
h 2 2 6 : 0  < 1  - 1 - 
O t h e r s  4 1 3 1 

ah~ s i g n i f i e s  2-monohydroxy acid. 
b h  2 signifies 2,3-dihydroxy acid. 

CH ( C H )  CH CH-(CH ) CH Cf l - -CH -O-CH 
3 2 8 I I 2 2 I I 2 3 

50 ~lq 90 ~ 1 ~ 9 - ~ 0  

1 0 0 ~ 2 2 9  257 289 46J 95 ~ 9u-tos 

Cil 3 (CH 2 ) 8~II-- !CH (CH 2 ) 4Cl i2-O-CH 3 
o O T M  OTM5 

50- :'o~ 
229 

. . . . . .  203~ 41~t" 
. , i t  1 7 1  t k ~ I 

I00 

C 85 CH3 (CH2) 8CH-- I C H  ( C I i 2 )  3 C H 2 - 0 - C I 1 3  

O T M S  OTH~ " 
50' :e~ 

229 

~" ': 189 4 0 ' ~  157 

i00 2 0 0  3 0 0  400 
m/z 

FIG. 1. Mass spectra of the trimethylsilyl ether 
derivatives of polyhydroxylated methyl ethers ob- 
tained from 4,8-sphingadienine (A), 8-sphingenine (B) 
and 4-hydroxy-8-sphingenine (C). 

mixture of cis- and trans-unsaturated isomers, 
as in case of wheat sphingolipids (3,16). 

Composition of Sphingoids 

Table 2 shows the sphingoid composit ion 
analyzed and identified by GLC and GC-MS 
of aldehydes derived from sphingoids liberated 
by acid degradation (1). GLC of  pentadecenals 
derived from the two geometric isomers of 
4-hydroxy-8-sphingenine had the same reten- 
tion t ime, so that the ratio of the isomers was 
determined by a combination of silica gel- 
AgNO3 TLC and GLC of  acetyl sphingoids. The 

principal constituents were 4-hydroxy-8-sphing- 
enine and 4-hydroxysphinganine,  the former 
being predominant  in ceramides, whereas 
sphingadienines predominated in cerebrosides. 
Component  sphingoids in soybeans generally 
possessed a trans-double bond rather than a cis- 
one at C-8, as in case of  Azuld beans (2). This 
finding was supported by IR spectra of  intact 
sphingotipids, in which the intensity of the 
absorption band at 970 cm -1 was significantly 
stronger than that of  rice sphingolipid (1). 

Identification of Component Sugars 

Constituent sugars in cerebrosides isolated 
from immature and mature soybeans were 
found by GLC analyses to consist only of  glu- 
cose. PMR spectra of the acetates (not shown) 
revealed the sharp doublet  at 4.47 ppm (Jl,~ = 
7.8 Hz), indicating the ~-glycosidic linkage 
(17,18). Therefore, the glucose linkage to the 
sphingoid moiety have the ~configurat ion.  

Characterization of Molecular Species 
of Ceramide and Cerebroside 

Table 3 shows hydrOxy fatty acid composi- 
tion based on sphingoid types of ceramide and 
cerebroside in mature soybeans. Consti tuent 
fatty acids in the dihydroxy base-containing 
species, which was minor  in ceramide whereas 
major in cerebroside, were essentially only 
2-hydroxypalmit ic  acid. On the other hand, 
the composit ions in t r ihydroxy base-containing 
ceramide and cerebroside were similar to each 
other, the principal constituents being 2-hy- 
droxylignoceric and 2-hydroxybehenic acids. 
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In order to confirm the results, subfraction I 
with Rf:0.4 and II with Rf:0.3 obtained by 
silica gel/borax TLC of  immature soybeans  
were analyzed by GC-MS (7). The data are sum- 
marized in Table 4 (19). A single peak, compris- 
ing C16 hydroxy  acid and sphingadienine, was 
found in fraction I, and five peaks in fraction 
II. The retention time and mass spectrum of  
p e a k 2  were identical with those o f  peak 1, so 
that peak 2 was assumed to be contaminant  
dihydroxy base-containing species, due to the 
incomplete resolution of fractions I and II. 
Peaks 3-6 were identified as t r ihydroxy base- 
containing species combined with hydroxy 
acids of C22.2s. 

To confirm the major molecular species of  
ceramide, t h e  principal ceramide c o m p o n e n t s  
(Rf:0.6)  were converted to tr imethylsilyl  ether  
derivatives and analyzed by GC-MS (Table 5) 
(7,19,20). Five peaks were found, the principal 
species being characterized as N-2 '-hydroxy- 
l ignoceroyl-4-hydroxysphingenine. The result 
was in good agreement with that  deduced from 
the analyses of components  described above. 
The other peaks, also identified as ceramides, 
were composed mainly of 4-hydroxysphing- 
enine and 2-hydroxy acids of  C22.26. 

D I S C U S S I O N  

In this s tudy,  the composit ion of  ceramide 
and cerebroside in immature soybeans was sub- 
stantiaUy the same as that  of  sphingolipids in 
mature seeds. This suggests that  the constitu- 
ents in the two sphingolipids, unlike other lipid 
classes in soybeans (5), hardly changed during 
maturat ion.  

The pnncipal  ceramide in soybean, identi-  
fied as N-2'-hydroxy-l ignoceroyl-4-hydroxy- 
trans-8-~phingenine, was identical with that  of 
Azuki bean ceramide (2). Moreover, the major 
components  in ceramide isolated from alfalfa 
leaves (4) and green bush bean leaves (21) were 
reported to be 4-hydroxysphingenine and 2-hy- 
droxylignoceric acid. Regarding ceramide in 
cereals (rice and wheat) (1,3), we found that 
the principal fatty acid consti tuent was also 
2-hydroxylignoceric acid, but  the predominant  
base "was the saturated homologue (4-hydroxy- 
sphinganine). Thus, in general, plant ceramide 
seems to consist mainly of saturated or 8-un- 
saturated t r ihydroxy bases of  18 carbons and 
2-hydroxy fat ty  acids with longer ca rbon  
chains, particularly C24 acid, so that  the struc- 
ture of plant ceramides are not  unique for plant 
species and organs but  similar to one another.  
2,3-Dihydroxy acids found in soybean ceramide 
have been recognized in rice, wheat and Azuki 
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TABLE 3 

Composition of 2-Hydroxy Fatty Acids Based on Sphingoid Type 
in Ceramide and Cerebroside from Mature Soybean Seeds (%) 
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Ceramide Cerebroside 

Dihydroxy Trihydroxy Dihydroxy Trihydroxy 
2-Hydroxy base-containing base-containing base-containing base-containing 
fatty acid species species species species 

16: 0 92.4 0.4 100.0  2.9 
22:0 0.3 29.9 <0.1 36.3 
23:0 -- 5.7 -- 3.7 
24:0 <0.1 58.2 <0.1 50.6 
25:0 -- 4.6 -- 3.2 
26:0 -- 1.0 -- 3.1 
Others 7.3 0.2 - 0.2 

bean seeds (1-3) and are, there fore ,  p re sumed  
to  be widespread as the minor  c o m p o n e n t  of  
ceramide in higher  plants.  In any case, the  
s te reoconf igura t ion  of  the  h y d r o x y  groups  of  
2 ,3 -d ihydroxy  acids as well as m o n o h y d r o x y  
ones in plant  sphingol ipids  should  be eluci- 
da ted .  

F rom the present  f indings,  the major  s t ruc-  
ture of  cerebroside  in soybean  can be charac- 
ter ized as 1-O-~-glucosyl-N-2'-hydroxy-palmi-  
toyl-trans-4,trans-8-sphingadienine, as in the 
case of Azuki bean (2). The main fa t ty  acid 
(2 -hydroxypa lmi t i c  acid) was ca. 40% in Azuki  
bean cerebros ide ,  whereas  ca. 70% in soybean  
cerebros ide ,  though  the compos i t i ons  of  const i -  
tuen t  sphingoids  in bo th  cerebrosides  were 
similar. Thus,  it  appears tha t  soybean  cerebro-  
side is o f  the ra ther  simple compos i t i on .  

Biogenetically,  ceramide has been proved to  
be the direct  precursor  of  cerebroside in the 
animal tissues. However ,  overall compos i t ions  
of  cons t i tuen ts  in ceramide and cerebroside 
isolated f rom soybean  differed largely f rom 
each o the r ,  as in case o f  Azuki  bean.  This indi- 
cates a complex  metabol ic  re la t ionship be tween  
the two sphingolipids .  However ,  the d thyd roxy  
base- and t r i hyd roxy  base-conta in ing ceramides 
were, respect ively,  highly similar to the  cera- 
mide moiet ies  of  d ihydroxy  base- and t r ihy-  
d roxy  base-containing cerebrosides.  It may 
suggest tha t  the major  d ihyd roxy  base-conta in-  
ing cerebroside  species is syn thes ized  by the 
preferent ia l  g lycosylat ion of  the minor  dihy- 
d roxy  base-containing ceramide species. On the  
o the r  hand ,  sphingoid and fat ty  acid compo-  
nents  in the  ceramide were nearly ident ical  with 
those in phy tog lyco l ip id  obta ined f rom soy-  
beans (22). The cons t i tuen t s  o f  the  ceramide 
moie ty  in phytog lyco l ip id  f rom green bush 
beans leaves were also d i f fe rent  f rom those  in 
their  cerebroside,  and significantly similar to 

those o f  their  free ceramide (21). Thus,  it seems 
to  be general tha t  p lant  ceramide is s t ructural ly  
related more  to phy tog lyco l ip id  than  cere- 
broside.  
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Anatomical Distribution of Sterols 
in Oysters (Crassostrea gigas) 
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ABSTRACT 

Oysters (Crassostrea gigas) contain at least 8 predominant sterols as determined by gas liquid 
chromatography and a modified Liebermann-Burchard reaction. These sterols and the average amount 
found in rag/100 are: C26-sterol (22-trans-24-norcholesta-5, 22-diene-3#-ol), 19.1; 22-dehydro- 
cholesterol, 15. I; cholesterol, 46.8; brassicasterol, 27.2; A5,7-sterols (i.e., 7-dehydrocholesterol) 22.5; 
24-methylenecholesterol 29. l; 24-ethylcholesta-5,22-diene-3~3-ol, 1.2; and 24-ethylcholesta-5-en-3~3-ol, 
12.7. The distribution of these sterols appears uniform (r 2 = 0.938) between 5 major organs of the 
oyster. The percent body mass vs percent total sterols in these 5 organs are: mantle 44.1-41.4; visceral 
mass 30.3-36.7; gills 13.2-11.7; adductor muscle 8.3-3.7; and labial palps 4.2-6.5. The possible sources 
of these sterols are discussed. 
Lipids 17:811-817, 1982. 

Mollusks c o n t a i n  as b r o a d  a d i s t r i bu t ion  of  
s terols  as any  found  in the  an imal  world.  Early 
e x a m i n a t i o n  of  oys ters  (Crassostrea sp) indi- 
ca ted  the  p resence  of  14 d i f fe ren t  s terols  (1-3).  
Recent ly ,  this  n u m b e r  has been  e x p a n d e d  to 
a to ta l  of  39 (4)  in the  Eas te rn  oys ter  (C. 
virginica) by e m p l o y i n g  gas l iquid chroma-  
tog raphy-mass  spec t roscopy  (GLC-MS).  The  
i den t i t y  of  all these  s terols  are progressively 
be ing  c o n f i r m e d  (5,6).  A l t h o u g h  a u n i f o r m  
sterol  c o m p o s i t i o n  in oys te rs  has  n o t  been  
clearly es tabl ished,  suff ic ient  i n f o r m a t i o n  has  
been  available to  use this  class of  l ipid in the  
area of  phy logene t i c s  (7). In mar ine  c rus tacea  
(8)  and ver tebra tes ,  cho les te ro l  p r e d o m i n a t e s  
and  its f u n c t i o n  has  been  e x a m i n e d  and  re- 
viewed extens ive ly  (9).  

The  purpose  or  s ignif icance of a var ie ty  of  
s terols  in mol lusks  is u n k n o w n .  The i r  divers i ty  
does  appea r  to  co r re spond  wi th  the  low level of  
t h e  mol lusk  in the  evo lu t iona ry  chain.  Oys ters  
of  the  Pacific Coast  (C. gigas) are typica l  of  
mol lusks  con ta in ing  such a mix ture .  The  source  
of  these  s terols  is also u n k n o w n .  If  d ie tary  in 
origin,  it cou ld  be specu la ted  t ha t  g rea te r  con-  
c en t r a t i ons  would  be f o u n d  in the  food  trap-  
p ing or  digestive sys tems  (e.g., gills a n d / o r  vis- 
ceral mass)  t h a n  in o t h e r  organs.  Al te rna t ive ly ,  
a lack of  one  or more  s terols  in o t h e r  organs 
would  suggest a n o n n u t r i e n t  r e q u i r e m e n t ,  an 
i m p o r t a n t  obse rva t ion  for oys te r  cu l ture  opera-  
t ions  (10) .  The  presence  of  a u n i f o r m  sterol  

*Author to whom correspondence should be ad- 
dressed. 

1Current address: Department of Food Science 
and Nutrition, Eckles Hall 224, University of Missouri- 
Columbia, Columbia. MO 65211. 

d i s t r i bu t ion  would  ind ica te  a func t iona l ;  and 
possibly  co o rd i n a t ed ,  role for  each. 

The  purpose  of  this  s tudy  was to examine  
the  d i s t r i b u t i o n  of  s terols  in 5 ma jo r  organs of  
the  Pacific oys te r  (C. gigas). 

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

Samples and Lipid Extraction 

Oysters  were ha rves ted  f rom Wflla Bay, WA, 
on  March 29, 1979. Three  large oys ters  were  
dissected i n to  the i r  5 m a j o r  organs (i.e., man t l e ,  
visceral mass, gills, a d d u c t o r  muscle  and labial  
palps)  as dep ic ted  in Figure I. For  compara t i ve  

vi~ ,~al rr~tf, S 

nl~llllh, hlSyll~'~,l, cal 

qtlls ' 

FIG. 1. Pacific oyster, Crassostrea gigas. 
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purposes, 12 oysters each (i.e., composite), of 3 known sterols in oysters was made against pure 
smaller weight groups, were homogenized from silyl ether sterol standards using 5-a-cholestane 
which subsamples were withdrawn. Total lipid (14) to obtain relative retention times (RRT). 
ext'ractions were made of each organ and sub- 
samples of each composite in chloroform/ 
methanol (2: 1, v/v) as described by Folch et al. 
(11). 

Sterol Ouantitation and Qualitation 

Aliquots of the chloroform/methanol  ex- 
tracts containing an estimated 1-3 mg total 
sterols were removed. The extracting solvent 
was removed under a stream of N2, and the 
residual lipids were saponified with 5 ml 1 N 
KOH in 80% ethanol for 30 min at 80C in a 
capped Teflon-lined tube. The tube was cooled 
and 5 ml distilled water and 10 ml heptane 
were added. One ml heptane was transferred to 
a second tube and this solvent was removed 
under a stream of N 2. Glacial acetic acid, 1 ml, 
was a d d e d  and a modified Liebermann- 
Burchard (LB) reaction (12,13) was used to 
quantitate as,7-sterols in the presence of aS 
sterols, as described elsewhere (14). Cholesterol 
and 7-dehydrocholesterol were used as start- 
dards. 

For gas-liquid chromatographic analysis of 
sterols, isolation and identification procedures 
were modeled after Miettinen et al., (15). A 5 
ml aliquot of heptane was removed from the 
saponification reaction evaporated under N2, 
and the residual lipid was applied to a 20 x 20 
cm Silica Gel G thin layer chromatographic 
(TLC) plate. Development was in hexane/ethyl  
e t h e r / g l a c i a l  acetic acid (90:30:1, v/v/v). 
Visualization of the sterol band (RF=0.3) was 
with a brief exposure to iodine vapor. Cho- 
lesterol was used as a standard. 

Sterols were eluted from the absorbent with 
chloroform/methanol  (2: 1, v/v). This isolation 
step results in the loss of LxS,7-sterol(s) pre- 
viously quantitated by the modified LB re- 
action. To the sterols in the chloroform/ 
methanol was added 250 tag 5-a cholestane in 1 
ml heptane. Solvents were removed under N2, 
0.3 ml dry silylating reagent was added, and 
the reaction allowed to stand at room tempera- 
ture (RT) for 30 min. The silylating reagent 
consisted of dirnethylformamide/hexamethyl- 
d i s l a z a n e / t r i m e t h y l c h l o r o s i l a n e  (40:40: 1, 
v/v/v). Sterol silyl ether derivatives were sepa- 
rated on a 2 m x 2 mm (id) glass column con- 
taining 3% SE-30 on 100/120 mesh GAS- 
CHROM Q. A Hewlett-Packard Model 7610A 
gas liquid chromatograph (GLC) was used with 
the foJlowing operating parameters: column 
t e m p e r a t u r e  2 3 0 C  (isothermal), injection 
temperature 300C, and detector temperature 
260C. Identification and quantitation of un- 

RESULTS A N D  DISCUSSION 

There are at least 8 major sterols in Pacific 
Coast oysters (C. gigas). Seven were indicated 
by GLC analysis and the presence of the eighth, 
or class of sterols, was strongly suggested by 
previous investigators (1,4) and by the modified 
LB reaction employed in this study. These 
sterols were C26-sterol (22-trans-24-norcholes- 
terol-5,22-diene-3t3-ol), 22-dehydrocholesterol, 
cholesterol, brassicasterol, zxs,7-sterol(s) (e.g., 
7- d e h y d r o c h ol esterol), 24-methylenecholes- 
terol, 24-ethylcholesta-5, 22-diene-3~-ol and 
24-ethylcholesta-5-en-3t3-ol. At least 3 other 
sterols are believed present in oysters, des- 
mosterol, fucosterol and isofucosterol, but they 
could not be separated and, thus, quantitated 
by the GLC system employed. Desmosterol 
would be included with the brassicasterol peak 
and fucosterol and isofucosterol, if present, par- 
tition with 24-ethyl-cholestra-5-en-3t3-ol. The 
quantitation and identification of A s,7-sterols 
presents a unique problem. This class of sterols 
is believed to be oxidized easily (16) and sub- 
sequently lost. By employing a modified LB re- 
action, the presence of Lxs,V-sterol(s) was indi- 
cated, and as a class they were quantitated. 
Al though 7-dehydrocholesterol is the only 
Lxs,7-sterol suggested in this investigation, it 
was initially reported (4) that there may be as 
many as 7 As,7-sterols in Eastern oysters (C. 
virginica). The identity of these seven Lxs,7 
sterols has subsequently been accomplished by 
Teshima and Patterson (5). The 7 Lxs,7-sterols 
are :  22-trans-24-norcholesta-5,7,22-trienol; 
c h ol e s t a- 5 ,7 ,2  2- trienol; cholesta-5,7-dienol; 
2 4- m e t hy  lcholesta-5,7,22-trienol; 24-methyl- 
ch o l e s t a -  5,7-dienol; 24-ethylcholesta-5,7,22: 
trienol and 24-ethylcholesta-5,7-dienol. Berg- 
mann( l )  lists those zxs,V-sterols that have been 
found in a variety of  mollusks. 

The level of the 8 major sterols in the 5 
anatomical organs of the oyster are listed in 
Table 1. On an individual and total sterol per 
gram basis, there was a wide distribution be- 

tween tlae various organs. When comparing the 
coefficient of variation (CV) for levels of indi- 
vidual sterols in each organ as a percent, except 
for 24-ethylcholesta-5,22-diene-3#-ol and 24- 
ethylcholesta-5:en-3#-ol, the CV ranged only 
between 1 and 4%. This indicated that, al- 
though quantitatively the levels in organs may 
vary, the distribution, and thus ratio of sterols 
to one another, is very uniform. Lack of uni- 
f o r m i t y  in 24-ethylcholesta-5,22-diene-3#-ol 
levels could be due to analytical variation, 
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especially with the small amounts, at times only 
a trace, of this compound detected. As pre- 
viously stated, the 24-ethylcholesta-5-en-3#-ol 
peak quantitated by GLC could contain other 
sterols such as fucosterol and isofucosterol 
which have identical RRT (14). One chromato- 
graphic peak consisting of 3 compounds could 
account for the large variation (5.33+1.07%; 
CV=20%). 

Since the actual stereochemistry of all sterol 
reported in this study was not determined, un- 
equivocal identity cannot be assigned. It can 
only be assumed that 24-ethylcholesta-5,22- 
diene-3#-ol and 24-ethylcholesta-5-en-3#-ol do 
have the 24# configuration, and are the com- 
pounds porifersterol and clionsterol, respec- 
tively. Teshima et al (4) have shown these com- 
pounds predominate in C. virginica. 

Comparing the individual and total sterols in 
the 3 large oysters and 3 composite samples of 
smaller oysters (Table 2), a wide range in total 
sterol levels was observed, 127 to 232 mg/100 
g. Considering the previous variation in total 
sterols, but similarity in proportion of sterols in 
organ~, this large variation between oysters may 
be due to their individual physiological state. A 
similar observation was made by Swift et al. 
(17) with regard to the neutral lipids dis- 
tributed in oysters. Size was found to have no 
significant effect on total sterol or cholesterol 
content (14). Since all samples were obtained at 
the same time, seasonal variation can be dis- 
counted in this study. Sterol levels have been 
reported to change with season (18,19). 

The concentration of sterols per body mass 
(Table 3) was highly correlated (r2=0.938). 
This would indicate that all sterols found in 
oysters are important.  It is beyond this report 
to speculate how these sterols function in one 
or more capacities as structural units in mem- 
branes as hormones, as some type of lipid 
solubilizing or detergent agent, or a pro-vitamin 
D. The two organs most involved with food in- 
take are the gills and visceral mass (20). 

It may be hypothesized that some sterols are 
derived from symbiotic bacteria or algae that 
inhabit the visceral mass and possibly the gills. 
The labial palps, which serve primarily for final 
sorting of food particles and for delivery of 
food to the mouth,  did have a slightly higher 
sterol content  per unit mass than the other 
organs. The lowest sterol content was observed 
in the adductor muscle, the least moroho- 
logically complex. Apparently the mantle does 
not store sterols, although it is the organ hold- 
Lag glycogen and lipid reserves. Considering the 
many differences in the 5 major organs of the 
oysters, it appears that 8, and possibly 11, 
major sterols are uniformly distributed ana all 

may be vital for their proper functioning. 
This study may not have totally described all 

sterols that could exist in oysters (C. gigas) nor 
provided direct information as to their source. 
A recent report (4) indicates that Eastern Coast 
oysters (C. virginica) contain 39 sterols, al- 
though many in very small amounts. It remains 
to be resolved which are essential and typically 
endogenous and those present only in low con- 
centration because they are intermediates ;in 
biosynthetic pathways (6) or result from en- 
vironment. Sterol biosynthesis is active in 
oysters, but to what degree remains unknown. 

Recently it was indicated that 4 major 
sterols are synthesized in the Eastern Coast 
oyster. These are cholesterol, desmosterol, iso- 
fucosterol and 24-methylenecholesterol (21). In 
this same study, starvation of oysters resulted 
in lower levels of brassicasterol and 24-methyl- 
enecholesterol. Thus, although the latter com- 
pounds may be synthesized by the oyster, bio- 
synthesis appears limited and supplementary 
dietary intake is necessary. Brassicasterol is 
abundant  in marine algae (22) and East Coast 
oysters contain a mixture of both the 24S and 
24R epimers (4). 

Two sterols in oysters, and many other mol- 
lusks, are C26-sterol (22-trans-24-norcholesta- 
5,22-diene-3#-ol) and 22-dehydrocholesterol. 
When found, these compounds.generally occur 
together. They are also found in sponges, but in 
few other invertebrates. The significance and 
origin of these two sterols in oysters is the least 
known. 

The presence of ~xs,7-sterols in bivalves has 
long been known and because of their presence, 
these animals were evaluated as a commercial 
source of provitamLa D. Possibly the provitamLa 
is converted to vitamin D to function in the 
visceral mass or mantle. However, there is no 
experimental evidence that the formation of 
vitamin D can occur without a photochemical 
process which is most likely unavailable to the 
oyster. Certain algae synthesize zx s,7-sterols. In 
addition to 7-dehydrocholesterol, ergosterol 
may be a zxs,7-sterol present in Pacific oysters 
derived from algae. Ergosterol, and its isomer 
epiergosterol, were found to be the most abun- 
dant ,x s,7-sterols in C. virginica (5). 

The 24# sterols common in algae (22) are 
found in Eastern oysters (4) and are those sus- 
pected of being present in Pacific Coast oysters. 
However, the sterol, 22-dihydrobrassicasterol 
(24-methylcholesta-5-en-3#-ol) was never de- 
tected in any of the oyster sterol fractions 
examined nor in other mollusks of the Pacific 
Northwest. This "may represent a major differ- 
ence between C. virginica and C. gigas and/or 
habitat. 
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TABLE 3 
Percent Anatomical Distribution o f  Sterols 

in Oysters ( C r a s s o s t r e a  g i g a s /  

Body mass a Total sterols 

Mantle 44.1 41.4 
Visceral Mass 30.2 36.5 
Gills 13.2 11.7 
Adductor muscle 8.3 3.7 
Labial palps 4.2 6.5 

aMean value o f  3 oysters, avg wt  66+1 g. 

Fucosterol is reportedly found only in 
brown algae (Phaeophyta) which may be con- 
sidered the only source of  this compound (21). 
On very tenuous evidence, based on theix 
p r e s e n c e  and accumulation, poriferosterol, 
clionasterol and fucosterol may be required by 
the oyster, albeit at unknown levels. 

The distribution of  major sterols between 
Eastern Coast and Pacific Coast oysters is pre- 
sented in Table 4. The analytical methodology 
employed by Teshima et al. (4) allowed for a 
more complete sterol analysis of  the Eastern 
Coast oysters than was accomplished with 
Pacific Coast oysters. However, there appears to 
be a great deal of similarity between results of 
this study and those of  Teshima et al. for Eas- 
tern Coast oysters examined from a variety of 
locations (23). 

Comparing anatomical distribution of sterols 
in oysters with known requirements for these 
compounds and their presence in the ocean 
environment may help in meeting the nutri- 
tional needs of  these biovalves under aqua- 
cultural conditions. 
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ABSTRACT 

Six species of phytoplankton, Pseudoisochrysis paradoxa, lsochrysis golbona, Monochrysis lutheri, 
Platymonas suecica, Thalassiosira fluviatilis and a Chaetoceros species, were cultured in the laboratory 
and their sterol contents analyzed utilizing digitonin precipitation, thin layer and gas chromatography 
and gas chromatography-mass spectrometry. A total of 7 sterots were found in phytoplankton. The 
occurrence of these sterols, cholest-5-en-3#-ol, cholest-5,22-dien-3#-ol, 24-methylcholesta-5,24(28)- 
dien-3#-ol, 24-methylcholest-5-en-3#-ol, 24-methylcholesta-5,22-dien-3/~-ol, 24-ethylcholest-5-en-31~-ol 
and 24-ethylcholest-5,22-dien-3#-ol, differed significantly among the various phytoplankton species. 
Cultures of P. paradoxa biosynthesized both of the sterols found in this species when incubated in 
the presence of 14C- or 3H-mevalonic acid for 0.5-9 days. These sterols were cholesterol and 24- 
methylcholesta-5,22-dien-3/~-ol. Since 5 of the sterols found in the phytoplankton commonly occur in 
mollusks which feed on phytoplankton, it is likely that at least some of the tissue sterols in mollusks 
are of dietary origin. 
Lipids 17:818-824, 1982. 

INTRODUCTION 

Many species of marine filter feeders con- 
sume phytoplankton as a major nutrient source 
(1). Their fatty acid composition, rich in to-3 
fatty acids, is mirrored by a similar fatty acid 
composition in animals higher on the food 
cha in :  marine invertebrates, fish, and sea 
mammals. 

Certain shellfish (clams, oysters, scallops), 
which are filter feeders, have been found to 
contain many other sterols besides cholesterol, 
but their origin remains obscure (2-5). Because 
of the absence or low levels of cholesterol bio- 
synthesis in shellfish (6-9), we have hypothe- 
sized that dietary sterols from phytoplankton 
must play an important role in meeting the 
sterol needs of these shellfish. Indeed, we-re- 
cently have shown the active absorption of 
dietary cholesterol and plant sterols by the 
Florida land crab (10). 

In the present study, we consider the ques- 
tion of whether phytoplankton could synthe- 
size both cholesterol and the several other 
sterols observed in clams, oysters and scallops. 
Secondly, were the noncholesterol sterols of 
phytoplankton similar to the sterols found in 
these mollusks? Our findings indicate that the 

IResearch trainee, HL 07295-02,  National Heart, 
Lung and Blood Institute. 

2Current address: Northwestern Aquatic Sciences, 
Inc., Marine Research Laboratory, PO Box 1437, 
Newport, OR 97365. 

different species of phytoplankton studied con- 
rain many of the sterols identified in mollusks 
(clams, oysters and scallops) and could logically 
be considered their dietary sources of  sterols. 
Active sterol synthesis was demonstrated in the 
phytoplankton, Pseudoisochrysis parodoxa. 

METHODS AND MATERIALS 

Phytoplankton Cultures 

The following phytoplankton species were 
cultured: chrysophytes, P. paradoxa, Isochrysis 
galbana, and Monochrysis lutheri; the chloro- 
phyte, Platymonas suecica; and the diatoms, 
Thalassiosira fluviatilis and Chaetoceros sp. 
Inoculates from pure cultures, maintained at 
the Oregon State University Marine Science 
Center aquaculture laboratory, were succes- 
sively cultured in 250 ml, 3 and 18 liters vol- 
umes for from 10 to 15 days at each step. 
Cultures were maintained under constant light 
(300-600 foot-candles), at a temperature of  
18-+1.0C, and, except for the diatom cultures, 
were aerated with filtered oil-free compressed 
air through glass tubes of ca. 5 mm inside 
diameter. 

Algae were cultured in seawater that was fil- 
tered to a final particle size of  0.3 tLm, sterilized 
by a combination of chlorination and ultra- 
violet light treatment,  and dechlorinated by 
passing through a column of activated charcoal 
8 cm in diameter by 2 m in length at a rate of I 
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liter/min. Nutrients, trace metals and vitamins 
were supplied to each culture at f'mal concen- 
trations of: NaNO3, 150 mg/l; NaH2POa'H20, 
10 mg/1; CuSO4"SH20, 1.96 ug/1; ZnSO4"7H20, 
4.40 ugh; CoC12"6H20, 2.00 ugh; MnC12"4H20, 
36.0 ug]l; Na2MoO4"2HzO, '1.26 ug/l; ferric 
sodium salt of  EDTA, 10 rag/l; biotin, 1 ug/1, 
vitamin Bl2, 1 ug/1; and thiamine hydrochloride,  
200 ug/l (11). Diatom cultures contained 30 
ug/l of Na2SiOy9H20 in addit ion.  

Chemical Analysis and Identification of Sterols 

The algal cells were collected from the final 
18 liters cultures by centrifugation in a Sorvall 
continuous flow centrifuge and dried overnight 
at 80C. The lipids in a weighed port ion of the 
d r i e d  phy top lank ton  were extracted with 
chloroform/methanol  (12). An aliquot of  the 
lipid extract was saponified using alcoholic 
p o t a s s i u m  hydroxide.  The nonsaponifiable 
material was extracted with hexane and dried 
under nitrogen. Sterols were precipitated with 
digitonin (13). The precipitate was washed with 
diethyl ether and dried. The sterols were re- 
covered by dissolving the digitonide precipitate 
in pyridine and extracting the free sterols with 
diethyl ether. The ether extract was dried under 
vacuum over concentrated Hz SO4. 

The digitonin precipitable sterols were con- 
verted to tr imethylsilyl  ether derivatives and 
subjected to gas chromatographic (GC) analysis 
using an instrument equipped with a hydrogen 
flame ionization detector  (Perkin Elmer Sigma 
3B Gas Chromatograph).  The conditions used 
for these analyses were as follows: The column 
was a fused silica capillary coated with SE-30. 
The instrument was operated with a helium 
flow rate of 60 ml/min and 80 psi head pres- 
sure at a temperature of 280C (injection port  
3 0 0 C ,  flame detector  300C). A Hewlett- 
Packard model  3390A integrator was used to 
obtain the retention time and peak area of  each 
compound.  

For  further purification and identification, 
the digitonin precipitable sterols were subjected 
to thin layer chromatography (TLC) using two 
systems. The first TLC system employed Floro- 
sil plates and heptane/e thyl  ether (45:55) as 
eluting solvent. All the sterols migrate as fast as 
cholesterol in this system. The second TLC 
system used silver nitrate impregnated Florisil 
plates with chloroform/acetone ( 9 7 : 3 ) a s  sol- 
v e n t .  24-  M e thyl-cholesta-5,24(28)-dien-3#-ol 
(24-methylene cholesterol) migrated slower 
and thus was separated from the other sterols. 
The sterols recovered from TLC were analyzed 
by  gas chromatography-mass  spectrometry 
(GC-MS) using a Varian Aerograph 2700 gas 

c h r o m a t o g r a p h  c o u p l e d  with a Dupont  
21-491B mass spectrometer  (14,15). The GC 
column (4 ft x 2 mm id) was packed  with 
SP2250 (Supelco, I% on 100-120 mesh Supel- 
coport).  The operating condit ions were: col- 
umn temperature,  275C; injection port  tem- 
perature, 290C; detector  temp, 250C; injection 
volume, 1-2 ul; carrier gas (helium) flow rate, 
40 ml/min. Sterols emerging from the GC col- 
umn were monitored by flame ionization and 
mass spectra were recorded. Quantities of  
sterols in the various phytoplankton  were deter- 
mined from GC data using authentic standards 
of the sterols for calibration, as described pre- 
viously (16,17). Cholesterol-4-C14 was used as 
the internal standard to moni tor  the recovery. 
Authentic samples of the sterols were obtained 
from the following sources: cholesterol (cho- 
lesta-5-en-3#-ol) was purchased from Applied 
S c i e n c e  Laboratories ,  State College, PA). 
Campesterol (24-methylcholesta-5-en-3#-ol), 
stigmasterol (24-ethylcholesta-5,22-dien-3#-ol), 
s i t o s t e r o l  (24-ethylcholesta-5-en-3#-ol), and 
b r a s s i c a s t e r o l  (24-methylcholesta-5,22-dien~ 
3#-ol) were purchased from Supelco, Inc., Belle- 
fonte, PA. The 22-dehydrocholesterol  (cholest- 
5,22-dien-3#-ol) and 24-methylene cholesterol 
(24 -  m e thylcholesta-5,24(28)-dien-3#-ol) were 
isolated from oysters in our laboratory.  

Sterol Biosynthesis in Phytoplankton 

The chrysophyte,  P. paradoxa, was selected 
for studies of sterol biosynthesis from radio- 
labeled mevalonic acid. Nineteen liter cultures 
were started in 5-gallon glass carboys by the 
addition of a 3-liter inoculum from growing 
laboratory stocks of the algae. Culture con- 
ditions were as previously described (14). In 
several separate experiments,  each culture was 
injected with up to 10 ml of  the free form of  
mevalonic acid-2-14C (6.33 MCi/MM, New 
England Nuclear Corp., Boston, MA) or meva- 
Ionic acid-2-aH, (176 MCi/MM, Amersham 
Corp., Arlington Heights, IL) dissolved in sterile 
saline. The injected radioactivity was 10 uCi 
and 50 uCi, respectively, for the two isotopic 
forms of  mevalonic acid. Individual algal cul- 
tures were collected by centrifugation at vari- 
ous times ranging from 12 hr to 9 days after 
culture initiation and dried at 80C in prepara- 
tion for chemical (see above) and radiochemical 
analyses. 

Radiochemical Analyses 

There were two sterols (cholesterol and 
24-methylcholesta-5,22-dien-3#-ol) found in P. 
paradoxa which will be reported subsequently. 
For  the determinat ion of  the radioactivity in 
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these sterol fractions, the digitonin precipitable 
sterols were acetylated and separated by thin 
layer argentation chromatography (18). The 
mass of the individual sterol was determined by 
GLC as described previously. Its radioactivity 
was determined by dissolving the sample in 10 
ml of scintillation mixture (4 g of 2,5-di- 
phenyloxazo le  and 0.1 g of  1,4-bis-(2-[5- 
phenyloxazolyl]  )-benzene in 1 li ter of toluene) 
and counting in a Packard Tri-Carb liquid scin- 
tillation spectrometer  (model 3380, Packard 
Co., Downers Grove, IL) with an efficiency of 
87% of 14C and 41% for 3H. 

RESULTS 

Sterol Composition in Different Species of Phyto- 
plankton 

The sterols of 6 species of cultured phyto- 
plankton were isolated by digitonin precipi- 
tat ion and TLC and were analyzed by GC and 
by GC-MS. Relative gas chromatographic re- 
tent ion times for the 7 different sterols found 
to occur in the phytoplankton  examined and 
structurally significant ions which occur in the 
sterol mass spectra are recorded in Table 1. 
Assignments of  structures for the 7 sterols 
found (A-G, Table 1) were accomplished by 
comparison of  GC and GC-MS characteristics 
with those obtained using authentic standards. 
These data serve to establish the composit ion of 
the sterols, the numbers and sites of  unsatu- 
ration and the nature (methylene,  methyl  or 
ethyl) of substituents occurring at C-24. The 
configurations of substituents at C-24 were not 
assigned (19,20). 

The phytoplankton  species studied and the 
sterol composit ion found in each one are noted 
in Table 2. There were large differences in 
sterol composi t ion in the different species. The 
sterol content  varied from only 2 sterols in P. 
paradoxa to 6 different sterols in Chaetoceros. 
The sterol concentrat ion was lowest in Chaeto- 
ceros (0.50 mg/g dried wt) and highest in M. 
lutheri (7.97 mg/g dried wt). 24-Methylcho- 
lesta-5,22-dien-3#-ol was the predominant  sterol 
in P. paradoxa and /. galbana. 24-Methylcho- 
lesta-5,24(28)-dien-3fl-ol (24-methylene cho- 
lesterol) was the predominant  sterol in T. flu- 
viatilis and P. suecica and the 24-ethylcholest- 
5-en-3#-ol was the major sterol in M. lutheri and 
Chaetoceros. These differ from red and brown 
algae which have, respectively, cholesterol and 
fucosterol as predominant  sterols (21). 

Sterol Biosynthesis in Phytoplankton 

Three separate incubation experiments were 
c o n d u c t e d  employing mevalonic-2-H3 acid 

(experiments 1 and 2) and mevalonate-2-C 14 
acid (experiment 3) with pure cultures of P. 
paradoxa. High concentrations of radioactivity 
(as high as 32,350 dpm/g dried wt or 19,606 
dpm/mg sterol) were found in the digitonin 
precipitable sterol fraction in experiment 3. 
This indicated biosynthesis of  sterol was occur- 
ring in these actively growing phytoplankton  
cultures (Table 3a). Lesser incorporat ion was 
observed in experiment 1. This may be due to 
the natural variation of the cultures. Neverthe- 
l e s s ,  s ignif icant  radioactivity levels (1925 
dpm]mg dried wt or 1119 dpm/mg sterol) were 
detected in the sterol fraction of this experi- 
ment  as well. In these multiple experiments,  the 
spec i f ic  radioactivity of 24-methylcholesta- 
5,22-dien-3a-ol peaked between 2 and 6 days of 
incubation. The averaged sterol content  was 
1.51 mg/g dried algae in experiment  1, 2.36 
mg/g dried wt in experiment 2, and 1.16 mg/g 
dried algae in experiment 3. Since a minute 
amount of  cholesterol was present in this 
species of phytoplankton  in addit ion to  the 
major component  of 24-methylcholesta-5,22- 
dien-3fl-ol, we have separated these 2 com- 
ponents in the 5 samples of  experiment 2 and 
determined their mass and radioactivity (Table 
3b). A preponderance of the radioactivity re- 
sided in the molecule of 24-methylcholesta- 
5,22-dien-3fl-ol. Radioactivity was also found in 
cholesterol in low quanti ty so that the accuracy 
about its absolute radioactivity is less certain. 

DISCUSSION 

Despite the importance of  phytoplankton  as 
the cornerstone of  the ocean food chain, rela- 
tively little information about their sterol con- 
tent is available (7). In the present study, we 
cultured 6 species of phytoplankton  and ana- 
lyzed their sterol composition. Seven sterols 
were identified (Tables l and 2). These in- 
cluded cholesterol, 22-dehydrocholesterol and 
24-methylene cholesterol, the major sterols 
present in shellfish, for example the oyster,  
clam and scallops (2-5). Cholesterol was also 
found in diatoms Nitzschia longissima, Nitz- 
s ch ia  frusticulum, Daganmena pamila and 
Dhaetoceros simplex calcitrans (7). Orcutt  and 
Patterson reported the presence of  significant 
amounts of  22-dehydrocholesterol  (33% of 
total sterol) in diatoms N. ovalis (7). 24-Methyl- 
ene cholesterol was detected in diatoms Chaeto- 
ceros simplex calcitrans (7), and in nonphoto-  
synthetic diatom Nitzschia alba (22). The other 
4 sterols that  we found in the phytoplankton  
were C2s and C29 sterols with methyl or ethyl 
groups at the 24 position. These sterols have 
structures similar to campesterol,  brassicasterol, 
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TABLE 2 

Sterol Composition of Six Phytoplankton Species and One Clam Species 
(mg/g dry wt) 

Species of  24-Me-5, 24-Ethyi 24-Ethyl 
phytoplanktorr 5-ene a 5,22-Diene 5,24-Diene 24-Me-5-ene 22-diene -5-ene 5,22-diene Total 

(A) (B) (C) (D) (E) (F) (G) 

Pseudoiso. 
chrysis 
paradoxa 0.05 2.27 2.32 

lsochryM3 
galbana 0.02 0.01 0.01 2.35 0.03 2.42 

Thalassiosira 
fluPiatBus 0.25 0.58 0.06 O. 11 1.00 

Monochrysis 
lutheri 0.01 1.31 5.84 0.81 7.97 

Piarymonas 
,~uecica 0.01 0.54 0.51 1.06 

Chaetoceros 0.02 0.02 0.01 0.19 0.06 0.20 0.50 

Species of  
mollusk 

Clams b 2.18 0.71 1.08 0.84 0.22 5.03 

aSterols as listed in Table 1. A=cholest-5-en-313.ol. B=cholest-S,22-dien-3~-ol. 
C=ergosta- 5,24(28)-dien-3~-ol. D=24-methyi-cholest- 5-en- 3~-oI. E=24-meth yl-cholesta- 5,22-dien- 31ff-ol. 
F-: 24-e thyl-ch olest- 5-en- 3/3-ol. G=24-ethyl-ch olest- 5,22-dien- 3/~-ol. 

bCockle clam, Clinocardium nuttalli (ref. 3). 

TABLE 3a 
Biosynthesis of  24-Methylcholesta-5,22-dien-3/I-oi a 

From Radioactive Mevalonic Acid in the Phytoplankton P. paradoxa 

Days of  
incubation 

0.5 
1 
l.S 
2 
3 
4 
5 
6 
9 

Experiment 1 Experiment 2 
Sterol b Sterol Sterol Sterol 

Sterol radio- specific Sterol radio- specific Sterol 
content activity activit_..__y_y content activity activity content 

(mg/g (dpm/g (dpm/mg (mg/g (dpm/g (dpm/mg (mgfg 
dried wt) dried wt) steroi) dried vet) dried wt) sterol) dried wt)  

0.74 296 400 
1.60 734 459 2.16 7,066 3,271 
2.00 883 441 
1.72 1925 1119 2.38 21,029 8,835 

1.97 15,041 7,635 
2.43 15,792 6,499 
2.87 7,740 2,697 

Experiment 3 
Sterol Sterol 
radio- specific 
activit] activity 

(dpm/g (dpm/mg 
dried wt)  sterol) 

1.06 9,892 9,332 

1.65 32,350 19,606 
0.76 12,388 16,300 

aThe major sterol identified, in P. paradoxtt 
bTotal radioactivity of  24-methylcholesta-5,22-dien-3~-ol (major) and cholesterol (minor). See text and Table 3b. 
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TABLE 3b 

Sterol Biosynthesis from Radioactive Mevalonic Acid in the Phytoplankton P. paradoxa. 

823 

Sterol content (mg/g dried wt) 
Sterol radioactivities 

(dpm/g dried wt) 
Sterol specific activities 

(dpm/mg sterol) 

24-Methyl- 24-Methyl- 24-Methyl- 
Days o f  cholesta-5, cholesta-5, cholesta-5, 

incubation Cholesterol 22-dien-3/~-ol Cholesterol 22-dien-3/3-ol Cholesterol 22-dien-3~-ol 

1 0.05 2.12 281 6,698 5,620 3,159 
2 0.03 2.41 240 21,089 8,000 8,751 
3 0.03 2.03 283 14,893 9,433 7,336 
4 0.02 2.40 204 14,695 10,200 6,122 
5 0.02 2.88 157 7 ,525 7 ,850  2 ,612 

stigmasterol and ~-sitosterol, except that the 
configuration of  substituents on C-24 was not 
assigned. Although campesterol, brassicasterol, 
stigmasterol and ~-sitosterol have been reported 
in shellfish (3-5), in these studies also, the abso- 
lute configuration of  the C-24 substituents was 
not definitely established. Nevertheless, in view 
of the low sterol synthetic rate in shellfish 
(6-9), and the finding of these major marine 
sterols and the other structurally similar sterols, 
further support is gained for the suggestion that 
phytoplankton may play in important role in 
supplying the sterol requirements for marine in- 
vertebrates. A possible dietary contribution to 
provide for the sterol needs of mollusks has also 
been suggested by others (7,8). 

It is interesting to note the variety of sterols, 
both in quantity and quality, found in the dif- 
ferent species of phytoplankton studied (Table 
2). P. paradoxa only has 2 sterols, whereas 
Chaetoceros contain 6 different sterols. The 
sterol concentration of  Chaetoceros was 0.50 
mg/g dried wt and that of  M. lutheri was 18 
times higher, 7.97 mg/g dried weight. 24- 
Methylcholesta-5,22-dien-3/~-ol accounted for 
98% and 97% of the sterols in P. paradoxa and 
L galbana, respectively. In T. fluviatilis and P. 
sueciea, 24-me thylch olesta-5,24(28)-dien-3a-ol 
(24-methylene cholesterol) was the major 
sterol, contributing 58% and 51% of total 
sterols, respectively. The major sterol in M. 
lutheri and Chaetoceros was 24-ethylcholesta- 
5-en-3#-ol (73% and 40% of total sterols). Or~ 
cutt and Patterson found that in the diatoms 
Nitzschia frustulum, 24a-methylcholesta-5,22- 
dien-3#-ol was the major sterol at 54% (7). 
24-M e t h y l  ch ol es t  a-5,24(28)-dien-3~-ol (24- 
methylene cholesterol) was reported to con- 
tribute 40% of the sterols in C. simplex calci- 
trans (7) and is the only sterol in the nonphoto- 
synthetic diatom N. alba (22). Boutry and 
Jacques observed that the sterols from a natural 
sample of phytoplankton consisted of about 
75% cholesterol (7). These data clearly demon- 
strate that there are wide variations in sterol 

pattern in the phytoplankton. The factors 
governing the sterol content  and composition in 
different species of phytoplankton generally 
remain obscure. However, Boutry et al. have 
shown that both sterol composition and con- 
tent vary with different light conditions (23). 

While the pathway of sterol biosynthesis has 
been studied extensively in vertebrates and to a 
lesser extent  in invertebrates, there is no infor- 
mation concerning the biosynthesis of sterols in 
m a r i n e  p h y t o p l a n k t o n .  Incorporation of 
C14-1abeled bicarbonate into lipids by phyto- 
plankton has been previously reported (24). 
However, individual lipid classes were not iden- 
tified. In the present study, we incubated iso- 
topic mevalonic acid with cultured phyto- 
plankton P. paradoxa for 0.5-9 days. Active 
sterol synthesis was demonstrated by the pres- 
ence of  large amounts of  radioactivity in the 
digitonin precipitable sterol fraction. 

Our data indicated the biosynthesis of  the 
two sterols found in this species: cholesterol, a 
minor component,  and 24-methylcholesta-5,22- 
dien-3B-ol, which was the major sterol com- 
ponent. Perhaps these 2 sterols are synthesized 
via 2 slightly different pathways (22) or there 
may be interconversion of these two sterols. 
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Quantitative Measurement of Prostaglandins E 2 and E 3 
by Selected Ion Monitoring 

ALDO FERRETTI,*  VINCENT P. FLANAGAN, and JOHN M. ROMAN, Agricultural 
Research Service, Beltsvi//e Human Nutrit ion Research Center, L ip id Nutrit ion Laboratory, 
BelPsville, MD 20705 

ABSTRACT 

A method for the simultaneous quantitative analysis of prostaglandin E 2 (PGE2) and PGE 3 is 
described. The PG were analyzed by selected ion monitoring as the methyl ester-TMS ether derivatives 
of PGB 2 and PGB3, respectively. The internal standard for the quantification of both species was 
[3,3,4,4-2H4] PGE 2. A linear response over the range 0.6-50 ng (1.7-143 pmoles) was demonstrated 
for PGE 3. The chromatographic conditions used (2% SP-2330 column) afforded nearly baseline sepa- 
ration of the prostaglandins. New standard curves for PGE 3 must be developed each time the ion 
source parameters are changed. In a typical calibration run, the instrumental precision, expressed as 
coefficient of variation, ranged from 1.1 to 7.2% for PGE 2 (3 to 100 ng injected) and from 1.6 to 
11.1% for PGE 3 (1.5-50 ng injected). The method was applied to the PG analysis of rat renomedullary 
tissues. The recovery of synthetic PGE 2 added to medullary homogenates was 100.5+1.7% (mean + 
SEM, n = 9), and the recovery of PGE 3 was 91.3+1.4% (n = 9). 
Lipids 17:825:830, 1982. 

Th rombo t i c  tendencies  and incidence of  
myocardia l  infarc t ion are lower  in Greenland 
Eskimos than in people  subsisting on a Western- 
type diet (1,2). These effects  were associated 
with dietary 5 ,8 ,11,14,17-eicosapentaenoic  acid 
(20:5va3,  EPA) which is present  in large 
amounts  in the Eskimos '  diet. Al though the 
detailed biochemical  mechanism (or  mecha- 
nisms) producing  those effects  are still a ma t t e r  
of  controversy ,  E P A -  which replaces the co6 
f a t t y  a c i d s  ( p r i m a r i l y  arachidonic acid, 
20:4 to6)  in tissue l i p i d s -  apparent ly  does af- 
fect the qual i ta t ive and quant i ta t ive  p roduc t ion  
of  prostaglandins (PG), including a shift  f rom 
the 2- to the 3-series PG. The physiological  ef- 
fects of  the PG metabol ism thus altered would  
be reduced platelet  aggregability and a less 
th rombogenic  state (3,4). Results of  a recent  
animal s tudy conduc ted  in our  laborator ies  (5) 
conf i rmed previous results (6,7) as to the abil- 
i ty of  dietary co 3 fat ty acids to depress the bio- 
synthesis of  PGE 2 and PGF2a  in vitro. Fur ther-  
more,  endogenous  e icosapentaenoic  acid o f  
dietary origin is conver ted  in vi tro to prosta- 

*Author to whom correspondence should be 
addressed. 

Abbreviations: PG, prostaglandin(s); ME, methyl 
ester; TSI, trimethylsilylmidazole; SIM, selected ion 
monitoring. 

glandin E 3 (PGE3) (8). Thus,  studies of  essen- 
tial fa t ty  acid metabol ism in animals and 
humans  of ten require the measurement ,  in se- 
lected biological  systems, of  PG metabol i tes  of  
arachidonic  acid and EPA, e.g. prostaglandin E 2 
(PGE2) and PGE3, respectively. To our  knowl-  
edge, a m e t h o d  for the quant i f ica t ion  of  PGE3,  
alone or  together  wi th  PGE2,  by selected ion 
moni to r ing  (SIM) has not  been reported.  We 
n o w  r e p o r t  t h e  s u c c e s s f u l  u se  o f  
[3 ,3 ,4 ,4 -2H4]PGE 2 as internal s tandard for the 
s imultaneous measurement  of  PGE 2 and PGE 3. 
The m e t h o d  was validated and applied to the 
analysis of  renomedul la ry  homogena tes  ob- 
tained f rom rats which had been fed a fish oil 
diet. 

EXPERIMENTAL 

Glassware and Materiels 

All analytical operat ions  were done in silan- 
i z e d  g l a s s w a r e .  P G E  2 ,  P G E 3 ,  a n d  
[3 ,3 ,4 ,4 -2H4]PGE 2 were provided by Dr. J. 
Pike and Dr. U. Axen of  the Upjohn  Co. All 
solvents were analytical  grade and redistilled 
before  use. Diazomethane  was prepared f rom 
N - m  e t h y l - N - n i t  r o s o - p - t  o l u e n e s u l f o n a m i d e  
(Aldrich Chemical  Co., Milwaukee, WI) and co- 
disti l led with diethyl  ether.  Trimethylsi lyl-  
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826 METHODS 

imidazole (TSI) was purchased from Pierce 
Chemical Co., Rockford, IL, and Lipidex-5000 
from Packard Instrument Co., Downers Grove, 
IL. Kidney medullae were recovered as de- 
scribed (5) from rats fed a fish oil-containing 
diet. The tissues were incubated and supplied 
frozen by Dr. N.W. Schoene of our laboratory. 

gan) modular electronic programmer for se- 
lected ion monitoring, and the signals were fed 
to a Rikadenki 4-channel pen recorder. The 
ions selected were: m/z 325 and m/z 353 for 
monitoring [2H4]PGE2; m/z 321 for PGE2; 
and m/z 349 for PGE 3. Peak heights were used 
for quantitative measurements. 

Derivatization of Prostaglandins 

Evaporations prior to derivatizations were 
conducted under a stream of dry N 2 at room 
temperature. Methylations were done with ex- 
cess CH2N 2 in diethyl ether/MeOH. The 
methyl esters (ME) of PGE were converted to 
the ME-TMS ether derivatives of their PGB 
counterparts by action of TSI in piperidine 
(1:1) according to a published procedure (9), 
and analyzed by GC-MS. 

Lipidex-5000 Column Chromatography 

Lipidex-5000 liquid-gel chromatography was 
carried out in glass columns (300 x 10 mm id) 
equipped with a solvent reservoir and a Teflon 
valve. Lipidex-5000 was sonicated and equili- 
brated for 1 hr in heptane/chloroforrn (7: 3, v/v), 
which was also used as the eluent. The columns 
were packed under gravity flow to a height of 
200 mm; flow rate was 0.25 ml/min, at 25-+1 C. 
The columns, which were never allowed to dry 
out, were rinsed after use with heptane/chloro- 
form (7:3, v/v) until  pure solvent emerged and 
wer~ used repeatedly. 

Preparation and Analysis of Rat Kidney Medullae 

Detai/s of rat feeding protocol, tissue hand- 
ling, and sample preparation for GC-MS analysis 
were reported previously (8). The wet weight of 
each medulla ranged from 20 to 30 mg. The 
concentrations of PGE 2 and PGE 3 in the kid- 
ney homogenates were calculated by linear re- 
gression analysis using the parameters of cali- 
bration curves developed on the same day 
under identical instrumental conditions (vide 
infra). 

Instrumental Conditions 

The GC-MS system we used was a Finnigan 
3200F with an all-glass jet molecular separator. 
The glass columns, 1.50-m long x 2 mm id, 
were treated with dimethyldichlorosilane and 
packed with 2% SP-2330 on 100-120 mesh Gas 
Chrom Q. Temperatures were: injector, 235C; 
column, 225C; separator, 230C. The carrier gas 
(He) was supplied at a head pressure of 1.26 
kg/cm 2, and the flow rate was about 20 
ml /min  The mass spectrometer was operated 
at 70 and 40 eV, and the electron multiplier 
was set at 1.7 kV. We used a PROMIM (Finni- 

RESULTS 

Mass Spectra 

The quadrupole mass spectra of the ME-TMS 
e t h e r  d e r i v a t i v e s  of  PGB2, PGB3, and 
[3,3,4,4-2H4]PGB 2 obtained by derivatization 
of their PGE counterparts were published pre- 
viously (8, l 0). 

Determination of Standard Curves 

When a single standard curve for PGE 3 was 
determined at 70 eV, the plot response ratio 
(349/325) vs ng PGE 3 injected followed the 
equation Y = 0.193 X-0.004, with R = 0.9958. 
Figures 1 and 2 show simultaneous calibration 
curves for PGE 2 and PGE 3 developed by use of 
physically different ions sources and different 
ion source parameters. In all cases, 20 ng con- 
stant amount of [3,3,4,4-2H4]PGE 2 internal 
standard was used in each injection. The linear- 
ity ranges extend, on both upper and lower 
end, well beyond the levels of prostaglandins 
which are likely to be injected during the analy- 
sis of biological samples. 

Instrumental Precision 

Properly conditioned SP-2330 GC columns 
at 225C afforded nearly baseline separation of 
derivatized PGE 2 and PGE 3. This situation 
existed throughout the acquisition of cali- 
bration, recovery, and accuracy data reported 
here. Figure 3 shows a typical selected ion 
chromatogram of derivatized renal medullary 
PGE fraction from a Lipidex-5000 column. The 
data of Table I, from one of the simultaneous 
calibrations (see Fig. 2), are typical, and indi- 
cate the instrumental precision at different 
levels of injected prostaglandir/s. 

Recovery, Accuracy, and Precision 

The overall accuracy of the method for 
analysis of rat kidney medullae was assessed by 
plotting ng PG measured vs ng PG added before 
extraction from three separate experiments. 
Thus, in a typical experiment, 4 nonspiked 
medullary homogenates (83.4 mg total wet tis- 
sue), after thawing, were pooled, acidified, and 
spiked with 2 t~g of [2Ha]PGE 2. The mixture 
was then brought to 14 ml with water and 
carefully divided into four 3.5-ml portions. 
Exact and increasing amounts of PGE 2 (100, 
200, and 350 ng) and PGE 3 (50, 150, and 250 
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ng) were added to 3 of the 4 aliquots, and all 4 
were analyzed as described in Experimental. 
The results are shown in Figures 4 (PGE2) and 
5 (PGE3) where the endogenous PG levels 
(measured in the nonspiked aliquot) were sub- 
tracted. Please note that the abscissa values in 
Figures 4 and 5 are slightly offset to avoid ex- 
cessive crowding. The mean amounts of PGE 2 
and PGE a recovered from 9 samples were 
100.5-+1.7% and 91.3-+1.4%, respectively. The 
data of Table 2 indicate the instrumental pre- 
cision for one of the three recovery experi- 
ments described above. 

M/Z353~_._~ 
349~--'-------~ 

5 2 5 ~ - - - - - -  

< TIME 321~ O 

/d 4 

FIG. 3. Selected ion profiles of a derivatized reno- 
medullary PGE fraction (plotted at different sensitivi- 
ties). The major peaks of the m/z 325 and m/z 353 
lines represent the internal standard. 

DISCUSSION 

This study was conducted over a period of 
several months during which the ion source had 
to be reconditioned a few times. Source 
parameters were adjusted to optimize sensi- 
tivity, resolution and peak shape. The choice of 
the ionizing energy (40 eV or 70 eV) depended 
on which value produced the highest intensity 
of the ions being monitored. The ions at m/z 
321 and m/z 325 (8,10) correspond to the 
[M-(CsH 11+CO)] + fragment of the ME-TMS 
derivatives of PGB 2 and [2H4]PGB2, respec- 
tively. The m/z 349 ion in the spectrum of 
PGB3-ME-TMS (8) arises from allylic cleavage 
and loss of the [CH2-CH=CH-CH2-CH3]. radi- 
cal at the w-side of the molecule. 

The effects of ion source conditioning and 
of changes of instrumental parameters on the 
slope of PGE 3 standard curves are clearly 
demonstrated by this study (see Results and 
Figs. 1 and 2). Analogous observation was made 
in a previous study (10) in which PGE 1 cali- 
bra t ion curves were based on a constant 
amount  of [2H4]PGE 2. This is to say that 
[2Ha]PGE 2 is not a perfect internal standard 
for quantification of PGE 1 and PGE 3. A prac- 
tical corollary of the above is that PGE3 in bio- 
logical samples must be measured under instru- 
mental conditions that are identical to those 
used in determining the calibration curves. As 
expected, the slopes of PGE 2 standard curves 
are not affected by changes of instrumental 
parameters. 

The m/z 353 ion can be used in place of the 
m/z 325 ion to monitor [2H4]PGE 2. In that 
case, however, the instrumental precision was 
adversely affected, possibly because the m/z 
353 ion represents a smaller - therefore a rela- 

T A B L E  I 
S i m u l t a n e o u s  C a l i b r a t i o n s  (see F igure  2)  

R e s p o n s e  R a t i o s  a n d  I n s t r u m e n t a l  P rec i s ion  

[ I H ]  PGE 2 

ng I n j e c t e d  y--+ SEM a 

100  106 .1  + 0 . 8  
7 0  74 .4  + 2 .7  
50 52.4 + 0 . 3  
30 31.0 +0.3 
2 0  2 0 . 0  4- 0 .6  
10 1 0 . 3 0  + 0 . 1 0  

6 6 . 6 9  4 - 0 . 1 0  
3 3 .05  + 0 . 0 6  

CV b 

1.5 
7 .2  
1.1 
1.9 
6 .0  
1.9 
3 .0  
3 .9  

P G E  3 

ng  In j ec t ed  

5O 
35 
25  
15 
10 

5 
3 
1.5 

~ + SEM a 

14 .34  + 0 . 2 4  
1 0 . 0 9  4- 0 .56  

7 .32  -+ 0 .06  
4 . 4 4  4- 0 . 0 7  
3 .04  + 0 . 1 0  
1 .59 4- 0 .02  
0 .83  4- 0 .01  
0 .44  4- O.Ol 

CV b 

3.3 
11.1 
1.6 
3.1 
6.6 
2.5 
2.4 
4.5 

an=4.  
b C o e f f i c i e n t  o f  v a r i a t i o n  (%). 
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t ively more  var iable  - pe rcen tage  of  the  t o t a l  
i o n i z a t i o n  c u r r e n t  ( s e e  s p e c t r u m  o f  
[ 2 H 4 ] P G E 2 ,  ref. 10). 

The  i n s t r u m e n t a l  p rec i s ion  in d e t e r m i n i n g  
s t anda rd  curves  as well  as in  PG q u a n t i f i c a t i o n  
in  the  b io log ica l  m a t r i x  t ends  to  be u n i f o r m l y  
h igher  wi th  PGE 2 t h a n  wi th  PGE3 (see Tables  1 
and  2). We a t t r i b u t e  t h a t  d i f ference ,  at  leas t  in  
par t ,  to  a d i f fe rence  in e lu t ion  t ime  b e t w e e n  
PGE 3 and  [ 2 H a ] P G E  2 in t h e  GC c o l u m n  
w h e r e b y  m i n o r  changes  in t i m e - d e p e n d e n t  vari-  
a t ions  in i o n i z a t i o n  c o n d i t i o n s  or  ion  d e t e c t i o n  
sensi t ivi ty  are n o t  c o m p e n s a t e d  for  by  a co- 
e lu t ing  in te rna l  s t andard .  This  c o m p e n s a t o r y  
e f fec t  is m o r e  i m p o r t a n t  w i th  p ros tag land ins  
t h a n  w i th  less labi le  species. N o t w i t h s t a n d i n g  

th is  l i m i t a t i o n  and  the  fact  t h a t  [ 2 H 4 ] P G E 2  is 
obvious ly  s o m e w h a t  less t h a n  a pe r f ec t  car r ie r /  
i n t e rna l  s t anda rd  for  PGE 3, the  recovery  curves 
of  Figures 4 and  5 and  the  s ta t is t ics  in  Tables  1 
and  2 ind ica te  t h a t  ou r  m e t h o d  is precise,  re- 
p roduc ib le ,  and  accura te .  

Our  p re sen t  s t udy  d e m o n s t r a t e s  t h a t  p ros ta -  
g landins  E 2 and  E 3 can  be  quan t i f i ed  simul- 
t aneous ly  by use  of  [3 ,3 ,4 ,4 -2H4PGE2 as the  
ca r r i e r / in t e rna l  s t anda rd  w i t h o u t  m u t u a l  intgr-  
ference w i th  a GC sys t em t h a t  a f fo rds  a near ly  
basel ine  s epa ra t i on  (Fig. 3). F u r t h e r m o r e ,  we 
d e m o n s t r a t e d  t ha t  L ip idex -5000  co lumns ,  
wh ich  do  n o t  separa te  PGE 2 and  PGE 3 u n d e r  
the  c o n d i t i o n s  used,  are useful  for  c l eanup  of  
ex t r ac t s  of  k idney  medul lae .  The  m e t h o d  de- 
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FIG. 4. Accuracy and precision: PGE= recovered vs 
synthetic PGE~ which was added to 3 different pools 
of kidney medullae in 3 differeht amounts (100, 200, 
and 350 ng). Endogenous PGE 2 levels were sub- 
tracted. The abscissa values are slightly offset for 
clarity. 
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FIG. 5. Accuracy and precision: PGE 3 recovered vs 
synthetic PGE3 which was added to 3 different pools 
of kidney medullae in 3 different amounts (50, 150, 
and 250 ng). Endogenous PGE 3 levels were ~ b -  
tracted. The abscissa values are slightly offset for 
clarity. 

TABLE 2 
Recovery, Accuracy and Precision: 

PG Measured vs Synthetic PG Added 

[ 1 H ] PGE 2 

ng Added n 8 Found a 

0 1 9 1 . 8  + 0 . 8  
1 0 0  287.0 + 0.9 
2 0 0  4 1 1 . 4  +--7.1 
350 571.1 4-4.5 

CV b 

0.8 
0.6 
3.4 
1 .6  

PGE 3 

ng Added 

0 
50 

150 
250 

ng Found a CV b 

72.3 -+ 1.3 3.6 
118.9 4-2.8 4.7 
205.2 5" 5.2 5.1 
317,6 4- 10.7 6.7 

aMean 4- SEM; n = 4 .  
bCoefficient of variation (%). 
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scribed was applied to a nutri t ional study with 
rats. The levels of  prostaglandins E2 and E 3 in 
medullary homogerrates were reported in pre- 
vious articles (5,8). 
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ABSTRACT 

Complex mixtures of wax esters, steryl esters and triacylglycerols isolated from representative bio- 
logical and geochemical samples have been analyzed using combined high resolution gas chromatogra- 
phy and electron impact and chemical ionization quadrupole mass spectrometry. These low volatility 
neutral lipids containing up to 65 carbons were ehromatographed intact on 15-20 m high-temperature 
(upper limit: 370 C) persilyhted SE-52 and SE-30 glass capillary column~ Discrimination effects due 
to adsorptive losses and degradation were minimized using a nonvapofizing on-column injector and a 
direct all-glass capillary connection (370 C) to the quadrupole mass spectrometer. Structural informa- 
tion regarding the fatty acid and alcohol moieties was found to be maximal for methane-CI spectra 
in the case of wax and steryl esters, whereas El spectra were most useful in interpreting triacylglycerol 
structure~ Principal features of  the E1 and CI fragmentation patterns are discussed. The molecular 
composition of complex mixtures of these lipids is reconstructed for selected samples 
Lipids 17:831-843, 1982. 

Complex mixtures of neutral lipids are pres- 
ent in biological systems and environmental 
samples. Long chain alkyl esters of long chain 
fatty acids (wax esters) are major components 
of the natural waxes of microorganisms, plants, 
and animals (1), being, for example, the princi- 
pal metabolic energy reserve in many marine 
zooplankton. (2). However, in other organisms, 
including mammals, triacylglycerols are the 
major energy storage form (1) and triacylgly- 
cerols are present in many natural oils and fats. 
Steryl esters function as intercellular transport 
forms of sterols (3), which themselves act as 
structural components and are responsible for 
many growth, respiratory, and reproductive 
processes through hormone regulation. Wax es- 
ters, steryl esters, and triacylglycerols are also 
important in the geosphere. They are associated 
with marine (4) and atmospheric (5) particu- 
late matter and are present in aquatic sediments 
(6-8), making them important to geochemists 
studying the cycling of biologically produced 
organic matter in the environment. 

Detailed compositional analyses of mixtures 
of wax esters, steryl esters, and traicylglycerols, 
whether for biological or geochemical interests, 
have generally been difficult to obtain for the 
intact compounds. Hydrolysis of mixtures fol- 
lowed by derivatization and gas chromatography 
(GC) and gas chromatography-rams spectrom- 
etry (GC-MS) provides detailed information on 
the acid and alkyl moieties of the total mixture 
(e.g. 9-11), but structural data for individual 

*Author  to  whom correspondence should be ad- 
dressed. 

components are lost. Limited structural infor- 
marion may be derived from fragment ions pro- 
duced by direct probe MS of mixtures (8,11,12). 
C,C of intact wax esters, steryl esters, and triacyl- 
glycerois using packed columns provides useful 
qualitative and quantitative information about 
carbon chain length distributions in a variety of 
sample types (13-29). Application of glass capri- 
lary columns to analysis of high molecular 
weight lipids can result in, but does not guaran- 
tee, improved resolution of complex mixtures 
and allows analysis of smaller samples (29-33). 
Structural information of intact wax esters, 
steryl esters, and triacylglycerols has been ob- 
tained by GC-MS (22-29,32,34), although sev- 
eral attempts have been hampered by low or 
moderate resolurion and difficulties of trans- 
ferring material from the gas chromatograph to 
the mass spectrometer. Recent advances in high- 
temperature glass capillary column technology 
(35-37), injection techniques (38-40), and GC- 
MS interfaces (41-45), as well as the use of 
short (5-10 m) capillary columns (6,46,47) have 
greatly improved the ability to obtain some 
direct structural information for small samples 
of complex mixtures of these high molecular 
weight, low volatility lipids. 

Our investigations of organic matter in the 
marine environment depend on glass capillary 
GC-quadrupole MS data for structural elucida- 
tions, and limited sample a'~,ailability often pre- 
cludes detailed analyses by a variety of comple- 
mentary techniques. In this paper, we describe 
application of high-temperature glass capillary 
GC-MS procedures for the analysis of intact 
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wax esters, steryl esters, and triacylglycerols. 
The methods are applicable to a wide range of 
biological and geochemical samples as demon- 
strated by representative examples. 

EXPERIMENTAL 

Gas Chromatography 

A Carlo Erba 4160 gas chromatograph 
equipped with a flame ionization detector and a 
nonvaporizing on-column injector (40) was 
used for analysis of intact wax esters, steryl 
esters, and triacylglycerols. Separations were 
made by a 26 m x 0.3 mm id glass capillary col- 
umn coated in our laboratory with a 0.15 /am 
film of SE-52 according to the high-temperature 
silylation procedure of Grob (35). Hydrogen 
was the carrier gas: 1.5 kg/cm 2 (1.4 m/sec linear 
velocitjr at 180 C) for wax and steryl esters; 2.0 
kg /cm"  (1.9 m/sec) for triacylglycerols. On- 
column injections of hexane solutions (1-6/al) 
were made at 100 C with auxiliary cooling (40), 
followed by temperature programming from 
180-370 C at 2 C/min for wax and steryl esters 
and 200-370 C at 3.5 C/min for triacylglycerols. 
The FID temperature was set at 350 C; increas- 
ing the detector temperature is not  recom- 
mended by the manufacturer, and in any event, 
we did not  observe a significant increase in 
chromatographic efficiency during tests at ele- 
vated temperatures. 

Gas Chromatography-Mass Spectrometry 

A Finnigan Model 3200 quadrupole mass 
spectrometer was used to Obtain electron impact 
and methane-chemical ioniza t ion  spectra of 
wax esters and steryl esters and electron impact 
spectra of triacylglycerols. We modified the 
Finnigan 9500 gas chromatograph for high tem- 
perature operation by installing a water-cooled 
on-column injector (40) and by overriding the 
300 C upper temperature safety devices on the 
column oven and interface. The glass capillary 
columns were directly coupled to the mass 
spectrometer by means of a silylated glass cap- 
illary (0.2 mm id) mounted in an interface after 
the design of Blum and Richter (43,44). The 
interface temperature was maintained at 370 C. 
At lower temperatures, significant discrimina- 
tion effects were observed. All couplings were 
stainless steel or Vespel (E.I. duPont trademark) 
containing 15% graphite. 

For GC-MS, the wax esters and steryl esters 
were separated on a 20 m x 0.3 mm id silylated 
SE-52 column (0.12 /am film thickness) with 
1.3 kg]m 2 of helium as carrier gas. Following 
on-column injection at 100 C, the column tem- 
perature was programmed from 180-360 C at 

3 C/min. Mass spectra were acquired beginning 
at 200 C. Chemical ionization mass spectra 
were obtained with methane as reagent gas at 
950/am ion source pressure. The ion source was 
Ol~erated at 130 eV and with 400/aA ionization 
current. The ion source temperature was about 
160 C. At this temperature, there may be some 
cold-trapping in the ion source which appears 
to result in sight  increases in peak tailing for 
higher molecular weight components compared 
to GC runs. However, attempts to increase 
source temperature resulted in unacceptably 
high fragmentation and loss of diagnostic ions, 
similar to that previously reported by Hennen- 
berg et al. (42). 

Electron impact spectra of triacylglycerols 
were obtained after GC on a 15 m x 0.3 mm 
id silylated SE-30 (0.12/am f i lm)column using 
helium at 0.75 kg/m 2 and a temperature pro- 
gram of 250-370 C at a rate of 4 C]min. Acqui- 
sition was begun at 250 or 275 C. The ion source 
was operated at 70 eV with an ionization cur- 
rent of 400/aA. The off, axis continuous dynode 
electron multiplier was equipped with an auxil- 
iary dynode biased at -3 kV to minimize dis- 
crimination of high mass fragments (48). 

Initially, mass spectral data were acquired 
and processed using a Finnigan Model 6000 
data system. More recently an Incos Model 
2300 data system was used. Scans over the 
range 60-700 amu were made in 3 sec with the 
6000 data system and 1.5 see with the Incos 
system. Data files collected on the 6000 system 
were subsequently reprocessed on the Incos sys- 
tem. 

Samples 

Three samples from our laboratory illustrate 
the techniques described. Wax and steryl esters 
were isolated from a sample of marine particu- 
late matter (~  0.25 g) collected in a floating 
sediment trap (FST) deployed at 36 m water 
depth in the highly productive Peru upweliing 
area (FST 20 of Staresinic (49); 15~ 75 
5 l'W). Lipids were extracted from the particu- 
late matter with toluene/methanol (1:1, v/v) 
and ~ 1 mg of lipid was fractionated into con- 
sti tuent lipid classes by column chromatogra- 
phy using silica gel and eluting with a series of 
solvents of increasing polarity, ranging from 
hexane, toluene in hexane, increasing propor- 
tions of ethyl acetate in hexane, ethyl acetate, 
to methanol (4)~ Wax esters and steryl esters (~  
12 /ag of each) were collected in a fraction 
eluted with 25% toluene in hexane. GC and GC- 
MS analyses were made by injection of 2.5 /al 
of a 0.01% solution in hexane, yielding an effec- 
tive injection of about 0.2/ag total wax esters 
and total steryl esters. 
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We routinely use but ter  triacylglycerols as a 
rapid check of  GC column performance. The 
sample of  but ter  triacylgtycerols was obtained 
by dissolving about 2 mg of  whole butter  in 5 
ml of  hexane, and  0.3-1 #1 of the resulting 
0.07% solution was injected into the GC for 
this investigation. A second triacylglycerol mix- 
ture was isolated from lipids extracted from a 
sample of  mixed marine zooplankton,  primarily 
calanoid copepods,  eollected at the PARFLUX 
E sediment trap location in the equatorial North  
Atlantic Ocean (13~ 54~ (50)). Tol- 
uene/methanol-extracted lipids ( ~  4 mg) were 
fractionated on silica gel, with triacylglycerols 
( "  0.4 mg) eluted with 10% ethyl acetate in 
hexane. Injections of 0.25-1 /al of  a 0.05% hex- 
ane solution resulted in analysis of  about  0 .3 / lg  
of the triacylglycerol mixture. 

Wax ester spectra were compared with spec- 
tra obtained for commercially available satur- 
ated and monounsaturated reference compounds 
over the range C26-C44. Steryl esters were pre- 
pared by reacting individual sterols (cholest-5- 
en-313-ol, 5a-cholestan-3/3-ol, 24-methylcholesta- 
5,22E-dien-3/~-ol, 24-methylcholest-5-en-3/3-ol, 
24-ethylcholesta-5,22E-dien-313-ol, and 24-ethyl- 
cholest-5-en-3~-ol) with 16:0 and 18:0 acyl 
chlorides and were purified by procedures used 
for the samples. Triacylglycerols (glyceryl-tri- 
myristate,  glyceryl-tripalmitate,  glyceryl-tri- 
palmitoleate,  glyceryl- 1,3-palmitate-2-stearate, 
glyceryl-1 -palmitate-2-stearate-3-oleate, gly- 
ceryl-trilinolenate, glyceryl-trilinoleate, glycer- 
yl-trioleate, glyceryl-tristearate, glyceryl-triara- 
chidate, and glyceryl-tr idocosahexaenoate) 
were used as received from the suppliers. Other 
triacylglycerols were prepared by reacting gly- 
ceryl monodocosahexaenoate  and glyceryl 
didocosahexaenoate with the 16:0 and 18:0 
acyl chlorides, followed by silica gel chromatog- 
raphy. Standards were analyzed by both  direct 
insertion probe-MS and GC-MS. 

RESULTS A N D  DISCUSSION 

G C - M S  of low volatil i ty/high molecular 
weight lipids requires that  the high temperature 
and high resolution capabilities of  glass capillary 
gas chromatography be retained in the GC- 
MS system. Three features are critical and have 
resulted in l imited success of past GC-MS 
attempts.  They are the basis of our modified 
GC-MS system. ( a ) T h e  GC-MS injector must 
minimize discrimination against high boiling 
components.  The nonvaporizing on-column in- 
jec tor  has been shown to eliminate many of  the 
discrimination and degradation effects which 
are unavoidable using flash-vaporization injec- 
tors (39,40). (b) The capillary column of the 

GC-MS must deliver the desired resolution, and 
be of  a length and liquid phase film thickness to 
elute the  compounds of interest over the avail- 
able temperature range (and the GC-MS oven 
must perform over this temperature range as 
well; our GC-MS oven would not  without  modi- 
fication). Our experience has been that over 
1000 on-column injections over a period of  two 
years have not  resulted in significant deteriora- 
tion of t he  capillary columns for this particu- 
lar type of  analysis. However, we have observed 
some degradation of  column quality for some 
types of compounds (e,g., alkanes, aromatic 
hydrocarbons,  fa t ty  acid methyl  esters) W h i c h  
are due to increased surface activity of the col- 
umn and to the formation of carbon particles 
in the injector-end of the column due to pyro- 
lysis of  nonvolatile materials in the samples. (c) 
The GC-MS interface must remain inert at h igh  
temperature  so as to  prevent deteriorat ion of 
resolution and loss of compounds. Use of a 
silylated direct interface connection minimizes 
sample decomposit ion and reduces the pressure 
at the GC-MS column outlet,  resulting in a 
lower elution temperature (or time) when com- 
paring the same carrier gas flow (or pressure) 
with the GC. For  example, we used 2.0 kg/cm ~ 
of hydrogen carrier gas in our GC analyses with 
a 26-m column having a 0.15-/am coating, but  
0.75 kg/cm 2 of  helium (a 5.3-fold lower mass 
flow) with a 15-m column, 0.12-#m film, in the 
GC-MS gave comparable elution temperatures 
and resolution. 

Wax Esters 

The Peru upwelling floating sediment trap 
sample (FST 20) contains a mixture of satura- 
ted and unsaturated wax esters over the range 
C2s-C42 (Fig. 1). Each peak is composed of a 
number of wax esters differing in alkyl and acyl 
moieties but having the same total  carbon num- 
ber. Resolution of the reconstructed ion cur- 
rent (RIC) is somewhat less than that obtained 
on the GC, but  this is at tr ibuted primarily to 
the relatively long scan time (3 sec) used with 
the 6000 data system. 

Aasen et al. (51) and Vajdi et al. (27) have 
shown that electron impact (El) mass spectra 
of wax esters obtained b~r direct insertion probe 
and a magnetic sector mass spectrometer  con- 
tain characteristic ions representing the molecu- 
lar ion (RCO-OR') § (RCO2H2) +, (RCO)*, 
(R'-H) § and (CO2R')  +. Our GC/quadrupole 
spectra were similar, but  extensive fragmenta- 
t ion o f  (RCO-OR') § (RCO2H2)  + and (R'-H) + 
ions resulted in loss of  most structural informa- 
tion. The CI-CH4 spectra we obtained differ 
from their E1 counterparts in two important  
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FIG. 1. (A) Flame ionization detector-glass capillary gas chromatogram (FID-GC) and (B) reconstructed ion 
chromatogram (RIC) of wax esters and steryl esters in Peru floating sediment trap sample FST 20. Numbers 
above peaks refer to carbon number:number of double bonds. Scan numbers refer to Figure 2. IS = internal stan- 
dard. 

aspects. Both saturated and unsaturated wax 
ester spectra exhibit the (M+I) § (M+29) § 
and (M+41) § ions typical of CI addition reac- 
tions as well as (M-l)§ ions resulting from hy- 
dride ion abstraction. For saturated wax es- 
ters, the (M-l)§ ion predominates, whereas un- 
saturated esters show (M-l)§ and (M+I)§ ions in 
approximately equal abundance (scans 340 and 
349 in Fig. 2). Also l the§ alcohol moiety is 
represented by an (R-2H) ion. This alkenyl 
ion may arise from CH~ attack on the alkyl 
chain followed by hydride abstraction and a hy- 
drogen rearrangement (52,53). 

Scans 340 and 349 for FST 20 wax esters 
shown in Figure 1 are the monounsaturated and 
saturated wax esters containing 32 carbon 
atoms (32:1 and 32:0, respectively). By exam- 

ining the (RCO2H2) § and (R'-2H) + fragments, it 
is possible to reconstruct the several wax esters 
coeluting in a given GC peak. An estimate of 
the relative abundances of the individual esters 
may be made from the (RCO2H2) +, (RCO2H) +, 
and (R'-2H) + ions (31): Thus, the 32:1 peak 
consists of a mixture of alcohol/acid combina- 
tions 16:0/16:1 (52%), 14:0/18:1 (32%), and 
18:1/14:0 (16%), and the 32:0 wax ester is 
composed of 16:0/16:0 (81%), 18:0/14:0 (6%), 
and 14:0/18:0 (13%). However, caution is re- 
quired in comparing intensities of the (RCO2- 
H 2)+ ions of unsaturated and Saturated fatty acid 
moieties because the ions of the unsaturated 
acids may be more readily fragmented and 
hence, less intense. This is illustrated by (RCO2- 
H2)+/(RCO) + for 16:1 (m/z 255/237) and 16:0 
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FIG. 2. Methane-chemical ionization (CI-CH 4) mass spectra of wax esters (scans 340 and 349) and steryl 
esters (scans 718 and 790) in the floating sediment trap sample. Scan numbers refer to Figure 1. 

(m/z 257/239) in Figure 2. The GC-MS-derived 
molecular composition of the complete FST 20 
wax ester mixture thus obtained is given in 
Table 1. 

S t e r y l  E s t e r s  

Steryl esters are about as abundant in the 
sediment trap sample as wax esters (Fig. 1), but  
with a carbon range of C40-C~ s. CI-CH4 spectra 
of components occurring at scans 718 and 790 
are given in Figure 2. 

Murata (13) compared E1 and CI spectra of 
cholest-5-en-3~-yl (cholesteryl) esters. E1 spectra 
contain little information to aid in identifying 
the fatty acid group present and no molecular 
ions (as we have also observed). In CI-CH4, 
Murata showed that the base peak was consis- 
tent with dehydrated Cholesterol ((Msterol+l) - 
H20)  § (m/z 369), while the acid moiety was 

represented by a strong (RCO2 H2 )+ ion. Molecu- 
ions were not observed. 

However, the steryl ester mixture sho~n in 
the FST 20 sample (Fig. 1) contains a variety of 
esters of C27-C29 sterols and only minor amounts 
of esters of cholesterol (although many other 
biochemical samples may have predominantly 
cholesteryl esters). We find that CI-CH 4 frag- 
mentat ion of steryl esters is more dependent on 
the structure of the side chain of the sterol 
moiety than is El fragmentation. The critical 
factor is whether the.22-position is saturated or 
unsaturated. Table 2 illustrates the major frag- 
ment ions for a series of C2s sterols; exact frag- 
ment intensities vary with mass spectrometer 
operating parameters. If the .22-position is 
saturated, as is the case of 24-methylcholest-5- 
en-3/3-ol, then the major ion (often the base 
peak) is the dehydrated sterol ((Msterol+l) - 
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TABLE 1 

Reconstructed Composi t ion  of  FST 20 Wax Esters Obtained by GC-MS 

Carbon Alkyl /acyl  Percentage of  this Percentage of  total  
number  combinat ions  chain length wax ester 

28:0 

29:0 

30:1 
30:0 

31:0 
32:1 

32:0 

33:1 
33:0 
34:2 
34:1 

34:0 

36:2 

36:1 

36:0 

38:2 

10:0 /18:0  
12:0 /16:0  
14:0 /14:0  
13:0 /16:0  
14:0 /15:0  
15:0 /14:0  
14:0/16:1 
12:0 /18:0  
14:0 /16:0  
16:0 /14:0  

14:0/18:1 
16:0/16:1 
18:1 /14:0  
14:0 /18:0  
16:0 /16:0  
18 :0 /14 :0  
15:0/18:1 
17:0 /16:0  
16:0 /18:2  
14:0/20:1 
1 6 : 0 q 8 : 1  
14:0  I20:0 
16:0r18:0 
18:0 ~16:0 
16:1 r20:l  
18:1 r18:l  
18:0r18:2 
16:1 P20:0 
16:0r20:1 
18:0r18:1 
18:1 r18:0 
16:0 r20:0 
18:0r18:0 
2 0 : 0 q 6 : 0  
18:0 '20:2 
20:1 '18:1 
22:1 '16:1 
22 :0 /16 :2  

3 0.1 
75 1.8 
22 0.5 
13 0.1 
11 0.1 
76 0.8 

100 0.05 
3 0.2 

32 2.4 
65 4.8 

-- internal standard - 
32 1.2 
52 2.0 
16 0.6 
13 3.1 
81 19.3 

6 1.4 
100 1.0 
100 1.1 
100 1.2 

19 7.2 
81 30.7 

9 0.2 
46 1.2 
45 1.2 
35 1.3 
27 1.0 
34 1.3 
14 0.9 
39 2.6 
36 2.4 
11 0.6 
21 0.4 
35 0.7 
44 0.8 

5 0.2 
33 1.0 
25 0.8 
37 1.1 

97.3% 

H2 O) +. A less intense ion from the acyl moiety 
is observed, as well as a weak ion resulting from 
further fragmentation of  the sterol itself. How- 
ever, an unsaturated side chain, such as in 24- 
methylcholesta-5,22-dien-3/3-ol, can be readily 
cleaved, forming a stable fragment and base 
peak. Ions of  moderate intensity are observed 
for the dehydrated sterol, the (dehydrated ster- 
ol-side chain), and the acid group. As shown in 
Table 2, fragment ions for the (dehydrated 
sterol minus side chain) occur at m/z 255 and 
257, depending on the nature of  the sterol skel- 
eton, and may complicate the determinat ion 
of 16:1 and 16:0 (m/z 255 and 257, respective- 
ly) acyl moieties. I t  is necessary to estimate the 
relative contributions to ions m/z 255 and 257 
from sterol and acyl groups by comparison of 

mass spectra and retention times with authentic 
steryl ester standards. 

Table 3 gives the molecular composit ion of 
steryl esters for FST 20. For  example,  the peak 
centered at scan 718 (Figs. 1 and 2,and Table 3) 
is 24-methylcholesta-5,22-dien-3/3-yl tetradeca- 
noate (24-methylcholesta-5,22-dien-3/~ol m/z 
1 2 5 , 2 5 5 , 3 8 1 , 1 4 : 0  m/z 229) and has been con- 
firmed by coinjection. Scan 790, on the other 
hand, represents a complex mixture of  steryl 
esters, each with sterol and acyl moieties total- 
ing 44 carbon atoms. The fat ty  acids present 
are 15:0 at m/z 243, 16:1 at m/z 255, 16:0 at 
m/z 257, 17:0 at m/z 271, and 18:0 at m/z 
285. The sterols are 26:1 (24-norcholest-5-en- 
3/~1, m/z 355), 27:1 (cholest-5-en-3/3-ol, m/z 
369), 28:1 (24-methylcholest-5-en-3/3-ol, m/z 
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TABLE 2 

CH 4-CI Fragmentat ion of  Fatty Acid Esters of  C2s-Sterols 

837 

" '  Sterot Motety Fra~seuts ~m/z) 
Steryl Acyl 
It,tier. .. Eloiet~ (Naterol+i)-H20 (Hsterox-a20--Side Chain) Side Chain 

R r  RCOzH2 + 383 (s) a 255 (w) 125 (w) 

24-11ethyIeholest-5--en-3B-yI ester 

R~~ ~ T  ECO2H2 + 381 (m) 255 (m) 125 (s) 

0 
2&--t~thylcholesta-5,22-ds ester 

I~~ ~ T  RC02H2 + 383 (m) 257 (m) 125 (s) 

24-Hethyl-Sa-cholest-22-en-3B-yl eeter 

nc~ ~ RCO2B2 + 385 (s) 257 (w) 125 (w) 

24-Hethyl-~-cholestan-3B-yl eater 

a Relative intensity of fragment: s - strong, m - moderate, w - weak 

TABLE 3 

Reconstructed Composi t ion  of  the Major FST 20 Steryl Esters Obtained by GC-MS 

Scan Major steryl ester Percentage of  total  
number  a assignment steryl esters 

657 
674 
684 
691 
702 
718 
733 
742 
748 
757 
771 

775 

790 

795 

802 
808 
821 

836 
842 

24-Me thylcholesta- 5,22-dien- 3~-yl dodecanoate 
Cholest-$-en-3~-yl t r idecanoate 
24-Methylcholesta- 5,22-dien-3/3-yl t r idecanoate 
Cholesta-S,22-dien-3~-yl te t radecanoate  
Cholest-5-en-3~-yl te t radecanoate  
24-Methylcholesta- 5,22-dien-3~yl te t radecanoate  
Cholest- 5-en-313-yl pentadecanoate  
24-Methylcholesta- 5,22-dien-3~-yl pentadecanoate  
Ch olest a- 5- 22-dien- 3l~-yl hexadecanoate /hexadecenoate  
Cholest-5-en-3~yl hexadecanoate /hexadecenoate  
24-Metby|cholesta- 5,22-alien- 3/3-yl hexadecanoate]  

hexadecenoate  
24-Methylcholest-22-en-313-yl hexadecanoate /  

hexadecenoate  
24-Methylcholest- 5-en-3~-yl hexadecanoate /  

hexadecenoate  
24-Ethylcholest-22-en-3~yl  hexadecanoate /  

hexadecenoate  
Cholest- 5-en-3~yl oc tadecanoate /oc tadecenoate  
Unidentif ied 
24-Methylcholesta- 5,22-dien-3~-yl octadecanoate[  

octadecenoate  
Unidentif ied 
Cholest-5-en-30-yl eicosanoate 

2.0 
0.7 
3.1 
3.8 
2.8 

17.4 
4.7 
2.2 
2.6 
3.9 

8.0 

7.7 

14.1 

4.9 
12.0 

0.6 

5.3 
1.S 
1.5 

99.0% 

aScan numbers  refer to Figure lB. 
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383), and 29:2 (24-ethylcholesta-5,22-dien-3/3- 
oI, m/z 395 and 139). The predominance of the 
m/z 383 sterol fragment and the 255/257 ions 
indicates that the major components are 24- 

methylcholest-5-en-313-yl hexadecenoate and 
24-methylcholest-5 -en-313:yl hexadecanoate. 

Triacylglycerols 

High temperature GC-MS of intact triacyl- 
glycero]s offers a rapid means of obtaining 
compositional information for a mixture of 
these compounds. As  an example, whole butter 
contains triacylglycerols rangning from C~-Cs4 
as shown in Figure 3. In the RIC, the relative 
intensities of the peaks are similar to those ob- 
tained in the FID-GC, although there is a mod- 
erate loss of resolution attributable to ion source 
cold-trapping and/or to the relatively long 3-see 

I 

BUTTER 
36 TRIACYLGLYCEROLS 

A. FIO -GC 

54 

B. RIC 

c. ENHANCED RIC 

, . , , �9 , m ,  , , : 

'lo0 200 300 400 500 600 700 800 SCAN 
250 2 ~  3~0 ~ 370 TEMPERATURE "C 

I t I 
O 15 30 TIME (rain.) 

FIG. 3. Capillary gas ekromatog~arns of triacylgly- 
cerols in whole butter: (A) FID, (B) RIC; (C) compu- 
ter-processed ("enhanced") RIC. 

scan time. Peak widths in both the FID-GC and 
RIC are noticeably broadened compared to 
individual triacylglycerol standards. GC-mass 
fragmentography indicated the peaks are mix- 
tures of compounds with varying degrees of un- 
saturation but the same carbon chain lengths. 
A major advantage of MS detection is the abil- 
ity to apply commercially available enhance- 
ment software which utilizes coincidence of ion 
current maxima to enhance GC resolution (Fig. 
3). However, caution must be observed since 
relative intensities of enhanced spectra may be 
distorted. 

Grob has reported losses of the higher mo- 
lecular weight triacylglycerols (e.g. triolein) 
due to thermal degradation on persilylated glass 
capillary columns (54). In our GC and GC-MS 
analyses, some discrimination against higher 
boiling triacylglycerols was observed, particular- 
ly for those triacylglycerols containing unsatur- 
ated acids. Caution is, therefore, advised when 
making quantitative interpretations. Using either 
GC or GC-MS, the degree of Success in eluting 
unsaturated triacylglycerols decreases consider- 
ably as unsaturation increases. Whereas triolein, 
for example, elutes with a symmetrical peak 
shape, trilinolein and trilinolenin show increas- 
ing tailing. Triacylglycerols containing polyun- 
saturated fatty acids exhibit peak shape distor- 
tion and tailing in the extreme. At present, we 
have no evidence relating to the question of 
whether poor chromatography of polyunsatur- 
ated triacylglycerols is due to decomposition 
during injection or to adsorption on the column. 

In addition to chromatographic difficulties, 
triacylglycerols containing unsaturated acids 
showed considerably enhanced fragmentation 
(for both probe MS and GC-MS) when compared 
with saturated triacylglycerols. The relative 
abundance of the (RCO) + fragment correspon- 
ding to the unsaturated acyl moiety was found 
to decrease in the series triolein (base peak) to 
trilinolein (20%) and trilinolenin (10%). The 
(RCO) + and (M-RCO~) + fragments are very 
weak or nonexistent in the spectra of triacylgly- 
cerols containing polyunsaturated acids (e.g. 
22:6). Using the methods described here, useful 
GC-MS analyses of triacylglycerols containing 
polyunsaturated acyl groups do not appear 
feasible at present. 

Triacylglycerols isolated from the PARFLUX 
E zooplankton lipids range from C42-C60 (Fig. 
4). EI spectra of selected GC peaks are given in 
Figure 5. Ions representing (RCO) + (the acyl 
moiety), (RCO+74) § (RCO+115) § and (RCO+ 
128+14n) § (the glycerol moiety with one acyl 
group), and (M-RCO2) + (the glycerol moiety 
with two acyl groups) are present, as described 
previously for triacylglycerols analyzed by 
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50 

PARFLUX E ZOOPLANKTON 
TRIACYLGLYCEROLS 

A FID-GC 

I I B RIC 

50 100 IS0 200 250 300 35070 400 450 500 SCAN 
21 ~ - -  525 350 , TEMPERATURE *C 

0 12 44 TIME (rain,) 

FIG. 4. FID-GC and RIC of triacylglyeerols from 
PARFLUX E mixed zooplankton sample. Numbers 
above peaks refer to aeyl carbon number. Scan num- 
bers refer to Figure 5. 

probe MS (8,55,56). In addition, unsaturation 
in the acyl moiety results in formation of(RCO- 
1) § (55) (e.g. m/z 264/265 for 18:1 in Fig. 5). 
Since we were using a quadrupole MS with a 
practical upper mass limit of 750 daltons, we 
did not expect to observe molecular or (M-18) + 
ions. 

A great deal of compositional information 
may be derived from the triacylglycerol mass 
spectra obtained with a quadrupole mass spec- 
trometer, even without molecular ions, and in 
conjunction with the carbon chain length data 
from the GC. For example, the GC peak cen- 
tered at scan 297 in Figure 4 is the Cst triacyl- 
glycerol. In the mass spectrum (Fig. 5), the con- 
stituent acvl moieties (RCO) + are 14:0 (m/z 
211), 15:0 (m/z 225), 16:1 (m/z 236[237), 
16:0 (m/z 239), 17:0 (m/z 253), 18:1 (m/z 
264/265), 18:0 (m/z 267), 19:0 (m/z 281), 
and 20:0 (m/z 295). The strong (M-RCO2) + 
ions at m/z 563 and 565 are due to C36H6704 
and Ca6I-I6904 fragments, respectively, meaning 
that they represent 33:1 and 33:0 acyl groups. 
Other (M-RCO2) + ions at m/z 537, 551, 577, 
591,593, and 605 correspond to combinations 
of shorter and longer acyl chains on the glycer- 
ol moiety. Thus, a number of triacylglycerols 
having combinations of acyl moieties totaling 

51 carbons are present in the peak. By compar- 
ing the intensities of RCCr and (RCO+74) § ions 
for each acyl chain length and correcting for 
variations in ion intensity due to increasing 
chain length and unsaturation as determined for 
standard compounds, it is possible to deduce 
the probable composition of the triacylglycerols 
(Table 4). The dominant Csl triacylglycerol is 
16: 0/17:0/18:1 or 18:0, although several other 
acyl combinations are apparently present to 
give the observed fragments. Likewise, the Cs4 
triacylglycerol (scan 330 in Figs. 4 and 5) con- 
tains a mixture of 14:0, 16:1, 16:0, 18:1, 18:0, 
20:1, and 22:1 fatty acids, and probable fatty 
acid combinations are (Table 4): C14/C2o/C2o 
(16% of the Cs4 compounds), C16/C16/C22 
(31%), C16/C1s/C20 (44%) and CIs/Cls/Cls 
(9%). From the mass spectra obtained, it is dif- 
ficult to assign unambiguously the saturated/ 
unsaturated acyl moieties in a given combina- 
tion (molecular ions would help) and impossible 
to assign positions of the acyl chains on the gly- 
cerol backbone. 

However, it is possible to use the mass spec- 
tral data to help "resolve" triacylglycerols 
which differ in their degree of unsaturation but 
which are not effectively separated by the GC 
column. This is demonstrated fo r  the Cs2 tri- 
acylglycerols of the plankton sample. The GC 
trace (Fig. 4) shows a barely discernible shoul- 
der in the Cs2 peak, "although the shoulder is 
less evident in the RIC (Fig. 5). (By enhancing 
the RIC or by using a shorter scan time, the 
presence of two partially resolved components 
becomes dearer.) The mass spectra of the 
shoulder (scans centered at 308) and the major 
component (scans around 311) are given in Fig- 
ure 5. From the major fragment ions, we deduce 
that scan 308 represents primarily a 16:0/18:1/ 
18:1 triacylglycerol (52:2) while scan 311 is 
16:0/18:1/18:0 (a 52:1 triacylglycerol). 

The proportion of each acyl combination in 
the total triacylglycerol mixture may be estima- 
ted from the percentage each combination 
represents for a given chain length and from the 
relative abundance of each chain length in the 
sample. Relative abundances of chain length 
groups are obtained from the GC or reconstruc- 
ted ion current (RIC) trace, applying appropriate 
detector response factors from standard analy- 
ses (relative responses for standard triacylgly- 
cerols C42:C48:Cs4 were 1.0:0.95:0.80). The 
composition thus obtained, given in Table 4, 
shows that the dominant triacylglycerols in the 
total sample were Ct4/C14/C16 (6.2%), C14/C16/ 
C16 (7.7%), C14[Ct6/Cls (I0.2%), C16/C16/C18 
(22.6%), C16/Cls/CIs (12.2%), and Cl6/Cls/C20 
(2.5%). A comparison of the overall fatty acid 
composition resulting from the GC-MS deter- 
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l i  ~ ~ SCAN 297 
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FIG. 5. Electron impact mass spectra of triacylglycerots from the zooplankton sample. Scan numbers refer to 
Figure 4. 

mination with that obtained-by saponification 
of the sample and subsequent analysis of fatty 
acid methyl esters is shown in Table 5. In gen- 
eral, the agreement is fairly good, although dis- 
crepancies exist in the proportions of unsatur- 
ated and saturated species of the same carbon 
number. In particular, the GC-MS method over- 
estimated the contr ibut ion of 16:1 but under- 
estimated the abundance of 18:0. Since the GC- 
MS results were based on ion intensities deter- 
mined by analyses of standards, the reasons for 
the discrepancy remain unresolved ;nevertheless, 
the results are encouraging. 

In conclusion, detailed compositional analy- 
ses of small samples of mixtures of naturally 
occurring wax esters, steryl esters, and triacyl- 
glycerols can be carried out with high tempera- 
ture glass capillary gas chromatography/quadru- 
pole mass spectrometry with only minor modi- 
fications of instrumentation. High resolution 
capabilities of the high temperature glass capil- 
lary columns were retained in the GC-MS sys- 

tern. With a quadrupole mass spectrometer, CI- 
CH 4 provided more  structural information for 
wax esters and steryl esters than E1 spectra. For 
triacylglycerols, E1 spectra were useful. Analysis 
of the GC-MS data thus obtained made possible 
determination of the molecular composition of 
individual wax and steryl esters in a complex 
mixture and provided similar, but less precise, 
structural information for triacylglycerols. 
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M E T H O D S  8 4 1  

T A B L E  4 

F a t t y  A c i d  C o m p o s i t i o n  o f  t h e  P A R F L U X  E Z o o p l a n k t o n  T r i a c y l g l y c e r o l s  O b t a i n e d  b y  G C - M S  

A p p r o x i m a t e  a c y l  
u n s a t u r a t e d / s a t u r a t e d  

C a r b o n  A c y l  P e r c e n t a g e  o f  t h i s  P e r c e n t a g e  o f  r a t i o  f o r  e a c h  

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

4 2  1 0 / 1 6 / 1 6  1 3  

1 2 t 1 4 / 1 6  8 
1 4 / 1 4 / 1 4  7 9  

4 3  1 2 / 1 4 / 1 7  1 2  
1 3 / 1 3 / 1 7  9 
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1 4 / 1 4 / 1 5  6 1  
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4 9  1 4 / 1 6 / 1 9  2 3  

1 4 1 1 7 1 1 8  2 0  
1 5 / 1 7 / 1 8  4 0  
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5 0  1 4 / 1 6 / 2 0  1 2  
1 4 / 1 8 / 1 8  6 
1 6 / 1 6 / 1 8  8 2  

5 1  1 4 / 1 8 / 1 9  1 7  

1 5 / 1 6 / 2 0  6 
1 5 / 1 8 / 1 8  1 5  
1 6 / 1 6 / 1 9  1 2  

1 6 / 1 7 / 1 8  5 0  

5 2  1 4 / 1 8 / 2 0  9 
1 6 / 1 8 / 1 8  9 1  

5 3  1 4 / 1 9 / 2 0  6 

1 5 / 1 8 / 2 0  6 
1 6 / 1 6 / 2 1  2 2  
15/16/22 lO 
1 6 / 1 7 1 2 0  3 
1 6 / 1 8 / 1 9  1 0  
1 7 / 1 8 / 1 8  4 2  

5 4  1 4 / 2 0 / 2 0  1 6  
1 6 / 1 6 / 2 2  3 1  
1 6 / t 8 / 2 0  4 4  
1 8 / 1 8 / 1 8  9 

5 6  1 4 1 2 0 1 2 2  1 3  
1 6 / 1 6 / 2 4  1 2  
1 6 / 1 8 / 2 2  4 2  
1 6 / 2 0 / 2 0  2 1  
18/18/2o 12 

1 6 : 1 /  1 8 : 1 /  2 0 : 1 /  

1 6 : 0  1 8 : 0  2 0 : 0  

0 . 4  - -  ~ - -  

0 . 2  - -  - -  - -  

2 . 3  - -  - -  - -  
0 . 0 8  - -  - -  - -  
0 . 0 6  - -  - -  - -  

0 . 1  - -  - -  - -  
0 . 4  - -  - -  - -  
t . 4  0 . 1 6  n d  a - 

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

0 . 0 5  - -  - -  - -  

0 . 3  - - -  
1 . 3  - - - 
3 . 2  0 . 2 7  0 . 7  - -  

7 . 7  - -  - -  - -  
0 . 2  0 . 4 2  n d  b - 

0 . 5  - - - 
0 . 3  - - 
0 . 8  - - - 

1 0 . 2  0 . 3 2  3 . 3  n d  a 

5 . 7  - - - 
0 . 6  0 . 3 7  2 . 3  - 

0 . 5  - -  - - 
1 . 0  . . . .  
0 . 4  . . . .  
3 . 3  0 . 1 8  3 A  n d  a 

1 . 7  - - - 
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0 . 1  - -  - -  - -  

0 . 3  - - -  - 
0 . 3  - -  - -  - 
1 . 2  - -  - - 
1 . 2  0 . 2 2  2 . 3  2 . 0  

1 2 . 2  - - - -  
0 . 1  0 . 4 7  1 . 6  n d  a 

0 . 1  - - -  - -  

0 . 4  - -  - - -  

0 . 2  - -  - -  - -  

0 . 0 5  - -  - -  - -  
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0 . 9  0 . 2 6  1 . 6  2 . 8  
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9 7 . 9 %  
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TABLE 5 

PARFLUX E Plankton Triacylglycerol 
Fat ty  Acids Determined by GC-MS and 

Saponification Followed by Methylat ion and GC 

Acid carbon GC-MS Saponification 
number  Rel wt % rel wt % 

10 0.7 -- 
11 - -  - -  

1 2  0.7 1.1 
13 0.3 2.0 
14 19.6 15.0 
15 1.8 3.1 
16:1 8.5 1.6 
16:0 34.1 29.3 
17 1.1 2.9 
18:1 20.4 19.6 
18:0 7.9 15.6 
19 0.4 0.9 
20:1 2.4 2.0 
20:0 0.9 1.7 
21 0.01 0.7 
22:1 1.1 2.0 
22:0 0.1 0.9 
23 -- 0.2 
24:1 -- 1.0 
24:0 -- 0.5 
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ABSTRACT 

The concentration of 12-hydroxyeicosatetraenoic acid (12-HETE) formed in rat platelets aggregated 
by collagen suspension increased continuously during a 115-min incubation period, whereas the con- 
centration of TXB 2 or PGF2~ reached the maximum within 3 min and stayed at the plateau for the 
remaining incubation period. These data indicate that platelet lipoxygenase is not completely inacti- 
vated as is cyclooxygenase by the oxidizing agent. Platelets of essential fatty acid deficient (EFAD) 
rats resuspended in plasma of control rats produced more 12-HETE than platelet-rich plasma (PRP) of 
EFAD rats, whereas platelets of control rats resuspended in plasma of EFAD rats formed less 12-HETE 
than PRP of control rats. However, the concentration of TXB 2 or PGF2e produced was not changed 
in both cases implying that platelet cyclooxygenase preferentially utilizes arachidonic acid (AA) 
derived from platelet lipids. Radioactivity 9 f phosphatidylcholine (2-arachidonyl-l-14C) suspended in 
the plasma of PRP was incorporated into 12-HETE but not to TXB:, indicating again that only lipoxy- 
genase can utilize AA derived from plasma phospholipids. The significance of this observation is that 
the effects of platelet lipoxygenase products, although their physiological roles are not known, would 
be much more persistent than cyclooxygenase products after platelets are stimulated or aggregated in 
vivo. 
Lipids 17:845-847, 1982. 

INTRODUCTION 

In p la te le ts  of  m o s t  species of  animals ,  
t h r o m b o x a n e  As ( T X A 2 )  is the  ma jo r  cyclo- 
oxygenase  der ived p r o d u c t  of  a r ach idon ic  acid 
(AA) ;  m i n o r  c o m p o n e n t s  be ing  p ros tag land ins  
E 2 (PGE2)  and  PGF2~.  The  l ipoxygenase  
derived p r o d u c t  of  a r ach idon ic  acid is 12- 
h y d r o x y e i c o s a t e t r a e n o i c  acid (12 -HETE)  in 
p la te le t s  (1 ,2) .  In  s tud ies  so far  r epo r t ed  o n  the  
f o r m a t i o n  of  12-HETE in pla te le ts ,  exogenous  
a rach idon ic  acid or p re labe led  pla te le ts  wi th  
rad ioac t ive  a rach idon ic  acid have been  used.  In 
add i t ion ,  mos t  s tudies  have used washed  
p la te le t  suspens ions ;  thus ,  ef fects  of  p la sma  
l ipids o n  t he  f o r m a t i o n  of  l ipoxygenase  and  
cyc looxygenase  der ived p r o d u c t s  were elimi- 
na ted .  E x o g e n o u s  a rach idon ic  acid m ay  n o t  
r ep resen t  the  physiological  subs t ra t e  poo l  for  
p la te le t  l ipoxygenase  and  cyc looxygenase .  In 
th is  s tudy ,  charac te r i s t i cs  o f  t he  f o r m a t i o n  o f  
12-HETE f rom e n d o g e n o u s  a rach idon ic  acid, 
were eva lua ted  in c o m p a r i s o n  wi th  TXB2, in  
ra t  p la te le t - r ich  plasma.  

MATERIALS AND METHODS 

Platelet Aggregation and Sampling Procedure 

Weanl ing male  Sprague-Dawley rats  ( G i b c o  
A n i m a l  Research  Lab.,  Madison,  WI) fed a 
commerc ia l  s tock  diet  for  12 weeks were used.  
In the  e x p e r i m e n t  descr ibed in Table  1, two 
groups  of  weanl ing  rats  (n  = 3) were fed 

semipur i f ied  diets  for  20 weeks. The  essential  
f a t t y  acid def ic ien t  g roup  ( E F A D )  received the  
diet  con t a in ing  5% h y d r o g e n a t e d  c o c o n u t  oil, 
and  the  c o n t r o l  g roup  received the  diet  con ta in -  
ing saf f lower  oil. 

P r epa ra t i on  of  p la te le t - r ich  p lasma (PRP) ,  
p l a t e l e t -poor  p la sma  (PPP), and  p la te le t  aggre- 
ga t ion  were carr ied ou t  as descr ibed  in a pre-  
v ious  r e p o r t  (3).  A t  app rop r i a t e  t ime  intervals  
a f te r  p r e i n c u b a t i o n  o f  i nh ib i to r s  or  vehicle ,  and  
a d d i t i o n  of  col lagen suspens ion ,  5% fo rmic  acid 
was added  to  PRP to  adjust  the  pH to 3.5. 
P lasma samples  were p repa red  a f t e r  cent i fuga-  
t ion  and  s to red  at  -15 C un t i l  t hey  were assayed.  

Fo r  the  e x p e r i m e n t  descr ibed  in Table  1, 
PRP of  b o t h  E F A D  rats  and  con t ro l  rats 

TABLE 1 

Exchanging Plasma between EFAD and SO 
Platelet-Rich Plasma Affected the Formation 

of 12-HETE without Changirtg the 
Concentration of TXB~ a'~ 

Platelet-rich plasma 12-HETE TXB~ 
Platelets Plasma (ng/ml) ng]ml 

EFAD EFAD 574 -+ 153 322 -+ 40 
EFAD SO 806 +- 160 365 +- 77 
SO SO 1990 + 220 552 -+ 53 
SO EFAD 1270 -+ 120 601 -+ 10 

aEFAD, essential fatty acid deficient rat; SO, saf- 
flower oil fed rat. 

bValues are mean -+ SEM of 3 observations. 
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were centrifuged (1000 X g for 5 min), and 
0.35 ml of EFAD rat PRP was replaced by PPP 
of a control rat, or vice versa. Paired platelets 
(EFAD vs control) were resuspended in Chron- 
olog aggregometer for 10 rain before aggre- 
gation was induced by collagen suspension. The 
sampling procedure was the same as described 
above. 

For the experiment described in Figure 1, 
0.5 ml of PPP was incubated for 5 min with 
5 /aCi of phosphatidylcholine (L-a-l-palmi- 
toyl-2-arachidonyl, arachidonyl-l-z4C, 40-60 
mCi/mmol, New England Nuclear, Boston, 
MA). Three ml of PRP were then added to 
the PPP, and immediately aggregated by collagen 
suspension. After 115 rain of incubation, 9 ml 
of cold acetone were added, arid the mixture 
was shaken vigorously for 1 min. This mixture 
was extracted twice with 9 ml of petroleum 
ether to remove neutral lipids. Radioactivity 
lost in petroleum ether layer was primarily 
cholesterol ester as determined by thin layer 
Chromatography (TLC) described below. The 
pH of the aqueous phase was adjusted to 3.5 
with 5% formic acid, and the mixture was 
extracted twice with 5-ml diethyl ether. The 
trace formic acid was eliminated by adding 
additional amounts of diethyl ether and repeat- 
ing evaporation. The residue was dissolved in a 
mixture of chloroform/methanol (2:1, v/v) for 
TLC. 

Analyses 

Thin layer chromatography. The sample 
dissolved in chloroform/methanol was applied 
to TLC plates (Kontes 5F, Vineland, NJ) and 
developed in a solvent containing chloroform/ 
methanol/water/acetic acid (90:8:1:0.3,  v/v/v/ 
v). Bands of TXB2 and 12-HETE were identi- 
fied by comparison to tritiated TXB2 and 12- 
HETE. The cholesterol ester band was identified 
by cholesterol oleate using 2 different solvent 
systems, the solvent mentioned above and 
diethyl ether/ petrolem ether/acetic acid 
(30:70:1, v/v/v). Radioactivity in TLC plate 
was scanned by radiochromatogram scanner 
(Packard Model 7230, Downers Grove, IL). 

Radioimmunoassay. Preparation and charac- 
terization of PGF2a and TXB2 antibodies, and 
assessment of the validity of the assay systems 
were reported in previoqs reports (4,5). Anti- 
plasma for 12-HETE was a gift f rom Dr. Lau- 
rence Levine, Brandeis University, Waltham, 
MA. The highest cross-reactivity (0.3%) for the 
antiplasma was shown by 12-hydroxy-5,8,10- 
heptadecatrienoic acid (HHT) among com- 
pounds tested (arachidonic acid, 15-HETE, 
HHT, TXB2, PGF2a , PGE2, 6-keto-PGFlc~, 

--7 

j \  
? 

ORIGIN 
PC [~'C-AAI 

? 

TXB 2 HETE CHOLESTEROL 
ESTER 

FIG. l. Thin layer chromatogram radioactivity 
scan of the reaction products of phosphatidylcholine, 
L-a-l-palmitoyl-2-arachidonyl (arachidonyl-l-14C) with 
platelet rich plasma. No detectable radioactivity was 
found in TXB 2 band. 

Unknown ~ a s m  

- x -  I]) 1.9ul. 
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(4h 
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FIG. 2. Demonstration of parallelism between the 
dose response curve for 12-HETE and serial dilutions 
of an unknown plasma sample. (B* denotes labeled 
12-HETE bound to antibody; B* denotes labeled 12- 
HETE bound to antibody in absence of unlabeled 12- 
HETE.) 

5-HETE). Recoveries of 12-HETE standard 
added into an unknown plasma sample at 
multiple dose (2, 4, 8, 16 and 32 ng/ml) were 
99.5, 104.5, 113.7, 111.1 and 90%, respec- 
tively. Parallelism between the dose response 
curve and serial dilutions of an unknown 
sample is demonstrated in Figure 2. 

RESULTS AND DISCUSSION 

The concentration of 12-HETE in platelets 
aggregated by collagen suspension increased 
continuously during the 115-min incubat ion 
period, whereas the concentration of TXB 2 
or PGF2a reached the maximum within 3 min 
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FIG. 3. Time courses for the formation of 12- 
HETE, TXB2, or PGFza from endogenous arachidonic 
acid in platelet rich plasma. 

and stayed at the plateau for the remaining 1 15 
min (Fig. 3). This indicates that platelet lipoxy- 
genase was not completely inactivated by the 
oxidizing agent, postulated to be derived from 
the peroxidation of PGG2 to PGH 2 (6). The 
significance of this result is that effects of 
platelet lipoxygenase products are much more 
persistent than cyclooxygenase products after 
platelets are aggregated. It has been shown that 
hydroperoxides derived from arachidonic acid 
inhibit the biosynthesis of prostacyclin which 
possesses potent  vasodilating effect and inhibits 
platelet aggregation (7). It is an intriguing ques- 
tion whether lipoxygenase-derived hydroperox- 
ide (12-HPETE) would be released continuously 
following aggregation of platelets in vivo. If 
so, 12-HPETE could inhibit the formation of 
prostacyclin in arterial walls. This, in turn, 
may increase the tendency of vasoconstriction 
and further aggregation of platelets. 

Since free arachidonic acid can be derived 
from both platelet and plasma lipids in PRP, it 
was important to determine whether platelet 
lipoxygenase and cyclooxygenase can utilize 
arachidonic acid derived from plasma lipids. 
During collagen-induced aggregation, platelets 
of EFAD rats resuspended in plasma of control 
rats formed more 12-HETE than PRP of EFAD 
rats, whereas platelets of control rats suspended 
in plasma of EFAD rats synthesized less 12- 
HETE than PRP of control rats (Table 1). 

Platelet lipoxygenase does not seem to have 
specificity for degree of unsaturation or posi- 
tion of double bonds of polyunsaturated fatty 
acids (8). Plasma phospholipids of EFAD rats 
contained 13.9% of 20:3(n-9) and 3.6% of 
20:4(n-6),  whereas those of control rats con- 
tained trace amounts and 27.5% of 20:3(n-9)  
and 20:4(n-6),  respectively; total amounts of 
20 carbon polyunsaturated fatty acids in EFAD 

plasma phospholipids were much less than 
those of the control plasma phospholipids. Con- 
sequently, the amounts of hydroxy fatty acids 
derived from EFAD plasma phospholipids 
would be much less than those from control 
plasma phospholipids. Therefore, these data 
can best be interpreted as an indication that 
platelet lipoxygenase can utilize arachidonic 
acid derived from plasma phospholipids. Holy- 
ever, amounts of TXB2 synthesized were not 
changed in both cases (Table 1), implying that 
platelet cyclooxygenase preferentially utilizes 
arachidonic acid derived from platelet lipids. 

In order to substantiate this, platelets were 
aggregated in the presence of phosphatidyl- 
choline (L-a-l-palmitoyl-2-arachidonyl, arachi- 
donyl- l )4C)  in plasma. Radioactivity was in- 
corporated to 12-HETE and' cholesterol esters; 
however, no detectable radioactivity was found 
in TXB2 (Fig. 1), indicating again that only 
lipoxygenase can utilize arachidonic acid 
derived from plasma phospholipids. 

It has been shown that platelet cyclooxy- 
genase was found in the microsomal fraction, 
whereas lipoxygenase was found in the soluble 
cytoplasmic fraction (2). It is not  known whe- 
ther different localization of these enzymes is 
responsible for utilization of preferential 
substrate pool by each enzyme. Ability of 
platelet lipoxygenase to utilize arachidonic 
acid derived from plasma phospholipids, and 
its resistance to inactivation imply that aggre- 
gation of platelets in vivo produce more lipoxy- 
genase derived products than cyclooxygenase- 
derived products. 
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R E F E R E N C E S  
1. H a m b e r g ,  M., a n d  S a m u e l s s o n ,  B. ( 1 9 7 4 )  P roc .  

Nat. Acad. Sci. USA 71, 3400-3404. 
2. Nugteren, D.H. (1975) Biochim. Biophys. Acta 

299-307. 
3. Hwang, D.H. (1980) Prostaglandins Med. 5, 

163-173. 
4. Hwang, D.H., and Carroll, A. (1980) Am. J. Clin. 

Nutr. 33, 590-597. 
5. Hwang, D.H., Godke, R.A., and Rings, R.A. 

(1980) Lipids 15, 597-600. 
6. Kuehl, F.A., Jr., Humes, J.L., Ham., E.A., Egan, 

R.W., and Dougherty, H.W. (1980) in Advances 
in PGs and TXB Research (Samuelsson, B. and 
Rammwell, P.W., eds.) Vol. 6, pp. 77-86, Raven 
Press, New York, NY. 
Gryglewski, R.J., Bunting, S., Moncada, S., 
Flower, R.J., and Vane, J.R. (1976) Prosta- 
glandins 12, 715-737. 
Needleman, P., Wyche, A., Sankarappe, S.K., 
Jakschik, B.A., and Sprecher, H. (1981) Prog. 
Lipid Res. 20,415-422. 

[Received May 3, 1982] 

'7. 

8. 

L I P I D S ,  V O L .  17,  N O ,  12 ( 1 9 8 2 )  



848 

Tissue Culture of Cocoa Bean (Theobroma cacao L.): 
Incorporation of Fatty Acids into Lipids of Cultured Cells 

C.H. TSAI and J.E. KINSELLA*,  Institute o f  Food Science, Cornell University, Ithaca, 
N Y  14853 

A BST R ACT 

Suspension cell cultures of cocoa bean rapidly incorporated palmitic, stearic, oleic and linoleic 
acids into cellular lipids. Thus, 75 and 20% of [ 1-14 C] palmitic acid was incorporated into polar lipids 
and triglycerides, respectively, after 48 hr. When [1-14C] oleic and [1-14C] linoleic acid were added 
separately, polar lipids consistently contained most of the radioactive fatty acids. Ca. 60% of the 
stearic acid accumulated as unesterified fatty acid in the cells. Palmitic and stearic acid were not de- 
saturated, but oleic acid and linoleic acid were further desaturated. The kinetics of conversion of oleic 
acid and linoleic acid suggested a sequential desaturation pathway o f  18:1 ~ 18:2 ~ 18:3 in cocoa 
bean cell suspensions. 
Lipids 17:848-852, 1982. 

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

Plant cell cultures are increasingly used for 
the study of  plant lipid metabol i sm (1-6) .  
Suspensions of  soybean cells absorb and acylate 
exogenous  fa t ty  acids into cellular glycero- 
lipids (3). The lipid compos i t ion  of  cul tured 
cocoa bean cells has been character ized,  and 
these cells synthesize a variety of  fa t ty  acids 
f rom exogenous  acetate  (7,8). Significantly,  the 
pat terns of  fa t ty  acids synthesized were similar 
to those o f  immatu re  cocoa beans. To  de termine  
if cul tured cocoa bean cells could synthesize  
cocoabut te r  triglycerides, we have studied the 
capaci ty of  cul tured cells to incorpora te  exoge- 
nous fat ty  acids into glycerides. 

Mature cocoa beans conta in  ca. 60% fat 
which is p redominan t ly  tr iglycerides (TG). 
These contain most ly  palmit ic  (16:0) ,  stearic 
(18:0) ,  and oleic (18: 1) acids (sn-palmito-oleo-  
stearin is the p redominan t  tr iglyceride in cocoa- 
but ter) .  Trace amounts  of  l inoleic acid (18 :2)  
occur  in cocoabu t t e r  (9,10). 

The present  s tudy was conduc ted  to deter- 
mine if cul tured cells of  cocoa bean can uti l ize 
exogenous  fa t ty  acids typical  of  those found in 
cocoa bean, and if these are incorpora ted  into 
cellular TG. 

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

Materials 

[1-~4C]Palmitic acid (57.0 mCi /mmol ,  [1- 
14 C] stearic acid (50.0 mCi /mmol ) ,  [1-14C]- 
oleic acid (57.0 m C i / m m o l  and [1-14C] l inoleic 

*Author to whom correspondence should be 
addressed. 

acid (57.0 m C i / m m o l )  were purchased f rom 
New England Nuclear  (Boston,  MA). PCS 
Liquid scintil lant was obta ined  f rom Amersham 
Corpora t ion  (Arl ington Heights, IL). Precoated 
thin layer ch romatography  (TLC) plates (silica 
gel 60H) were purchased f rom Applied Science 
Lab (State College, PA). 

Cell Culture 

Suspension cultures of  cocoa beans were 
ini t iated f rom calli of  cocoa  bean co ty ledons  as 
described previously (7,11 ). Suspension 
cultures were grown in 40 ml of  MS basal 
med ium containing 0.5 ppm 2,4-D and 0.1 
ppm kinet in  in 125-ml Er lenmeyer  flasks on a 
Lab-Line Orbin Eviron Shaker (Melrose, IL) 
ro ta t ing at 120 rpm and at 28 C in the dark 
(7,11). The cells were subcul tured every 12-14 
days. Cells were harvested by f i l t rat ion with 
miracloth  (Calbiochem) and weighed (11). 

Incorporation of [1-14C] Fatty Acids 

Cells were grown for l 0 days in the cul ture 
medium (40 ml) to a concen t ra t ion  of  100 mg 
cells per ml. Labeled [ 1-14 C] fa t ty  acid (20 uM; 
3-4  x 10 ~ cpm) in 20 ul of  e thanol  was then 
added to the culture medium and cells were 
incubated at 28 C for a specific period of  t ime. 
At  the appropr ia te  t ime, 5-ml al iquots  were 
removed.  The test tube containing the cells was 
immersed  in boiling water  to stop all metabol ic  
reactions.  The cells were then centr i fuged in a 
Precision clinical centr ifuge (Chicago, IL). 
The clear supernatant  was removed with  a 
disposable Pasteur pipet te .  The solvent (5 ml), 
c h l o r o f o r m / m e t h a n o l  (C/M; 2:1,  v/v), was 
added to the pellet  and the mix ture  was shaken 
for  30 rain to ext rac t  lipids (8,12). Distilled 
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FIG. 1. Incorporation of [1J4C] fatty acids into lipids of cocoa bean suspensions following incubation with 
(a) [1J4C]palmitic; (b) [1-'4C]stearic; (c) [1-'4C]oleic, 20 #M each; and (d) [1-'4C]linoleic acid (30 #M), 
respectively. Results are given as nmoles of fatty acid incorporated per g of fresh cells and as % of total radio- 
active substrate available. Lipids were extracted and analyzed as described in Experimental Procedures. For the 
"zero time" sample, ca. 1.5 min elapsed between the addition of the fatty acid and addition of extracting solvent. 

water (1 ml) was added, followed by mixing on 
a vortex and centrifugation for 1 min to 
separate the two phases. The lower chloroform 
layer was carefully recovered with a Pasteur 
pipette and evaporated to dryness under N2 
gas. Lipid extraction of cells was done twice. 
The extracted lipids were dissolved in 1 ml of 
C/M (2:1, v/v). Aliquots (0.1 m l ) o f  this solu- 
tion were placed in vials and the radioactivity 
was determined using a Packard Tri-Carb 
(Downers Grove, IL) liquid scintillation counter 
using the external standard ratio method to 
correct for quenching. The remaining lipid 
solution was used to determine the distribution 
of the labeled fatty acids in lipid classes. 

The distribution of the labeled fatty acids 
in the lipid classes was determined by TLC. 
An aliquot (0.5 ml) of the lipid extract was 
spotted on silica gel 60H thin-layer plates. TLC 
plates were developed with the solvent system 
petroleum ether/diethyl ether/acetic acid (70: 
30:1, v/v/v). The spots corresponding to each 
lipid class (free fatty acids, (FFA), triglycerides 
and phospholipids) were located by 2',7'- 
dichlorofluorescenin spray. These zones were 

scraped into counting vials, liquid scintillation 
fluid was added, and the radioactivity deter- 
mined in the liquid scintillation counter. 

An aliquot (0.3 ml) of the lipid solution was 
used for preparation of fatty acid methyl esters 
using boron trifluoride as described previously 
(7,8). The methyl esters of saturated, mono-, 
di- and trienoic fatty acids were cochromato- 
graphed with authentic standards of fatty acid 
methyl esters on TLC plates impregnated with 
5% AgN%, as described (8). The AgNO 3 TLC 
plates were developed with a solvent system of 
chloroform/ethanol~acetic acid (11 : 1: 9, v/v/v). 
Spots containing methyl esters of saturated, 
mono-, di- and trienoic acids were localized 
with 2',7'-dichlorofluorescein spray reagent, 
scraped into counting vials and the radioactivity 
determined. The data presented are means from 
triplicate studies. 

R ESU LTS 

The incorporation of various [1-"  C] fatty 
acids into total lipids of cell suspensions of 
cocoa bean is shown in Figure l a - l d .  [1-14C] - 
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FIG. 2. Distribution of [ 1J*C] fatty acids in lipid classes of cocoa bean ceil suspension following incubation 
with (a) [1J*C]palmitic acid, (b) [1-t*C] stearic acid, (c) [1J*C] oleic acid, and (d) [1J4C] linoleic acid. Lipid 
classes were analyzed as described in Experimental Procedures. PL = polar lipids; TG = triglycerides; FFA = free 
fatty acids. 

Palmitic,  [ 1-~4 C] stearic, [ 1-14 C] oleic and 
[ 1J* C] l inoleic acids were rapidly taken up and 
incporpora ted  into lipids of  cocoa bean cell 
suspensions, indicating that  the cocoa bean 
suspension cultures readily ut i l ized exogenous  
FFA.  To ensure that  exogenous  F F A  were not  
only nonenzymat ica l ly  associated with cell 
wall componen t s  as indicated by S t u m p f  and 
Weber (3) but  fur ther  acylated to form 
complex  lipids, the total  lipids were separated 
into various lipid classes by TLC. 

The pat terns of  incorpora t ion  of  exogenous  
[ 1-14 C] fa t ty  acids in to  various lipid classes of  
cocoa bean cell suspensions are summarized in 
Figure 2a,b. Excep t  for  the stearic acid, the 
exogenous  fa t ty  acids were readily incorpora ted  
into complex  lipids. Abou t  60% of the [ 1-14 C] - 
stearic acid associated with the cellular lipids 
remained as F F A  and only  30% and 10% was 
associated with polar  lipids and tr iglycerides 
after 24 hr  of  incubat ion.  In contrast ,  when 
[ 1-14 C] palmitic,  [ 1-14 C] oleic or  [ 1-14 C] l inoleic 
acid were added,  most  of  the fa t ty  acid appeared 
in polar  lipids and tr iglycerides;  very lit t le 
remained in the F F A  pool  af ter  24 hr. Polar 
lipids consistent ly conta ined most  of  the in- 
corpora ted  fa t ty  acids (Fig. 2b,c,d). 

The conversion of  exogenous  F F A  in to  

o ther  fa t ty  acids as a func t ion  of  t ime was 
de termined  (Fig. 3). Palmitic and stearic acid 
were no t  desaturated (data not  shown).  In 
contrast ,  [1-1.C] oleic acid was conver ted  to 
l inoleic and [ 1-14 C] l inolenic acids; [ 1-14 C] -  
l inoleic acid was desaturated to [ 1-14 C] l inolenic 
acid. Precursor-product  relat ionships be tween  
oleic, linoleic, and l inolenic acid were apparent  
(Fig. 3,a,b). These results suggested the pres- 
ence of  a sequential  desatura t ion pa thway 18:1 
--, 18:2-~ 18 :3  in cocoa bean suspension cul- 
tures. 

D I S C U S S I O N  

As repor ted  for  o ther  plant cell cultures (2), 
cocoa bean cell suspensions easily incorpora ted  
exogenous  fa t ty  acids in to  cellular lipids. Lino- 
leic acid was most  rapidly incorpora ted ,  fol lowed 
by oleic, stearic and palmit ic  acid. 

Fol lowing incuba t ion  of  the cells with 16:0,  
18:1, and 18:2,  the polar  lipids conta ined 6 0 -  
80% of radioact ivi ty  and tr iglycerides conta ined  
10-20%. These data concerning the dis t r ibut ion 
of  exogenous  fa t ty  acids in lipid classes were in 
general agreement  with those repor ted  for soy- 
bean cell suspension (3,4). However ,  in the case 
of  stearic acid, a lmost  60% remained in the 
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FIG. 3. Distribution of [ 1-14C] fatty acids in fatty acids of cocoa bean cell suspensions following the incuba- 
tion with (a) [1-14C] oleic acid; and (b) [1J 'C] linoleic acid. Fatty acids were separated as methyl esters by 
argentation TLC as described in Experimental Procedures. 0 = saturated; 1 = monoene; 2 = diene; 3 = triene, 

unester if ied state. This observat ion is inconsis- 
tent  with the low levels (2-4%) of  free stearic 
acid normal ly  observed in cul tured cocoa  bean 
cells (7). Conceivably,  in the present  experi-  
ments,  the accumula t ion  of  free stearic acid 
ref lected an impaired capacity of  these cells 
to activate exogenous  stearic acid to stearyl- 
ACP and this l imited fur ther  metabol i sm via 
acylat ion or desaturat ion.  

However ,  nei ther  the palmi ta te  nor  stearate 
taken up by the cells were conver ted  into  o ther  
fa t ty  acids, whereas [ t-14 C] oleate was rapidly 
desaturated to [ 1-14 C] l inoleate  and exogenous  
[ 1 J 4 C ] l i n o l e a t e  was desaturated to l inolenate  
to a l imited extent .  These results were consis- 
tent  with those repor ted  for soybean  slices (13) 
and for soybean cell suspensions (3). S t u m p f  
and Porra (13) observed that  acetate  was con- 
ver ted rapidly to C16 and C18 fa t ty  acids but  
pa lmi ta te  and stearate were ineffect ive sub- 
strates for e longat ion and desaturat ion,  whereas 
oleate was readily conver ted  to  l inoleate  in 
slices of developing soybean coty ledons .  S tumpf  
and Weber (3) observed the same results and 
also the conversion of  l inoleate  to l inolenate  
l inolenate  in soybean suspension cultures. 
These results were readily explained in terms of  
an ACP-dependent  de novo sequence which 
converts  acetate  to palmityl-ACP which is 
e longated to stearyl-ACP, and stearyl-ACP de- 
saturase which converts  stearyl-ACP to oleyl- 
ACP (3,14,15).  Since free palmit ic  and stearic 
acid cannot  be act ivated to acyl-ACP derivatives, 
they  do no t  enter  the acyl-ACP pool ,  and hence 
are not  fur ther  metabol ized .  However ,  18:1 
can be act ivated via thiokinase to oleyl-CoA 
which is subsequent ly  desaturated to l inoleyl- 
CoA which may  be fur ther  desaturated to lino- 
lenyl-CoA (14,15).  The cocoa bean cells ap- 
parent ly  conta in  the enzymes  ( thiokinases and 
desaturases) required for these react ions but  

i 

lack the acyl-ACP synthetase.  Significantly,  
much  more  oleic acid than l inoleic acid was 
u l t imate ly  conver ted  to l inolenic acid by the 
cocoa bean cells. This may reflect  the fact that  
the oleic acid was more  facilely incorpora ted  
into  the phosphoglycer ides  where it is the pre- 
ferred substrate for the desaturase (16). 

The kinet ics  of  convers ion of  fa t ty  acids in 
cocoa cell suspensions were clearly suggestive of  
the sequent ial  desaturat ion of  18:1 ~ 1 8 : 2 ~  
18:3. Stearns and Mor ton  (1) and Wilson et al. 
(4) using ,4 C-acetate repor ted  the same sequen- 
tial desaturat ion in soybean suspension cultures. 
This pa thway  was also observed in cocoabean 
suspension cul ture using [ 1-14 C] acetate  as sub- 
strate (8). 

The t endency  of  the cells to desaturate oleic 
acid and to incorpora te  exogenous  fat ty  acids, 
most ly  in to  phospholipids,  indicated that  these 
cocoa bean cell suspensions may not  be suitable 
for the p roduc t ion  of  a cocoa but te r  like fat. 
This is consistent  with previous analyses of  
endogenous  lipids of  cul tured cocoa bean cells 
(7). Current  research is concerned  with  enhanc- 
ing the capaci ty of  cul tured cells to synthesize 
mos t ly  tr iglycerides f rom endogenous  and exo- 
genous fa t ty  acids. Initial studies indicated that  
increasing t h e . c o n c e n t r a t i o n  of  18:0 in the 
med ium and the addi t ion  of  coconu t  water  to 
the cul ture med ium significantly increased the 
tr iglyceride con ten t  o f  cul tured cells (9). 

REFERENCES 

1. Stearns, E.M., and Morton, W.T. (1975) Lipids 
10,597-601. 

2. Radwan, S.S., and Mangold, H.K. (1980) Adv. 
Biochem. Eng. 16, 109-133. 

3. Stumpf, P.K., and Weber, N. (1977) Lipids 12, 
120-124. 

4. Wilson, A.C., Kates, M., and de la Roche, A.I. 
(1978) Lipids 13, 504-510. 

LIPIDS, VOL. 17, NO. 12 (1982) 



C.H. TSAI AND J.E. KINSELLA 852 

5. MacCarthy, J.J., and Stumpf ,  P.K. (1980) Planta 
147, 384-388.  

6. MacCarthy, J.J., and Stumpf ,  P.K. (1980) Planta 
147, 389-395.  

7. Tsai, C.H., and Kinsella, J.E. (1981) Lipids 16, 
577-582.  

8. Tsai, C.H., and Kinsella, J.E. (1982) Lipids 17 
(press). 

9. Tsai, C.H., and Kinsella, J.E. (1982) J. Food Sci. 
4 7 , 7 6 8 - 7 7 3 .  

10. Leherian, D.W., and Keeney,  P.G. (1980) J. Am.  
Oil Chem. Soc. 57, 61-65.  

11. Tsai, C.H., and Kinsella, J.E. (1980) Ann.  Bot. 
4 8 , 5 4 9 - 5 5 6 .  

12. Folch, P.J., Lees, M., and Stanley,  G.M. (1957) 
J. Bill. Chem.  226, 497-506 .  

13. S tumpf ,  P.K., and Porra, R.J. (1976) Arch. Bio- 
chem. Biophys. 176, 63-70.  

14. Jaworski,  J.G., Goldschmidt ,  E.E., and Stumpf ,  
P.K. (1974) Arch.  Biochem. Biophys. 163, 
769-776. 

15. Jaworski, J.G., and Stumpf, P.K. (1974) Arch. 
Biochem. Biophys. 162, 158-165. 

16. Stymme, S., and Glad, G. (1981) Lipids 16, 
298-305. 

[Received May 18, 19821 

LIPIDS, VOL. 17, NO. 12 (1982) 



Identification of 
27-Nor-(24R)-24-methylcholesta-5,22-dien-3/3 -ol 
and Brassicasterol as the Major Sterols 
of the Marine Dinoflagellate Gymnodinium simplex 1 
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ABSTRACT 

The major 4a-monomethyl sterol of the dinoflagellate Gymnodinium simplex was identified as 
(24S)-4a,24-dimethylcholestan-3/3-ol. The major 4-demethyl sterols were characterized as 
(24R)-24-methyleholesta-5,22-dien-3/3-ol (brassicasterol) and 27-nor-(24R)-24-methylcholesta- 
5,22-dien-3/3-ol. The latter sterol has the opposite configuration at C-24 to that assigned to occe- 
lasterol, which has the same basic structure and has previously been reported as a constituent of the 
sterols of a marine worm. 24-Nor-cholesta-5,22-dien-3/3-ol was also identified along with several other 
trace sterots. The co-occurrence of 27-nor-(24R)-cholesta-5,22-dien-3/3-ol together with 24-nor- 
cholesta-5,22-dien-3/~-ol and brassicasterol provides new evidence for the biosynthetic origins of the 
two former nor-sterols. It is suggested that they may be produced de novo by a route involving 
nor-isoprenoid pyrophosphates and nor-squalene as intermediates, rather than as bacterial degradation 
products of brassicasterol (or related sterols) as previously suggested in the literature. 
Lipids 17:853-858, 1982. 

I N T R O D U C T I O N  E X P E R I M E N T A L  

Many unusual sterols have now been re- 
ported as constituents of  marine invertebrate 
animals (1-3) and the list is being increased at a 
steady rate as more refined analytical tech- 
niques allow trace sterols to be purified and 
characterized. The origin of  these sterols has 
aroused great interest since they present chal- 
lenging biosynthetic problems. Many of the 
sterols possess hitherto unimagined side chain 
alkylation patterns and this indicates that they 
may be of algal origin and are incorporated into 
invertebrate tissue via their passage through the 
complex marine food chain (2-4). 

In the search for the algal producers of these 
sterols, a number of dinoflagellate species have 
beert examined and these have yielded a reward- 
ing array of  new sterols (5-18). As a continua- 
tion of  our own studies on marine invertebrate 
and dinoflagellate sterols, we now report  the 
i d e n t i f i c a t i o n  o f  ( 2 4 S ) - 4 a , 2 4 - d i m e t h y l -  
cholestan-3#-ol (1), 24-norcholesta-5,22-dien- 
3~-ol (2), 27-nor-(24R)-24-methylcholesta-5,22- 
dien-313-ol (3) and (24R)-24-methylcholesta- 
5,22-dien-3#-ol (4) in the dinoflagellate Gym- 
nodinium simplex. 

1presented at the "Sterol Symposium" of the 
American Oil Chemists' Society Annual Ititernational 
Congress, New Orleans, LA, May 1981. 

2Current address: Hawaii Institute of Marine Biol- 
ogy, University of Hawaii, P.O. Box 1346, Kaneohe, 
HI 96744. 

G. simplex (Loh.) Kof. & Sw. was cultured in 
a 200 E vat of  GPM medium (19) at 18 C with 
1000 p W/cm 2 continuous illumination. The 
cells were harvested after 5 weeks culture and 
lyophilized to give 14.9 g dry wt of  cells. Extrac- 
tion by reflux with 200 ml of CHC13/MeOH 
(2:1 ) gave 3.34 g of  the total lipid. This was frac- 
tionated by chromatography on a 50 g column 

of alumina, Brockmann grade III, eluted with di- 
ethyl ether-petrol mixtures to give fraction 3 
(30.3 mg), fraction 4 (20.6 mg) and fraction 5 
(40.2) which were shown by thin layer chroma- 
tography (TLC) and gas liquid chromatography 
(GLC) to contain mixtures of 4~-methylsterols 
and 4-demethylsterols. Fractions 3-5 were sub- 
mitted to preparative TLC on silica gel devel- 
oped with CHC13/EtOH (98:2). Bands with Rf 
values corresponding to the 4a-methyl sterols 
and 4-demethyl sterols were eluted with diethyl 
ether and submitted to GLC analysis on a 3% 
OV-17 column (260C). 

The 4-monomethyl  sterol fraction (11 mg) 
contained one major component  (95%) which 
was i d e n t i f i e d  as (24S)-4a ,24-d imethyl -  
cholestan-3fl-ol, (1). GLC, 3% OV-17, RR t = 
1.45 (cholesterol RR t = 1.00). Electron impact 
mass  spectrometry  (ELMS) m/z (rel int): 
416(48), 401(20), 383(17), 369(4), 289(5), 
276(13), 262(11), 247(48), 229(61), 179(44), 
43(100). 1H NMR (CDC13): ~ 0.642 (s, H-18), 
0.769 (d, H-28), 0.778 (d, H-27), 0.822 (s, 
H-19), 0.850 (d, H-26), 0.896 (d, H-21), 0.940 
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(d, H-30), 3.1 (ddd). The minor 4a-methyl 
sterol component had a short retention time 
(RR t = 1.25) and it was tentatively identified as 
4~, 24-dirnethylcholest-22-en-3t~-ol (5). ElMS 
m/z (rel int): 414(32), 316(29), 301(11), 
287(34), 271(40), 229(7), 69(100). 

The 4-demethyl sterol fraction (35 mg) was 
shown by GC-MS to have 4 components. Peak 1 
(0.7%), RR t = 0.67 (cholesterol RR t = 1.00); 
ElMS rn/z (rel int): 370(14), 352(4), 337(3), 
300(14), 285(7), 271(15), 255(36), 213(15), 
97(84),  55(100) corresponding to 24-nor- 
cholesta-5,22-dien-3#-ol (2). Peak 2(32%), RRt 
= 0.89, ElMS m/z (rel int): 384(39), 369(8), 
366(12), 351(10), 300(32), 285(8), 271(29), 
255(68), 213(22), 55(100), corresponding to 
27-nor-24-methylcholesta-5,22-dien-3t~-ol (3) or 
cholesta-5,22-dien-3t3-ol (6). Peak 3 (53%), RRt 
= 1.13, ElMS m/z (rel int): 398(36), 383(6), 
380(8), 365(6), 337(11), 300(23), 285(6), 
271(24), 255(47), 213(14), 55(100) corre- 
spond ing  to (24R)-24-methylcholesta-5,22- 
dien-3#-ol (4). Peak 4 (14%), RRt = 1.34, ElMS 
m/z (tel hat): 412(2), 397(0.5), 369(2), 351(2), 
323(1), 314(11), 300(9), 271(22), 255(13), 
~53(4) ,  69(100) corresponding to 23,24g- 
dimethylcholesta-5,22-dien-3t3-ol (7). 

The 4-demethylsterols were acetylated 
(pyridine-acetic anhydride) and the steryl ace- 
tates submitted to preparative TLC on 10% 
AgNOa-silica gel developed with ethanol-free 
CHCI3. After spraying with 0.005% berberine 
and viewing under UV fight, one major band 
and several very minor bands were observed. 
These were eluted and examined by GC-MS. 
Band 1, Rf 0.75; MS m/z (rel int): 444(5), 

369(4), 276(6), 275(4), 215(16); identified as 
24~-methylcholestan-3#-yl acetate. Band 2, Rf 
0.68; MS (m/z (rel hat): 456(1), 353(2), 344(4), 
329(3) ,  315(7), 271(2), 257(10), 255(2), 
215(3) ,  69(100); tentatively identified as 
23,24~-dimethylcholest-22-en-3#-yl acetate. 
Band 3, Rf 0.53; 4 components by GLC; peak 
1, MS m/z (rel int): 368(100), 353(19), 
260(16), 255(16), 247(22), 213(14), identified 
as cholesteryl acetate; peak 2, MS m/z (rel int): 
442(22), 344(26), 339(14), 315(25), 257(63), 
215(10), 69(100), identified as 24~-methyl- 
cholest-22-en-3#-yl acetate; peak 3, MS m/z (rel 
int): 382(100), 367(18), 274(14), 255(14), 
213(14), identified as 24~-methylcholest-5-en- 
3O-yl acetate; peak 4, MS m/z (rel int): 
396(29), 381(4), 358(5), 329(9), 271(15), 
255(4), 213(2), 69(100), tentatively identified 
as 23,24~-dimethylcholest-5-en-3#-yl acetate. 
Band 4, Rf 0.43, MS m/z (rel int): 394(18), 
379(2) ,  351(4) ,  323(2), 296(1), 282(6), 
267(2), 255(14), 253(11), 213(12); 69(100), 
t en t a t i v e ly  identified as 23,24~-dimethyl- 
cholesta-5,22-dien-3#-yl acetate. Band 5, Rf 
0.36, MS m/z (rel int): 380(58), 255(37), 
213(7), 69(100). Band 6, Rf 0.21, was the 
major fraction and it was shown by GLC to 
contnin two major components. This material 
was care fu l ly  chromatographed on silver 
nitrate-silica gel TLC to give two bands which 
were eluted. The less polar compound (5.6 rag) 
was identified as (24R)-24-methylcholesta-5,22- 
dien-3o-yl (4) acetate (brassicasteryl acetate) 
mp 153-156.5C, literature (20) 158C; ElMS 
rn/z (rel hat): 380(96), 365(6), 337(7), 282(6), 
255(50), 228(9), 213(11), 69(100). 1H NMR 
(CDC13, 220 MHz): 6 0.690 (s, H-18), 0.815 (d, 
H-26), 0.832 (d, H-27), 0.906 (d, H-28), 1.007 
(d, H-21), 1.016 (s, H-19). 

The more polar material (4 mg) was identi- 
fied as 27-nor-(24R)-24-methylcholesta-5,22- 
dien-3#-yl (3) acetate, mp 137-140C. EIMS m/z 
(rel int): 366(I00), 351(8), 282(6), 255(55), 
69(98). 1H NMR (CDC13, 400 MHz): 6 0.690 
(s, H-18), 0.827 (t, H-26), 0.925 (c/, H-28), 
1.010 (d, H-21), 1.020 (s, H-19), 2.025 (s, 3#- 
acetate), 4.58-4.68 (m, H-3a), 5.17 (m, H-22, 
H-23), 5.39 (m, H-6). A sample of synthetic 
27-nor-(24S)-24-methylcholesta-5,22-dien-3t~-yl 
(8) acetate (occelasteryl acetate, mp 142-144C 
(21), generously provided by Dr. M. Kobayashi) 
had an identical mass spectrum; 1H NMR 
(CDC13, 400 MHz): ~ 0.690 (s, H-18), 0.830 (t, 
H-26), 0.926 (d, H-28), 1.003 (d, H-21), 1.020 
(s, H-19), 2.025 (s, 3t3-acetate), 4.58-4.68 (m, 
H-3a), 5.16 (m, H-22, H-23), 5.40 (m, H-6). 

RESULTS A N D  DISCUSSION 

The total lipids were extracted from the 
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lyophylized cells of G. simplex and separated 
by alumina column chromatography followed 
by preparative TLC on silica gel to yield the 
4a-methylsterol and 4-demethylsterol fractions. 
GLC analysis showed the 4a-methyl sterol frac- 
tion to contain one major component.  This had 
a molecular ion in the mass spectrum at m/z 
416, revealing it to be a saturated 4c~-methyl 
compound with an extra methyl group which 
was shown to be located in the side chain by 
examination of the mass spectral fragmentation 
i o n s  (rn/z 289 [M-s ide  c h a i n ]  + , m/z 
247[M-C-15,C-16,C-17 and side chain] + m/z 
229 [247-H2 0] +). This suggested t h a t  the 
sterol  was 4a,24,dimethyl-5a-cholestan-3#-ol 
which has previously been recognized as a con- 
stituent of the zooxanthellae of Briareum 
asbestinum (16). This assignment was con- 
firmed by the 1H NMR spectrum which ex- 
hibited the appropriate signals for all the 
methyl groups (see the Experimental). In par- 
ticular, the chemical shifts of the doublets for 
the C-21, C-26, C-27 and C-28 methyl group 
p r o t o n s ,  when compared with the corre- 
sponding values for known sterols (22), per- 
mitted the configuration at C-24 to be assigned 
as (24S). Thus, the major 4a-methyl sterol was 
i d e n t i f i e d  as ( 2 4 S ) - 4 a , 2 4 - d i m e t h y l -  
5~-cholestan-3~-ol (1). A very minor com- 
ponent of the 4a-methyl sterol fraction had a 
shorter retention time than 1 which was indica- 
tive that it was the zx~2-analogue of 1. The 
molecular ion (m/z 414) and fragmentation 
ions substantiated this view and the compound 
was tentatively identified as 4a,24-dimethyl-5~- 
cholest-22-en-3t3-ot (5), which has also been 
indicated previously as a minor component of 
the sterols of the zooxanthetlae of B. asbesti- 
hum (16). 

The 4-demethyl sterol fraction was found by 
GC-MS analysis to consist of two major com- 
ponents and two more minor constituents. The 
most minor component,  peak 1 (0.7%), had a 
short retention time, suggesting it to be a 
C26-sterol. This was confirmed by the mass 
spectrum (M + at m/z 370) which showed the 
c o m p o u n d  to  be most probably 24-nor- 
cholesta-5,22-dien-3#-ol (2) although the alter- 
native structure, 27-nor-cholesta-5,22-dien-3#- 
ol, could not  be eliminated due to the lack of 
material for a more definitive identification. 
Sterol 2 was first isolated from a clam (23) and 
it is now recognized to be ubiquitous in its oc- 
currence in animals of all marine invertebrate 
phylla (1,2). 

Peaks 2 (32%) and 3 (53%) had mass spectra 
identical to those of cholesta-5,22-dien-3~ol 
(6) and  (24R)-24-methylcholesta-5,22-dien- 
3#-ol (4, brassicasterol), respectively. However, 

a careful comparison of the GLC retention time 
of peak 2 with that of a synthetic sample of 
cholesta-5,22-dien-3/~-ol (6) showed a small 
discrepancy with peak 2 eiuting slightly the 
faster of the two. Co-injection of cholesta-5,22- 
dien-3#-ol with the dinoflagellate sterol sample 
onto two different GLC columns (3% OV-17 
and 1% HiEFF 8) gave a noticeable broadening 
of peak 2 which was sufficient to indicate the 
nonident i ty  of the peak 2 sterol with cholesta- 
5,22-dien-3#-ol (6). 

Peak 4 (14%) had a retention time and mass 
spectrum (M + at m/z 412) which indicated it to 
be a C29 -A 5,22 sterol. However, the intensities 
of the molecular ion and other fragment ions 
were not  consistent with its identification as 
(24R)-24-ethylcholest-5,22-dien-3#-ol (porifera- 
sterol) which is a commonly occurring algal 
sterol. The base peak at m/z 69 suggested this 
compound to be 23,24~-dimethylcholesta-5,22- 
dien-3/3-ol (7) which has previously been re- 
ported as a constituent of several coelenterates 
(24) and the alga, Hymenomonas carterae (25). 

In order to characterize these compounds, 
the 4-demethyl sterols were acetylated and 
separated by TLC on silver nitrate-silica gel. 
One major band and several minor bands were 
observed. Mass spectrometry of the steryl ace- 
tates recovered by elution of the bands allowed 
the  a c e t a t e s  of  cholesterol, 24y-methyl- 
cholestan-3#-ol ,  24g-methylch olest-5-en-3#-ol 
and 24y-methylcholest-22-en-3#-ol, to be identi- 
fied by comparison of their mass spectra with 
those of, authentic steryl acetates. 

Three of the other trace components were 
t e n t a t i v e l y  identified as the acetates of 
23,24g-dimethylcholesta-5,22-dien-3#-ol (7), 
2 3 , 2 4 ~ - d i m e t h y l c h o l e s t - 5 - e n -  3~-o1 a nd  
23,24g-dimethylcholest-22-en-3#-ol. The mass 
spectrum of compound 7 displayed all the frag- 
mentat ion ions reported to be characteristic of 
this sterol (24) but all the higher mass frag- 
ments were of very much lower intensity than 
reported (24) and the base peak was at m/z 69 
as indicated by Volkman et al. (25). All of 
these compounds were present in such small 
amounts that they could not be further charac- 
terized. 

Rechromatography of the major steryl ace- 
tate fraction on silver nitrate-silica gel TLC 
resolved it into two bands each of which was 
shown by GLC to contain only one component.  
The less polar material was shown by its 1H 
NMR and mass spectra to be the acetate of 
(24R)-24-methylcholesta-5,22-dien-3t~-ol (4). 
The C-24 configuration was confirmed to be 
(24R) by comparison of the 1H NMR spectrum 
of the isolated material with the 1H NMR spec- 
tra of authentic samples of (24R)-24-methyl- 
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FIG. 1. The 400 MHz NMR spectra of (a) synthetic 27-nor-(24S)-24-methylcholesta-5,22-dien-3#-yl acetate and 
(b) the 27-nor-(24R)-24-methylcholesta-5,22-dien-3#-yl acetate isolated from G. simplex. 

cholesta-5,22-dien-3#-yl (4) acetate (brassi- 
casteryl acetate) and (24S)-24-methylcholesta- 
5,22-dien-3#-yl (9) acetate (epibrassicasteryl 
acetate). : The natural product and brassicasteryl 
acetate had superimposable spectra and the 
H-21 doublet (6 1.007) in the spectra of these 
compounds was significantly downfield com- 
pared to the corresponding signal for the 1-I-21 
protons (6 1.003) of epibrassicasteryl acetate, 
thus establishing (22) the (24R)-configuration 
of the dinoflagellate sterol. 

The steryl acetate of higher polarity from 
the TLC separation had a retention time and 
mass spectrum very similar to those of cholesta- 
5,22-dien-3#-yl (6) acetate. However, its 1H 
NMR spectrum confirmed the earlier GLC re- 
tention time information, that it could not be 
this compound. The 220 MHz 1H NMR spec- 
trum displayed a triplet at 8 0.827 for a termi- 
nal ethyl group and two doublets for methyl 
groups at ~ 0.925 and 1.009. These features, 
together with the mass spectrum, indicated that 
the sterol was 27-nor-24g-methylcholesta-5,22- 
dien-3#-yl acetate. This sterol has previously 
been isolated from a marine worm and given 
the trivial name occelasterol (21). Further 
examination of the 1H NMR spectrum of the 
dinoflagellate steryl acetate showed that the 
signal for the H-21 doublet (~ 1.009) had a 
similar chemical shift to that of brassicasteryl 
acetate, thus strongly suggesting that the con- 
figurations of the two compounds at C-24 must 

be the same, that is (24R). However, occe- 
lasterol was concluded by Kobayashi and Mitsu- 
hashi (21) to have the (24S)-configuration by 
comparison of its mp and 1H NMR spectrum 
with the corresponding data of a synthetic 
s a m p l e  of  27-nor-(24S)-24-methyl-cholesta- 
5,22-dien-3#-ol (8). Dr. Kobayashi kindly pro- 
vided us with a sample of the synthetic occe- 
lasteryl (8) acetate and we were, therefore, able 
to make a direct comparison of this compound 
with the dinoflagellate steryl acetate to resolve 
the C-24 configuration of the latter. The two 
compounds had very similar mp but their 400 
MHz 1H NMR spectra (Fig. 1) allowed them to 
be differentiated. The H-21 doublet (6 1.010) of 
the dinoflageilate sterol was clearly downfield 
compared to the corresponding H-21 signal (~ 
t . 0 0 3 )  for the synthetic 27-nor-(24S)-24- 
methylcholesta-5, 22-dien-3/3-yl (8) acetate, 
thus showing the two compounds to be epi- 
meric at C-24 and establishing that the dino- 
flagellate sterol had the (24R)-configuration. 
The G. simplex sterol is, therefore, identified as 
2 7-  n o r -  ( 2 4 R ) - 2 4 - m e t h y l c h o l e s t a -  
5,22E-dien-3#-ol (3). This assignment is now 
confirmed by the recent chemical synthesis of 3 
by Hirano and Djerassi (26); synthetic 3 had 
the same 1HNMR spectrum as our dino- 
flagellate sterol. 

The  i d e n t i f i c a t i o n  of 27-nor-(24R)-24- 
methylcholesta-5,22-dien-3#-ol (3), together 
with a small amount  of 24-nor-cholesta-5,22- 
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dien-3#-ol (2), in a dinoflagellate poses an inter- 
esting question regarding their mode of bio- 
synthesis. Sterol 2, or i t s / ,  7-analogue, occurs in 
trace amounts in many of the marine inverte- 
brates examined (1,2,27) and the 24-epimer of 
sterol 3 (occelasterol), which was first reported 
in a marine worm (21), now appears also to 
occur more widely in small amounts, often ac- 
companying cholesta-5,22-dien-33-ol (6) which 
may perhaps have masked its presence in some 
earlier analyses. Since the G. simplex sterol is 
the epimer of occelasterol, it will be interesting 
to pay more careful attention to the analysis of 
the C27-AS,22 sterols of marine invertebrates 
to establish if, in fact, it contains both the 
epimers 3 and 8. Dr. Kobayashi (personal com- 
munication) has now informed us that re- 
examination of the H-21 doublet in the 1H 
NMR spectrum of the occelasterol isolated 
from a scallop showed that, although the major 
component  is the (24S)-epimer (8), it does 
appear to contain a small amount of the 
(24R)-sterol (3). 

Regarding the origin of the nor-sterols 2 and 
8, it has been suggested that they may arise by 
degradation of the C 28 sterol (24S)-24-methyl- 
cholesta-5,22-dien-3#-ol (9) by sequential re- 
moval of the terminal C-27 and C-26 methyl  
"groups t o  give, in turn, 8 and then 2 
(1,2,21,28). The organisms thought most likely 
to be responsible for these demethylations are 
bacteria which act upon sterol 9 (28) which, on 
the basis of  present evidence, seems to be the 
main source of  this sterol (1,2). Sterols 2 and 8 
will then be incorporated into the sterol mix- 
tures of invertebrate animals via the food chain. 
Support for this proposal has been provided by 
Boutry and Barbier (28-31) who have indicated 
that incubation of C~7, C28 and C29 sterols 
with a mixed culture of marine bacteria results 
in the appearance of short side chain sterols. 

Teshima et al. (12) in their analysis of the 
sterols of  the dinoflagellate, Noctiluca milialis, 
observed small amounts of  2 (0.7%) and 8 (or 
3) (0.5%) in a mixture which contained 24~'- 
methyl-cholesta-5,22-dien-33-ol (4 or 9, 72.5%) 
as the major component.  However, it is not  
clear if 2 and 8 were true constituents of the 
dinoflagellate, in this case, as the material for 
analysis was not cultured axenically. The organ- 
ism is halozoic and was collected from the sea 
near the coast of Japan and, therefore, may 
have included other plankton flora and fauna 
which would make their contribution to the 
sterol mixture extracted and analyzed. With 
regard to this point, Boutry et al. (32) reported 
that plankton contained a small amount of 
24-nor-cholesta-5,22-dien-33-ol (2) in addition 
to the larger amounts of C27 , C28 and C29 

sterols and they suggested that a plankton or- 
ganism may be an important primary source of 
the C 26-sterol. 

Our observation of a small amount of the 
C26 sterol (2) together with a much larger 
a m o u n t  of 27-nor-(24R)-24-methylcholesta- 
5,22-dien-33-ol (3) in a culture of G. simplex 
now reveals the possibility that this alga, and 
perhaps other related dinoflagellates, are im- 
portant primary producers of the 24-nor- and 
27-nor-sterols, 2 and 3, respectively, found in 
the marine environment. Since G. simplex also 
c o n t a i n s  (24R)-24-methylcholesta-5,22-dien- 
33-ol (4), it is conceivable that sterols 2 and 3 
were derived in this organism by demethylation 
of 4 either by the dinoflagellate itself or per- 
haps by unsuspected bacterial contamination 
during culture or subsequent storage (at -20C) 
of the cells prior to extraction. However, we 
have previously speculated in our laboratory 
that nor-sterols could be of algal origin and re- 
sult from de novo synthesis rather than sterol 
degradation (27,33). We would like to suggest 
that they may be produced by a biosynthetic 
r o u t e  l e a d i n g  f rom nor-isoprenoid pyro- 

~[..\~. 2x~/_ . .  2 x P P ~  P P O v ~ H  
/ --~Opp "~ ~ OPP 

I I I R I 
4, 4, 

SCHEME 1. A suggested route for the de novo syn- 
thesis of nor-sterols commencing from dimethylallyl 
pyrophosphate, isopentenyl pyrophosphate and either 
propenyl pyrophosphate or butenyl pyrophosphate 
and passing via famesyl pyrophosphate and nor- 
farnesyl pyrophosphate to nor-squalene and nor- 
squalene-2,3-oxide. The first cyclized sterol precursor 
is shown here as a 9fl,19-cyclopropane sterol. How- 
ever, it has not yet been established if sterol biosyn- 
thesis in dinoflagellates involves 93,19-cyclopropane 
sterols, as found in other algae, or if it proceeds via the 
,58 sterol, lanosterol, as occurs in nonphotosynthetic 
organisms. 
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p h o s p h a t e  precursors through nor-farnesyl 
pyrophosphate  and nor-squalene to cyclized 
products  tacking one or two carbons in the side 
chain (Scheme 1). These lat ter  compounds then 
undergo the appropriate modifications to the 
ring system and C-24 alkylation occurs to pro- 
duce 2 or 3. 

Evidence has been presented from studies 
e m p l o y i n g  nor-squalene-2,3-oxide analogues 
that the tr isubsti tuted epoxide moiety is critical 
for cyclization to occur when catalysed by 
squalene-2,3-oxide-lanosterol cyclase of rat liver 
(34,35). A similar requirement for a trisubsti- 
tuted epoxide grouping may be exhibited by 
the dinoflagellate cyclase. In this case, only the 
mono- or dinor-squalene-2,3-oxide analogues 
with methyl  groups lacking from the putative 
s t e r o l  s idechain por t ion of the molecule 
(Scheme 1) would serve as a substrate for the 
c y c l a s e .  The (24R)-24-methylcholesta-5,22- 
dien-3•-ol (4) of G. simplex would, of course, 
be produced concomitant ly  by the conven- 
tional route involving squalene. An examination 
of the hydrocarbon fraction of this alga for 
mono- or dinor-squalene analogues, or the 
presence of other  nor-polyisoprenoids such as 
carotenoids in the dinoflageUate, would perhaps 
provide substantiating evidence for the opera- 
tion of such a pathway as that shown in 
Scheme 1. 
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ABSTRACT 

Phosphatidate phosphatase (EC 3.1.3.4) was detected in filamentous pathogenic fungi. In both 
dermatophytes, Mierosporum gypseum and Epidermophyton floccosum, the enzyme was located in 
the mitochondrial and microsomal subcellular fractions with a pH optimum of 6.0. The E. floccosum 
enzyme was more active than that of M. gypseum. Although the enzyme in both fractions of the 
dermatophytes was susceptible to inhibition by Fe 2§ Mn2+, Cu 2+, Ba 2§ and Hg 2§ the E. floccosum 
microsomal enzyme was completely inhibited by Mn 2§ and Fe 2§ The enzyme of M. gypseum as well 
as of E. floccosum exhibited a Mg 2§ dependency in presence of EDTA. Sulphydryl reagents did not 
inhibit either the mitochondrial or the microsomal enzyme of these fungi. Phosphorylcholine and 
lysophosphatidylcholine markedly inhibited the enzyme in the two dermatophytcs; however, the 
inhibition was less pronounced with phosphatidylcholine. 
Lipids 17:859-863, 1982. 

INTRODUCTION 

Phosphatidic acid occupies the branch point 
between neutral and polar lipid synthesis in 
animals (1), plants (2) and yeasts (3) and phos- 
phatidate phosphatase (EC 3.1.3.4) has been 
suggested to be rate-limiting for acylglycerol 
synthesis in the rat liver (4). Although this 
enzyme has been extensively studied in the rat 
liver (4) and lungs (5), it has not  been demon- 
strated in filamentous fungi (6) and has been 
rather poorly investigated in other microorga- 
nisms (7). Earlier, it has been shown from this 
laboratory that the acylglycerol content of 
Microsporum gypseum (8) and Epidermophy ton 
floccosum (9) is much higher than the phospha- 
tides. Moreover, during labeled acetate incorpo- 
ration studies with E. floccosum (9), it was 
observed that labeling of triacylglycerols was 
much higher than other neutral lipids, suggest- 
ing an extremely active phosphatidate phospha- 
tase in this dermatophyte. The present study 
was, therefore, initiated to detect, localize and 
investigate the phosphatidate phosphatase of 
these pathogenic fungi. 

MATERIALS AND METHODS 

The source of E. floccosum was as given 
earlier (10), whereas M. gypseum was obtained 
from the Pubhc Health Laboratory Service, 
London School of Hygiene and Tropical 
Medicine, London. These fungi were grown in  
Sabouraud's medium containing 4% glucose 
and 1% peptone, pH 5.4-5.6, at 27 C. Logarith- 
mic phase growing cells were harvested by 
filtration and washed with chilled normal 

*Author  to whom correspondence should be 
addressed. 

saline, to remove any adhering medium, Washed 
cells were homogenized in a mortar in 0.25 M 
sucrose, 10 mM Tris-HC1 buffer, pH 8.0. The 
homogenate was sonicated for 5 rain and then 
centrifuged at 5000 x g for 20 min to remove 
cell debris. All these procedures were carried 
out at 4 C. Supematant,  thus obtained after 
the above centrifugation, was used for crude 
characterization of the enzyme. 

Subcellular Fractionation 

For subcellular fractionation, a slightly 
modified procedure of Chavant et al. (11) was 
used. The 5,000 • g supernatant, obtained 
above, was spun at 15,000 • g for 30 min. The 
pellet was suspended in the above mentioned 
buffer and sonicated, whereas the supematant  
was centrifuged at 105,000 • g for 90 min. The 
pellet so obtained was suspended in the same 
buffer and sonicated. To characterize the 
various fractions, cytochrome C-oxidase was 
assayed for mitochondria and glucose-6-phos- 
phatase for microsomes. Pellet obtained from 
the 15,000 x g Centrifugation was the mito- 
chondrial fraction, whereas pellet from the 
105,000 x g operation was the microsomes. 
Both fractions were found to be relatively free 
of contamination from other fractions. Freshly 
prepared fractions were used for enzyme assay 
either immediately or stored at -70 C till 
required. 

Protein Estimation 

Proteins were estimated by Lowry's method 
(12), using bovine serum albumin as standard. 

Assay of Phosphatidate Phosphatase 

Phosphatidic acid, prepared as an aqueous 
suspension, was used for this study. A total 
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TABLE 1 

Localization of Phosphatidate Phosphatase 
in Dermatophyte Subcellular Fract ions  

Specific act iv i ty  
(ttmol/mg protein/hr) 

Fraction M. gypseum E. floccosum 

Mitochondrial 0.876 -+ 0.06 1.129 -+ 0.00 
Microsomal 1.008 -+ 0.03 1.496 -+ 0.08 
C y t o s o l  0.172 -+ 0.01 0.457 -+ 0.00 

Values are mean -+ SD of 4 independent determina- 
tions. 

vo lume  of  250/ . f l  c o n t a i n e d  3.25 mM p h o s p h a -  
t id ic  acid,  0.1 M Tris-Maleate,  pH 6.0,  and  200-  
250  /ag o f  e n z y m e  p ro te in .  The  r eac t i on  was 
caYried o u t  at  37 C for  60 m i n  wi th  c o n t i n u o u s  
shaking.  The  r eac t ion  was t e r m i n a t e d  w i th  0.5 
ml  c h l o r o f o r m / m e t h a n o l  (2 :1 ,  v /v)  and  the  t w o  
layers  separa ted  by  cen t r i fuga t ion .  L ibe ra ted  
p h o s p h o r u s i n  the  aqueous  layer  was e s t ima ted  
by Buel l ' s  m e t h o d  (13) .  In cont ro ls ,  e n z y m e  
was added  a f te r  t e r m i n a t i o n  o f  the  r eac t ion .  

V i s u a l i z a t i o n  o f  D G  

In o rde r  to  con f i r m  hydro lys i s  o f  p h o s p h a -  
t idic  acid,  the  r eac t ion  was a l lowed to  c o n t i n u e  

for  3 h r  and  all t he  e n z y m e  assay c o n s t i t u e n t s  
were increased  to  4 t imes  t he  quan t i t i e s  given 
above.  The  r eac t i on  was t e r m i n a t e d  as above  
and  the  c h l o r o f o r m  layer  was dried u n d e r  a 
s t ream of  n i t rogen .  The  dr ied mass was dis- 
solved in a k n o w n  vo lume  of  c h l o r o f o r m ,  and  
a su i tab le  a l iquo t  was s p o t t e d  on  p reac t iva ted  
Silica Gel G plates.  These  p la tes  were deve loped  
in p e t r o l e u m  e the r / so lven t  e the r / ace t i c  acid 
( 9 0 : 1 0 : 1 ,  v /v /v )  and  exposed  to iodine  vapo r  
for  visual izat ion.  D ipa lmi t i n  was used as a 
marke r .  

C h e m i c a l s  and So lven ts  

Phospha t id i c  acid, as a s o d i u m  salt, was pur-  
chased f rom CSIR Cent re  for  Biochemicals ,  
New Delhi ;  d ipa lmi t in  was o b t a i n e d  f r o m  Sigma 
and Silica Gel G f rom E. Merck.  All o t h e r  sol- 
vents  and  chemica ls  were o f  t he  h ighes t  pu r i t y  
available.  

R E S U L T S  A N D  D I S C U S S I O N  

To op t imize  the  assay sys tem of  phospha -  
t ida te  p h o s p h a t a s e  (EC 3.1 .3 .4) ,  h o m o g e n a t e s  
f rom log phase  cul tures  of  M. g y p s e u m  and E. 
f l o c c o s u m  were used as the  e n z y m e  source.  
Visua l iza t ion  of  d iacylglycerol  (DG),  o b t a i n e d  
a f te r  p h o s p h a t i d i c  acid hydro lys i s ,  was carr ied 
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FIG. 1. Effect of pH on phosphatidate phosphatase activity of dermatophytes, e - - e  mitochon- 

drial; o - - o  microsomal. 
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TABLE 2 

Effect of Metal Ions on Mitochondrial and Microsomal Phosphatidate Phosphatase 
of M. gypseum and E. floccoSum 

861 

Activity (% control) 

Mitochondrial Microsomal Divalent metal ion  
(10 raM) M. gypseum E. floccosum M. gypseum E. floccosum 

None 100 100 100 100 
Mn 19 35 29 - 
Fe 21 21 18 -- 
Cu 64 53 98 41 
Ba 61 50 89 22 
Hg 42 51 53 22 

Values are mean of 4 independent determinations. 

out using these homogenates. The controls 
showed faint spots of DG on the TLC plate, 
which were obviously due to endogenous con- 
tent. Diacylglycerol spots from the experi- 
mental assay tubes were more prominent and 
had similar Rf to that of marker dipalmitin. 
This observation confirms our earlier observa- 
tion, indicating the existence of a phosphati- 
date phosphatase in E. floccosum (9) and M. 
gypseum. To the best of  our knowledge, this is 
the first report indicating the presence of phos- 
phatidate phosphatase in filamentous fungi 
although phosphatidic acid has always been 
assumed to be a precursor for DG synthesis in 
fungi, mainly yeasts (6). 

Subcellular Localization of Phosphatidate Phosphatase 

In both dermatophytes, the enzyme was 
found to be localized in the mitochondrial and 
the microsomal fractions (Table 1). Enzyme 
activity was higher in the microsomal fraction, 
compared to mitochondria in M. gypseum, as 
well as in E..floccosum. Activity of the enzyme 
in E. f loccosum mitochondrial and microsomal 
fractions was higher than that in the corres- 
ponding fractions of M. gypseum. Association 
of phosphatidate phosphatase activity with 
membranous fractions of  the cell has been 
earlier reported in several mammalian tissues 
(14-16) and plants (6). Occurrence of  phospha- 
tidate phosphatase in the mitochondrial and 
microsomal fractions is not  unexpected since 
most of  the lipid synthesis takes place in these 
two cellular fractions although it is not  known, 
of the two fractions, which one contributes 
more t o t h e  cellular lipid pool (6). 

Since maximum activity of  the enzyme was 
associated with mitochondrial and microsomal 
fractions of  M. gypseum and E. f loccosum, fur- 
ther work was carried out in these two cellular 
fractions. 

Properties of Mitochondrial and Microsomal 
Phosphatidate Phosphatase 

The microsomal phosphatidate phosphatase 
of both fungi had a broad pH optima, from pH 
5.0-7.0, while the mitochondrial enzyme of 
these fungi was most active only at pH 6.0 
(Fig. 1). Difference in pH optima of phospha- 
tidate phosphatase, has been earlier reported in 
rat liver also (17). Since the microsomal frac- 
tion phosphatidate phosphatase was equally 
active between pH 5.0 and 7.0, all further 
studies in this fraction were carried out at pH 
6.0, similar to the mitochondrial fraction. 

Different Km values were obtained for the 
enzyme localized in the two subcellular frac- 
tions of  the dermatophytes. The mitochondrial 
enzymes had Km (mM) of 0.26 and 2.20 for 
E. floccosum and M. gypseum, respectively. 
Similarly, these values were 0.25 and 1.42 for 
the respective microsomal enzymes. The Km 
values for mitochondrial and microsomal phos- 
phatidate phosphatase of E. floccosum were 
lower than those of M. gypseum indicating the 
E. floccosum enzyme to be more active than 
that of  M. gypseum, as suggested earlier. 

Effects of  metal ions on mitochondrial and 
microsomal phosphatidate phosphatase of  M. 
gypseum and E. floccosum were compared 
(Table 2). In both subcellular fractions of  the 
dermatophytes, the enzyme activities were 
more susceptible to inhibition by Fe 2§ Hg 2+, 
Ba 2+, Cu 2+ or Mn 2§ In E. f loccosum, however, 
the microsomal enzyme was completely in- 
hibited by Mn ~§ and Fe 2+, and was more 
susceptible to Ba 2§ and Hg 2§ as compared to 
the M. gypseum microsomal phosphatidate 
phosphatase. 

Although variable effects of Mg 2§ have been 
reported, even for the same tissue (18,19), 
except for the mitochondrial phosphatidate 
phosphatase of E. f loccosum, the enzyme was 
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FIG. 2. Effect of Mg =* (or---o), EDTA (e - -e )  and EDTA + Mg =* complex (D--D) on mitochon- 
drial (A,C) and microsomal (B,D) phosphatidate phosphatase ofM. gypseum and E. floccosum. 

activated by this metal in both dermatophytes 
(Fig. 2). Addition of  EDTA alone stimulated 
the enzyme in both subcellular fractions of  the 
dermatophytes and increasing concentrations of  
Mg 2§ in presence of  5 mM EDTA, considerably 
stimulated the enzyme activity (Fig. 2). Al- 
though a Mg 2§ ion requirement was not evident 
under standard incubation conditions, the en- 
zyme exhibited Mg2§ activation in 

presence of  EDTA (5 mM) in 1111. g y p s e u m  as 
well as E. f l o c c o s u m .  This phenomenon of Mg 2§ 
activation has earlier been demonstrated in rat 
liver microsomes also (4). 

Several studies (20-22) have demonstrated 
that phosphatidate phosphatase is sensitive to 
inhibition by sulfhydryl reagents. In contrast to 
these reports, in both dermatophytes,/~-mercap- 
toethanol or iodoacetate had no effect on the 
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TABLE 3 

Effect of Phospholipid Intermediates on Mitochondrial and Microsomal 
Phosphatidate Phosphatase ofM. gypseum and E. flocco~um 

863 

Activity (% control) 

Mitochondrial Microsomal Phospholipid 
intermediates 34. gypseum E. floccosum M. gypseum E. floccosum 

o~-Glycerol- 3-phosphate 
(10 mM) 99 103 92 95 

Choline phosphate 
(10 mM) 23 29 31 44 

Lysophosphatidylcholine 
(3.25 raM) 26 34 18 39 

Phosphatidyleholine 
(3.25 raM) 86 91 77 93 

Values are mean of 4 independent determinations. 

e n z y m e  activity.  These observat ions  indicate  
tha t  phospha t ida t e  phospha ta se  catalysis is n o t  
thiol  group d e p e n d e n t  in these pa thogenic  
fungi.  

Effec ts  o f  phospho l ip id  in te rmedia tes  on 
mi tochondr i a l  and microsomal  phospha t i da t e  
phospha tase  of  M. g y p s e u m  and E. f l o c c o s u m  
were s tudied  (Table 3). Glycero l -3-phosphate  
did n o t  inh ib i t  the  e n z y m e ,  b u t  a considerable  
decrease in the  activity was observed in pres- 
ence o f  phosphory lcho l ine .  Similar observat ions  
have been  r epo r t ed  wi th  the  rat lung phospha -  
t idate  phospha tase  (23). P h o s p h a t i d y l c h o h n e  as 
well as its hydro lys i s  p roduc t ,  l y sophospha t idy l -  
chol ine,  inh ib i t ed  phospha t i da t e  phospha tase  in 
b o t h  subcellular  f ract ions  of  M. g y p s e u m  and 
E. f l o c c o s u m .  

F r o m  the  above s tudy ,  it can be conc luded  
tha t  phospha t i da t e  phospha tase  activity in M. 
g-ypseum and E. f l o c c o s u m  is associated wi th  
their  mi tochondr i a l  and mic rosomal  f ract ions .  
However ,  fu r the r  s tudies  at the  enzyma t i c  level 
need  to  be carried out  to  unde r s t and  the  exac t  
mechan i sms  involved in regulat ion of  neut ra l  
and polar  l ipids in these pa thogen ic  fungi.  
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E I f e c t  o f  I n h i b i t o r s  o n  co - a n d  ( 6 o - ] ) - H y d r o x y l a t i o n  

o f  k a u r i c  A c i d  b y  F r o g  L i v e r  M i c r o s o m e s  

YOSH I RO M IU RA, Department o f  Biochemistry, reikyo University School o f Medicine. 
2-1 I - I  Kaga, Itabashi-ku. Tokyo 173, Japan 

ABSTRACT 

To investigate the involvement of different cytochrome P-450 monooxygenases in fatty acid hy- 
droxylation in frog fiver microsomes, the effect of various inhibitors of cytochrome P-450 monooxy- 
genases on the to- and (to-1)-hydroxylation of laurate was examined. The to/to-l-hydroxylation ratios 
were changed significantly by various levels of carbon monooxide (CO) inhibition; the formation of to- 
hydroxylaurate was more sharply inhibited by various levels of CO than was the formation of (to-1)- 
hydroxylaurate. On the contrary, metyrapone inhibited only the formation of (to-1)-hydroxylaurate 
and stimulated the formation of co-hydroxylaurate. 7,8-Benzoflavone as well as CO was more inhibitory 
to the co-hydroxylation of laurate. At low concentrations of KCN (0.2 and 0.1 mM), the (to-1)-hy- 
droxylase activity was stimulated, but both the to- and (to-1)-hydroxylase activities were inhibited at 
the higher concentrations (5-10 mM). The effect of drugs and hydroxylaurate isomers on the co- and 
(to-1)-hydroxylation was also examined. Aminopyrine showed a stimulative effect on co-hydroxytase 
activity and no effect on the (to=l)-hydroxylase activity, while p-nitroanisole inhibited the (w-1)- 
hydroxylase activity and showed almost no effect on the to-hydroxylase activity. 12-Hydroxylaurate 
inhibited both the to- and (to-1)-hydroxylase activities, but the to-hydroxylase activity was inhibited 
to a much greater extent. 11-Hydroxylaurate had no effect on either hydroxylation. These findings 
strongly support the hypothesis that different cytochrome P-450 species are involved in the hepatic 
microsomal hydroxylation of laurate at to- and (to-D-positions in the frog. 
Lipids 17: 864-869, 1982. 

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

A number of  the so-called co-hydroxylating 
systems have been found in a variety of organ- 
isms (1-10). All the hydroxylating systems ex- 
cept for a bacterial co-hydroxylating system (2) 
involve cytochrome P-450, which plays a role in 
the hydroxylat ion of  fatty acids. Most of  the 
hydroxylating systems catalyze the hydroxyla- 
tion of fatty acids at the 60-and (60-1)-positions. 
However, a hydroxylating system obtained 
from Bacillus megaterium is unique in that it 
carried out the hydroxylation of fatty acids, 
alcohols, and amides at 6o-1, 60-2, and 6o-3 
positions (11-12). SalalJn et al. also reported 
the hydroxylation of lauric acid at 6o-2, 60-3, 
and 6o-4 positions by the microsomal fractions 
from Jerusalem-artichoke-tuber tissues (1 3). In 
previous papers (14-15), we reported that frog 
fiver microsomes catalyzed the conversion of  
free fatty acids and alcohol to an isomeric mix- 
ture of 60- and (60-1)-monohydroxy derivatives. 
It was also shown that the ratio of60-and (60-1)- 
hydroxy fatty acids varied with the chain length 
of fatty acids (14). Moreover, the formation of 
60-hydroxydodecanol was more sharply inhib- 
ited by carbon monoxide ( C O ) t h a n  was the 
formation of (60-1)-hydroxydodecano1 (15). 
These findings have led to the suggestion that 
two or more cytochrome P-450 species are in- 
volved in hydroxylat ion at 60- and (60-1)-posi- 

tions by frog liver microsomes. Recently, the 
problem of determining whether one or several 
monooxygenase species are involved in w- and 
(60-1)-hydroxylation of  fatty acids and prostag- 
landins has attracted special interest (16-22). 
In order to investigate the possible involvement 
of  different cytochrome P-450 monooxygenases 
in fatty acid hydroxylat ion in frog liver, we de- 
cided to subject frog liver microsomes to various 
inhibitors (CO, metyrapone, and 7,8-benzofla- 
vone) of cytochrome P-450 monooxygenases 
and to examine the alteration_ of  the ratios of 
~ -  and (60-1)-hydroxy isomers of  laurate. The 
effect of KCN and drugs (aminopyrine and p- 
nitroanisole) on the 60- and (60-1)-hydroxyla- 
tions of laurate by frog liver microsomes was 
also examined. From our previous observation 
and the results obtained in this study, we con- 
cluded that more than one cytochrome P-450 
is involved in the 60- and (60-1)-hydroxylation 
of laurate by frog liver microsomes. 

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

Substrate and Standards 

1-[1-14C]lauric acid (32 mCi/mmol) was 
purchased from the Radiochemical Centre 
(Amersham, England). The 60- and (60-1)-hy- 
droxylauric acids were synthesized chemically 
(16). 7,8-Benzoflavone, KCN, and p-nitroani- 
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TABLE 1 

Distribution of Hydroxylaurate Isomers Formed by Frog Liver Mierosomes Partially Inhibited by CO a 

CO-O 2 
(v/v) 

Distribution of hydroxy- r Absolute amount ([A] X [ B]) 
Hydroxylation laurate isomers(%)[ B] hydroxy- 
activity [A] co co-1 lation co co-1 

1:9 74 36 64 0.56 27(68) 47(78) 
3:7 66 24 76 0.32 16(40) 50(83) 
6:4 49 23 77 0.30 11(28) 38(63) 
8:2 39 0 100 0 0(0) 39(65) 

control 100 b 40 60 0.67 40(100) 60(100) 

aEach tube contained 20 ml of a CO:O 2 mixture for this inhibitor study. The amount of microsomal protein 
was 2.06 mg. 

bActual conversion: 7.2 nmol/mg/15 rain. 

sole were purchased from Tokyo Kasei Che. Co. 
(Tokyo, Japan). Aminopyrine was a gift of  Dr. 
K. Yamaoka, Pharmaceutical Division of Teikyo 
University School of Medicine. NADPH and 
metyrapone were obtained from Sigma Chem. 
Co. (St. Louis, MO) and Aldrich Chem. Co. (Mil- 
waukee, WI), respectively. All other chemicals 
were purchased from Wako Pure Chemical In- 
dustries Ltd. (Tokyo, Japan) and were of ana- 
lytical grade. 

Preparation of Frog Liver Microsomes 

Japanese bullfrogs (Rana catesbeiana) weigh- 
hag 200-250 g were obtained from Tokyo Ex- 
perimental Animal Laboratories (Tokyo, Japan). 
The preparation of frog liver microsomes was 
done as previously described (23). The protein 
concentration of the microsomal suspension 
was determined by the method of Lowry et al. 
(24). 

Assay for Hydroxylation of Fatty Acids 

The method described by Miura et al. (14) 
was used with minor modification. The incuba- 
tions contained microsomes (2.1-3.4 mg), 1 
mmol  potassium phosphate (pH 7.5), 2 /amol 
NADPH, and 0.3 /amol of  potassium salt of  [ 1- 
14C]lauric acid (1.8 x 106 cpm). The finalvol- 
ume was 5 ml; incubation time was 15 min at 
37 C. Metyrapone was dissolved in methanol 
and 7,8-benzoflavone in acetone. Control ex- 
periments  containing an equal volume of meth- 
anol or acetone were performed when inhibitors 
were used. After treatment of  reaction products 
with diazomethane, they were chromatographed 
on a column of 2 g of  silicic acid (Wako Pure 
Chemical Industries Ltd). The polar esters (co- 
and (co-1)-hydroxy laurate) were eluted with 
100% ether. Recovery of  radioactivity was 81- 
95% in all experiments. The several procedures 
used for identification of  methyl co- and ( co - l ) -  

hydroxylaurates have been described in detail 
previously (14). 

Radio-Gas Chromatographic Analyses 

The general procedures used for radio-gas 
chromatographic analyses of  the O-acetyl de- 
rivatives of hydroxylauric acid have already 
been described (14), except that an Aloka 
model PDC-R8376 proportional counter (Aloka 
Instrument Inc., Tokyo,  Japan) was used for 
radioactive determinations. 

RESULTS 

Hydroxylation of Laurate by Frog Liver 
Microsomes at Various Levels of CO 

Since it is well known that  CO binds specif- 
ically to the cytochrome P-450 from various 
organisms, the effect of  CO are various levels 
on laurate hydroxylat ion was examined (Table 
1). It was observed that the co/co-l-hydroxyla- 
tion ratio changed significantly by various levels 
of CO inhibition. It was also observed that the 
formation of co-hydroxylaurate was more sharp- 
ly inhibited than that of (co-1)-hydroxylaurate 
by various levels of  CO. At a CO:O2 ratio of 
4.0, no co-hydroxylaurate was formed in the in- 
cubation of [ 1-14C ] laurate with frog liver micro- 
somes. 

Effect of Metyrapone and 7,8-Benzoflavone 
on co-and (co-1)-Hydroxylation of Laurate 
by Frog Liver Microsomes 

Since inhibitors of  cytochrome P-450 mono- 
oxygenases have often been used to distinguish 
the characteristics of  the P-450 species involved 
in metabolism of many compounds and xeno- 
biotics, metyrapone and 7,8-benzoflavone were 
selected and the effect of  these inhibitors on 
frog liver laurate hydroxylase activity was ex- 
amined (Table 2). The total hydroxylat ion ac- 
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TABLE 2 

Effect of Metyrapone and 7,8-Benzoflavone on co- and  
(co- 1)-Hydroxylation of Laurate by Frog Liver Microsomes a 

Hydroxylation activity 
(% of control) co/w- 1 

Inhibitor co co- 1 co+(co- 1) Hydroxylation 

Metyrapone 0.5 mM 152 61 102 2.03 
Metyrapone 1.0 mM 141 47 90 2.45 
Metyrapone 2.0 mM 145 37 86 3.20 
7,8-Benzoflavone 0.03 mM 90 109 104 0.33 
7,8-Benzoflavone 0.06 mM 38 89 74 0.1 8 
7,8-Benzoflavone 0.16 mM 6 48 36 0.05 
7,8-Benzoflavone 0.24 mM 5 51 38 0.04 

aThe specific activities of co-hydroxylaurate and (co-l)-hydroxylaurate formations for 
control experiment for metyrapone inhibition were, 3.40 and 4.15 nmol/mg/1 5 min, respec- 
tively. The rates  of co-hydroxylaurate and (co-1)-hydroxylaurate formations for control ex- 
periment for 7,8-benzoflavone inhibition, were 1.65 and 4.04 nmol/mg/l  5 rain, respectively. 

>- 
}-  
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FIG. 1. Effect of KCN on co- and (co-1)-hydroxy- 
lation of laurate by frog liver microsomes. The amount 
of microsomal protein was 2.57 rag. The specific activ- 
ities of co- and (co-1)-hydroxylaurate formations for 
control experiment were 4.65 and 5.46 nmol/mg/15 
rain, respectively, o, co-hydroxylation; e, (w-1)-hy- 
droxylation; o, co/co-l-hydroxylation ratio. 

t iv i ty  ( the  sum of  60- and (60-1)-hydroxylase  
ac t iv i ty)  decreased  wi th  an  increase  in the  con-  
c e n t r a t i o n  of  m e t y r a p o n e ,  bu t ,  ra ther ,  t he  60- 
hyd roxy l a se  act ivi ty  was s t imu la t ed  and  on ly  
the  ( w - l )  h y d r o x y l a s e  act iv i ty  was s igni f icant ly  
i n h i b i t e d  by  m e t y r a p o n e .  The  6 0 / w - l - h y d r o x y -  
l a t ion  ra t io  changed  at var ious  i n h i b i t i o n  degrees. 
On the  o t h e r  h a n d ,  7 ,8 -benzo f l avone  as well  as 
CO was more  i n h i b i t o r y  to  the  60-hydroxyla-  
t i on  of  l au ra te  t h a n  to the  (60-1) -hydroxy la t ion  
of  l aura te ;  the  ra t io  o f  60/60-1-hydroxyla t ion  
decreased w i th  increas ing  c o n c e n t r a t i o n  o f  7,8- 

benzof l avone .  

Effect of KCN on co- and (co-1)-hydroxylation 
of Laurate by Frog Liver Microsomes 

A l t h o u g h  i t  is widely  accep ted  t h a t  m o s t  
d rug  ox ida t ions  by  liver m i c r o s o m e s  are insen-  
sitive to  cyan ide  (25-27) ,  i t  has  b e e n  observed  
t ha t  m i c r o s o m a l  ox ida t ions  of  several  drugs, in- 
c luding ani l ine  h y d r o x y l a t i o n ,  are sensi t ive to  
cyan ide  (28-29) .  Since we a l ready r e p o r t e d  t h a t  
KCN was i n h i b i t o r y  to  l au ra te  h y d r o x y l a s e  ac- 
t iv i ty  in  frog liver m i c r o s o m e s  (14) ,  t he  e f fec t  
of  KCN o n  t he  60- and  (60-1) -hydroxy la t ion  o f  
l au ra te  was e x a m i n e d  (Fig. 1). At  low concen-  
t r a t i ons  of  KCN (0.2 and  1.0 mM),  the  w-hy-  
d roxy lase  act iv i ty  was s o m e w h a t  s t imula ted ,  
bu t  b o t h  t he  60- and  (w-1 ) -hyd roxy la se  activi-  
t ies were i n h i b i t e d  at  t he  h igher  c o n c e n t r a t i o n s  
(5-10  mM);  t he  f o r m a t i o n  of  (60-1)-hydroxy-  
l aura te  was more  s igni f icant ly  i n h i b i t e d  b y  
KCN t h a n  was t he  f o r m a t i o n  of  60-hydroxy-  
laura te .  

Effect of Aminopyrine and p-Nitroanisole 
on co-and (co-1)-Hydroxylation of Laurate 
by Frog Liver Microsomes 

Ellin and  Orren ius  ( l  8 ) r e p o r t e d  the  re la t ion-  
ship  b e t w e e n  t he  60- and  (60-1)-hydroxylase  o f  
f a t t y  acids and  drug h y d r o x y l a s e ; t h e y  suggested 
t h a t  (60-1) -hydroxyla t ing  ac t iv i ty  is s imilar  or 
iden t ica l  to  t he  "nonspec i f i c  drug h y d r o x y l a s e "  
and,  by  cont ras t ,  t h e  60-hydroxylase  is m o s t  
p r o b a b l y  h ighly  specif ic  for  f a t ty  acids. On  the  
basis o f  th is  suggest ion,  we dec ided  to  examine  
t he  e f fec t  of  several drugs o n  t he  60- and  (60-1)- 
h y d r o x y l a t i o n  of  laurate .  Since Moldeus  et  al. 
(17)  r e p o r t e d  the  ef fec t  of  a m i n o p y r i n e  on  the  
6o- and (60-1) -hydroxyla t ion  of  l aura te  by  liver 
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FIG. 2. Effect of aminopyrine (A) and p-nitroani- 
sole (B) on co- and (co-1)-hydroxylation of laurate by 
frog liver mierosomes. The amount of microsomal pro- 
tein was 2.57 mg. The specific activities of co- and (co= 
1)-hydroxylaurate formations for control experiment 
were 3.76 and 5.00 nmol/mg/15 min, respectively. AP, 
aminopyrine; NA, p-nitroanisole. 

and kidney cortex microsomes in the rat, we 
examined the effect of two different drugs, 
aminopyrine and p-nitroanisole, on the co- and 
(co-1)-hydroxylation of laurate by frog liver mi- 
crosomes (Figs. 2A and 2B). Surprisingly, in- 
creasing concentrations of aminopyrine en; 
hanced the 6o-hydroxytase activity of laurate, 
while aminopyrine had almost no effect on the 
(co-1)-hydroxylase activity. On the other hand, 
p-nitroanisole showed an inhibitory effect on 
the (6o-1)-hydroxylase activity at all concen- 
trations, but almost no inhibitory effect on w- 
hydroxylase activity at 0.02 and 0.12 mM. 

100 
============================================= ............. o 

! ! | 

0 40 80 120 

Hydroxy laurate  Conc. ( .M ) 

FIG. 3. Effect of 12- and ll-hydroxylaurate on co- 
and (co-1)-hydroxylation of laurate by frog liver micro- 
somes. The amount of microsomal protein was 2.57 
mg. The specific activities of co- and (co-1)-hydroxy- 
laurate formations for control experiment were 4.44 
and 5.66 nmol/mg/15 min, respectively, o, co-hydroxy- 
lation; e, (co-1)-hydroxylation. 

Effect of  12- and 11-Hydroxylaurate 
on co- and (w-1)-Hydroxylat ion of 
Laurate by Frog Liver Microsomes 

Finally, the effect o f  co- and (c~-l)-hYdroxy- 
lated products, 12 -and  l l-hydroxylaurate on 
the hydroxylation of laurate was also examined 
(Fig. 3). 12-Hydroxylaurate inhibited both the 
co- and (w-1)-hydroxylation, but it was more 
inhibitory to the co-hydroxylase activity than 
to the (co-1)-hydroxylase activity. On the other 
hand, l l-hydroxylaurate had no inhibitory 
effect on either hydroxylase activity. 

DISCUSSION 

The experiments reported in this paper were 
designed to determine whether one or several 
cytochrome P-450 species are involved in w- 
and (6o-1)-hydroxylation of. fatty acids by frog 
liver microsomes. The observation that CO, 
which is known to bind specifically to cyto- 
chrome P-450, changed the 6o/co-l-hydroxyla- 
tion ratio dramatically (Table 1), strongly sup- 
ports the concept that co- and (co-1)-hydroxy- 
lations of laurate are catalyzed by more than 
one cytochrome P-450. Moreover, it was sug- 
gested that CO has a higher affinity for the c~- 
tochrome P-450 catalyzing the co-hydroxyla- 
tion because the formation ofco-hydroxylaurate 
was more sharply inhibited by CO than was the 
formation of (co- 1 )-hydroxylaurate. 

Interesting differences in the action of inhib- 
itors on the w- and (co- 1)-hydroxylation of lau- 
rate by frog liver microsomes were observed 
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when metyrapone and 7,8-benzoflavone were 
used as an inhibitor (Table 2). Metyrapone 
specifically inhibited the (co-1)-hydroxylase ac- 
tivity. Okita et al. (8) also reported that metyra- 
pone inhibited human liver laurate (co-l)-hy- 
droxylase activity but  had no inhibi tory effect 
on the laurate co-hydroxylase activity. On the 
other hand, 7,8-benzoflavone inhibited both 
the co- and (co-1)-hydroxylase activities in frog 
liver microsomes, but  the co-hydroxylase activ- 
i ty  was more sensitive to the inhibi tory action 
of 7,8-benzoflavone than was the (w-1)-hy- 
droxylase activity. These results indicate that 
different cytochrome P-450 species are involved 
in laurate hydroxyla t ion  at co- and (w-1)-posi- 
tions by frog liver microsomes. Moldeus et al. 
(17) and Okita et al. (20) also reached a similar 
conclusion based on their results using mety- 
rapone, 7,8-benzoflavone, and SKF 525-A on 
control  rat liver microsomes. Similarly, Kupfer 
et al. (19,22) showed the clear evidence for 
several cytochrome P-450 species catalyzing w- 
and (co-1)-hydroxylation of prostaglandins in 
guinea pig using metyrapone and 7,8-benzo- 
flavone. 

The inhibi tory study using KCN also suggests 
the involvement of  different cytochrome P-450 
species in the co- and (co-1)-hydroxylation of  
laurate in frog liver microsomes because co/co-1- 
hydroxyla t ion  ratios were changed at various 
concentrations of  KCN (Fig. 1). It seems that  
KCN is more inhibi tory to the cytochrome P-450 
catalyzing (co-1)-hydroxylation of laurate than 
to that catalyzing w-hydroxylat ion.  A similar 
finding was reported by Kamataki  et al. (29) 
for the effect of  KCN on aniline hydroxyla t ion  
in rat liver microsomes. They indicated that  the 
degree of KCN inhibition for aniline hydroxyla-  
t ion was dependent  on the species of cyto- 
chrome P-450 used in reconst i tuted systems. 

The different effects of  aminopyrine and p- 
nitroanisole on the co- and (co-1)-hydroxylase 
activity of  laurate (Figs. 2A and 2B) suggest 
also that frog liver microsomes contain different 
cytochrome P-450 species catalyzing co- and (co- 
1)-hydroxylation of laurate. The fact that  p- 
nitroanisole showed almost no effect on r 
hydroxylase activity, while it  showed an inhib- 
i tory effect only on the (r 
activity in frog liver microsomes (Fig. 2B), sug- 
gests that  the O-demethylase activity of  p-nitro- 
anisole is similar to the (co-1)-hydroxylase of 
laurate. The observation that  aminopyrine 
showed a lmost  no effect on the (w-1)-hydroxy- 
lase activity (Fig. 2A) suggests that  the N-de- 
methylase activity of aminopyrine is different 
from the (w-1)-hydroxylase of  laurate. 

Ellin et al. (16) reported 12-hydroxylaurate 
inhibited the co- and (co-1)-hydroxylation of  

laurate in rat kidney cortex microsomes to a 
similar extent  and 11-hydroxylaurate did not  
inhibit  either hydroxylat ion.  They cordcuded 
that  this observation is strong evidence that 
only one hydroxylase  is involved in fat ty  acid 
hydroxyla t ion  by kidney microsomes. In frog 
liver microsomes as well as in rat kidney micro- 
somes, l l -hydroxylaurate  had no effect on 
either the co- or (co-1)-hydroxylation of laura te, 
but  12-hydroxylaurate inhibited co- and (co-1)- 
hydroxyla t ion  of laurate to different extents 
(Fig. 3). This observation suggests also that  the 
co- and (co-1)-hydroxylations are catalyzed by 
different cytochrome P-450 species. 

From our previous results and the observa- 
tions in this  study, we concluded that  two or 
more cytochrome P-450 species are involved in 
the microsomal hydroxyla t ion  of  laurate at co- 
and (co-D-positions in frog liver. 
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Oxidation of kipids: 
II1. Oxidation of Methyl Linoleate in Solution 1 

YORIHIRO YAMAMOTO, ETSUO NI KI* and YOSHIO KAMIYA, Department of Reaction 
Chemistry, Faculty of Engineering, University of Tokyo, Hongo, Tokyo 113, Japan 

ABSTRACT 

The effects of oxygen pressure, substrate concentration and solvent on the rate and products of 
oxidation of methyl linoleate were studied at 50 C with azobisisobutyronitrile as a radical ifiitiator. 
The absolute and quanti{ative numbers for oxygen uptake, substrate disappearance, and formation 
of conjugated diene and hydroperoxides were measured. Under the present conditions, 4 conjugated 
diene hydroperoxides, 13-hydroperoxy-9-cis,ll-trans-(2a), 13-hydroperoxy-9-trans,ll-trans-(3a), 
9-hydroperoxy-l O-trans,12-cis-(4a), and 9-hydroperoxy-10-trans,12-trans-( 5a) octadecadienoic acid 
methyl esters, were formed almost quantitatively. The rate of oxidation decreased with decreasing 
oxygen pressure. However, the ratio of cis, trans to trans, trans hydroperoxides, (2a + 4a)/(3a + 5a), 
was independent of oxygen pressure, and this ratio increased with increasing methyl linoleate concen- 
tration, as found recently by Porter. Further, the rate of oxidation and the ratio of cis,trans/trans, trans 
hydroperoxides were dependent on solvent and increased with an increase in dielectric constant of 
solvent. A mechanism of methyl linoleate oxidation consistent with these results is discussed. 
Lipids 17:870-877, 1982. 

Oxidations of unsaturated fatty acids have 
been the subject of investigations since the 
onset of the study on oxidation in the 1940s 
(1). Recently, the nonenzymatic oxidation of 
polyunsaturated fatty acids and esters (PUFA) 
by molecular oxygen has received renewed 
attention in connection with formation and 
the behavior of lipid peroxides in biological 
systems (2) as well as with the oxidative deteri- 
oration of foods, fats, and oils (3). 

Among the PUFA, oxidation of methyl 
linoleate was studied most extensively. Howard 
and Ingold (4) observed that the hydroperox- 
ides were formed quantitatively and measured 
the absolute rate constants for propagation kp 
and termination k t in the autoxidation of 
methyl linoleate in chlorobenzene at 30 C as 
62 M-Is -I and 4.4 x 106 M-Is -1, respectively. 
Chart and Levett (5) reported that the hydro- 
peroxides consisted of 4 conjugated diene 
hydroperoxides, 13-hy droperoxy-9-cis ,11-trans- 
(2a), 13-hydroperoxy-9-trans,11-trans-( 3a), 9- 
hy droperoxy- 10-trans, 12-cis-(4a), and 9-hydro- 
peroxy-l O-trans,12-trans-( Sa) octadecadienoic 
acid methyl esters. We observed that oxygen 
uptake, substrate disappearance, peroxide, and 
conjugated diene formation all agreed well with 
each other in the early stage of oxidation of 
methyl linoleate (6). Porter et al. (7) studied 
the factors which determined the distribution 

1presented at the lSth Symposium on Oxidation 
Reactions, Nagoya, October 1981. 

*Author to whom correspondence should be 
addressed. 

of 4 conjugated diene hydroperoxides and 
observed that the proportion of hydroperox- 
ides was dependent on the concentration of 
substrate and inhibitor but independent of 
oxygen pressure. After we first submitted this 
manuscript, a more detailed study on the oxida- 
tion of PUFA was published by Porter et al. 
(8). They proposed a mechanism for linoleic 
acid oxidation by which they interpreted the 
above results (Scheme I). 

Several papers have been published in addi- 
tion to those referred above on the oxidation 
of linoleic acid and its esters (9-15). 

Considering that the concentration Of oxy- 
gen is low in biological systems, we intended to 
reinvestigate the oxygen pressure effect on the 
rate and products of the oxidation of methyl 
linoleate in solution. We found that the rate of 
oxidation decreases with decreasing oxygen 
pressure but the distribution of 4 hydroperox- 
ides is independent of oxygen pressure. We also 
measured the effect of substrate concentration 
and solvents on the rate and products of oxida- 
tion. Although this paper may appear now to 
be a rather straightforward extension of the 
work of Porter and his colleagues (7), our data 
confirm their observation and add some new 
data. We believe these studies are fundamental 
and essential to our understanding of the perox- 
idation of lipids in biological systems. 

EXPERIMENTAL SECTION 

Methyl linoleate was obtained from Sigma 
Chemical Co., and used as received. Prior to the 

LIPIDS, yOL.  17, NO. 12 (1982) 



OXIDATION OF METHYL LINOLEATE 
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SCHEME 1. Oxidation of methyl linoleate. 

oxidation, neither conjugated diene nor perox- 
ides were detected by ultraviolet (UV) spec- 
trometry and iodometric titration, respectively 
(see later text). Organic solvents such as aceto- 
nitrile were those of  the highest grade available. 
Azobisisobutyronitrile (AIBN) was recrystal- 
lized from methanol. Appropriate amounts of 
methyl linoleate, AIBN, and solvent were taken 
into ca. 30 ml pyrex ampoule. It was degassed 
by freeze and thaw cycle and then oxygen was 
introduced into the vessel. Initial and final 
amounts of oxygen were measured by a Toepler 
pump. The oxidation was carried out at 50 C 

for the desired time. The rate of oxygen uptake 
was followed by pressure decrease using a pres- 
sure transducer connected to the vessel. After 
the oxidation, the gases in the vessel were 
collected and measured by Toepler pump and 
then analyzed by a gas chromatography with 
Molecular Sieve 13X column. The amount of 
nitrogen evolved from AIBN was quite small 
and it was calculated from the measured rate 
constant for its unimolecular decomposition, 
k d =  1.25 x 10 -6 s -l  at 50C. 

The amount of methyl linoleate consumed 
was measured by gas liquid chromatography 
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TABLE 1 

Effect  o f  Oxygen Pressure on the  Oxidat ion o f  Methyl Linoleate (LH) 
in Acetonitrile at 50 C, 60 rain 

Run  no. 1 2 3 4 

LH, #mol  871 2103 2053 2104 
LH, M 0.380 0.370 0.362 0.370 
AIBN, mM 22.6 22.0 22.4 22.7 
Initial 02,  gmol  125.7 368.7 952.1 1175.3 
Initial 02,  torr 90.1 316 776 959 
Final O2, #tool 86.4 283.6 830.4 1041.3 
Final O2, torr 62.0 231 677 850 
-dO2/dt X 106 , M/s 4.91 5.21 6.50 6.71 
R i X 108 , M/s 5.03 5.23 5.32 5.39 
Kinetic chain length 91.0 99.2 122 124 
ko/(2kt)  1/2, (M's) -l/z 0.056 0.062 0.078 0.078 
/VO2,/.t mol 39.3 103.1 121.7 134.0 
ALH, ~mol  40 95 127 143 
(C=C)2, #rnol 34 93 99 110 
Peroxides a, #mol  38 108 125 137 

Hydroperoxides  analyzed for HPLC after reduct ion with 
t r iphenylphosphine ,  gmol  (relative): 

13-c,t-LOOH (2a) 6.1(1) 16.9(1) 19.5(1) 21.9(1) 
13-t, t-LOOH (3a) 12.8(2.1) 35.6(2.1) 41.8(2.1) 45.8(2.1) 
9-t,c-LOOH (4a) 6.2(1.0) 16.7(0.99) 17.3(0.89) 21.2(0.97) 
9-t, t-LOOH (5a) 12.7(2.1) 35.2(2.1) 39.4(2.0) 44.5(2.0) 
Total 38 104 118 133 

e, t/t, t b 0.48 0.48 0.45 0.48 
AO2/(LH)0 0.045 0.049 0.059 0.064 

aBy iodometric t i tration. 
bc, t / t , t  = (2a + 4a) / (3a + 5a). 

(GLC) with an FON (Wako Pure Chemical The oxidation of methyl linoleate (LH) 
Industries; PEG 20M modified by nitrotereph- initiated by azo compounds proceeds by the 
thalic acid) column. The total amount of mechanism shownbelow.  
hydroperoxides formed was measured by iodo- 

Initiation: metric t i tration. Conjugated diene was mea- 
sured spectrometrically,  ~kma x = 2 3 3 - 2 3 6  n m  IN2I ~ 2elO2" + N 2 [ 1 ] 
and e = 28,000 M-lcm - r  (5). Four  hydroperox-  
ides, 2a, 3a, 4a, and 5a, were analyzed as their lO 2. + LH O~ IOOH + LO 2- [2] 
corresponding alcohol, 2b, 3b, 4b, and 5b, after 
reduction of the product  solution with tri- Propagation: 
phenylphosphine,  by high pressure liquid 
chromatography (HPLC), using a silica gel LO2" + LH kP:LoOI-I + L- [31 
column and hexane/isopropyl  alcohol/acetic k 
acid (1000:10:1,  v/v/v) as the eluent. The L ' + O 2 ~ L O 2 '  141 
extinction coefficient for the alcohol was taken k~ 
from the l i terature (5). 

The rate of initiation was determined from Termination: 
the induction period produced in the presence LO2" + LO 2" kt :--) [51 
of radical inhibitor  (16,17). 

LO 2" + L" kt '  IL ~ nonradical products  [61 
RESULTS AND DISCUSSION t 

O x i d a t i o n  o f  m e t h y l  l i n o l e a t e  p r o c e e d e d  L . + L '  kt ' '  ~ ) 171 

s m o o t h l y  a t  50 C a n d  c o n s t a n t  ra te  o f  o x y g e n  
u p t a k e  was  o b s e r v e d .  U n d e r  m i l d  c o n d i t i o n s  
a n d  at  t h e  in i t i a l  s t age  o f  o x i d a t i o n ,  i t  gave  4 
d i f f e r e n t  h y d r o p e r o x i d e s ,  2a ,  3a,  4a ,  a n d  5a,  
q u a n t i t a t i v e l y  as o b s e r v e d  p r e v i o u s l y  (5 -7 ) .  

The rate of init iation is given by 

Ri = 2ekdlIN211 [81 

where e and k d are the efficiency of radical 
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FIG. 1. Calculated ratio of rate of oxidation to limited rate of oxidation (R/R~) and 
calculated concentration of L- and LO 2. at various oxygen concentrations in the oxidation 
of 0.37 M methyl linoleate with 0.022 M AIBN in acetonitrile at 50 C. k o = 108 M-Is -~, 
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p roduc t ion  and rate constant  for decomposi -  
t ion of  azo compound ,  respectively.  The equi-  
l ibr ium constant  for  react ion 4 is given by 

K = [LO2.1/[L. ] [O21 = ko/(k 3+ kp [LH]) 191 

and the rate o f  oxygen  uptake  (R) in the propa-  
gation step is given by 

R = -dO 2/dt = kp(Ri/2kt)l m [ LH ] 
( l k t '  1 kt" 1 ) 1/2 + § 

k t K[O2I k t K2[O~] 2 
[10] 

When the oxygen  pressure is high and [LO2"] >> 
[ L ' ] ,  the rate o f  ox ida t ion  (Roo) is expressed by 
a simple equa t ion :  

Roo = kp (Ri/2kt)l/2[LH] [ 11] 

Effect of  Oxygen Pressure 

Table 1 shows the effect  o f  oxygen  pressure 
on the rate and products  of  the ox ida t ion  o f  
methy l  l inoleate  in acetonitr i le  at 50 C. Initial 
oxygen  pressure was varied f rom 90 to  959 
torr .  The conversion (percent  molar  rat io o f  
oxygen  uptake  to initial substrate concentra-  
t ion)  was be tween  4.5 and 6.4%. The kinet ic  
chain length (rate of  propagat ion / ra te  of  initia- 
t ion)  was long. Under  these condi t ions,  the 

oxygen  uptake,  substrate disappearance,  and 
the amounts  of  peroxides  and conjugated diene 
fo rmed  all agreed satisfactori ly well. 

The amoun t  of  peroxides  measured by iodo-  
metr ic  t i t ra t ion and that  of  to ta l  peroxides ,  2a 
+ 3a + 4a + 5a, measured by HPLC agreed well. 
The ratio o f  4 hydroperox ides  remained con- 
stant;  2a :3a ' 4a :5a  = 1 :2 :1 :2 ,  and cis, trans- 
LOOH/trans, trans-LOOH ratio was 0.48. 

The rate of  oxidat ion  decreased with de- 
creasing oxygen  pressure as predic ted  by equa- 
t ion 10. Figure 1 shows the calculated ratio of  
rate o f  ox ida t ion  to l imited rate of  ox ida t ion  
(R/Roo) and calculated concent ra t ion  of  L" and 
LO2" at various oxygen  concentra t ions .  In this 
calculat ion,  we assume (18) kn = 230 M- i s  -1, 
ko = 108 M- i s  -1, k 3 = 800 s - r ,  k t = 4.4 x 106 
M-Is  -1, k t '  = k t "  = 109 M-Is  -1, [LH] = 0.37 
M, R i = 5 . 2  x 10 -8 M/s, and[02] = 10 -2 M a t  
a tmospher ic  oxygen  pressure. The tempera ture  
effect  on k t was assumed to be small (19) and 
k t was taken as 4.4 x 106 M - i s  -1 obta ined by 
Howard and Ingold (4) at 30 C. The kn was cal- 
culated as 230 M- i s  -1 f rom kp / (~k t )  1/2 = 
0.078 (Table 1). The rate cons tant  k/3 was cal- 
culated as ~00  s -1 f rom k 3 = 144 s -1 (9) at 30 
C and AH~3 = 17 k c a l / m o l ( 7 ) .  Al though these 
rate constants  may  admi t ted ly  involve some 
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FIG. 2. Calculated relative importance of three termination reactions and kinetic chain 
length at various oxygen concentrations in the oxidation of 0.37 M methyl linoleate with 
0.022 M AIBN in acetonitrile at 50 C. k 0 = 108 M-Is -1, kl~ = 230 M-as -1, k/3 = 800 s -1, 
k t = 4.4 X 104 M-is -1 , k t, = kt,, = 1 0 9  M - i s  - 1 ,  R i = 5.2 X l(f -8 M/s. 

uncer ta in ty ,  Figure 1 clearly shows the  general 
t rend of  the ef fec t  o f  oxygen  concen t ra t ion  on 
the rate of  oxidat ion .  

F r o m  equa t ion  9, we obtain  K = 1.1 x 105 
M -1 and [ L O 2 " ] / [ L .  ] = 1.5 x PO , where Po~ 
is the oxygen  partial pressure in t~rr. The ratio 
of  the rates of  react ions 3, 4, and -4 in the 
propagat ion  step is also calculated as Ra:R4:  
tL4 = 1:10.4:9 .4 ,  i ndependen t  of  oxygen  pres- 
sure. This ra t io  shows that  these 3 reactions 
have comparable  rates. This indicates that  the  
carbon radical L' ,  fo rmed by the abstract ion o f  
doubly allylic hydrogen at the 11 posi t ion 
fol lowed by rearrangement ,  are stabilized by 
conjugated double  bonds and the  concen t ra t ion  
of  carbon radicals L" is high enough for  this 
radical to part icipate in te rminat ion  steps 
especially at low oxygen pressure. Thus, the 
rate of  ox ida t ion  decreases wi th  decreasing oxy-  
gen pressure. Figure 2 shows that  the relative 
impor tance  o f  3 t e rmina t ion  reactions depends 
on the oxygen  pressure and cross- terminat ion 
(react ion 6) plays an impor t an t  role under  a 
wide range of  oxygen  pressure. 

On the o ther  hand,  the oxygen  pressure had 
li t t le effect  on the  products  over the oxygen  
pressure range f rom 90 to  959 torr .  Por te r  and 
his coworkers  (7) have also found that  the 
p roduc t  dis t r ibut ion was identical  when the 

ox ida t ion  was carried out  under  80 or 1000 
torr  oxygen.  The absence of  the effect  of  oxy-  
gen pressure on t h e  cis, t rans  to trans,  t rans  
hydrope rox ide  rat io suggests that  the isomeriza- 
t ion of carbon radical (7-+9) does no t  take 
place, since in such a case, more trans,  t rans  
produc t  should be formed with decreasing 
oxygen  pressure. 

The hydroperoxides ,  2a, 3a, 4a and 5a, were 
found to  be thermal ly  stable at 50 C (Yama- 
moto ,  Y., Saeki, N., Niki, E., and Kamiya,  Y., 
unpubl ished data), and the most  plausible pre- 
cursor of trans,  t rans  hydroperox ides  is carbon 
radical 10 fo rmed  by the 3-scission of  pe roxy  
radical 8 ( the reverse react ion 4), as p roposed  
originally by Por ter  et al. (7). They derived 
equa t ion  12 f rom the fol lowing scheme,  where 
a and 1-t~ are the ratio of  carbon radicals 10 
that  gives cis, t rans  peroxy  radical 8 and trans,  
t rans  peroxy  radical 11, respectively (Scheme 
2). Equa t ion  12 indicates that  the  ratio o f  cis, 
t rans  to trans, t rans  LOOH is independen t  of  
oxygen  pressure. 

cis, trans LOOH kp[LH] 
- + - -  1121 

trans, trans LOOH k/3(1-c~) (1-c~) 

Effect of Substrate Concentration 

The results o f  ox ida t ion  at d i f ferent  me thy l  
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SCHEME 2. Formation of cis, trans and trans, trans hydroperoxides in the oxidation of 
methyl linoleate. 

linoleate concentrations in acetonitrile are sum- 1.0 
marized in Table 2. The conversions ranged 
from 5 to 12%. The oxygen uptake,  substrate 
disappearance ,  and  the  a m o u n t s  of  pe rox ides  o o 0.a 
and  con juga ted  d iene  f o r m e d  were in fair  agree- 
merit .  The  a m o u n t s  of  pe rox ides  measu red  b y  
i o d o m e t r i c  t i t r a t i o n  and  those  of  to ta l  pe rox -  .-. 0.6 
ides measu red  by  HPLC agreed weU. 

Table  2 shows  t h a t  the  r a t io  o f  cis, t rans  t o  
Z 

trans,  t rans  h y d r o p e r o x i d e s  increased wi th  in-  00 0.~ 
creasing c o n c e n t r a t i o n  of  m e t h y l  l ino lea te  as 
e x p e c t e d  by  e q u a t i o n  12. Por t e r  e t  al. have  also 
f o u n d  the  same d e p e n d e n c e  and  observed  a - 

d 0.2 
linear correlation between the ratio of  cis, trans/  "~ 
trans,  t rans  h y d r o p e r o x i d e s  and  subs t ra t e  con-  
c e n t r a t i o n  and  to ta l  h y d r o g e n  a t o m  d o n a t i n g  
a b i l i t y t o  the  m e d i u m  (7,8).  In con t ras t ,  in the  o.o o 
p re sen t  s tudy ,  the  p lo t  of  this  ra t io  as a func-  
t i on  of  m e t h y l  l ino lea te  c o n c e n t r a t i o n  in ace to-  
n i t r i le  and  b e n z e n e  shows u p w a r d  and  d o w n -  
ward convex  curva tures  r a t h e r  t h a n  a s t ra igh t  
l ine.  The i n t e r c e p t  at  t he  y-axis is the  same in 

I I I 

in Acetonitrlle ~ Q  

/~ J , o  
/ . /  

~ D  

I I I 
T.O 2.0 3.0 

[Lit] , M 

FIG. 3. Ratio of cis, trans-LOOH to trans, trans- 
LOOH in the oxidation of methyl linoleate (LH) in 
acetonitrile and benzene at 50 C. 
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TABLE 2 

Effect of Substrate Concentration in the Oxidation of Methyl Linoleate (LH) 
in Acetonitrile at 50 C 

Run no. 5 6 4 7 8 9 

LH, #mol 705 1223 2104 1701 2308 2306 
LH, M 0.141 0.226 0.370 0 .664  1.22 3.06 
AIBN, mM 27.6 22.4 22.7 47.7 52.2 135 
Time, min 75 65 60 55 60 75 
Initial 02, ~mol 1003.8 1272.5 1175.3 1018.0 1398.8 
Initial 02, torr 797 1001 959 737 981 %800 
Final 02,/~mol 921.1 1173.3 1041.3 895.8 1236.8 
Final 02, torr 731 923 850 649 868 
-dO2/dt X 106, M/s 3.25 4.83 6.71 14.3 25.6 35.5 
R i X lO s , M/s 6.69 5.38 5.39 11.1 11.9 
Kinetic chain length 48.0 89.4 124 128 214 
kp/(2kt) 1/2, (M-s) -1/2 0.089 0.092 0.078 0.065 0.061 
AO2, ~mol 82.7 99.2 134.0 122.2 162.0 107 
ALH, ~mot 77 86 143 82 170 
(C=C)2, #tool 53 66 110 106 114 
Peroxides a, ~mol 82 75 137 150 124 

Hydroperoxides analyzed by HPLC after reduction with 
triphenylphosphine, ~mol: 
13-c,t-LOOH (2a) 9.2 12.4 21.9 24,3 29.5 24.6 
13-t, t-LOOH (3a) 27.9 29.4 45.8 38.5 41.0 30.2 
9-t,c-LOOH (4a) 9.9 12.2 21.2 24.7 29.7 24.4 
9-t,t-LOOH (Sa) 28.0 28.9 44.5 38.5 42.9 27.3 
Total 75 83 133 126 143 107 

c, t/t, t b 0,34 0.42 0.48 0.64 0.71 0.85 
AO2/(LH) o 0.12 0.081 0.064 0.072 0.070 0.053 

aBy iodometric titration. 
bc, t / t , t  = (2a + 4a)/(3a + 5a). 

b o t h  solvents.  These results suggest tha t  the  
rate cons tan t  kp or  k~ varies wi th  solvent .  

Effect of Solvents 

Table 3 summarizes  the  results o f  ox ida t ion  
of  0.37 M me thy l  l inoleate  in various solvents.  
The initial oxygen  pressure was higher  than  850 
to r t  to  min imize  the  e f fec t  o f  oxygen  pressure.  
Again, the  oxygen  up take ,  subs t ra te  disappear-  
ance,  and the  amoun t s  o f  perox ides  (measured  
by b o t h  i odome t r i c  t i t ra t ion  and HPLC) and 
conjugated  diene f o r m e d  agreed well. 

Table 3 shows tha t  the  rate of  ox ida t ion  and 
the  rat io o f  cis,  t r a n s  to  t rans ,  t r a n s  h y d r o p e r o x -  
ides increased wi th  an increase in the  dielectr ic  
cons tan t  o f  the solvent .  These results  and 
equa t ions  I1 and 12 suggest an increase o f  
the  rate cons tan t  for  p ropaga t ion ,  kp ,  and /o r  
the decrease o f  the rate cons tan t  for  te rmina-  
t ion ,  kt ,  and /o r  the decrease of  the rate con- 
s tant  for  /3-scission o f  pe roxy  radical, k/3 , wi th  
an increase o f  solvent  polar i ty .  

It has been  observed tha t  the  rate of  oxida- 
t ion increases with increasing dielectr ic con-  
s tant  o f  the  solvent  (20-27),  and this has been  
expla ined  by the  con t r ibu t ion  of  dipolar  struc- 
ture at the  t rans i t ion  state  for  the hyd rogen  
a tom abs t rac t ion  reac t ion  as i l lustrated below.  

Thus,  the  larger the  rate cons t an t  kp ,  

6- 6+ 
LO 2- + LH ~ [LOO-H:L ~ LOO-I~.L ~ LOO:H.L] 
--~ LOOH + L. 

the  faster the ox ida t ion  rate  and the  more  cis,  
t r a n s  h y d r o p e r o x i d e s  should  be fo rmed .  It is 
unl ikely tha t  k t decreases wi th  increasing polar-  
i ty of  the  med ium.  It is n o t  dea r ly  k n o w n  
w h e t h e r  or no t  the  solvent  polar i ty  has any 
ef fec t  on k/3, If the  conjugative delocal izat ion 
of  the  unpa i red  e lec t ron  of  the  p e ro x y  radicals 
occurs and the  canonical  s t ruc ture  12 and 13 
con t r ibu tes  to  the s tabi l izat ion of  p e r o x y  
radicals as discussed by  Barclay (28),  k/3 may  
decrease wi th  increasing polar i ty  o f  the  medi-  
um.  We, however ,  believe tha t  solvents  

R - 6 - 6  ~ " . . . .  R-O-O 

12 13 

have greater  e f fec t  on kp than  on k t and k/3. 
The results and discussion given above show 

tha t  the effects  of  oxygen  pressure,  subs t ra te  

concen t ra t ion ,  and solvents  on the rate and 
p roduc t s  of  the ox ida t ion  of  me t h y l  l inoleate  
are i n t e rp re t ed  cons is ten t ly  by the  mechan i sm 
p resen ted  originally by Por ter  and his colleagues 
(7) where the  c o m p e t i t i o n  b e t w e e n  react ions  3, 
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TABLE 3 

Solvent Effect in the Oxidation of  Methyl Linoleate (LH) at 50 C 

877 

Run no. 10 11 12 13 14 4 

LH,/~mol 2127 2078 2051 2077 2142 2104 
LH, M 0.373 0.365 0.362 0.366 0.376 0.370 
AtBN, mM 25.3 23.6 25.0 24.8 23.3 22.7 
Solvent CCI 4 Phil PhCI c tBuOH CHaCN 
Dielectric constant 2.24 2.28 5.62 9.93 12.47 37.5 
Time, min 120 120 120 120 120 60 
Initial 02,/~mol 1091.4 1052.4 1187.8 1249.1 1227.1 1175.3 
Initial 02, torr  891 859 968 1019 1002 "959 
Final 02,/~mol 1004.1 953.9 1054.8 1101.9 1113.1 1041.3 
Final 02, tort  820 778 860 899 906 850 
-dO~/dt X l0  s, M/s 2.03 2.67 3.21 3.66 2.78 6.71 
AO2,/zmoi 87.3 98.5 133.0 147.2 114.0 134.0 
ALH,/~mol 143 
(C=C)2,/zmol 69 81 88 110 
Peroxides a,/zmol 86 109 117 107 137 

Hydroperoxides analyzed by HPLC after reduction with 
triphenylphosphine, tzmol: 
13-c,t-LOOH (2a) 9.5 10.7 13.6 16.5 15.1 21.9 
13-t, t-LOOH (3a) 33.9 40.0 49.2 54.3 43.6 45.8 
9-t, c-LOOH (4a) 9.3 10.6 14.0 16.1 13.9 21.2 
9-t,t-LOOH (Sa) 34.7 39.9 48.7 53.6 38.1 44.5 
Total 87 101 125 140 110 133 

c , t ] t , t  b 0.27 0.27 0.28 0.30 0.35 0.48 
AO2/(LH)o 0.041 0.047 0.065 0.071 0.053 0.064 

aBy iodometric titration. 
bc, t / t , t  = (2a + 4a)/(3a + 5a). 
Co-Dichlorobenzene. 

4, and -4 plays an important role. 
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Covalent Binding of Peroxidized Linoleic Acid to Protein 
and Amino Acids as Models for Lipofuscin Formation 

H I R O Y U K I  SHIMASAK!* ,a ,  NOBUO UETA a and O.S. PR IVETT  b, aDepartment of 
Biochemistry, Teikvo University School of Medicine, 2-I 1-I Kaga, Itabashi. Tokyo 173, 
Japan; and bThe Hormel Institute, University of Minnesota. Austin. MN 55912 

ABSTRACT 

The fluorescent substances produced by the reaction of linoleic acid hydroperoxides (LOOH) with 
ca. 20 different amino acids and bovine serum albumin (BSA) were studied. Only the amino acids, ly- 
sine, glycine, arginine, histidine and phenylalanine, gave products with strong fluorescent properties. 
Products of lysine had a fluorescence intensity of ca. 10 times those of glycine and 100 times those of 
phenylalanine. The N-acylation of amino acids greatly reduced the fluorescence of the products of the 
reaction except lysine and arginine. The fluorescence of the products of the reaction of LOOH with N- 
acetyl BSA was only ca. 25% of the control BSA under the same conditions. It appeared that the sub- 
stances formed from the reaction of LOOH with BSA were crosslinked polymers as evidenced by col- 
umn chromatography and polyacrylamide gel electrophoresis. These products were insoluble in com- 
mon organic solvents and their fluorescent intensities correlated well with the thiobarbituric acid 
(TBA) test. These observations appear to be highly important in the formation oflipofuscin substances, 
particularly those associated with the aging pigments which accumulate during aging in mammalian 
tissues. 
Lipids 17:878-883, 1982. 

INTRODUCTION 

Generally, lipofuscin substances associated 
with aging in mammalian tissues are extracted 
with organic solvents and analyzed via the fluor- 
escent properties directly (1,2), after fractiona- 
tion by column (3,4) or thin layer chromatogra- 
phy (TLC) (5-7). Although the fluorescent sub- 
stances correlated generally with histologlc 
analysis of the aging pigment, it became appar- 
ent from our TLC studies (5-7) and recent stud- 
ies by high performance liquid chromatography 
(HPLC) (8) that the organic soluble fluorescent 
substances extracted from mammalian tissues 
make up only a small fraction of the aging pig- 
ment. It has been well demonstrated that lipo- 
fuscin and ceroid pigments consist of a hetero- 
geneous polymeric lipid-protein complex which 
can be isolated by density gradient ultracentri- 
fugation (9,10). Studies reported here indicate 
that most of the lipofuscin substances are oxi- 
dized fat bound tightly to protein and are in- 
soluble in organic solvents. 

MATERIALS AND METHODS 

Materials 

Linoteic acid was purchased from Nu-Chek 
Prep, Inc. (Elysian, MN) and checked for purity 
by TLC and gas liquid chromatography (GLC). 
LOOH was obtained by the method described 

*Author to whom correspondence should be ad- 
dressed. 

by Privett et al. (11) using sodium salt of the 
linoleic acid with lipoxidase (Sigma Chemical 
Co., St. Louis, MO). The purified hydroperox- 
ides had a single spot on silica gel TLC and the 
peroxide value of the preparation was 6200- 
6150 me/kg, indicating a highly pure product. 

N-acetyl-a-lysine, N-acetyl-a-arginine, N- 
acetyl-ot-phenylalanine, N-acetyl-a-histidine, N- 
acetyl-a-glycine, and BSA were purchased from 
Sigma Chemical Co. The other L-s-amino acids 
were obtained from Nippon Rikagaku Co. 
(Tokyo, Japan). N-acetylimidazole was pur- 
chased from Nakarai Co. (Kyoto, Japan), and 
G-10 and G-200 Sephadex gel were obtained 
from Pharmacia Fine Chemicals (Sweden). Thio- 
barbituric acid (TBA) and silica gel thin-layer 
plates were purchased from Merck (Darmstadt, 
Germany). 

Reaction of LOOH with bovine serum 
albumin (BSA) and N-acetyl BSA 

LOOH in chloroform solution was pipetted 
into a test tube (1 • 14 cm) and the solvent 
evaporated in a stream of nitrogen. A 0.5 ml 
solution of BSA (0.1 M borate buffer pH 7.2) 
was added to the dry lipid and emulsified by 
simultaneous vigorous shaking on a vortex mixer 
for 1 min. The final concentration of LOOH 
was 2 mM and that of the BSA was 10 mg/ml. 
The emulsion in the test tube was loosely capped 
and incubated at 45 + 2C for periods up to 24 hr. 

Acetylation of BSA with N-acetylimidazole 
was carried out as described by Roosdorp et al. 

LIPIDS, VOL. 17, NO. 12 (1982) 
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FIG. 1. Sephadex G-200 Gel filtration of (~) 
BSA-LOOH incubated for 6 hr at 45 C; and (B) 
BSA as control. The solid line shows relative 
protein concentration measured by absorbance 
at 280 nm, and the dotted line shows relative 
fluorescence intensity of products at 427 nm 
when excited at 360 nm. 

(12); about 95% of the free amino groups were 
acetylated in the procedure. The emulsion of 
the LOOH and the acetylated BSA was prepared 
in the same manner as described for BSA. 

Fractionation of Fluorescent Products Binding 
to BSA by Gel Filtration on Sephadex G-2000 

After 6 hr incubation, 0.5 ml of the sample 
was chromatographed on a 1 x 45 cm column 
of Sephadex G-200 in a borate buffer, 0.1 M, 
pH 7.2 containing 0.9% NaCI. Flow rate was 
0.09 ml/min and fractions of  0.9 ml were col- 
lected for the measurement of  fluorescent in- 
tensity at 427 nm with excitation at 360 nm. 
Protein concentration was determined on the 
eluent by absorption at 280 nm. 

Agarose and SDS-polyacrylamide Gel Electrophoresis 

The electrophoresis was performed with 1.0% 
agarose gel in barbiturate buffer at pH 8.6 (/2= 
0.05) for 1 hr at 2 mA/cm and stained with 0.2% 
Ponceau 3R (Atomic Chemicals Corp:, Plain- 
view, NY). Sodium dodecyl sulphate (SDS) 
polyacrylamide slab gel electrophoresis was per- 
formed by a slight modification of the method 
of  Maizel (13) as follows. Samples were dialyzed 

FIG. 2. SDS-polyacrylamide slab gel electro- 
phoresis of BSA-LOOH reaction products. Slots 
1 and 5 control BSA before and after Sephadex 
G-200 gel filtration, respectively; slot 2, BSA- 
LOOH incubated for 6 hr at 45 C; slot 3, frac- 
tions corresponding to the fftrst peak; and slot 
4, fractions corresponding to the second peak. 

at 4 C against 25 mM Tris-HC1 buffer, pH 8.5, 
containing 0.5% SDS and 0.19 M glycine for 40 
hr prior to use, and then the electrophoresis 
was performed using 5% running gel with t h e  
same buffer. The gel was stained with 0.025% 
Coomassie Brilliant Blue (CBB). 

Reaction of LOOH with Amino 
Acids and N-Acetyl Amino Acids 

A mixture of 2 mM LOOH and 011 M amino 
acids in 0.1 M borate buffer, pH 7.2, containing 
2 mM SDS was emulsified by mixing on a vortex 
mixer and incubated at 45 + 2C for up to 24 hr. 
The fluorescent products of the emulsion were 
extracted with 2.0 ml of ethanol/ether (3 : 1, v/v), 
by vigorous mixing on a vortex mixer followed 
by centrifugation for 10 rain at 3000 rpm. The 
fluorescent intensity of the solution was mea- 
sured at 420 nm with excitation at 360 nm. The 
emulsion of the LOOH and N-acetyl amino 
acids was prepared by the same procedure. 

Extraction and Analysis of Flurescent Products 

Initially, the procedure described previously 
(14) was used to quantify the fluorescent prod- 
ucts which are soluble in the organic solvents in 
the emulsions of LOOH with BSA or amino 
acids. The emulsions were extracted with 2.0 
ml of ethanol/ether (3 : 1, v/v) by vigorous mix- 
hag on a vortex mixer followed by centrifuga- 
tion. The fluorescent intensities of  2 ml aqueous 
solution of  the particulate material sedimented 
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TABLE 1 

E x t r a c t i o n  and Relative F l u o r e s c e n t  I n t e n s i t y  of 
Products Formed i n  t h e  R e a c t i o n  of LOOH and BSA 

E x t r a c t i o n  
methods a 

F l u o r e s c e n c e  F l u o r e s c e n t  
maxima i n t e n s i t y  

Solvents Ex(nm) Em(nm) 6 hr 24 hr 

H20 H20 360 430 100 154 
CM CM -- -- 0 0 

H20  - -  - -  0 0 
CM (ppt) H20 360 430 52 83 
EE EE -- -- 0 0 

H20 -- -- 108 152 
DMP DMP -- -- 0 0 

H20 - -  - -  0 0 
DMP (ppt) H 20 360 430 83 132 

aCM = chloroform/methanol (2 : 1, v/v); EE = ethanol/ether (3 : 1, v/v); DMP = dimethoxy- 
propane; ppt = sediment obtained by ultracentrifugation. 

in the  b o t t o m  of  the  t ube  were measu red  w i th  a 
Hi tachi  204  f l u o r o s p e c t r o p h o t o m e t e r .  In addi- 
t i on  to  th is  m e t h o d ,  t he  p rocedure s  o f  F l e t che r  
et  al. (2) and  Shimasaki  et  al. (7)  were  used  for  
measur ing  the  f luorescence  of  organic  and  
aqueous  so lu t ions  p repa red  in t he  same m anne r .  
The  f luorescence  m e a s u r e m e n t s  were deter-  
m ined  relat ive to  a qu in ine  sulfa te  s t anda rd  (1 
/ag/ml o f  0.1 N H2 SO4)  w i th  a relat ive f luores-  
cence  i n t ens i t y  of  24. 

TBA-test of Substances Binding to BSA 

TBA-reac t ive  subs tances  in the  emuls ion  
were  ex t r ac t ed  wi th  e t h a n o l / e t h e r  (3 :1 ,  v/v)  
so lu t ion  by  m i x i n g  on  a vor t ex  mixe r  fo l lowed  
by  cen t r i fuga t ion ,  and  dissolved in 2 .0  ml of  
dist i l led wa te r  a f t e r  removal  of  t he  solvents .  The  
p ro t e in  m o i e t y  which  s e d i m e n t e d  by  the  cent r i -  
fuga t ion  was also dissolved in 2.0 ml  o f  water .  
These  so lu t ions  were added  to  1.0 ml  o f  0 .67% 
TBA so lu t ion  con ta in ing  50% acet ic  acid in 
w a t e r  and  h e a t e d  for  20 min  in a bo i l ing  wa te r  
ba th .  TBA values were d e t e r m i n e d  by  the  ab- 
so rbance  at 535 n m  (14)  and  t he  f luorescence  
i n t ens i t y  of  550  n m  wi th  e x c i t a t i o n  at  515 n m  
(15).  

R ESU LTS 

The  c h r o m a t o g r a p h y  and  e lu t ion  p a t t e r n  of  
the  a l b u m i n  t r e a t ed  w i th  LOOH and u n t r e a t e d  
a l b u m i n  in Sephadex  G-200  are s h o w n  in Fig- 
ures  1A and  1B, respect ively .  A l t h o u g h  the re  
were  some  r eac t i on  p r o d u c t s  c o r r e s p o n d i n g  to  
t he  a l b u m i n  peak,  the  m a j o r  p r o d u c t s  o f  t h e  
r eac t ion  o f  BSA wi th  LOOH were  f luorescen t  
and  t he  f luorescence  c o r r e s p o n d e d  to the  pro-  
t e in  peak  separa ted  f rom a l b u m i n  as s h o w n  in 
F igure  1A. The  f luo rescen t  m a x i m a  in t he  separ-  

a t ed  f r ac t ion  had  an  emiss ion  m a x i m u m  at 427  
n m  and  an  exc i t a t i on  m a x i m u m  at 360 nm.  
Separa te  gel f i l t r a t ion  o f  a l b u m i n  on  S e p h a d e x  
G-200  s h o w e d  t h a t  i t  was e lu ted  in a single frac- 
t i o n  t h a t  had  n o  f luorescence .  Thus ,  i t  appea red  
t h a t  f luo rescen t  p r o d u c t s  were  f o r m e d  in the  
r eac t i on  of  LOOH w i t h  a lbumin .  

The  reac t ion  of  LOOH wi th  a l b u m i n  appea red  
to increase  t he  size o f  t he  p ro t e in  as i nd ica t ed  
by  t he  e lu t ion  p a t t e r n  on  t he  Sephadex  ch roma-  
t o g r a p h y  (Fig. 1A) and  by  SDS-po lyac ry lamide  
gel e l ec t rophores i s  s h o w n  as in  Figure  2. In the  
l a t t e r  analysis,  f r ac t ions  c o r r e s p o n d i n g  to  t he  
first peak  did n o t  move  in to  t he  5% gel, wh ich  
ind ica t ed  t h a t  its mo lecu la r  size was grea ter  
t h a n  t h a t  of  u n r e a c t e d  a lbumin ,  f rac t ions  30 
and  31. No f luo rescen t  p r o d u c t s  were ex t rac t -  
able f rom LOOH t rea ted  a l b u m i n  wi th  organic  
solvents ,  c h l o r o f o r m / m e t h a n o l  (2 :1 ,  v/v),  e t h e r /  
e t h a n o l  (1 :3 ,  v/v),  abso lu te  e t h a n o l  or  d i m e t h -  
o x y p r o p a n e  (Tab le  1). On  t he  o t h e r  h a n d ,  the  
aqueous  so lu t ion  of  t h e  s ed imen t s  o b t a i n e d  by  
cen t r i f uga t i on  were  h ighly  f luo rescen t  exh ib i t i ng  
emiss ion  and  e x c i t a t i o n  m a x i m a  at  430  and  360  
nm,  respect ively.  A c o m p a r i s o n  o f  the  f luores-  
cen t  in tens i t i es  of  aqueous  and  e t h a n o l  ex t r ac t s  
is s h o w n  in Figure 3. These  e x p e r i m e n t s  ind ica te  
t h a t  t he  f luorescen t  subs t ances  were  cova len t ly  
b o u n d  in the  r eac t i on  o f  LOOH wi th  a lbumin .  
Some  wate r  so luble  f luorescen t  mate r ia l  wi th  
an emiss ion  m a x i m a  of  ca. 300  n m  was also 
p resen t  in  t he  LOOH t r ea t ed  a l b u m i n  as s h o w n  
in Figure 3. This  mate r ia l  was u n a f f e c t e d  by  
ace ty l a t i on  (Fig. 4)  and  because  its f luorescence  
m a x i m u m  is n o t  in  t he  range  of  t h a t  general ly  
cons ide red  charac te r i s t i c  o f  l ipo fusc in  subs tan-  
ces, i t  does  n o t  appea r  to  be  a p r i m a r y  p r o d u c t  
of  t he  reac t ion .  

In o rde r  to  o b t a i n  a f u r t h e r  ins igh t  in to  the  
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fluorescent products formed during 

reaction of BSA and LOOH. (a) 24 hr incuba- 
tion; (b) 6 hr incubation; (c) absolute ehtanol 
extracts from 6 and 24 hr BSA-LOOH reaction 
products. 

reac t ion ,  the  f luorescent  p roduc t s  o f  the  reac- 
t ion o f  LOOH wi th  various amino acids were 
s tudied.  LOOH (1 mM) was incuba ted  wi th  100 
mM of  a n u m b e r  o f  amino  acids at 45 + 2 C for  
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per iods  o f  6-24 hr,  the  reac t ion  mix tu re  was ex- 
t rac ted  wi th  e thanol  and the  relative fluores- 
cence o f  t he  ex t rac t s  de t e rmined  (Table 2). The 
reac t ion  o f  LOOH wi th  lysine gave the  s t ronges t  
f luorescence.  The f luorescence  given by the  
o the r  amino  acids was relatively weak ,  and varied 
in the  order  h is t id ine  > glycine > arginine > 
phenyla lanine .  No f luorescent  p roduc t s  were 
p ro d u ced  wi th  the  N-0t-acetyl amino acids ex- 
cept  lysine,  which has a free amino  group in the  
e-posi t ion.  React ions  o f  LOOH wi th  N-a-acetyl-  
L-arginine, which has a guanido group,  gave a 
weakly  f luorescent  p roduc t .  

When BSA was acety la ted ,  the  f luorescent  
in tens i ty  of  the  p roduc t s  was reduced  to  less 
than  25% of  the  con t ro l  (Fig. 4). These obser- 
vat ions  indica ted  tha t  the  f luorescent  p roduc t s  
o f  the  reac t ion  o f  LOOH wi th  a lbumin were 
mainly  wi th  the  e-amino group of  the  lysine 
moieties.  

Yagi (15) observed that ,  in general, T B A  
color  p igments  are also f luorescent  wi th  an emis- 
sion m a x i m u m  at 550 n m  and an exc i t a t ion  
m a x i m u m  at 515 nm. However ,  the  tota l  incu- 
ba t ion  mix tu re  of LOOH wi th  BSA gave only 
a weak posi t ive TBA color  react ion.  When the  
reac t ion  mix ture  was separated in to  e thano l /  
e ther  (3 : 1, v/v) soluble and sed imen ted  pro te in ,  
the  soluble f rac t ion gave a posit ive TBA color  
react ion ,  but  this f rac t ion  did no t  give any fluor- 
escence  character is t ic  o f  l ipofuscin  substances.  

TABLE 2 

Relative Fluorescent Intensity of LOOH-Amino Acid Reaction Products 

Amino acids 

Incubation time (4S C) 

6 hr 24 hr 

Fluorescent 
Ex Em intensity Ex 

Fluorescent 
Em intensity 

Glycine 360 435 
Alanine 335 430 
Arginine 335 415 
Asp aragine 3 S S 435 
Aspartic acid 350 (430) 
Cysteine 350 (430) 
Glutamine 35 S 430 
Glutamic acid 350 (430) 
Histidin e 338 410 
Isoleucine 345 420 
Leucine 355 430 
Lysine 360 430 
Methionine 350 420 
Piaenylalanine 365 430 
Proline 3 S0 450 
Serine 340 410 
Threonine 340 410 
Tyrosine 330 420 
Valine 340 420 

100 360 435 240 
24 355 430 35 
72 330 410 104 
15 360 430 54 
2 360 (430) 3 

12 350 (430) 18 
17 355 430 36 
4 350 (430) 6 

228 338 420 324 
13 345 425 20 
16 355 430 25 

1008 360 430 1184 
9 350 420 15 

78 365 335 91 
S 350 450 6 

35 335 405 95 
37 335 405 93 
13 330 410 21 
13 340 420 18 

( ) = Fluorescene maximum not well defined. 
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On the other hand, not only was the sedimented 
fraction fluorescent, but the products formed 
with TBA also were fluorescent with an excita- 
tion maximum of 515 nm and an emission maxi- 
mum at 550 nm. These observations indicated 
that TBA reacted with products in both the 
ethanol/ether extract and the sedimented pro- 
tein, giving fluorescent substances with the 
latter. A plot of  the fluorescence of  the protein 
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FIG. 5. Relationship between fluorescent products 

and TBA-mactive fluorescent substances binding to 
BSA. 

sedimented fraction and that of  the products of 
the TBA reaction of  this fraction gave a linear 
relationship (Fig. 5) indicating that the same 
groups were responsible for the fluorescence in 
both reactions. 

DISCUSSION 

Most methods for the determination of lipo- 
fuscin substances in mammalian tissues are based 
on the extraction of  the fluorescent compounds 
in organic solvents and the measurement of 
their fluorescence directly or after separation 
by various types of  chromatography (3). The 
fluorescent material in the aqueous phase of  the 
lipid extracts is generally disregarded. In this 
study, we rationalize that if the lipofuscin sub- 
stances are lipid-protein complexes, as generally 
suggested, they might be water soluble. This 
view was further strengthened by the fact that 
in recent work (5) we observed that the mass of  
the fluorescent material recovered in organic 
extracts was very small, relative to that which 
might be expected from histologic analysis. 
The present study shows, indeed, that fluores- 
cent compounds are formed by the reaction of  
LOOH and protein (albumin) and that these 
substances are insoluble in organic solvents but 
soluble in water. Studies on the Sephadex 
chromatography of  albumin after reaction with 
LOOH showed that it contained a component  
of  high molecular mass and that the water solu- 
ble fluorescent substances were concentrated in 
it. Polyacrylamide electrophoresis of the prod- 
ucts of  the reaction of  albumin with LOOH also 
showed that unaltered albumin was gradually 
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replaced  by  subs tances  w i th  a h igher  mo lecu l a r  
mass. Thus,  i t  appea red  t h a t  LOOH reac ted  
w i t h  a l b u m i n  to  give a cova len t ly  b o u n d  p r o d u c t  
w i th  s t rong  f luorescen t  proper t ies .  S tudies  on  
t h e  r eac t i on  of  LOOH wi th  amino  acids and  
a l b u m i n  be fo re  and  a f t e r  a c e t y l a t i o n  ind ica t ed  
t h a t  LOOH reac ted  wi th  t he  free a m i n o  groups  
in t he  p ro te in .  Moreover ,  s tudies  of  t he  f luores-  
cen t  p roper t i e s  o f  the  p r o d u c t s  of  t he  r eac t i on  
w i th  indiv idual  a m i n o  acids i nd i ca t ed  t h a t  t he  
r eac t ion  w i th  a l b u m i n  occu r r ed  pr imar i ly  w i t h  
t he  lysine moie t ies .  

The  e x p e r i m e n t s  w i th  T B A  showed  t h a t ,  al- 
t h o u g h  th is  reagent  gave a posi t ive  f luo rescen t  
tes t  w i th  t he  p r o t e i n  f r ac t i on  which  co r re la t ed  
well  w i th  t he  f luorescence  o f  this  f rac t ion ,  i t  
was n o t  specif ic  for  l ipofusc in  subs tances  in  as 
m u c h  as i t  also gave a posi t ive  a b s o r p t i o n  tes t  at  
550  n m  o n  the  a l c o h o l / e t h e r  ex t rac t s  wh ich  ex- 
h ib i t ed  n o  f luorescence  charac te r i s t ics  of  l ipo- 
fusc in  subs tances .  

A l t h o u g h  t he  p re sen t  s t u d y  was carr ied o u t  
o n  m o d e l  c o m p o u n d s ,  the  r eac t ion  appears  to  
be  re levan t  to  t he  f o r m a t i o n  o f  l ipofusc in  sub- 
s tances  and  the  aging p i g m e n t  in  m a m m a l i a n  
tissues.  
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Source of Lung Surfactant Phospholipids: 
Comparison of Palmitate and Acetate as Precursors 

TADAHIRO SATO and TOYOAKI AKINO ~, Department of Biochemistry, Sapporo 
Medical Colleqe, Sapporo 060. Japan 

ABSTRACT 

The phospholipids and the fatty acid compositions of major phospholipids in rat lung parenchyma, 
microsomes, lamellar bodies and alveolar wash were quantified. Adult rats were injected simultaneous- 
ly with [3 H]palrnitate and [t4C] acetate into the femoral vein. The appearance of labeled phosphati- 
dylcholine (PC), disamrated phosphatidylcholine (DSPC) and phosphatidylglycerol (PG) in each lung 
fraction was measured during short periods of time (5 min to 2 hr) after isotope administration. Rela- 
tively more PC, DSPC and PG labeled with acetate radioactivity in lung microsomes entered lamellar 
body and alveolar wash fractions than those labeled with palmitate radioactivity. However, there was 
no difference between palmitate and acetate labeled phospholipids in the transport from mierosomes 
to lameUar bodies by phospholipid exchange proteins. On the other hand, prior injection of colchicine 
resulted in decrease in the transport of PC from microsomes to alveolar space to a relatively greater ex- 
tent in the acetate radioactivity than in the palmitate radioactivity. 
Lipids 17:884-892, 1982. 

INTRODUCTION 

1,2-Dipalmitoyl species of phosphatidylcho- 
line (PC) and phosphatidylglycerol  (PG) are the 
main constituents of  lung surfactant (1), which 
has been implicated in the maintenance of lung 
compliance (2). In order to supply sufficient 
amounts of palmitate for the synthesis of these 
dipalmitoyl  species, the lung tissue actively takes 
up palmitate from the circulation and synthe- 
sizes palmitate endogenously de hove. Labeled 
palmitate administrated intravenously is rapidly 
taken up by the lung and incorporated prefer- 
entially into phospholipids, particularly into PC 
(3-5). On the other hand, lung slice experiments 
with labeled acetate have shown that palmitate 
accounts for greater than 80% of the radioactiv- 
i ty incorporated into phospholipids (6). Namely, 
the major product  of  the de ne ro  fat ty  acid 
synthesis from acetate appears to be palmitate 
(7,8). This notable characteristic in the de ne ro  
fat ty acid synthesis in the lung permits a com- 
parison of  the endogenously synthesized pal- 
mitate as the acetate radioactivity and the exo- 
genously supplied palmitate as palmitate radio- 
activity in the metabolism of lung phospho- 
lipids. Studies on their relative differences re- 
vealed that  they were metabolized differently 
in the transfer into alveolar space (9,10), as 
membrane bound substrate for microsomal 
phospholipase A2 (11), or in the synthesis of 
dipalmitoyl  PC by the effect of  essential fat ty 
acid deficiency (12). Jobe ( 9 ) d e m o n s t r a t e d  
that  the relative specific activities of surfactant 

*Author to whom correspondence should be sent. 

PC and DSPC labeled with acetate radioactivity 
were ca. twice those measured using the palmi- 
rate radioactivity. 

The present study was made to confirm the 
preferential  appearance of  palmitate synthesized 
de ne ro  in the surfactant phospholipids, and 
further to study possible differences between 
the endogenously synthesized and exogenously 
supplied palmitate in the transfer mechanisms 
of phospholipids from microsomes to the sur- 
factant related fractions. 

MATERIALS AND METHODS 

Materials 

[9,10-3H]Palmitic acid (sp act, 500 mCi/ 
mmol), [1Ja.C]palmitic acid (sp act, 50 mCi/ 
mmol),  [1-~4C]acetic acid (sp act, 60 mCi[ 
mmol) and Ja i l ]ace t ic  acid (sp act, 300 mCi/ 
mmol) were purchased from The Radiochemical 
Centre, Amersham, England. The labeled pal- 
mitic acids were complexed with fat ty acid-free 
bovine serum albumin (Sigma Co.) according to 
the method described by ,Sdcesson et al. (13). 

In vivo Experiments 

Male Wistar rats weighing ca. 250 g were 
fasted for 16 hr  before isotope injection. 0.25 
ml of 4% albumin-0.9% saline solution contain- 
ing 50 /~Ci (26 gg) of  [9 ,10-aH]palmit ic  acid 
and 200 gCi (50/ /g)  of [ 1-14C] acetic acid were 
injected within 5 sec into the femoral vein of 
the rats under slight ether anesthesia. Some rats 
were pretreated by the intraperitoneal injection 
of  colchicine (10 mg) in 0.9% saline (0.5 ml) 

LIPIDS, VOL. 17, NO. 12 (1982) 



LUNG SURFACTANT PHOSPHOLIPIDS 

TABLE 1 

Phospholipid Composition of Rat Lung Fractions 

885  

Parenchyma Microsomes Lamellar bodies Alveolar wash 
(n=5) (n=5) (n=4) (n=4) 

Total phospholipid c o n t e n t  
0zmol/g wet tissue) 18.1 _+ 2.5 1.93 -+ 0.6 0.23 -+ 0.04 1.16 -+ 0.3 

Phosphatidylcholine 45.5 _+ 4.4 41.7 _+ 5.2 74.2 _+ 4.5 81.7 + 2.0 
Phospbatidylethanolamine 25.6 -+ 2.8 23.1 -+ 2.1 11.5 + 1.7 4.4 +- 1.0 
Phosphatidylglycerol 2.0 + 0.3 4.6 _+ 4.7 8.5 -+ 0.2 9 .4  -+ 0.9 
Pbosphatidylinositol 9.0 + 1.9 9.6 -+ 1.6 0.6 -+ 0.8 

1.6 -+ 0.7 Phosphatidylserine 2.6 _+ 1.5 3.6 + 2.4 1.5 + 1.7 
Sphingomyelin 13.1 _+ 3.4 12.3 -+ 2.1 3.0 -+ 0.6 1.9 +- 0.9 
Lysophosphatidylcholine 1.6 _+ 1.3 3.2 + 0.1 0.6 -+ 1.0 0.2 + 0.3 
Lysophosphatidylethanolamine 0.2 + 0.2 1.8 -+ 1.5 tr tr 
Lyso-bis-phosphatidie acid 0.4 -+ 0.2 0.1 -+ 0.1 0.1 -+ 0.6 0.8 + 0.8 

The results are presented as mean percent composition �9 standard deviation (n), 

accord ing  to  t he  desc r ip t ion  by  D e l h u n t y  and  
J o h n s t o n  (14) .  Af t e r  3 hr ,  t he  i so topes  were in- 
j e c t e d  i n to  t he  an imals  in the  same m a n n e r  as 
above,  A f t e r  d i f f e ren t  t ime  intervals ,  t he  ra ts  
were  ki l led b y  b leed ing  t h r o u g h  the  a b d o m i n a l  
aor ta .  The  t r achea  was o p e n e d  in the  neck  and  
c a n n u l a t e d  w i th  a p o l y e t h y l e n e  t ube  c o n n e c t e d  
to  a syringe.  The  lungs  were  washed  4 t imes  
w i th  t he  same 5 ml  o f  0.9% saline. The  e f f luen t  
v o l u m e  recovered  was a b o u t  14 ml.  T he  alveolar  
wash was n o t  cen t r i fuged  to  r emove  cel lular  
mater ia ls ,  as in  the  m e t h o d  for  r a b b i t  l ung  alve- 
olar  wash descr ibed  b y  J o b e  (15).  

Isolation of Rat Lung Fractions 

The  i so la t ion  p r o c e d u r e  for  ra t  l ung  f r ac t ions  
was carr ied ou t  general ly  accord ing  to  t he  
m e t h o d  descr ibed  for  r a b b i t  l ung  f rac t ions  b y  
J o b e  (15) .  The  recovery  o f  p h o s p h o l i p i d  in the  
l amel la r  b o d y  f r ac t ion  and  t he  m i c r o s o m e s  iso- 
l a t ed  f rom ra t  l ung  b y  th is  p r o c e d u r e  was 1.3% 
and  10.7% of  t he  t o t a l  lung  phospho l ip id .  The  
ra t io  of  p h o s p h o l i p i d  (pmol )  to  p r o t e i n  (mg)  
was 0 .33 + 0.6 for  the  m i c r o s o m e s  and  2.15 + 
0 .52 for  the  l amel la r  b o d y  f rac t ion .  

Phospholipid-transfer Experiments 

Labe led  mic rosomes  f rom rat  lung  were  pre-  
pa red  by  lung  slice e x p e r i m e n t s  w i th  [ 1-14C] 
pa lmi t ic  acid and  [ 3 H] acet ic  acid;  t issue slices 
f r o m  two  ra t  lungs  (2.4 g) were i n c u b a t e d  at  
37 C in 20 ml  o f  Krebs -Ringer  m e d i u m  con ta in -  
ing [1 - !4C]pa lmi t i c  acid (500  /a Ci, 2.6 mg) 
c o m p l e x e d  w i th  bov ine  se rum a l b u m i n  or  [3 H] 
acet ic  acid (5 mCi, 1.0 mg). T he  lung  slices 
were r e m o v e d  a f t e r  1.5 h r  i n c u b a t i o n ,  r insed in  
cold 0.25 M sucrose/1  mM E D T A / 1 0  mM Tris- 
HC1 (pH 7.4)  (bu f f e r  A), and  t he  m i c r o s o m e s  

were i so la ted  as m e n t i o n e d  above  excep t  for  
the  use o f  b u f f e r  A. The  i so la t ion  p rocedures  
fo r  un l abe l ed  m i t o c h o n d r i a  and  lamel la r  bod ies  
f rom rat  lung,  and  the  assay p rocedures  for  
p h o s p h o l i p i d - t r a n s f e r  ac t iv i ty  were essent ia l ly  
the  same as descr ibed  b y  Engle et  al. (16) .  The  
100 ,000  x g s u p e r n a t a n t  f rac t ions ,  i sola ted as 
descr ibed  b y  V e r e y k e n  et  al. (17) ,  were ad jus ted  
to pH 5.1 wi th  3 M HC1. A f t e r  s t and ing  in ice 
for  30 min  wi th  occas ional  s t i rr ing,  the  suspen-  
s ions  were cen t r i fuged  at 15 ,000  x g for  15 min .  
The  s u p e r n a t a n t s  were t h e n  ad jus ted  to  pH 7.4 
w i th  solid Tris. In  th is  s tudy ,  t hey  were desig- 
n a t e d  as pH 5.1 s u p e r n a t a n t ,  wh ich  were used 
as p h o s p h o l i p i d  exchange  p ro te ins  in  p h o s p h o -  
l ip id - t rans fe r  expe r imen t s .  

Lipid Analysis 

Analy t i ca l  p rocedure s  for  l ipids were gener- 
ally t he  same as descr ibed  in o u r  prev ious  pape r  
(12 ,18 ,19) .  Lipids  of  the  lung  p a r e n c h y m a ,  mi- 
c rosomes ,  l amel la r  bod ies  and  alveolar  wash 
were  e x t r a c t e d  by  the  m e t h o d  o f  Bligh and  Dyer  
(20),  a f t e r  wh ich  t h e y  were sub jec ted  to  two-  
d imens iona l  t h in  l aye r  c h r o m a t o g r a p h y  (TLC)  
to  separa te  ind iv idua l  l ipid classes (21).  F o r  
analysis  o f  p h o s p h o l i p i d  c o m p o s i t i o n ,  t he  spots  
on  the  p la tes  were de t ec t ed  by  char r ing  and  
ana lyzed  for  p h o s p h o r u s .  The  spots  were also 
d e t e c t e d  by  f luoresce in  spray  and  each phos-  
pho l ip id  was recovered  f rom the  gel by  the  
m e t h o d  o f  Arv idson  (22).  PC i so la ted  was con-  
ver ted  to  1 ,2-diacyl-3-acetylglycerol  and  separ- 
a ted  i n t o  mo lecu l a r  classes us ing  the  p rocedure s  
descr ibed  b y  O k a n o  et  al. (19).  The  PC was also 
sub jec t ed  to p e r m a n g a n a t e / p e r i o d a t e  o x i d a t i o n  
to  i so la te  de sa tu ra t ed  p h o s p h a t i d y l c h o l i n e  spe- 
cies acco rd ing  to  the  m e t h o d  o f  Sh imojo  et  al. 
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(23). The positional distribution of the fatty 
acids of PC and PG was analyzed by hydrolysis 
with phospholipase A2 (Crotalus adamanteus 
and Crotalus atrox). The free fatty acids and 
lysophospholipids prepared were separated by 
TLC. The fatty acid methyl esters prepared by 
BF3/CH3OH (24) were analyzed by gas liquid 
chromatography (GLC). 

A part of the labeled phospholipids from lung 
parenchyma was transmethylated by BF3/CHa- 
OH (24). The fatty acid methylesters prepared 
were separated into saturates, monoenes, dienes 
and polyenes by argentation TLC (25). The sat- 
urates were further separated according to the 
carbon numbers by reverse-phase TLC (25). 

Protein was determined by the method of 
Lowry et al. (26). Phosphorus was determined 
by the method of Bartlett (27). The amount of 
1,2-diacyl-3-acetylglycerol was estimated by 
glycerol determination according to the method 
of Van Handel and Zilversmit (28). Radioactivity 
counting was carried out with a Packard Liquid 
scintillation spectrometer using a toluene based 
scintillator as described by Snyder (29), and 
Aquasol (New England Nuclear) when deter- 
mined with silica gel. 

R E SU LTS 

The phospholipid composition of four lung 
fractions, lung parenchyma, microsomes, lamel- 
lar bodies and alveolar wash, are presented in 
Table 1. As noted earlier (30,31), the phospho- 
lipid profiles of the lung parenchyma and micro- 
somes were quite similar, but significantly dif- 
ferent from those of the lamellar bodies and al- 
veolar wash. Compared to the phospholipid 
profiles in microsomes, PC and PG increased 
approximately 2-fold in the surfactant related 
fractions, e.g., lamellar bodies and alveolar wash. 
In contrast, sphingomyelin and phosphatidyl- 
ethanolamine (PE) decreased significantly in 
the surfactant related fractions. The fatty acid 
compositions of the major phospholipids, i.e., 
PC and PG, in the surfactant related fractions 
are given in Table 2. In these 2 phospholipids, 
palmitic acid was the major fatty acid, not only 
in the total but also in the 2-position. Its rela- 
tive concentration increased in the order of 
microsomes, lamellar bodies and alveolar wash. 
Concomitant decreases in the relative concen- 
tration of oleic and arachidonic acids were also 
found in the supernatant related fractions. 

Table 3 provides a comparison of the propor- 
tion of the molecular classes of PC from the 4 
lung fractions�9 Consistent with the findings on 
their fatty acid patterns, significant increases 
were found in the disaturated classes in the sur- 
factant related fractions and, conversely, de- 
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FIG. 1. Incorporation of [9,10-3H]palmitic acid (A) and [1-t4C]acetic acid (B)into each lipid 
clss of rat lung parenchyma after intrafemoral injection. For phosphatidylcholine and triacylglycerol, 
the data are given as the average values _+ SD for 3 independent experiments. The range of deviation 
was omitted in other fractions, e, phosphatidylcholine; o, triacylglycerol; A, phosphatidylglycerol; o, 
pho sphatidylethanolamine. 

creases were observed in the dienoic and tetrae- 
noic classes. Our analytical results were essen- 
tially in agreement with those reported in rabbits 
(31) and rats (30). 

In order to elucidate the source of palmitate 
acylating the main phospholipids in the surfac- 
tant related fractions, a comparison of the label- 
ing profiles was made using [ 9,10 -3 H] palmitate 
and [1)4C] acetate as the sources of surfactant 
phospholipids. Following the injection of the 
above-mentioned isotopes, the radioactivity dis- 
tr ibution among fatty acids acylating in the 
total phospholipids from lung parenchyma was 
determined. Ten min after injection, ]4C-activity 
was 85.4% for palmitate and 6.0% for unsatur- 
ated acids. There was little change in these per- 
centages during the experimental time periods, 
which seems to indicate that palmitate was pri- 
marily synthesized from the acetate radioactiv- 
ity in the lung tissue. On the other hand, ca. 
95% of the 3 H-activity was recovered as palmi- 
tate. 

Figure 1 shows the appearance of [3H]pal- 
mitate and [ t4C] acetate in various lipid classes 
of rat lung parenchyma during short periods of 
time after the simultaneous injection of both 
radioactivities. The labeling profiles of lipid 
classes were similar for both radioactivities. The 
3H and 14C activities in lipid classes rapidly de- 
creased from 5 min to 120 min after the injec- 

tion. Among lipid classes, PC was predominant- 
ly labeled with both precursors. These results 
indicate that both radioactivities incorporated 
into lung lipids with similar kinetics. 

Figure 2 shows the time-dependent changes 
in specific radioactivities of PC, DSPC and PG 
in 3 lung fractions after injection of [3H] palmi- 
tate and [t4C]acetate. In order to compare 
labeling profiles of both precursors, the specific 
radioactivities of these phospholipids are shown 
as specific activities relative to the unity of the 
specific radioactivities of microsomal PC at 60 
min after injection of each isotope. The specific 
activities in lung microsomes were highest at 
the initial time point of 5 min after the injection, 
after which they rapidly decreased. The appear- 
ance in the lamellar body fraction of the labeled 
phospholipids was also rapid. Maximal specific 
activities were achieved within 1 hr after injec- 
tion. The specific activities of these phospho- 
lipids in lamellar bodies exceeded those in 
microsomes 2 hr after injection. This seems to 
indicate that the microsomal subpool of phos- 
pholipids destined for the lamellar bodies may 
exist in the lung. The labeled phospholipids 
appeared in the alveolar space in a linear fashion 
for a period of 2 hr, although their specific 
activities were still lower compared to those in 
lamellar bodies. These labeling profiles were 
similar in both precursors. It should, however, 
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FIG. 2. Changes of specific radioactivity of phosphatidylcholine, disaturated phosphatidylcholine 
and phosphatidylglycerol in microsomes, lamellar bodies and alveolar wash of rat lung after intrafe- 
moral injection of [9,10 -3 H]palmitic acid (A) and [ 1-14C] acetic acid (B). The data are given as rela- 
tive specific activity calculated as unity of the specific radioactivity ofmicrosomal phosphatidylcholine 
at 60 min after injection of each isotope, which was 21.6 _+ 1.7 dpm/nmol for 3H-activity and 9.3 -+ 
0.8 dpm/nmol for 14C-activity. Each mark is the average value from 2 to 3 animals. The range of devia- 
tion was omitted for technical reasons. - line, microsomes; . . . . . .  line, lameUar bodies; . . . .  line, 
alveolar wash. e, phosphatidylcholine; o, disaturated phosphatidylcholine; -, phosphatidylglycerol. 

be noted that the relative specific activities of 
these phospholipids in the surfactant related 
fractions were significantly higher in the acetate 
radioactivity than those in the palmitate radio- 
activity. 

In order to compare the rate of appearance 
of PC, DSPC and PG labeled with both [3H] 
palmitate and [ 14C] acetate from microsomes to 
the surfactant related fractions, the ratios of 14C- 
activity to all-activity of these phospholipids 
in the 3 lung fractions were calculated (Table 4). 
The results showed that, when the 14C/3H ratios 
of these phospholipids in lameUar body and 
alveolar wash fractions were calculated as the 
uni ty  of those in microsomal phospholipids, 14C- 
activity was ca. from 1.5 to 1.8 times of all- 
activity in the lamellar body fractions and ca. 
from 1.6 to 2.7 times in alveolar wash in the 3 
phospholipids. These data indicate that rela- 
tively more PC, DSPC and PG labeled with [ 14C] 
acetate in lung microsomes entered the surfac- 
tant related fractions than those labeled with 
[ 3 H] palmitate. These metabolic findings strong- 
ly suggest that PC and PG utilize both palmi- 
rates synthesized de novo and supplied exogen- 
ously for their synthesis in lung microsomes 

with similar kinetics, but that phospholipids 
acylating palmitate synthesized de novo appear 
preferentially in the surfactant related fractions. 

Possible differences in metabolic fate between 
palmitate and acetate radioactivities were fur- 
ther studied with regard to the transport of sur- 
factant phospholipids from microsomes to the 
surfactant related fractions. A fraction contain- 
ing phospholipid exchange proteins catalyzed 
the transfer of various phospholipids from 
microsomes labeled with palmitate and acetate 
to unlabeled mitochondria or lamellar bodies. 
However, there was no difference between pal- 
mitate and acetate radioactivities in the trans- 
port from microsomes to mitochondria or la- 
mellar bodies (data not  shown). It is, therefore, 
likely that the phospholipid exchange proteins 
do not  distinguish between the palmitate and 
acetate labeled phospholipids in their transport 
from microsomes. Another transport system, 
the microtubular system, was tested using col- 
chicine-treated rats. The results are shown in 
Table 5. The prior injection of colchicine resul- 
ted in marked decreases in the secretion of PC 
and DSPC labeled with both precursors into the 
alveolar space. This decrease was more signifi- 
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TABLE 4 

Comparison of Labelings with [ 3 H ] Palmitate and [ t4C ] Acetate in Phosphatidylcholine, 
Disaturated Phosphatidylcholine and Phosphatidylglycerol of  Rat Lung Fractions 

14 C/3 H ratio of  relative specific activity a 

Time after Phosphatidyl- Disaturated phos- Phosphatidyl- 
injection (min) Lung fraction choline phatidylcholine glycerol 

60 Microsomes 1.00 0.87 (1.00) 1.02 (1.00) 
Lamellar bodies 1.65 1.62 (1.86) 1.77 (1.74) 
Alveolar wash 2.23 2.07 (2.38) 2.81 (2.75) 

120 Microsomes 1.34 0.98 (1.00) 1.23 (1.00) 
Lamellar bodies 2.02 1.54 (1.57) 1.77 (1.44) 
Alveolar wash 1.93 1.87 (1.91) 2.00 (1.63) 

Values in parenthesis are the values calculated as unity of the t4C/3H ratio in microsomes. The results are 
means from three independent experiments. 

aRelative specific activities were calculated as unity of specific activity of  phosphatidylcholine in microsomes 
at 60 min after the injection of  [ a H ] palmitate and [ 14C ] acetate. 

cant in the acetate labeled phospholipids than 
in the palmitate labeled phospholipids. These 
findings suggest that  the lung microtubular  sys- 
tem may part icipate in the secretion of surfac- 
tant  phospholipids into alveolar space. They 
also suggest that  phospholipids that  acylate pal- 
mitate de novo synthesized may be transfered 
preferentially to the alveolar space by the micro- 
tubular  system. 

DISCUSSION 

Jobe (9) demonstrated that in in-vivo ex- 
periments to determine the specific activities of  
PC and DSPC, more palmitate synthesized from 
labeled acetate than that  supplied from circula- 
tion was preferentially incorporated into lung 
PC and DSPC destined to become surfactant. 
The present s tudy confirmed the results of  ear- 
lier reports by Jobe (9) and Jobe et al. (10) in 
experiments carried out during relatively short 
periods of t ime (from 5 min to 2 hr) after simul- 
taneous administration of  labeled palmitate and 
acetate. In those experiments and ours, relatively 
more PC, DSPC and PG acylating de novo syn- 
thesized palmitate than that  acylating exogen- 
ously supplied palmitate entered the surfactant 
related fractions. There, however, has been no 
conclusive evidence presented to explain this 
preferential appearance of phospholipids labeled 
with acetate in the surfactant fractions. 

There are several possible explanations for 
this preferential appearance: (a) whole lung mi- 
crosomes are derived from many different cell 
types. Compared to other  lung cell types, alve- 
olar type  II cells may utilize more acetate for 
the surfactant phospholipid synthesis than 
plasma-born plamitate. It has been reported,  
however, that  a relatively greater amount  of 
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exogenous palmitate is utilized by alveolar type  
II cells for the synthesis of  dipalmitoyl  PC and 
PG than is utilized by other lung cell types (32). 
In addition, the metabolic profiles in PC, such 
as that  for positional distribution, are almost 
the same for palmitate synthesized de novo 
from acetate as for that  supplied exogenously 
(33). (b) There may be metabolically different 
palmitate pools in the lung microsomes. De 
novo synthesized palmitate may enter  preferen- 
tially a pool  destined for the surfactant phos- 
pholipids. In contrast, exogenously administra- 
ted palmitate may be primarily acylated to 
membrane phospholipids. The existence of  dif- 
ferent palmitate pools in lung microsomes was 
suggested by Longmore et al. (11), who reported 
that  microsomal PC labeled with [ 1-14C] a c e t a t e  
were utilized as substrate by microsomal phos- 
~holipase A2, while those labeled with [9,10- 

H]pa lmi ta te  were not  degraded by this en- 
zyme. Groener and van Golde (34) also showed 
in studies with isolated rat  hepatocytes  that 
palmitate synthesized endogenously from ace- 
tate did not  mix completely with exogenously 
supplied palmitate. (c) There may be a prefer- 
ential transport  of phospholipids acylating de 
novo synthesized palmitate from the micro- 
somes to the surfactant fractions. If this is the 
case, there may be a specific transfer system 
available for the specific phospholipid compon- 
ents including preferentially de novo synthe- 
sized palmitate in the surfactant fractions. This 
possibility has not  been tested previously. 

The mechanisms by which surfactant phos- 
pholipids are transported from their synthetic 
site in alveolar type II cells to the lamellar 
bodies are unknown. The phospho!ipid exchange 
proteins, which are present in cytosol and cata- 
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lyzed the intraceUular transfer of phospholipids, 
have been demonstrated in several mammalian 
tissues (35-39). In the lung, the occurrences of 
such soluble proteins have been described for 
PC (40,41) and PG (42,43)�9 However, the pres- 
ent study showed that there was no difference 
between palmitate and acetate labeled phospho- 
lipids in the transport by phospholipid exchange 
proteins from labeled microsomes to mitochon- 
dria or lameUar bodies. This would seem to in- 
dicate that phospholipid exchange proteins 
do not distinguish between microsomal phos- 
pholipids having endogenously synthesized 
palmitate and palmitate exogenously supplied 
during intracellular transport�9 On the other 
hand, the results of our experiments with col- 
chicine-treated rats showed that the microtubu- 
lar system in the lung might participate in trans- 
location of PC from microsomes to surfactant 
fractions, and that the phospholipids acylating 
palmitate which was synthesized de novo from 
acetate might be preferentially transferred from 
microsomes to surfactant fractions by the 
microtubular system. Namely, the present ob- 
servation strongly suggests that, when certain 
microsomal phospholipids are directed toward 
the surfactant fractions, the microtubular system 
may have a relative specificity for phospholipids 
acylating palmitate synthesized endogenously 
compared to phospholipids acylating palmitate 
supplied exogenously�9 
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ABSTRACT 

Primary cultures of smooth muscle cells were established from the medial layer of guinea pig aorta. 
Cells at passage level 4 were treated with different series of fatty acids belonging to the n-9, n-6 and 
n-3 families. Lipid peroxidation was measured by the thiobarbituric acid assay and prostaglandin 
biosynthesis was measured by the radioimmunoassay of PGE and 6-keto-PGFla. Cell proliferation was 
estimated from the total cell number of cultures seeded at low density. 18:1(n-9) did not form lipid 
peroxides and this fatty acid stimulated cell proliferation. All fatty acids which generated lipid peroxides 
inhibited cell proliferation, but inhibition was correlated with the degree of lipid peroxidation only in 
the n-9 fatty acid family. 22:4(n-6) and 22:6(n-3) inhibited prostaglandin biosynthesis. 18:2(n-6), 
18:2(n-9), 18:3(n-3), 20:2(n-9), 20:3(n-3) and 20:5(n-3) had no effect on prostaglandin biosynthesis. 
18:3(n-6), 20:3(n-6) and 20:4(n-6) generated prostaglandins. 20:3(n-9) generated metabolites with 
prostaglandin immunoreactivity. The inhibition of cell proliferation did not correlate with enhanced 
or inhibited prostaglandin synthesis. The inhibition of cell proliferation was related to the structures 
of the different polyunsaturated fatty acid families decreasing in the order n-9 > n-6 > n-3. Eico- 
satrienoic acids were the most effective inhibitors of cell proliferation in each fatty acid family and 
20:3(n-9) was the most potent eicosatrienoic acid. These data show that specific as yet unrecognized 
products of fatty acid metabolism are responsible for the inhibition of cell proliferation. 
Lipids 17:893-899, 1982. 

INTRODUCTION 

Polyunsaturated fat ty acids decrease cell 
prol i ferat ion (cloning potent ial)  in cultures of 
smoo th  muscle cells (1-6), f ibroblasts (2,6), 
neuronal  cells (7) and a gl ioma cell t u m o r  clone 
(7). Studies with several ant ioxidants  show that 
the inhibi tory  effect  on cell prol i fera t ion is 
related to lipid peroxidat ion .  Polyunsatura ted  
fat ty acids generate lipid peroxides  in tissue 
culture and agents which block lipid peroxida-  
tion restore cell prol i ferat ion (3-5,7,8). 

Lipid peroxida t ion  may represent  only one 
of  several pathways  in fa t ty  acid metabol ism 
that alter cell prol iferat ion.  Some polyunsatur-  
ated fat ty  acids funct ion  as substrates both for 

~Fatty acids axe designated by the number of 
carbon atoms: number of double bonds and the posi- 
tion of the First double bond from the methyl terminus 
of the acyl chain is noted in parenthesis: 18:1(n-9), 
9-octadecenoic acid; 18:2(n-9), 6,9-octadecadienoic 
acid; 18:2(n-6), 9,12-octadecadienoic acid; 18:3(n-6), 
6,9,12'-octadecatrienoic acid, 18:3(n-3), 9,12,15-octa- 
decatrienoic acid; 20: 2(n-9), 8,1 t-eicosadienoic acid; 
20: 3(n-9), 5,8,11-eicosatrienoic acid; 20: 3(n-6), 8,11 ,- 
14-eicosatrienoic acid; 20:3(n-3), 11,14,17-eicosatrie- 
noic acid, 20:4(n-6), 5,8,11,14-eicosatetraenoic acid; 
20:5(n-3), 5,8,11,14,17-eicosapentaenoic acid; 22:4- 
(n-6), 7,10,13,16-docosatetraenoic acid, 22:6(n-3), 
4,7,10,13,16,19-docosahexaenoic acid. 

2Presented at the 73rd AOCS annual meeting, 
Toronto, Canada, May 1982. 

lipid peroxida t ion  and for prostaglandin bio- 
synthesis. Several prostaglandins such as PGEt 
and PGE2 st imulate  cell prol i fera t ion at low or 
physiological  concent ra t ions  and inhibit  cell 
prol i ferat ion at high or pharmacological  con- 
centra t ions  (3,). Other  prostaglandins such as 
PGFla  and PGF2a have no effect  on cell prolif- 
erat ion at low concent ra t ions  and st imulate  cell 
prol i fera t ion at high concent ra t ions  (3,8). It has 
been suggested that  fa t ty  acid metabol ism,  
an t ioxidant  status and prostaglandin biosyn- 
thesis all cont r ibute  to the regulat ion o f  cell 
mul t ip l icat ion (8). 

Polyunsaturated fat ty  acids appear  to vary 
in their  inhibi tory  effects  on cell prol i fera t ion 
(2,6). t towever ,  fat ty acid specifici ty has not  
been examined in a systematic  manner.  In the 
present investigation,  we have measured lipid 
peroxida t ion ,  prostaglandin biosynthesis  and 
the inhibi t ion of  cell prol i fera t ion with fat ty 
acids derived f rom the desaturat ion-chain 
e longat ion of  oleic acid (the n-9 family),  l ino- 
leic acid (the n-6 family),  and l inolenic acid 
( the n-3 family).  

MATERIALS AND METHODS 

Materials 

20:5(n-3)  and 22:6(n-3)  were kindly sup- 
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plied by the Nippon Oil and Fat Company 
(Tokyo). 18:2(n-9), 20:2(n-9) and 20:3(n-9) 
were synthesized in this laboratory (9). Other 
fatty acids were purchased from NuChek 
(Elysian, MN). All fatty acids were tested for 
lipid peroxides (1) since these compounds 
inhibit cell proliferation. Antisera to 6-keto- 
PGFla and PGE (cross-reactivity: PGE1, 70%; 
PGE2, 100%; PGE3, 94%) were kindly sup- 
plied by Dr. L. Levine. Antimyosin (chicken 
gizzard) was kindly supplied by Dr. Ute G. 
Stewart. 

Tissue Culture 

Primary cultures of smooth muscle cells 
were established from the dissected medial layer 
of guinea pig aorta from prepubertal males 
(1-7,10). Smooth muscle cells were identified 
by their reactivity to antibodies prepared from 
smooth gizzard muscle (11). The medium for 
growing cells to confluency (Growth Medium) 
was .prepared from 1X Eagle's minimum essen- 
tial medium containing Hank's salts and 25 mM 
HEPES buffer (GIBCO, Grand Island, NY) 
supplemented with 50 #g/ml of gentamycin 
sulfate (Schering, Kenilworth, NJ), 2 mM 
glutamine, 1X nonessential amino acids (Micro- 
biological Associates, Walkersville, MD), 1 mM 
sodium pyruvate, and 1.3 mg/ml of sodium 
bicarbonate. This medium was supplemented 
with 5% fetal bovine serum (Sterile Systems, 
Logan, UT: Hyclone, Lot 100331). The medium 
in cell proliferation, lipid peroxidation, PGE 
and PGI2 experiments (Experimental Medium) 
consisted of Growth Medium supplemented 
with 20% fetal bovine serum, 1X essential amino 
acids, and 1X essential vitamins. Cells were used 
at passage level 4. 

Fatty acids were dissolved in 95% ethanol 
and diluted 1:500 with Experimental Medium. 
Control cultures were treated with Experimental 
Medium containing the same amount of ethanol. 

Lipid Peroxidation 

Nonenzymatic lipid peroxidation was initi- 
ated by incubating fatty acids with cumene 
hydroperoxide. Lipid peroxides were assayed 
with the thiobarbituric acid (TBA) reagent. 
The fatty acid concentration was 1 mM. The 
incubation conditions and TBA assay are 
described elsewhere (5). Lipid peroxides in 
this system are reported as the absorbance at 
532 nm (As32). 

Lipid peroxidation in tissue cultures was 
measured with cells seeded at 2.5 X 10 s cells/ 
flask containing 4 ml of Experimental Medium. 
Lipid peroxides were measured with TBA and 
were reported as nmol malondialdehyde (MDA)/ 
culture. The details of our assay for lipid 

peroxides in tissue cultures are described else- 
where (5). 

Prostaglandin biosynthesis 

PGE was estimated in media from Corning 
T-25 flasks by a standard RIA procedure. The 
cross-reactivity of the PGE antibody was: 
6-keto-PGFla, 0.4%; PGF1, 0.76%; PGF2, 
0.31%; PGD2, 0.051%; arachidonic acid, 
0.00045%. Data for immunoreactive PGE 
metabolites are expressed as nmol/culture. 

Prostacyclin (PGI2) was estimated as 6-keto- 
PGFla in media from Coming T-25 flasks by 
a standard RIA procedure. The cross-reactivity 
of the 6-keto-PGFla antibody was: PGE2, 
0.15%; PGD2, 0.02%; PGF2a, 0.10%; arachi- 
donic acid, 0.005%. Data for immunoreactive 
PGI2 metabolites are expressed as nmol/ 
culture. 

Cell Proliferation 

Smooth muscle cells, 3-5 days postconfiuent, 
were seeded at low densities (40 cells/cm 2) in 
Falcon single-well (60 by 15 mm) plates. Cells 
were allowed to attach to the plastic petri 
plates for 1 day before initial treatment. Cells 
were retreated with a media change at day 5 of 
the incubation period. After an 8-10 day incu- 
bation period, cells were fixed in 2.5% phospate- 
buffered glutaraldehyde or 3% phospate- 
buffered formalin and stained with filtered 
Giemsa. 

A relative cell count was obtained from the 
total cell area on the Falcon plate. Total cell 
area was measured by image analysis using an 
Optomax Visual Analysis System (Optomax, 
Inc., Wallis, NH). The relationship between cell 
area and cell number was validated both with a 
microscope (12) and with a Coulter Counter. 

Statistics 

Data are reported as mean + SEM. The signi- 
ficance of differences in a treatment series was 
determined by a one-way analysis of variance 
(F-statistic). Individual fatty acids were com- 
pared with the control by Dunnett ' s  test. The 
95% confidence interval for each fatty acid was 
used in comparisons involving groups contain- 
ing several fatty acids. The Student t-test was 
used when only two means were compared. 

RESULTS 

Lipid Peroxidation 

Lipid peroxides were formed (TBA assay) 
when polyunsaturated fatty acids were incu- 
bated with cumene hydroperoxide in an aqueous 
system. Peroxidation data are summarized in 
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FIG. i. Formation of lipid peroxides (MDA) from 
fatty acids incubated with cumene hydroperoxide. 
Lipid peroxides were estimated in absorbance at 532 
nm (As~2) in the TBA assay. 

Figure 1. A one-way analysis of variance showed 
that significant differences existed between 
fatty acids in their ability to form lipid perox-- 
ides (F ratio 57.970 and F probability 0). Two 
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FIG. 2. Formation of lipid peroxides (MDA), 
immunoreactive PGE and immunoreactive 6-keto- 
PGFlc t when confluent smooth muscle cells were 
incubated for 24 hr with different concentrations 
of 20:4(n-6). 

fatty acids, 18:1(n-9) and 18:2(n-6), did not 
form lipid peroxides under the conditions used 
in this study. All fatty acids with 3 or more 
double bonds showed significant lipid peroxida- 
tion with cumene hydroperoxide. 

Lipid peroxides were also formed when 
polyunsaturated fatty acids were incubated 
with confluent smooth muscle ceils in tissue 
culture. The amount of lipid peroxide varied 
directly with fatty acid concentration increas- 
ing throughout a 15-120 /aM concentration 
range (Fig. 2). We used 120 /aM fatty acid in 
subsequent experiments to insure that suffi- 
cient amounts of lipid peroxides were available 
for analysis. Peroxidation data are summarized 
in Figure 3. A one-way analysis of variance 
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FIG. 3. Formation of lipid peroxides from 120 
showed that significant differences existed be- 
tween fatty acids and their ability to form 
lipid peroxides (F ratio 234.062 and F proba- 
bility 0). Biological peroxidation (Fig. 3) and 
chemical peroxidation (Fig. 1) were correlated 
in that only fatty acids with 3 or more double 
bonds formed large amounts of lipid perox- 
ides. No peroxidation was found in cultures 
incubated with the fatty acid containing one 
double bond, 18:1(n-9). Fatty acids contain- 
ing two double bonds, 18:2(n-6) and 20:2 
(n-9), generated small but significant (p < 0.05, 
Dunnett 's  test) amounts of lipid peroxides in 
tissue culture. When all fatty acids containing 
3 double bonds were considered as one group 
and all fatty acids containing 4, 5 or 6 double 
bonds were considered as a second group, the 
first group generated less MDA (9.34 + 1.98 

/~M fatty acid incubated for 24 fir with confluent 
smooth muscle cells. MDA was calculated from 
absorbance at 532 nm in the TBA assay. Dotted line 
is the mean for control cultures. 

nmol/culture) than the second group (14.03 + 
0.98 nmol/culture). The difference between 

t h e  2 groups was highly significant (p < 0.005, 
Student-t-test). 

Prostaglandin Biosynthesis 

The amounts of immunoreactive PGE and 
6-keto-PGFla, like lipid peroxides, increased 
with increasing fatty acid concentration (Fig. 
2). We again used 120/aM fatty acid to insure 
that sufficient amounts of immunoreactive 
products were available for RIA analyses. 
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FIG. 4. Biosynthesis of immunoreactive PGE from 
120 ~M fatty acid incubated for 24 hr with confluent 
smooth muscle cells. PGE was estimated by RIA with 
antisera to PGE 2 . Dotted line is the mean for control 
cultures. 
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FIG. 5. Biosynthesis of immunoreactive 6-keto- 
PGFla from 120 tzM fatty acid incubated for 24 hr 
with confluent smooth muscle cells. 6-Keto-PGFla 
was estimated by RIA with antisera to 6-keto-PGFla. 
Dotted line is the mean for control cultures. 

(n-9), 18:3(n-3), 20:3(n-3) and 20:5(n-3) had 
no effect on PGE biosynthesis. Two fat ty 
acids, 22:4(n-6) and 22:6(n-3), inhibited PGE 
biosynthesis (the upper limit of the 95% con- 
fidence interval for these fat ty acids was 0.051 
nmol/culture,  while the lower limit of the 95% 
confidence interval for other fat ty  acids was 
0.067 nmol/culture).  One fat ty acid, 20:3(n-9), 
unexpectedly appeared to promote  the syn- 
thesis of compounds with immunoreactivi ty to 
PGE (the lower limit of the 95% confidence 
interval for 20:3(n-9) was 0.269 nmol/cul ture  
while the upper limit of the 95% confidence 
interval for fat ty acids which did not  synthe- 
size PGE was 0.277 nmol/culture).  Two addi- 
tional n-9 fat ty acids, 18:2(n-9) and 20:2(n-9), 
did not  promote the synthesis of significant 
amounts of PGE when they were incubated 
with cells in a new batch of  media (Hyclone 
100348). 

Specific fatty acids had similar effects on the 
biosynthesis of compounds with 6-keto-PGFla 
immunoreactivity and compounds with prosta- 
glandin E immunoreactivi ty.  6-Keto-PGFla 
data are summarized in Figure 5 (F ratio 
137.265 and F probabil i ty  0). Desaturation- 
chain elongation products of 18:2(n-6) syn- 
thesized large amounts of 6-keto-PGFla (P < 
0.01, Dunnett 's  test) although 18:3(n-6) and 
20:3(n-6), as expected,  synthesized much less 
6-keto-PGFza than its immediate precursor, 
20:4(n-6). 18:1(n-9), 18:2(n-6), 18:3(n-3), 
20:3(n-3) and 20:5(n-3) again failed to enhance 
prostanoid biosynthesis. Two fatty acids, 22:4 
(n-6) and 22:6(n-3), again inhibited prostanoid 
biosynthesis (the upper limit of the 95% confi- 
dence interval for these fat ty acids was 0.145, 
while the lower limit of the 95% confidence 
interval for other fat ty acids was 0.147). 20:3 
(n-9) promoted the synthesis of compounds 
with immunoreactivi ty to 6-keto-PGFia (P < 
0.05, Dunnett 's  test). Neither 1 8 : 2 ( n - 9 ) n o r  
20:2(n-9) promoted the synthesis of significant 
amounts of compounds with immunoreact ivi ty 
to 6-keto-PGFta (fat ty acids incubated in 
Hyclone 100348). 

Specific polyunsaturated fat ty acids varied 
widely in their ability to promote  or to inhibit  
the biosynthesis of prostaglandins in the E 
series. These data are summarized in Figure 4 
(F ratio 68.548 and F probabil i ty 0). Several 
desaturation-chain elongation derivatives of 
18:2(n-6) including 18:3(n-6), 20:3(n-6) and 
20:4(n-6) synthesized large amounts of PGE 
(P < 0.01, Dunnett 's  test). Although 18:2(n-6) 
generated lipid peroxides (Fig. 3), this fat ty 
acid did not  enhance PGE synthesis with cells 
in culture. Several fa t ty  acids including 18:1 

Inh ib i t ion  of  Prostaglandin Biosynthesis 

Two fat ty acids, 22:4(n-6) and 22:6(n-3), 
inhibited prostanoid biosynthesis when they 
were added to Experimental  Media at a 120 
pM concentration (Figs. 4 and 5). These natur- 
ally occurring fat ty acids also inhibited prosta- 
glandin biosynthesis in concentrations as low 
as 30 pM (Fig. 6). Furthermore,  these fat ty 
acids in the 30-120 /aM concentration range 
inhibited prostaglandin biosynthesis when they 
were added to confluent cultures treated with 
Experimental  Media enriched with 120 /aM 
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FIG. 6. Biosynthesis  of  immunoreac t ive  PGE and 
6-keto-PGFla (RIA assay) when conf luent  smoo th  
muscle cells were incubated for 24 hr with Experi- 
menta l  Media containing different concentrat ions  of  
22:4(n-6) or 22:6(n-3).  
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FIG. 8. Format ion  o f  lipid peroxides (MDA) 
when  conf luent  smoo th  muscle cells were incubated 
for 24 hr with 120/~M 20:4(n-6) and different concen- 
trations o f  22.4(n-6) and 22:6(n-3).  
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FIG. 7. Biosynthesis  of  immunoreact ive  PGE and 
6-keto-PGFla (RIA assay) when  conf luent  smoo t h  
muscle cells were incubated for 24 hr with Experi- 
mental  Media containing 120 /~M 20:4(n-6) and dif- 
ferent  concentrat ions of 22:4(n-6) or 22:6(n-3).  

20:4(n-6) (Fig. 7). In contrast to prostanoid 
biosynthesis, 22:4(n-6) and 22:6(n-3) had an 
additive effect on lipid peroxidation when they 
were supplied to confluent cultures treated 
with Experimental Media enriched with 120 
/aM 20:4(n-6) (Fig. 8). 

Inhibit ion of Cell Proliferation 

Fatty acids belonging to the n-9, n-6 and n-3 
families were examined at three concentrations 

120 

I00 

P~ 8o 

~ 6o 
w 

~ 40 
_ 1  

w 20 

l i l t  i i , , 
30 JuM 

: -- 60~uM 
,~ .~ 90 juM 

i i i i i i i i i i i i i 

) E l  20~2 18:2 20?3 22:4 2 0 3  22 :6  
18;2 20:3 I E 3  20;4 18;3 20;5 

i l I I I I 
v 6 v 

n-9 n- n -3  

FIG. 9. Proliferation o f  smooth  muscle cells 
seeded at 40 cells/cm 2 and incubated for 8 days with 
different concentrat ions  of  a specific fa t ty  acid. 
Relative cell number  was calculated f rom mean  of  
total cells in t rea tment  cultures divided by mean  
of  total  cells in control  cultures. Each mean  was 
obtained f rom a m i n i m u m  of 7 Falcon plates. 

for their effects on the proliferation of smooth 
muscle cells. These data are summarized in 
Figure 9. 

The first member of the n-9 family, 18:1 (n-9), 
stimulated cell proliferation at all concentra- 
tions. Other members of the n-9 family showed 
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concentrat ion-dependent  inhibition of cell 
proliferation. Inhibit ion with these fat ty acids 
increased with chain elongation and desatura- 
tion in the sequence 18:2(n-9) < 2 0 : 2 ( n - 9 ) <  
20:3(n-9). 

The first members of both the n-6 and n-3 
fat ty acid families, 18:2(n-6) and 18:3(n-3), 
were the least inhibitory fat ty  acids in these 
families only inhibiting cell proliferation at 
higher concentrations. The inhibitory effects 
of fat ty acids in the n-6 and n-3 families in- 
creased with chain elongation and desaturation 
to a maximum with tl~e eicosatrienoic acid 
members of each family. Further  chain elonga- 
tion and desaturation diminished the inhibitory 
effects of n-6 and n-3 fatty acids. 

Eicosatrienoic acids were the most potent  
inhibitors of cell proliferation in the 3 fat ty 
acid families. At all concentrations, inhibition 
with these fat ty  acids increased in the sequence 
20:3(n-3) ~ 20:3(n-6) ( 2 0 : 3 ( n - 9 ) .  20:3(n-9) 
was the most potent  inhibitor  of cell prolifera- 
t ion among all fatty acids examined in this 
study. 

DISCUSSION 

A number of studies have shown that  poly- 
unsaturated fat ty acids inhibit  the proliferation 
of cells in tissue culture (1-8).  Polyunsaturated 
fat ty acids generate lipid peroxides (5,7). 
Antioxidants  which block lipid peroxidat ion 
restore cell proliferation (3-5,7,8).  A fat ty acid 
which did not  generate lipid peroxides, 18:1 
(n-9), enhanced cell proliferation. Fa t ty  acids 
which formed lipid peroxides inhibited cell 
proliferation even though they formed widely 
different amounts of TBA reactive materials. 

Individual fatty acids showed large dif- 
ferences in their ability to form TBA reactive 
products in nonbiological and biological sys- 
tems. Fa t ty  acids with 2 double bonds formed, 
as expected (13), less TBA reactive material 
than more unsaturated fat ty acids. However, 
these fat ty acids showed concentration-depen- 
dent inhibit ion of cell proliferation. A diene 
fat ty acid is the preferred substrate for some 
lipoxygenases (14). Specific oxidat ion products  
of the diene fat ty acids should be explored. 

In the present study,  fat ty acids with 3 
double bonds formed less TBA reactive material 
than fat ty acids with 4, 5 or 6 double bonds. 
However, triene fatty acids were the most 
effective inhibitors of cell proliferation in the 
3 fat ty  acid families. The TBA reaction is a 
nonspecific test for the breakdown of lipid 
hydroperoxides.  The TBA reaction would be 
expected to correlate with the inhibition of 
cell proliferation if proliferation was inhibited 

by nonspecific lipid peroxidat ion and cooxida- 
tion. Fa t ty  acid specificity unrelated to the 
TBA reaction shows that specific lipid peroxi- 
dation products may be involved in the inhibi- 
t ion of cell proliferation. 

Polyunsaturated fat ty acids affect prosta= 
glandin biosynthesis in a number of different 
ways. Two n-6 fat ty acids, 20:3(n-6) and 20:4 
(n-6), are prostaglandin precursors. 20:4(n-6) 
yields large amounts of both  PGE and PGI2 
when it is incubated with smooth muscle cells. 
20:3(n-6) yields a large amount  of PGE and a 
small amount of PGI2 when it is incubated with 
smooth muscle cells. 20:3(n-6) is not desaturated 

.to 20:4(n-6) by smooth muscle cells in culture 

f 15). 20:3(n-6) replaces 20:4(n-6) in phospho- 
ipids when it is incubated with cells in culture 

and the 20:4(n-6) released through this process 
is now available for PGI2 synthesis. 20:3(n-9) 
apparently functions in the same way to release 
20:4(n-6) for PGE and PGI2 synthesis. Signifi- 
cant amounts of chain elongation metabolites 
are formed when polyunsaturated fat ty acids 
are incubated with smooth muscle cells in 
culture (15). The chain elongation of 18:3(n-6) 
to 20:3(n-6) explains prostaglandin synthesis 
when this fatty acid is added to cells in culture. 
The absence of desaturase activity ( l  5) explains 
why 18:2(n-6) did not  generate prostaglandins 
in these cultures. 

A number of fat ty acids including 18:1 
(n-9), 18:2(n-6), 20:3(n-9) and all members of 
the n-3 family were shown in early studies either 
to inhibit microsomal prostaglandin biosyn- 
thesis (16,17,22) or vesicular gland oxygenase 
activity (18,19). High concentrations of inhibit-  
or fa t ty  acids were necessary. 22:6(n-3) was the 
strongest inhibitor in these studies. The inhibit- 
ory effect of 20:5(n-3) was not  confirmed in a 
recent study (20). We found that  only two 
fat ty acids, 22:4(n-6) and 22:6(n-3),  inhibited 
prostaglandin biosynthesis in cultures of smooth 
muscle cells. These fat ty acids were strong 
inhibitors even in the presence of a 4-fold sub- 
strate excess. Their effect on prostaglandin 
biosynthesis in other cells and tissues should 
be explored. 

Prostaglandins show concentration-depen- 
dent st imulation and inhibition of cell prolifera- 

t i o n  (3,8). Fa t ty  acid precursors of  the prosta- 
glandins stimulate cell proliferation in the 2-20 
pM concentration range and inhibit cell prolif- 
eration at higher concentrations (1,2,21,22). In 
our studies, the inhibitory effect of a specific 
polyunsaturated fat ty acid was unrelated to its 
effect on prostaglandin biosynthesis. 20:4(n-6) 
synthesized large amounts of both  PGE and 
PGI2 but  the inhibitory effect of 20:4(n-6) 
did not  differ significantly from 22:4(n-6), a 
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fa t ty  acid t h a t  i n h i b i t e d  p ros t ag land in  b iosyn-  
thesis.  2 2 : 4 ( n - 6 )  and  22 :6 (n -3 )  b o t h  i n h i b i t e d  
p ros tag land in  b iosyn thes i s  ye t  d i f fered signifi- 
can t ly  in t he i r  e f fec ts  On cell p ro l i fe ra t ion .  
Only  smal l  a m o u n t s  of  PGE and  PGI2 were 
genera ted  w h e n  cells were i n c u b a t e d  wi th  20 :3  
(n-9),  ye t  th is  f a t t y  acid was t he  mos t  p o t e n t  
i n h i b i t o r  of  cell p ro l i fe ra t ion .  As the  f a t t y  acid 
c o n c e n t r a t i o n  increased,  o t h e r  i n h i b i t o r y  pa th-  
ways of  p o l y u n s a t u r a t e d  f a t t y  acid m e t a b o l i s m  
over rode  any  s t i m u l a t o r y  or i n h i b i t o r y  e f fec t  
t h a t  p ros tag land ins  had  on  cell p ro l i fe ra t ion .  

Cell p ro l i f e ra t ion  is s t imu la t ed  by  a g r o w t h  
fac to r  released f rom aggregat ing p la te le t s  (23) .  
This  g rowth  fac to r  m ay  be  i m p o r t a n t  in  t he  
p ro l i f e ra t ion  of  s m o o t h  muscle  cells t h a t  is 
charac te r i s t i c  of  a theroscleros is .  F a t t y  acids in 
the  n-3 fami ly  and  2 0 : 3 ( n - 9 )  b o t h  d imin ish  
p la te le t  aggregat ion ( 2 4 - 2 6 ) .  However ,  we 
f o u n d  t ha t  the  n-3 f a t t y  acids were less effec- 
t ive t h a n  20 :3 (n -9 )  in the  i n h i b i t i o n  of  cell 
p ro l i fe ra t ion .  Since 2 0 : 3 ( n - 9 )  suppresses  b o t h  
p la te le t  aggregat ion and  s m o o t h  muscle  cell 
p ro l i fe ra t ion ,  the  ef fec t  of  s y n t h e t i c  20 :3  
(n-9)  as a d ie ta ry  s u p p l e m e n t  shou ld  be  ex- 
p lo red  in e x p e r i m e n t a l  a theroscleros is .  
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Stimulation of Hepatic Squalene and Triglyceride Synthesis 
by Dimethylsulfoxide, in vitro 

F R A N K  P. BELL*  and E D N A  V. HUBERT,  Diabetes-Atherosclerosis Research, The Upjohn 
Company, Kalamazoo, MI 49001 

ABSTRACT 

The incorporation of [a4C] mevalonate and [14C] acetate into squalene by rat liver slices was in- 
creased over 7-fold by the presence of 5% dimethylsulfoxide (DMSO) in the incubation medium. 
The stimulation of squalene synthesis was dose-related over the concentration range of 1-5% DMSO 
and did not affect the incorporation of [14C]mevalonate into the C2~-sterol fraction (cholesterol) 
but did increase (about 50%) incorporation into C~o-sterol (lanosterol) at a level of 5% DMSO. The 
stimulation of squalene synthesis was observed under both anaerobic (N 2 atmosphere) and aerobic 
(ambient air or 95% 02/5% CO 2) conditions and may represent a direct effect of DMSO on squalene 
synthetase. At a level of 5%, DMSO also stimulated 7-fold the incorporation of [~4C] acetate into 
triglycerides by liver slices; this occurred without changes in incorporation into the phospholipid or 
free fatty acid fractions. The disproportionate increase in lipid labeling from [14C] acetate suggests 
that the effects of DMSO are not simply a matter of increasing [14C] acetate entry into the tissue. 
Lipids 17: 900-904, 1982. 

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

Dimethylsulfoxide (DMSO) has diverse bio- 
logical and pharmacological effects and has 
been the subject of a number of symposia (1,2). 
DMSO is miscible in water and readily pene- 
trates tissues and cells (3). Its list of biological 
activities includes bacteriostatic and anti- 
inflammatory activity (4), inhibition of cyclic 
AMP phosphodiesterase (5), a reversible inhibi- 
tion of protein synthesis in cultured cells (6), 
cytoprotect ion (7) and enhancement of cell- 
mediated immunity (8). DMSO also appears to 
be capable of modifying some aspects of lipid 
metabolism such as increasing the rate of ex- 
change of cholesterol between plasma lipo- 
proteins and erythrocytes and tissues (9), 
inhibiting phospholipid synthesis in Friend 
erythroleukemia (FL) cells (10) and decreas- 
ing the uptake of low-density lipoproteins 
(LDL) by cultured fibroblasts (11). In the 
studies reported here, the effect of DMSO on 
lipid synthesis in rat liver slices was investigated 
with [ 1-14 C] acetate and [2 -14 C] mevalonate. 
DMSO was found to modify the pattern of 
saponifiable and nonsaponifiable lipids syn- 
thesized in that it stimulated triglyceride and 
squalene biosynthesis. 

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

Animals and Tissues 

Male Spraque-Dawley rats of the Upjohn 

*Author to whom correspondence should be 
addressed. 

strain (Upj: TUC (SD) Spf, 225-250g) were 
maintained on Purina Chow ad libitum. The 
rats were decapitated between 9 AM and 10 
AM and the livers were excised, rinsed in 0.9% 
NaC1 solution, and used to prepare liver slices 
(12,13). 

Incubation Procedures 

Liver slices (500 mg) were incubated at 37 C 
for 90 min to 3 hr in 3.5-ml Krebs-Ringer- 
bicarbonate buffer, pH 7.4, or the buffer 
which was lfiade up with dimethylsulfoxide 
(Matheson Coleman and Bell, Norwood, OH) 
substituting for 1-5% of the aqueous volume. 
Each flask contained either 3.0 /~Ci [1-14C] - 
acetic acid, sodium salt (sp act 56.0 Ci/mol) or 
2.0 ~tCi of DL-[2J4C]mevalonic  acid, DBED 
salt (sp act 47.0 Ci/mol) (New England Nuclear 
Corp., Boston, MA). All incubations were per- 
formed in 25-ml Erlenmeyer flasks that were 
stoppered under air (ambient) or stoppered 
after flushing the flasks with N2 or 95% 02 /  
5% CO2. 

Analyses 

After incubation, all tissues were extracted 
with chloroform/methanol  (2:1, v/v) (14). 
Lipid extracts of tissues incubated with [14el-  
acetate were divided. One portion was fraction- 
ated by thin layer chromatography (TLC) in 
order to isolate the phospholipids, free fatty 
acids, and triglycerides (15) which were scraped 
from the chromatoplates into counting vials 
containing 15 ml of Liquifluor (New England 
Nuclear Corp., Boston, MA) and assayed for 
radioactivity by liquid scintillation spectrom- 
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TABLE 1 

Effect of Dimethylsulfoxide on the Incorporation of [ 1-14C ] Acetate 
into Lipids in Rat Liver Slices (dpm g wet wt • 10 -1 )a 

901 

Digitonin- 
Free fatty precipitable 

acids Phospholipids Triglycerides sterols Squalene 

Control 418 b 1140 256 170 77 
-+58 -+139 -+40 -*20 -*10 

5% DMSO 384 1230 1705 240 860 
+75 -+130 -+140 -+40 -+185 

NS c NS p < 0.001 p < 0.05 p < 0.001 

aLiver slices (500 rag) from each of 8 normal rats were incubated for 3 br at 37 C under 
air with 3 #Ci [1-14C]acetic acid, sodium salt (SA 56.0 Ci/mol) in 3.5-ml Krebs-Ringer 
bicarbonate buffer, pH 7.4, and in 3.5 ml  of the buffer which was made with dimethyl- 
sulf~xide (DMSO) substituting for 5% of the aqueous volume. 

Values are means -+ SEM of data obtained from 8 animals. 
CStatistical analysis was performed using Student's paired t-test. NS denotes values not 

differing significantly from control values. 

e try (Packard Tricarb Mod. 3375,  Packard 
Ins t ruments ,  Downers  Grove,  IL). A second 
por t ion  of  the lipid extracts  was evaporated 
and resuspended in alcoholic  KOH, and sapon- 
ified (16) and the nonsaponif iable  lipids were 
ext rac ted  with n-hexane (13). The nonsaponi-  
fiable lipids were f rac t ionated  into digitonin- 
precipi table  sterols (12) and squalene (17)  as 
previously described and assayed for  radio- 
act ivi ty (17). 

Lipid extracts  of  tissues incubated  with 
[14C] mevalonate  were f rac t ionated  by TLC to 
yield squalene,  and the C27-sterols and C30- 
sterols which were ident i f ied by cochromato -  
graphy with authent ic  choles terol  and lano- 
sterol,  respect ively (13). The various fract ions 
were then scraped f rom the chromatopla tes  
and assayed for  radioact ivi ty  as above. In the 
studies repor ted  in Table 2, the squalene frac- 
t ion taken f rom the TLC plates was eluted with  
ch loroform and the ident i ty  of  the squalene 
conf i rmed by fo rmat ion  and recrystal l izat ion 
of  the hexahydroch lor ide  derivative (17,18).  
F r o m  95-97% of  the radioact ivi ty  in the squa- 
lene fract ion which was isolated f rom the TLC 
plates was recoverable  as squalene hexahydro-  
chloride.  

R ESU LTS 

Rat liver slices were incubated  with [14 C ] -  
acetate  in the presence and absence of  5% 
d imethy lsu l fox ide  (DMSO) (Table 1). In the 
presence of  DMSO, [14C] acetate  incorpora-  
t ion in to  tr iglycerides was increased about  7- 
fold (p < 0.001) relative to paired control  
values; incorpora t ion  into phosphol ipids  and 

free fat ty  acids, however ,  was no t  affected.  The 
presence o f  DMSO also resulted in an l l - f o l d  
increase in [14C]acetate incorpora t ion  into 
squalene (p < 0 .001)  with a smaller, but  signi- 
f icant increase (40%, p < 0 . 0 5 ) i n  [14C] acetate 
incorpora t ion  in to  digi tonin-precipi table sterols 
(sterols having a 3 fl-OH group, principally 
cholesterol) .  

The results of  Table 2 show the effect  of  
DMSO on the incorpora t ion  of  [14C]mevalo-  
hate in to  the nonsaponif iable  lipids (sterols and 
squalene) of  rat liver slices. At  a level of  5% in 
the incuba t ion  medium,  DMSO resulted in a 7- 
fold increase in [ laC]  mevalona te  incorpora t ion  
into  squalene (p < 0 . 0 0 1 )  and increased incor- 
pora t ion  into  C30-sterols by 50% (p < 0 . 0 1 ) ;  
incorpora t ion  in to  the C27-sterols, however ,  
was no t  affected.  Conf i rmat ion  that  the in- 
creased incorpora t ion  of  [14C] mevalonate  in to  
the squalene fract ion o f  the livers was indeed 
squalene was obta ined  by forming the hexahy-  
drochlor ide  derivative; 95-97% of  the radio- 
act ivi ty in the squalene f rac t ion was recoverable 
as the  hexahydroc lo r ide  derivative. 

The ef fec t  of  DMSO on the incorpora t ion  of  
[ 14 C] mevalonate  in to  nonsaponif iable  lipids was 
examined in more  detail  in exper iments  pre- 
sented in Figure 1. The s t imulat ion of  labeled 
squalene p roduc t ion  f rom [14C] mevalonate  
was concen t ra t ion-dependen t  over the range 
1-5% DMSO. As was observed in Table 2, in- 
corpora t ion  of  [14 C] mevalonate  in to  the 
C27-sterols was essentially unchanged  in the 
presence of DMSO. Incorpora t ion  into  the 
C30-sterols was also unchanged but  only up to 
a level of  4% DMSO. At 5% DMSO, incorpora-  
t ion o f  [14 C] mevalonate  in to  C3o-sterols was 

LIPIDS, VOL. 17, NO. 12 (1982) 



9 0 2  

TABLE 2 

F.P. BELL AND E.V. HUBERT 

Effect of Dimethylsulfoxide on the 
Incorporation of [ 2 -14 C ]  Mevalonate 

into C27-Sterols, C30-Sterols, and Squalene 
in Rat Liver Slices (dpm g wet wt X 10-2) a 

C27 -Sterol C30 -Sterol Squalene 

Control 487 b 183 497 
-+48 -+14 -+47 

5% DMSO 485 287 3440 
-+47 +23 -+349 

NS c p < 0.01 p < 0.001 

aLiver slices (500 mg) from each of 8 normal male 
rats were incubated for 3 hr at 37 C under air with 
2 /~Ci [2-14C]mevalonic acid, DBED salt (SA 4'7.0 Ci/ 
tool) in 3.5-ml Krebs-Ringer bicarbonate buffer, pH 
7.4, and in 3.5 ml of buffer which was made with 
ctimethylsulfoxide (DMSO).substituting for 5% of the 
aqueous volume. 

bValues are means -+ SEM of data obtained from 8 
animals. 

CStatistical analysis was performed using Student's 
paired t-test: NS denotes values not differing signifi- 
cantly from control values. 

inc reased  s ign i f ican t ly  (p ~ 0 .001 )  f r o m  a con-  
t ro l  value o f  5055 + 760  t o  11425 -+ 910  d p m /  
g we t  we igh t  (n  = 9),  t h u s  c o n f i r m i n g  the  
resu l t s  o f  Table  2. 

The  e f fec t  o f  p u r e  N~ a t m o s p h e r e s  o r  95% 
0 2 / 5 %  CO2 a t m o s p h e r e s  on  the  s t i m u l a t i o n  
of  squa l ene  s y n t h e s i s  by  D M S O  in rat  liver 
was  also inves t iga ted  and  the  re su l t s  are s h o w n  
in Table  3. These  s tud ie s  were  u n d e r t a k e n  
because  t h e  c o n v e r s i o n  o f  squa l ene  i n to  s te ro l s  
r equ i r e s  m o l e c u l a r  o x y g e n  (19)  w h i ch ,  if  dis- 
p laced  b y  D M S O ,  cou ld  a c c o u n t  f o r  s q u a l e n e  
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FIG. 1. Effect of various concentrations of di- 
methylsulfoxide on the incorporation of [2-~4C] - 
mevalonate into C27 sterols (-o--o), C~0-sterols ( - . - . - ) ,  
and squalene (.A_a_) in rat liver slices. Liver slices 
(500 rag) from normal male rats were incubated for 3 
hr at 37 C with 2/~Ci [2-~4C]mevalonic acid, DBED 
salt (47.0 Ci/mol) in 3.5-ml Krebs-Ringer bicarbonate 
buffer, pH 7.4, that was made to contain from 0 to 5% 
dimethylsulfoxide (DMSO) by substituting DMSO for 
an equivalent volume of  water. Data points at 1, 2, 
and 4% DMSO are mean values obtained from 2 
animals; data points at 5% DMSO are means of  data 
from 9 animals -+ SEM. 

a c c u m u l a t i o n  in i n c u b a t i o n s  o f  liver w i th  
[ 1 4 C ] m e v a l o n a t e .  The  r e su l t s  s h o w  t h a t  an 
inc reased  i n c o r p o r a t i o n  o f  [ t a c ] m e v a l o n a t e  
i n t o  squa l ene  in the  p r e sence  o f  D M S O  per-  

TABLE 3 

Effect of Dimethylsulfoxide and Nitrogen on the Incorporation of 
[ 2-14C ] Mevalonate into Squalene in Rat Liver Slices (dpm g wet wt • 1 ff2)a 

n Additions Atmosphere Squalene 

Exp, 1 12 0 95% 02/5% CO 2 804 -+ 93 b 
p < 0.001 c 

10 5% DMSO 95% O2/5% CO 2 2033 +- 87 

Exp. 2 9 0 N 2 400 + 29 
p < 0.001 

6 5% DMSO N 2 2779 -+ 143 

aLiver slices (500 mg) from male rats were incubated for 90 min at 37 C with 2 gtCi 
[2-14C[mevalonic acid, DBED salt (SA 47.0 Ci/mol) in 3.5-ml Krebs-Ringer-bicarbonate 
buffer, pH 7.4, or 3.5 ml of the buffer which was made with dimethylsulfoxide (DMSO) 
substituting for 5% of the aqueous volume. The gas phase over the samples during incuba- 
tion was either 95% 02/5% CO 2 or pure N 2 . 

bValues are means _ SEM of the number of animals given by n in the table. 
CStatistical analysis was performed using Student's independent t-test. 
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DISCUSSION 

The studies presented here demonstrate 
that DMSO affects the pattern of lipids synthe- 
sized from [14 C] acetate and [14 C] mevalonate 
in rat liver slices. The effect of DMSO is seen 
most dramatically with squalene biosynthesis 
and triglyceride biosynthesis. The incorporation 
of [14 C] acetate and [14C]mevalonate into 
squalene increased 11-fold and 7-fold, respec- 
tively, in the presence of 5% DMSO. Since the 
cyclization of squalene to lanosterol requires 
molecular oxygen (19), and squalene is known 
to accumulate in liver tissue under anaerobic 
conditions (20), the possibility that DMSO 
limited oxygen availability to the tissue was 
explored by comparing squalene synthesis 
from [14 C] mevalonate under the extremes of 
a 95% O2 atmosphere and an N2 atmosphere 
(Table 3). Irrespective of the extremes of 
atmosphere, the incorporation of [14C]meva- 
lonate into squalene was always significantly 
greater in the presence of DMSO as was the 
case under ambient conditions as well (Table 
2, Fig. 1). The results suggest that DMSO 
stimulates squalene synthesis per se. Whereas 
it could be argued that an increased synthesis 
of [14C]squalene from [14 C] acetate could 
occur through a stimulation of 3-hydroxy-3- 
methylglutaryl CoA reductase (hydroxy methyl 
sisted under conditions of an oxygen-rich 
atmosphere (Table 3, exp. 1) as well as under 
an N2 atmosphere (Table 3, exp. 2). 
glutaryl CoA reductase, EC 1.1.1.34), the rate- 
limiting step in squalene and sterol synthesis, 
this would not  explain the increased [14C]- 
squalene synthesis from [ 14 C] mevalonate, since 
mevalonate is a post-hydroxy methyl glutaryl 
CoA reductase substrate. Instead, the increased 
squalene synthesis from [t4C]mevalonate sug- 
gests the possibility that DMSO affects the 
activity of squalene synthetase, a rnicrosomal 
complex that catalyzes the formation of 
squalene from farnesyl pyrophosphate units 
(21). However, the greater increase in [a4C]- 
acetate vs [14 C] mevalonate incorporation into 
squalene in the presence of DMSO (11-fold vs 
7-fold) does suggest the possibility that DMSO 
can also affect the activity of HMG CoA 
reductase. 

The increased synthesis of [14C]squalene 
from [14 C] acetate and [ 24 C] mevalonate result- 
ed in a comparatively small (40-50%) increase 
in the formation of digitonin-precipitable sterols 
and lanosterol, respectively (Tables 1 and 2, 
Fig. 1), suggesting that DMSO has a relatively 
minor effect on the post-squalene portion of 
the sterol synthetic pathway. The [14C] meva- 
lonate studies offered no evidence for an 

effect of DMSO on cholesterol formation 
(Table 2, Fig. 1). 

To what extent DMSO can affect squalene 
synthesis in tissues other than liver is unknown. 
The addition of 2% DMSO to cultured skin 
fibroblasts that were actively synthesizing 
cholesterol (grown with lipoprotein-free serum) 
did not affect the incorporation of [14C]- 
acetate into squalene, lanosterol, or cholesterol 
(11). The addition of exogenous cholesterol to 
the cells as LDL, however, inhibited sterol and 
squalene synthesis as would be predicted (22), 
but the inhibition was partly alleviated if 2% 
DMSO was also added. Since DMSO also 
inhibited the uptake of LDL-cholesterol by 
the cells (1 I), this apparent stimulation of 
synthesis by DMSO is likely a consequence of 
the lower cellular sterol levels in the LDL/ 
DMSO-treated cells (l  1), rather than a direct 
effect of DMSO as seen in the liver preparations 
discussed here. 

The effects of DMSO on liver lipid synthesis 
from [14 C] acetate and [14C] mevalonate are 
unlikely to be a result of an increased uptake of 
labeled precursors-in the presence of DMSO; 
this is perhaps best illustrated with the [14C]- 
acetate studies. All else being equal, an increas- 
ed availability of [14 C] acetate to tissues would 
not be expected to result in a disproportionate 
labeling of the various lipids relative to control 
values, as was the case (Table 1). The increase 
in the labeling of [14 C] digitonin-precipitable 
sterols may simply be related to the increased 
formation of [14C]squalene. Although the 
explanation of the increased (7-fold) labeling 
of the triglyceride fraction without an effect 
on the labeling of the phospholipids is un- 
known, it is possible that the acylation of 1,2- 
diglyceride is enhanced with DMSO. 

The data presented here indicate that DMSO 
may be a useful tool for examining the regula- 
tion of squalene synthesis and the limitations 
on its flow-through to the sterols. 
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Modulation of Tissue Prostaglandin Synthesizing Capacity 
by Increased Ratios of Dietary Alpha-Linolenic Acid 
to Linoleic Acid 1'2 

LISA A. MARSHALL and PATR ICIA V. JOHNSTON *, Department of Food Science and 
Division of Nutritional Sciences, University of Illinois at Urbana-Champaign, 1208 West 
Pennsylvania Avenue, Urbana~ IL 61801 

ABSTRACT 

Semipurified diets containing ratios of c~-linolenic acid (18: 3co3) to linoleic acid (18: 2w6) of 1/32, 
1/7, 1/1, and 3.5/1 in the form of corn oil, soybean oil, soybean/linseed oil mix and linseed oil were 
fed to rats for 2 months. The first 3 diets were fed to another group of rats for 4 months and to a 
group through the second generation. Fatty acid analysis of liver and spleen ethanolamine glycero- 
phosphatide revealed that ,  as the  level  o f  18:3w3 in the  diet increased, the elongated, desaturated 
metabolites of the w6 series decreased and the w3 series increased. Noteworthy was the depression in 
the amount of the precursor of the 2-series prostaglandins (PG) as the w3 Ievels increased. Synthesis of 
PG by liver of rats fed 2 or 4 months markedly decreased, but at 2 months in thymus and spleen, it 
showed a trend toward decreasing only. Brain slices showed no decrease in PGF2a synthesis after 4 
months, but did decrease significantly after feeding the diets to the second generation. Synthesis of 
PGE~ by spleen homogenate from the second generation also significantly decreased. The replacement 
of co6 series fatty acids by w3 series is explained by the effective competition of 18:3t~3 over 18:2to6 
for the A6 desaturase. Depressions in PG synthesis by high dietary 18:3to3 is explained by the  com- 
petit ive inhibition of the PG synthetase complex by 20:5 w3 as well as by the decreased levels of 20:4t06. 
Lipids 17:905-913, 1982. 

INTRODUCTION 

Unequivocal evidence that ~-linolenic acid 
(18:3w3) is essential in the diet of mammals 
has been lacking (1,2). Tinoco et al. (2) were 
unable to demonstrate classical clinical defi- 
ciency symptoms of 18:3~3,  i.e., those affect- 
ing appearance, growth or reproduction. Perhaps 
this type of evaluation is an unsuitable criterion 
for the essentiality of 18:3w3, the biochemical 
function of which may not readily be assessed 
clinically. Thus far, only one case of 18:3w3 
deficiency has been reported and this was in a 
patient on intravenous hyperalimentation with 
a very low 18:3o~3 component.  

Circumstantial evidence that 18:3e03 is an 
essential fatty acid (EFA) does exist. Omega-3 
fatty acids are important components of mem- 
brane-based lipids in many tissues, notably in 
brain. Moreover, during an 18:3~ 3 deficiency, 
the ~3  fatty acids tend to be sequestered (1). 
There have also been some reports that w3 
deficiency, leads to physiological changes which 
can be reversed on feeding 18:3w3 (3,4). The 
essentiality of 18:3w3 is also implicit in the 

I Part of  a dissertation submitted by Lisa A.  Marshall 
in partial ful f i l lment  of  requirements  for the Ph.D. 
degree in Nutrit ional  Sciences.  

2 Presented in part at the 72nd AOCS annual meet-  
ing, N e w  Orleans, May 1981.  

*Author to w h o m  correspondence should be ad- 
dressed. 

hypothesis of Crawford and coworkers (5,6) 
that the conversion of the parent EFA, both 
linoleic (18:2to6) and 18:3w3, to the derived 
long chain EFA, may not always proceed fast 
enough to meet the physiological demand for 
the derived ~3  series. This hypothesis is sup- 
ported by the fact that the first step in this 
pathway, the z~6-desaturation, is rate-limiting 
in most animals while in others it does not 
occur at all. This results in an absolute dietary 
requirement for both parent and derived EFA 
in some animals (7). Two other facts of interest 
are first, the ~6 desaturase is easily inhibited 
(8,9); second, the enzyme prefers the co3 sub- 
strate before the ~6  and the co6 before the o~9 
(8). 

T h e  properties of the desaturase and its pre- 
ference for the w3 series led a number of inves- 
tigators to examine the effect of  dietary ~3  
fatty acids on the capacity of tissues to synthe- 
size prostaglandins (PG). Galli et al (10) found 
that increasing the amount of  18:3w3 in the 
diet of rats led to decreased levels of free 
arachidonic acid (20:4r and a decreased 
capacity for P G F ~  synthesis in the cerebral 
cortex. Hwang and Carroll ( l l )  fed purified 
methyl linolenate to EFA-deficient rats and 
found that, as the amount of dietary linolenate 
increased, there was a decreased synthesis of 
PG by platelets as measured by serum PG con- 
centration. In this laboratory (12), we found 
that after a 2-month feeding period with 18: 

LIPIDS, VOL. 17, NO. 12 (1982) 



906 L.A. MARSHALL AND P.V. JOHNSTON 

TABLE 1 

Composition of Semipurified Diets 

CO SO SL d LO 
(g/lO0 g) 

Corn oil a 10 - - - 
Soybean oil b -- 10 2.3 - 
Linseed oil c -- - 7.7 10 
Casein e 20 20 20 20 
Dextrose f 18 18 18 18 
Cornstarc~h g 30.5 30.5 30.5 30.5 
Cellulose" 5 5 5 5 
Salt mix I 4 4 4 4 
Vitamin mixJ 12.5 12.5 12.S 12.5 

aFatty acid analysis: 16:0, 8.7%; 18:0, 1.4%; 
18:1co9, 16.5%; 18:2co6, 71.0%; 18:3o93, 2.2%. 
Courtesy of Best Foods, CPC International, Inc., 
Englewood Cliffs, NJ. 

bFatty acid analysis: 16:0, 11.8%; 18:0, 3.7%; 
18:1co9, 20.3%; 18:26o6, 56.3%; 18:3~o3, 7.7%. 
Courtesy of Kraft, Inc., Memphis, TN. 

CFatty acid analysis: 16:0, 5.5%; 18:0, 2.6%; 
18:1, 12.5%; 18:2, 17.5%; 18:3co3, 61.8%. Courtesy 
of Cargill, Inc., Minneapolis, MN. 

dFatty acid analysis: 16:0, 1.0%; 18:0, 3.1%; 
18:1co9, 20.0%; 18:2co6, 38.2%; 18:3co3, 37.7%. 

eShamroek Brand, Erie Casein Company, Erie, IL. 
Supplemented with .3 g DL methionine/100 g diet. 

fStaleydex 333, A.E. Staley Company, Decature, 
IL. 

gCornstarch, A.E. Staley Company, Decatur, IL. 
hSolka-Floc, Brown Company, Berlin, NH. 
iJones-Foster Salt Mix (modified by addition of 

ZnCO 3), Nutritional Biochemicals Corporation, Cleve- 
land, OH. 

Jvitamins (mg/kg diet) : thiamin.HCl, 30 ;riboflavin, 
30; pyridoxine.HCl, 8; calcium pantothenate, 100; 
nicotinamide, 100; inositol, 220; folic acid, 2 ; biotin, 
0.2; cyanocobalamin, 0.05; vitamin Ks, 2; retinyl 
acetate, 10; vitamin D2, 4; dl-a-tocopherol, 738; 
choline chloride, 1000; brought up to 12.5 g with 
Dextrose. 

3co3, in the  f o r m  of  a s oybean / l i n s eed  oil mix ,  
organs of  the  i m m u n e  sys tem re f lec ted  the  h igh 
1 8 : 3 w 3  in take ,  bu t  the i r  PG syn thes iz ing  
capac i ty  was n o t  a l te red  unless  the  animals  
were i m m u n o c h a l l e n g e d .  We have n o w  exam-  
ined the  ef fec ts  of  feeding h igher  levels of  18: 
3w3  on the  PG syn thes iz ing  capac i ty  of  several  
tissues. 

MATERIALS AND METHODS 

Dietary Treatment 

Female  and  male  weanl ing  Lewis /Mai  F 
rats  (Microbiological  Associates ,  Walkersville,  
MD) were m a i n t a i n e d  on  one  of  3 or 4 semi- 
pur i f ied  diets,  each adequa t e  in all n u t r i e n t s  
(Table  1). Ten  pe rcen t  of  the  diet ,  by  weight ,  
was c o m p o s e d  of  e i ther  co rn  oil (CO) con ta in -  

ing less t han  1% 18: 3 w 3, n o n h y d r o g e n a t e d  soy-  
bean  oil (SO) con ta in ing  7 -8% 1 8 : 3 w 3 ,  
soybean / l i n seed  oil m i x t u r e  (SL) con ta in ing  
37.7% 18:3co3 and  38.2% 18:2~o6 o r  l inseed 
oil (LO) con ta in ing  61.8% 18:3co3. All animals  
were housed  in p o l y p r o p y l e n e  cages wi th  
Sanicel  R bedd ing  ( P a x t o n  Processing C o m p a n y ,  
Inc.,  Pax ton ,  IL). A d iurna l  l ight  cycle of  12 h r  
was m a i n t a i n e d  and  f o o d  and  wa te r  were avail- 
able ad l ib i tum.  Body  weight  was m o n i t o r e d  
once  a week t h r o u g h o u t  the  feeding trials. The  
e x p e r i m e n t a l  diets  were p repa red  f resh every 2 
days us ing preweighed  a l iquots  of  oil s to red  at  
- 2 0  C. The  diets  and  oils were per iodica l ly  
checked  for  de t e r io ra t ion  by  d e t e r m i n a t i o n  of  
pe rox ide  n u m b e r  (13) .  

Three  feeding trials were c o n d u c t e d .  The  
first consis ted  o f  male  weanl ing  rats  divided 
i n to  4 d ie ta ry  groups  (CO, SO, SL, LO) for  a 
2 - m o n t h  per iod .  The  second  cons is ted  of  male  
weanl ing  rats  fed 3 diets  (CO, SO, SL) for  4 
m o n t h s .  In the  th i rd ,  the  diet  was fed t h r o u g h  
the  second  genera t ion .  Weanl ing  female  rats  
were m a i n t a i n e d  on e i the r  CO, SO or  SL 
t h r o u g h o u t  g rowth ,  p regnancy ,  del ivery and  
lac ta t ion .  When  weaned  at 21 days of  age, b o t h  
male  and  female  of fspr ing  were p laced on  the  
same diets as the  m o t h e r s  for  a n o t h e r  5 0 - 7 0  
days. U p o n  c o m p l e t i o n  of  the  feeding trials,  
t he  animals  were sacr i f iced and  bra in ,  liver, 
spleen,  and  t h y m u s  qu ick ly  excisedl  The  t issue 
was weighed and  used for  d e t e r m i n a t i o n  of  
PGE= or PGF 2 a syn thes iz ing  capaci ty .  Half  of  
the  liver and  spleen were f rozen  in dry ice /ace-  
tone  and  s to red  at  - 2 0  C for  l ipid analysis.  

Lipid Analysis 

A l t h o u g h  it is well  es tab l i shed  t h a t  the  feed- 
ing of  18:3~o3 is re f lec ted  in the  f a t t y  acid 
c o m p o s i t i o n  of  t issue lipids (1 ,2) ,  samples  of  
liver and  spleen were e x a m i n e d  for  fa t ty  acid 
changes.  The  t issues were e x t r a c t e d  wi th  (2:1 
v/v c h l o r o f o r m / m e t h a n o l )  (14) .  The  e thano la -  
mine  phosphog lyce r ides  (EPG)  were co l lec ted  
af te r  sepa ra t ion  o f  the  l ipids us ing 2-d imens ion-  
al t h in  layer  c h r o m a t o g r a p h y  (TLC)  (15) .  This  
phospho l i p id  was e x a m i n e d  because  it  is k n o w n  
t h a t  h igher  levels of  18:2co6 and  18:3co3 elon- 
gated and  desa tu ra t ed  p r o d u c t s  reside in this  
l ipid f r ac t ion  relat ive to the  o t h e r  ma jo r  phos-  
phol ip ids .  T r a n s m e t h y l a t i o n  was carr ied ou t  in 
4% sulfur ic  acid in m e t h a n o l  by  hea t ing  for  
1 h r  on  a s t eam ba th .  The  d ime thy lace t a l s  were 
r emoved  af te r  s epa ra t ion  by  TLC using to luene  
as the  solvent .  The  m e t h y l  esters  were ana lyzed  
by  gas l iquid c h r o m a t o g r a p h y  (GLC)  using a 
Hewle t t -Packard  c h r o m a t o g r a p h  mode l  7 6 1 0 A  
equ ipped  wi th  a 180 cm x 0.4 cm glass c o l u m n  
packed  wi th  10% SP-2340 on  1 0 0 / 1 2 0  C h r o m o -  
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sorb W AW (Supelco, Inc., Bellefonte, PA) and 
operated isothermally at 185 C. The methyl  
esters were identified by means of equivalent 
chain lengths based on the retention times of 
standards (NuChek Prep, Elysian, MN, and 
Supelco, Inc., Bellefonte, PA). Percent of fatty 
acids was obtained by triangulation. 

The fat was extracted from the diets in a 
Soxhlet apparatus with diethyl ether as the 
solvent. The methyl esters were prepared and 
the fatty acid composition was determined to 
check that it was the same as the fresh oil. 

Determination of PG 

Spleen and thymus PGE2 and liver and brain 
PGF~ a were determined by radioimmunoassay 
(RIA) using Miles-Yeda antisera (Kiryat, Weiz- 
mann, Rehovot, Israel) as described in detail by 
Weston and Johnston (16). As determined in 
this laboratory, the Miles-Yeda PGE2 antiserum 
had a cross-reactivity of 10% with both PGE 1 
and PGE 3 . The PGF~ ~ antiserum (Miles-Yeda) 
was specific for PGF1a and PGF~a and had 
only 3% and 5% cross-reactivity with PGEI and 
PGE 2. No correction for cross-reactivities was 
made. Standard PG were provided by Dr. John" 
E. Pike of the Upjohn Company, Kalamazoo, 
MI. 

Tritiated PGF 2 c~ (178.0 Ci/mmol) and PGE 2 
(165.0 Ci/mmol) were purchased from New 
England Nuclear, Boston, MA. Standard curves 
were constructed by plotting the percentages of 

.the .3 H-labeled PG bound against the concentra- 
tion of standard PG added. Samples for assay 
were diluted so that PG extrapolations would 
be made from the most linear portion of the 
standard cruve to provide good precision and 
reliability. Three serial dilutions made of select- 
ed samples demonstrated parallel curves to that 
of the PG standard curve. Recovery of various 
PG concentrations added to selected samples al- 
ways approached 100%. Assay results were 
determined using logit transformation and 
linear regression of the standard PG curve. 

The liver, spleen and thymus samples were 
prepared in a similar manner. The only differ- 
ence was the time of incubation used, which 
was based on preliminary investigations con- 
structing plots of time vs. PG production. The 
times selected were those at which the PG in 
the homogenate were still increasing linearly, 
and where we could qualitatively evaluate PG 
synthesizing capacity. A portion of the tissue 
was weighed and homogenized at 4 C with 10 
vol of ice-cold 0.1 M potassium phosphate 
buffer (pH 7.4) One ml of homogenate was 
directly added to 0.5 ml of a 42 mM aspirin- 
potassium phosphate buffer solution, resulting 
in a final concentration of 14 mM aspirin (17). 

Preliminary investigations showed no significant 
difference in PG production between tissue 
homogenized in the presence of the PG inhibitor, 
aspirin, and tissue homogenization followed by 
prompt addition to the aspirin solution. The 
latter method was chosen as being the most 
efficient and acted as a zero control represent- 
ing the PG formed primarily during excision 
and weighing, as well as homogenization. One 
ml of the homogenate was also added to a tube 
without aspirin and both the zero Control tube 
and the tube containing homogenate alone were 
incubated in a water bath shaker at 37 C; the 
spleen and thymus for 30 min and liver for 15 
min. At the end of the incubation period, 0.5 
ml of the aspirin solution was added to the- 
tubes containing only homogenate. Selected 
liver homogenate samples from rats fed 2 
months were also incubated for 15 min in the 
presence of either 99% arachidonic acid or 99% 
5,8,11,14,17-eicosapentaenoic acid (EPA) (Nu- 
Chek Prep., Inc., Elysian, MN), at a final con- 
centration of 50 uM. All tubes were stored at 
-20 C until analyzed. Prostaglandin E produc- 
tion by the 2 immune organs was analyzed be- 
cause this is the main PG of interest in cellular 
immune interactions (18). Preliminary inves- 
tigations showed that PGF2c ~ is produced in 
greater concentrations in the liver than either 
PGE~ or PGE 1 and therefore it was determined. 
The data were expressed as PG produced/rag 
of wet tissue weight corrected for the produc- 
tion of PG in the zero control. The brain was 
analyzed for PGF~a production using 0.5 mm 
thick brain slices cut from each hemisphere 
with a Stadie-Riggs microtome at room temper- 
ature in a humid chamber (19). One-half of 
each slice was weighed and placed in 3 ml of 
Krebs-Ringer phosphate medium, pH 7.4. The 
other half slice was weighed and incubated in 
3 ml of  the same medium, acidified to pH 1-2 
with 1 N HC1. The slices were gently shaken at 
a constant speed in a 37 C water bath in air for 
30 rain (16). At the end of the incubation, the 
tissue slices were removed by filtration over 
glas s wool and the incubation medium stored 
at -20 C until analyzed. The determination of 
the incubation time point as well as the valida- 
tion of sample preparation and RIA analysis of 
the incubation medium are described in detail 
by Weston and Johnston (16). Several investi- 
gators including Wolfe (20) have shown that 
PGF2c~ may be the main PG of significance in 
vivo, and, therefore, PGF2a was analyzed by 
RIA. The values were corrected for production 
during excision and slice preparation by sub- 
tracting the production in the other half slice 
after stopping synthesis by bringing the 
medium to pH 1-2. 
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T A B L E  2 

Ef fec t  o f  a - L i n o l e n a t e  Feeding  on Lewis  Rat  Body  Weights  

Die ta ry  t r e a t m e n t  f 

CO SO SL LO 

T w o - m o n t h  s tudy  b 396 -+ 6 a 388 • 10 384 + 7 
(11)  (11)  (11)  

F o u r - m o n t h  s tudy  c 478 • 20 461 +- 55 476  -+ 21 
(10)  (9) (8)  

Second  -genera t ion  
s t u d y d ,  e 307 -+ 24  228 • 13 268  • 20 

(6)  (8)  (12)  

383 • 9 
(11)  

aMean  +- SEM ( ) = n u m b e r  of  animals .  

bNo signif icant  d i f fe rence .  

CNo signif icant  d i f fe rence .  

dSignif icant  d i f f e rence  due to d ie ta ry  t r e a t m e n t  as d e t e r m i n e d  by  A N O V  ( P < 0 . 1 0 ) .  See 
t ex t  for  exp lana t ion .  

eCO signif icant ly  d i f fe ren t  f r o m  SO, D u n c a n ' s  Mult ip le  Range  Tes t  ( P < 0 . 0 1 ) .  See t ex t  
for  exp lana t ion .  

fCO = 10% corn  oil, SO = 10% s o y b e a n  oil, SL = soybean / l i n seed  oil m i x t u r e ,  LO -- 10% 
linseed oil. 

T A B L E  3 

Ef fec t  o f  Di f fe ren t  Rat ios  o f  D ie t a ry  c~-Linolenic Ac id  to  Linoleic  Ac id  on  Liver  
E t h a n o l a m i n e  Phosphog lyce r ide  Fa t t y  Ac id  C o m p o s i t i o n  a 

Diet  f CO (n=3)  SO (n=3)  SL (n=3)  LO (n=3)  P Value  

Fatty Acid 

16:0  20.1 • 1.3 b 19.6 -2_ 0.5 17.2 + 1.1 19.7 -+ 1.0 NS c 
18:0  14.8 -+ 0.8 16.1 +- 1.0 18.1 -+ 0.5 19.2 + 0.6 P < 0 . 0 2 5  d 
18:16o9 6.1 +- 1.0 4.9 -+ 0.4 5.7 -+ 0.8 5.4 • 0.1 NS 
18:26o6 11.4 +- 1.4 11.1 +- 0.8 9.4 + 1.4 11.2 • 1.2 NS 
18:36o3 1.0 • 1.0 0.2 • 0.2 1.2 • 0.2 2.2 +- 0.2 NS 
20:46o6 30.7 • 2.5 31.7 • 1.5 20 .4  • 1.5 13.7 • 0 .8 P < 0 . 0 0 5  
20:56o3 N D  e 2.1 +- 0.1 6.1 • 0 .6 11.9 • 0.9 P < 0 . 0 0 5  
22 :30)6  3.0 -+ 0.2 0.0 +- 0.2 ND ND P < 0 . 0 0 5  
22:4o96 5.4 -+ 0.3 0.1 • 0.1 ND ND P < 0 . 0 0 5  
22 :5 to3  2.2 -+ 1.6 1.4 • 0.7 3.6 • 0.6 4.4 -+ 0.5 NS 
22:66o3 5.1 • 1.2 12.6 + 1.6 14.8 -2_ 1.5 12.0 + 1.7 P < 0 . 0 1 0  

aResul ts  of  a 2 - m o n t h  feed ing  s tudy .  

bMean  +- SEM, p recen t  o f  to ta l .  

cNS = not  s ignif icant .  

dp  va lue  is the  resul t  o f  A N O V .  

eND = not  de tec tab le .  

fCO = 10% co rn  oil, SO = 10% s o y b e a n  oil, SL = soybean / l in seed  oil m i x t u r e ,  LO - 10% l inseed oil. 

Statistical Analysis 

All data were analyzed using ANOV and, 
where appropriate, Duncan's Multiple Range 
Test. Data are expressed as mean • standard 
error of the mean (SEM). 

RESULTS 
T h e  m e a n s  o f  t h e  b o d y  w e i g h t s  o f  t h e  L e w i s  

rats at the end of each trial are shown in Table 
2. There was no significant dietary effect of 

LIPIDS,  V O L .  17, NO. 12 ( 1 9 8 2 )  

a-linolenate on body weight. The variation in 
body weights of rats fed throughout the 2 gen- 
erations is due to differences in age. The 
animals fed the soybean oil diet were approxi- 
mately 2 weeks younger than the animals on 
the other dietary treatments when the study 
was terminated. 

Tissue Fatty Acid Composition 

The fatty acid composition of liver EPG 



cr  A C I D  A N D  P R O S T A G L A N D I N S  

T A B L E  4 

Ef fec t  o f  Di f fe ren t  Rat ios  o f  Die ta ry  a -L ino len ic  Ac id  to  Linole ic  Ac id  on  
Liver  E t h a n o l a m i n e  Phosphog lyce r ide  F a t t y  Ac id  C o m p o s i t i o n  a 
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Diet f CO (n=3)  SO (n=3)  SL (n=3)  P Value  

F a t t y  acid 

16:0  30 .0  • 4.9 b 21 .6  • 1.9 28.1 -+ 1.1 P < 0 . 0 5  d 
18:0 18.3 +- 1.8 17.8 • 2.1 18.1 • 1.1 NS c 
18:1(.o9 4.8 • 0.6 8.7 • 3.0 5.0 • 0.4 NS 
18:2o96 6.0 • 0.9 6.3 -+ 1.2 1 2 . 8 5  1.5 P < 0 . 0 2 5  
18:3093 0.5 • 0.2 0.3 • 0.3 1.1 • 0.2 P<0 .01  
20:4096 28 .4  • 0.6 26.5 • 1.6 22.1 • 1.3 P<O.0S 
20:5093 0.2 • 0.2 0.4 + 0.2 5.4 -+ 0.4 P < 0 . 0 0 5  
22:3096 2.0 -+ 0.2 0.4 -+ 0.2 ND e P ~ 0 . 0 0 5  
22:4096 4.0 -+ 0.8 0.4 4 0.3 ND P<O.005  
22:5093 0.3 -+ 0,3 2.3 • 0.5 3.5 -+ 0.4 P<O.005  
22:6093 4.9 -+ 0.8 14.2 + 1.4 12.3 • 1.3 P < 0 . 0 0 5  

aResul ts  ob ta ined  f r o m  a 4 - m o n t h  feed ing  s tudy .  

bMean  -+ SEM, pe r c e n t  o f  to ta l .  

CNS = not  s ignif icant .  

dp  va lue  is a resul t  o f  A N O V .  

eND = not  de tec tab le .  

fCO = 10% corn  oil, SO = 10% s o y b e a n  oil, SL = soybean / l in seed  oil m i x t u r e .  

from animals fed for 2 months (Table 3) shows 
a significant increase of 20:5w3, from non- 
dectable levels in the CO group to 6.1 -+ 0.6% 
in the SL group and 11.9 • 0.9% in the LO 
group. Docosahexaenoic acid (22:6w3) in- 
creased from 5.1 -+ 1.2% (CO) to ca. 13% in 
both SL and LO groups. Arachidonic acid, on 
the other hand, was depressed from the control 
levels of 30.7 +- 2.5% to t3.7 • 0.8% in the LO 
group. The other 09 6 metabolites were depressed 
to nondetectable levels in the high aq ino lena te  
group. The saturated fatty acids were essentially 
unaffected except in the case of 18:0, in 
which a slight increase was observed in the LO 
group (19.2 -+ 0.6%) when compared to the CO 
group (14.8 • 0.8%). 

After 4 months of high aqinolenate relative 
to linoleate feeding the liver EPG fatty acid 
composition (Table 4) showed the same 
changes as in the 2-month trial. In the SL 
group, ~o3 fatty acids all increased to levels 
equal to those observed in the 2-month study. 
Arachidonate, and the other w6 fatty acids 
decreased with the high adinolenate diet, again 
to levels observed in the 2-month feeding trial. 

The effect of feeding dietary 18:3w3 
through the second generation can be seen in 
the spleen EPG fatty acid composition (Table 
5). Arachidonic acid was significantly depressed 
from 26.9 -+ 1.6% in the CO group to 21.3 _+ 
2.4% in the SL group (P<0.005). The same 
trend was shown in 22:4096 levels. The 093 
fatty acids, 22:5093 and 22:6093, increased 
from barely detectable levels in the CO group 

to 5.6 • 0.6% (P<0.05) and 2.4 -+ 0.3% in the 
SL group (P<0,01). Eicosapentaenoic acid 
(20:5w3) was present only in small amounts in 
the spleen. 

Synthesis of PG by Tissues 

Consistent with the change in fatty acid 
composition in only 2 month~, the liver PGF2 c~ 
synthesis (Table 6) was significantly depressed 
by high dietary levels of 18:3093 when com- 
pared to synthesis by the CO group. The LO 
group PGF~a synthesis (195.6 • 20.7 pg/mg 
tissue) was reduced to less than one-half the 
values of the CO group (470.1 • 56.6 pg/mg 
tissue). The PGF 2 c~ synthesis by liver of rats fed 
for 4 months showed a statistically significant 
depression even though the highest 18:3to3 
level fed was the SL diet. When arachidonate 
was added to the liver homogenate samples 
from animals fed the CO diet and the LO diet, 
there was no statistically significant difference 
between the elevated levels of PGF2a pro- 
duced (pg PGF~a/mg t issue)(CO,  1124.8 • 
148.7; LO, 803.9 -+ 86.4). Eicosapentaenoic 
acid addition to samples from the two dietary 
groups resulted in PG production by the CO 
group (605.5 • 55.1 pg/mg tissue) which was 
still statistically (P<0.0005) higher than the LO 
group (168.8 • 31.1 pg/mg tissue). However, 
when the CO liver homogenate was incubated 
with EPA and compared to the values obtained 
from CO samples incubated for 15 min with no 
additions, the PG production was significantly 
reduced by one-third on EPA addition (P<0.05). 
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TABLE 5 

Effect of Different Ratios of Dietary c~-Linolenic Acid to Linoleic Acid on 
Spleen Ethanolamine Phosphoglyceride Fatty Acid Composition a 

Diet e CO (n=3) SO (n=3) SL (n=3) P Value 

Patty Acid 

16:0 19.9 • 2.7 b 13.7 • 1.9 16.7 • 2.5 NS c 
18:0 17.9 • 0.8 18.9 • 2.1 18.3 • 2.2 NS 
18:1r 7.9 + 0.8 10.5 -+ 0.6 9.6 • 0.2 NS 
18:2co6 9.3 • 0.3 10.4 • 1.6 10.1 • 1.5 NS 
18:3r 0.9 -+ 0.4 1.7 -+ 0.2 3.0 • 1.8 NS 
20:2606 1.4 • 0.1 1.4 • 0.4 2.1 + 0.t NS 
20:3co6 3.5 • 0.7 2.2 • 0.5 4.5 • 0.3 NS 
20:4~o6 26.9 • 1.6 27.2 • 1.7 21.3 • 2.4 P<0.005 d 
20:5~3 1.1 • 0.4 1.2 • 1.1 1.7 • 0.1 NS 
22:4to6 7.4 • 0.9 6.4 • 0.5 3.6 • 0.6 P<0.01 
22:5co3 0.4 • 0.3 2.2 + 0.6 5.6 -+ 0.6 P<0.05 
22:6w3 0.7 -+ 0.4 2.8 • 0.4 2.4 +- 0.3 P<0.01 

aResults obtained from the second generation dietary study. 
bMean • SEM, percent of total. 
CNS = not significant. 
dp value is a result of ANOV. 
e c o  = 10% corn oil, SO = 10% soybean oil, SL = soybean-linseed oil mixture. 

No di f ference  was no t i ced  be tween  the  LO 
sample incuba ted  wi th  EPA for 15 min and the  
LO liver h o m o g e n a t e  incuba ted  wi th  no  addi- 
t ions  for  15 min.  

The values p resen ted  in Table 6 are correct-  
ed for fiver PG p roduced  during excis ion,  
weighing, and homogen iza t ion .  These aspirin 
con t ro l  values were cons i s ten t ly  10-fold lower  
than  the  values ob ta ined  af ter  15 rain of  incu- 
ba t ion  at 37 C (2 -mon th  s tudy  (CO) 35.7 • 
5.5, (SL) 28.8 • 31.1, (LO) 25.9 + 4.6;  4 - m o n t h  
s tudy  (CO) 51.1 • 8.4, (SO) 35.0 • 5.0, (SL) 
30.6 • 3.3 pg PGF2 J m g  tissue). In view of  this 
rapid response  of  the  liver to  the  diets,  it was 
no t  examined  in the  second-genera t ion  rats. 

Because of  the  k n o w n  resis tance of  neural  
l ipids to  shor t - t e rm die t - induced change,  brain 
P G F ~  was no t  de te rmined  af ter  t he  2 - m o n t h  
trial. Af te r  4 m o n t h s  on the diets, the  brain 
PGF~a still showed no  response.  However ,  
when  the  diets were fed to rats t h rough  the 
second genera t ion ,  brain slice PGF 2~ p roduc-  
t ion  was depressed when fed a high dietary 
rat io of  a- l inolenate  to  l inoleate  (P<0 .05)  
(Table 6). The PG p roduced  by the  slice in the  
acidified cont ro l  incuba t ion  med ium was 4- to  
10-fold lower  than  the  a m o u n t  p roduced  in ng 
PGF2~ /100  mg of  wet  t issue weight  by the  
incuba ted  slice ( 4 -mon th  s tudy  ( C O ) 0 . 4  • 
0.1, (SO) 0.5 -+ 0 .1 , , (SL)0 .4  • 0.1 ; second-gen-  
era t ion s tudy (CO) 1.4 • 0.3, (SO) 1.7 • 0.8, 
(SL) 1.6 • 0.3).  

The PGE 2 of  b o t h  the  spleen and t h y m u s  
tissue h o m o g e n a t e  represen t  p r o d u c t i o n  by 

nonchal lenged  i m m u n e  tissue. Therefore ,  the  
values ob ta ined  af ter  30 rain of  incuba t ion  were 
only 2- to  3-fold higher than  the  aspirin 
control .  Cont ro l  values for  b o t h  t h y m u s  and 
spleen after  2 m o n t h s  of  feeding in pg PGE~/  
mg tissue were (CO) 65.3 • 8.1, (SL) 64.1 • 
8.2, (LO) 73.2 • 9.8 and (CO) 35.1 • 4.7, 
(SO) 27.4 • 3.8, (SL) 26.7 -+ 2.9, ( L O ) 2 0 . 8  
-+ 2.0, respect ively.  The second-genera t ion  
values for  rat aspir in-control  spleen homoge-  
hate PG p r o d u c t i o n  were (CO) 11.7 • 4.6, (SO) 
9.1 + 1.4 and (SL) 5.7 + 1.2 pg PGE 2/rag tissue. 
Spleen PGE 2 synthesis  showed  a t r end  toward  
being depressed as more  18:3co3 was added to  
the diet  (Table 6). Synthesis  o f  PGE 2 by the  
t h y m u s  also showed  this t r end  bu t  was n o t  sta- 
t ist ically significant (Table 6). Nei ther  t issue 
was, therefore ,  examined  unti l  the  second-gen-  
era t ion  feeding trial. The PGE 2 p r o d u c t i o n  by 
spleens f rom the  SL group was then  found  to  
be reduced  to  app rox ima te ly  one-hal f  (59.3 
-+ 8.1 pg /mg tissue) tha t  of  the  CO group (106.5 
+ 18.9 pg /mg tissue). 

DISCUSSION 

High dietary ratios of  18 :3w3 to  18:2co6 
effect ively decrease the  i nco rpo ra t ion  of  ~ 6 ,  
and especially 20:4co6, in to  tissue lipids. This 
f inding is cons is tent  wi th  the  preference  o f  the  
A6 desaturase for  the  w3 series. As the  pre- 
cursor  of  the  2-series PG is decreased,  the  
3-series precursor ,  2 0 : 5 w 3 ,  is reciprocal ly  in- 
creased. Moreover,  the  PG syn the tase  sys tem 
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TABLE 6 

Prostaglandin Synthesis by Liver, Spleen and Thymus Homogenates and Brain Slices 
of Rats Fed 10% Corn Oil (CO), 10% Soybean Oil (SO), 10% Soybean/Linseed Mixture (SL) 

or 10% Linseed Oil (LO) Diets for 2 Months, 4 Months, or Through the Second Generat ion 

Diet (2 months)  CO SO SL LO 

Tissue 

Liver c 

Thymus e 

Spleen e 

PGF2 a pg/mg tissue b 

470.1 -+ 56.6 a 441.4 + 32.2 298.6 "+ 28.9 195.6 -+ 20.7 
(10) (7) (10) (9) 

PGE 2 pg/mg tissue d 

122.2 -+ 25.8 103.7 ,+ 11.4 100.8 -+ 20.6 86.6 +- 10.6 
(9) (8) (9) (9) 

83.0-+ 26.2 -- 63.3 +- 8.7 45.9-+ 11.8 
(4) (7) (8) 

Diet (4 months)  CO SO SL 

PGF~ c~ pg/mg tissues b 
Tissue 

Liver f 368.9 +- 46.5 248.6 -+ 34.6 153.6 -+ 24.1 
(9) (9) (9) 

ng PGF~ c~/100 mg of wet tissue weight d 

Brain slicesg 3.2 + 0.7 3.6 -+ 0.5 4.7 ,+ 0.9 
(9) (9) (9) 

Diet (2nd generation) CO SO SL 

PGE 2 pg/mg tissue d 
Tissue 

Spleen h 106.5 -+ 18.9 103.4 -+ 18.5 59.3 -+ 8.1 
(6) (9) (11) 

ng PGF~cJ100 nag of wet tissue weight d 

Brain slices i 3.4 -+ 0.7 2.5 -+ 0.4 1.5 -+ 0.2 
(4) (4) ( 1 O) 

aMean ,+ SEM. ( ) = Number of animals. 

bSynthesis after 15-min incubat ion and corrected for zero-time synthesis.  

CSignificant difference (P<0.005),  CO significantly different from SL and LO, P<0.01,  SO significantly 
different from SL and LO, P<0.01,  Duncan's Multiple Range Test. 

dSynthesis after 30-min incubat ion and corrected for zero-time synthesis. 
eNo significant difference as analyzed by ANOV. 
fSignificantly different, P<0.01,  (ANOV); CO significantly different from SO and SL (P<0.05),  Duncan's  

Multiple Range Test. 

gNo significant difference as analyzed by ANOV. 
hSignificant difference, P<0.025,  (ANOV); CO and SO significantly different from SL (P<0.01),  Duncan's  

Multiple Range Test. 

iSignificant difference, P<0.05,  (ANOV); CO and SO significantly different from SL (P<0.01),  Duncan's  
Multiple Range Test. 

has been shown to prefer 20:5co3 over 20:4co6, 
particularly when peroxide tone is high (21,22). 
Effective competion of the 20:5co3 for the PG 
synthetase may further reduce the PG 2 series 

synthesizing ability of the tissues. It may be 
that 3-series PG and lipoxygenase products of 
20 :5~3  are produced at the expense of 1- and 
2-series PG and other 20:3co6 and 20:4co6 
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products. Unfortunately,  we do not presently 
have the means of  measuring 3-series PG, nor 
is there any strong evidence that they are pro- 
duced or possess a function in vivo.  At this 
time, investigative efforts (12) indicate that the 
presence of the 003 fatty acids may primarily 
act as a physiological mode for regulating 
PG biosynthesis. 

The results of this study are essentially in 
agreement with the findings of  Galli et al. (10) 
and Hwang and Carroll (1 I). Galli et al. fed a 
diet in which linolenic acid (linseed oil) made 
up 10.2% of the caloric intake. They induced 
in vivo brain PGF~ c, production by the admin- 
istration of a convulsive drug and measured the 
concentration after killing the animals by 
microwave radiation. They found that the 20: 
4co6 released in the brain after ischemia was 
reduced in the rats fed linseed oil and suggested 
a preference of  the phospholipase for 20:5to3. 
Hwang and Carroll (11) fed rats an EFA-defi- 
cient diet for 15 weeks and then fed graded 
amounts of methyl linolenate daily for 6 weeks. 
They then measured the serum concentration 
of PG after incubation at 37 C. Although these 
studies differ from ours in a number of respects, 
they all demonstrate that the higher ratio of 
a-linolenate to linoleate inhibits the synthesis 
of PG and thromboxane of the 2-series. We 
have demonstrated lowered PG synthesizing 
capacity of several tissues by feeding a higher 
a-linolenate to linoleate ratio. The length of 
feeding trial and amount of ~-linolenate required 
to demonstrate lowered PG synthesis has been 
shown to depend on the tissue of interest. Th i s  
is primarily due to the variation in the rate of 
dietary lipid uptake by the tissue. Once the die- 
tary fatty acid is incorporated into the phos- 
pholipids, the tissue quickly elongates and de- 
saturates to the more unsaturated metabolites. 
When the tissue is stimulated to produce PG, 
both the presence of available substrate and the 
relative concentration of  competitive inhibitors 
influence the quantity, and perhaps the type, of 
PG produced. When arachidonic acid was added 
to both CO and LO homogenates, no difference 
in PG production was observed. This indicates 
that the a4inolenate effect is not directly on 
the enzyme complex, but is primarily through 
arachidonate availability. This was further 
strengthened by the observations made when 
EPA addition to CO group liver homogenates 
reduced the PG production to two-thirds that 
of the CO liver homogenate incubated alone 
for 15 min. 

Prostaglandins are known to play a role in 
events of the immune responses (23). The 
changes induced in the immune tissues by feed- 
ing the high a-linolenate to linoleate diets were 

not observed until extensive feeding trials were 
completed. The reduction in PG synthesis by 
the LO groups was one-half that of  the CO 
groups, but this is not surprising in view of their 
naive or nonimmunochallenged state. Osheroff 
et al. (24) demonstrated greatly enhanced 
PGF2 a production by whole spleen homogenate 
when they challenged mice in vivo with sheep 
erythrocytes as compared to mice injected with 
saline solution. Since altered PG synthesis can 
be accomplished by feeding the w3 fatty acids, 
we may be able to modify specific functions of 
immune cell populations in which PG play a 
regulatory role. We are presently investigating 
the effects of both in vivo and in vitro stimula- 
tion of immunocompetent  cell populations, 
which are purified from animals fed diets with 
high ratios of a-linolenate to linoleate. 
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Fatty Acid and Phospholipid Composition 
of Bacillus megaterium Spores 
with Altered Germination Properties 

J.F. SKOMURSKI and J.C. VARY* ,  Department of Biochemistry, University of Illinois 
Medical Center, Chicago, IL 60612 

ABSTRACT 

The ability of spores to trigger germination was altered by growing spores at either a suboptimal 
temperature or in a rich medium modified by substituting L-isoleucine for D-glucose. Compared to 
the control, spores grown in the presence of isoleucine germinated more readily between 20 and 
28 C, while spores grown at 20 C germinated slower than the control at any temperature tested. 
Analysis of the composition of these spores indicated that spores grown in the presence of isoleucine 
had much higher levels of anteiso-C15 fatty acids than the control, while the phospholipid composi- 
tion and the phospholipid to protein ratio were unchanged. The fatty acid composition for spores 
grown at 20 C was comparable to that of the control spores, but the levels of diphosphatidylglycerol 
and phosphatidylglycerol were altered as well as the ratio of phospholipid to protein. Steady-state 
fluorescent anisotropy measurements were made with 1,6-diphenyl-l,3,5-hexatriene incorporated 
into membrane isolated from these spores. The membranes from spores grown in the presence of 
isoleucine were more "fluid" between 10 and 20 C than membranes from the control spores. Mem- 
branes from 20 C grown spores were less "fluid" between 10 and 38 C than membranes from the 
control spores. These results show that triggering of spore germination was altered by growing spores 
under conditions that altered the composition of spore membranes. 
Lipids 17:914-923, 1982. 

INTRODUCTION 

Bacter ia l  spore  g e r m i n a t i o n  is t r iggered b y  a 
few specific a m i n o  acids or c a r b o h y d r a t e s  
(ge rminan t s ) .  Triggering has  been  h y p o t h e s i z e d  
to  en ta i l  a s tereospeci f ic  i n t e r a c t i o n  o f  the  
trigger c o m p o u n d  wi th  a r e c e p t o r  loca ted  in 
the  spore  inne r  m e m b r a n e  and  a s u b s e q u e n t  
a l t e r a t ion  of  the  pe rmeab i l i t y  p roper t i e s  of  
the  m e m b r a n e  (1,2).  S u p p o r t  for  this  mode l  
has been  fu rn i shed  by  the  fo l lowing observa-  
t ions.  First ,  a m e m b r a n e  p ro te in ( s )  t h a t  m ay  
be involved in the  tr igger r eac t ion  was f o u n d  
to  be d i f fe ren t ia l ly  labeled  by 3 [ H ] - p r o l i n e  
c h l o r o m e t h y l  ke tone ,  an af f in i ty  ana log  of 

*Author to whom correspondence should be 
addressed. 

Abbreviations used: DPH, 1,6-diphenyl-l,3,5-hexa- 
triene; HEPES, N-2-hydroxyethylpiperazine-N'-2'- 
ethane sulfonic acid; Tris, tris (hydroxymethyl) amino 
methane: n-C14, tetradecanoic acid;i-C14, 12-methyl- 
tridecanoic acid; n-C15, pentadecanoic acid; i-C15, 
13-methyltetradecanoic acid; a-C15, 12-methyltetra- 
decanoic acid; n-C16, hexadecanoic acid; i-Cl6, 
14-methylpentadecanoic acid; i-C 17, 15-methylhexa- 
decanoic acid; a-C17, 14-methylhexadecanoic acid; 
t�89 time required during germination for 50~ change 
of the total adsorbance at 660 nm in 30 min; SNB, 
supplemented nutrient broth medium; SNI," supple- 
mented broth medium with isoleucine; DPG, diphos- 
phatidylglycerol; PG, phosphatidylglycerol; PE, phos- 
phatidylethanolamine; and GIc-NH 2 -PG, glucosaminyl- 
phosphatidylglycerol. 

pro l ine ,  when  spores  capable  of  be ing  trig- 
gered for  g e r m i n a t i o n  on  L-prol ine  were com-  
pared  to  m u t a n t  spores  unab le  to  t r igger  on  
L-prol ine  (3).  A similar  m e m b r a n e  p ro te in ( s )  
was r e p o r t e d  to  be d i f fe ren t ia l ly  labeled  by  
ace ty l a t i on  of  spores  wi th  3 [ H ] a c e t i c  anhy-  
dr ide (4).  Second ,  i n h i b i t i o n  of  spore  germina-  
t ion  by l ipophi l ic  c o m p o u n d s ,  m e d i u m  chain  
l eng ths  a lcohols  (5)  and  ine r t  gases (6)  led to  
the  conc lus ion  t h a t  t r iggering involved  a m e m -  
brane-assoc ia ted  enzyme( s )  or p ro te in(s ) .  Th i rd ,  
spec t roscop ic  s tudies  using b o t h  ESR (2)  and  
f luorescence  depo la r i za t ion  (4)  showed  tha t  
pur i f ied  spore  m e m b r a n e s  r eac ted  specif ical ly 
wi th  k n o w n  g e r m i n a n t s  in vi t ro.  F ina l ly ,  t he  
earliest  events  dur ing  t r iggering are the  ex t ru -  
sion of  ions,  a p p a r e n t l y  resu l t ing  f r o m  permea-  
bi l i ty  changes  in the  spore  i n n e r  m e m b r a n e s  (7).  

Changes  in m e m b r a n e  " f l u i d i t y "  have been  
r epo r t ed  to in f luence  membrane -a s soc i a t ed  
events  such as t r a n s p o r t  (8 ,9) ,  e n z y m e  ac t iv i ty  
(10)  and  r ecep to r  med ia t ed  responses  to  ex ter -  
nal s t imul i  (1 1). The re fo re ,  the  chemica l  com-  
pos i t i on  of  spore  m e m b r a n e s  was a l te red  in 
vivo to  test  the  ef fec t  of  a l te red  m e m b r a n e  
p roper t i e s  on  spore  ge rmina t ion .  The  compos i -  
t i on  of  m e m b r a n e s  was changed  by  growing 
spores  u n d e r  d i f f e ren t  g r o w t h  c o n d i t i o n s  t h a t  
are k n o w n  to  change  the  c o m p o s i t i o n  of  
bac ter ia l  cell m e m b r a n e s .  
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Bacillus megaterium QM B1551 can be 
enriched for branched-chain fatty acids by sup- 
plementing the growth medium with branched- 
chain amino acids (12). Since anteiso branched- 
chain fatty acids have been suggested to play a 
comparable role to unsaturated fatty acids in 
modulating membrane fluidity in other organ- 
isms (13-16), we attempted to enrich the spore 
membranb for the lower melting fatty acids 
(a-C 15 and a-C17) by adding L-isoleucine to the 
growth medium. Supplementation of the growth 
medium with valine also alters the fatty acid 
composition of vegatative cells and spores by 
increasing the amounts of branched fatty acids 
(12). We chose to test the effect of isoleucine 
supplementation because it is the precursor to 
anteiso fatty acids which should have the largest 
effects on fatty acid packing density in the 
membranes. Isoleucine supplementation also 
caused the largest changes in branched-chain 
fatty acid composition of sporulating cells 
when compared to growth in either valine 
or glucose (12). Additionally, the effect of 
growth at different temperatures on the compo- 
sition of the spore membranes was examined, 
similar to experiments reported for other 
bacteria (17,18) but never tested in B. mega- 
terium. The results of these studies suggest that 
some component(s) of the trigger reaction for 
spore germination is sensitive to changes in the 
composition of the spore inner membranes. 

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

Organisms, Growth Conditions and Germination Assay 

B. rnegaterium QM B 1551 spores were grown 
in SNB medium containing D-glucose, salts and 
nutrient broth at 30 C in Erlenmeyer flasks in 
a constant temperature shaker as previously 
described (19). To alter the fatty acid composi- 
tion of spores, spores were grown at 30 C in the 
above medium modified by substituting L- 
isoleucine at 1 mg/ml (SNI medium) for D- 
glucose (12). Spores were also grown in SNB 
medium at 20, 25, 30, 33.5 and 37 C and they 
were harvested and washed after 72, 48, 36, 33 
and 24 hr of growth, respectively. Spores were 
harvested, washed and lyophilized as previously 
described (19) and stored dry in vacuo. All 
references to spore weights are on a dry weight 
basis. 

Vegetative cells were grown at 30 C in SNB 
or in SNI media to an adsorbance of about 1 at 
660 nm, harvested by centrifugation at 5,000 • 
g for 5 min, washed once with a minimal salts 
medium (20) and used immediately for fatty 
acid analysis or membrane isolation. 

Triggering of spore germination was measured 

spectrophotometrically as previously described 
(19) with spores that were heat-activated for 10 
min at 60 C. To determine the effect of altered 
sporulation conditions on the temperature 
requirements for triggering germination, spores 
heat-activated for 10 rain at 60 C were added to 
a germination solution preequilibrated to the 
desired temperature and triggering of germina- 
tion followed spectrophotometrically as above. 

Fatty Acid Analysis 

Spore fatty acids were saponified by reflux- 
ing 100 mg of spores for 4 hr in 150 ml of a 
10% (v/v) KOH, 50% (v/v) CH3OH solution 
(21), containing 200 pg of octadecanoic acid as 
an internal standard. Octadecanoic acid was 
used because B. megaterium QM B 1551 contains 
only trace amounts of this fatty acid (12). Sim- 
ilarly, vegetative cell fatty acids from 200 ml of 
cell culture were saponified in 50 ml of methan- 
olic KOH. The fatty acids were extracted and 
converted to the corresponding methyl ester 
with diazomethane as previously described (22). 

Fatty acid methyl esters were analyzed on a 
Hewlett-Packard gas chromatograph (Model 
5730A) equipped with a flame ionization de- 
tector and Model 7123A recorder. Separation 
of fatty acid methyl esters was performed iso- 
thermally at 185 C on a glass column (6 ft • 
1/8 in.) packed with 10% diethylene glycol 
succinate on 80/100 Chromosorb W AW DMCS 
(Supelco Inc.). The injection port and detector 
temperature were operated at 250 and 300 C, 
respectively. Nitrogen at 18 ml/min was the 
carrier gas. 

Spore fatty acid methyl esters were iden- 
tified by comparing retention times to known 
standards and the percent composition of 
individual fatty acids was determined by cal- 
culating the peak area of each fatty acid by 
triangulation (21). Total fatty acids were 
quantitated by comparison with a known 
amount of octadecanoic acid added prior to 
saponification. The reliability of octadecanoic 
as a standard was confirmed by calculating 
the recovery of [1-14C]octadecanoic acid 
(60,000 CPM) added prior to saponification 
and the recovery was greater than 90%. 

Membrane Isolation and Labeling with DPH 
Membranes were isolated from heat-activated 

spores by lysis with lysozyme and sonication as 
previously described (23,24) except that 2 mM 
phenylmethylsulfonyl fluoride was added during 
lysis (4). These procedures yield mainly spore 
inner membranes that are biologically active as 
judged by marker enzyme assays (24) and 
amino acid transport (Skomurski et al., sub- 
mitted). 
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TABLE 1 

Fatty Acid Composition of B. megaterium 

Percentage of total fatty acids a 
Vegetative cells b Spores c 

Fatty acid SNB SNI SNB SNI 

i-C 14 9.0 d 16.6 1.6 
n-C14 10.8 14.9 34.0 37.5 
i-C15 20.5 1.7 14.4 1.8 
a-Cl 5 36.2 64.0 17.8 42.6 
n-C 15 1.0 -- - 4.0 
i-C 16 3.7 -- 5.9 - 
n-C16 13.9 10.4 7.1 7.1 
i-C17 1.5 -- 2.0 1.1 
a-C17 3.3 9.6 2.2 4.5 

Grouped 
Components 

Branched 
Iso 34.7 1.7 38.9 4.5 
Anteiso 39.5 71.6 19.9 47.1 

Unbranched 25.7 25.3 41.1 48.6 

aValues are the mean of at least 2 determinations 
and the range was within -+ 5% of the mean. Recovery 
was greater than 90% as measured with octadecanoic 
acid added before saponification. 

bVegetative cells were grown in SNB or SNI media 
at 30 C and harvested during exponential growth as 
described in Methods. 

CSpores were grown in SNB or SNI media at 30 C 
as described in Methods. 

dconstitutes trace amounts. 

Membranes  f rom vegetative cells were iso- 
la ted f rom 1 s o f  cells g rown in SNB or SNI 
med ium at 30 C to  an adsorbance  of  1 at 660 
nm. The cells were centr i fuged at 5,000 X g for  
5 rain, washed once  wi th  a minimal  salts 
med ium (20) and the  m e m b r a n e s  were isolated 
in the  same way as for spore  membranes .  

The membranes ,  af ter  pur i f ica t ion  on a 
sucrose gradient ,  were suspended  in abou t  1 ml 
of  10 mM HEPES (pH 7.5), i ncuba ted  wi th  
DPH for  15 rain at 25 C in a Ul t r amet  III ba th  
sonica tor  (Buehler  Ltd.) ,  and cent r i fuged at 
304,000 X g for  2 hr  to  remove un inco rpo ra t ed  
DPH as previously descr ibed (4). The mem-  
brane  pellets were resuspended  in 10 mM 
HEPES, pH 7.5, at a p ro te in  concen t r a t i on  of  
15-20 mg/ml  de te rmined  by  the  m e t h o d  of  
Lowry  et al. (25) and used wi thin  2-3 days. 

Fluorescence Depolarization Studies 

Steady-s ta te  f luorescence an iso t ropy  of  
DPH incorpora ted  in to  spore  and vegetat ive 
membranes  was de te rmined  as previously 
described (4, Skomurski  et  al., submi t t ed ) .  
Briefly, DPH labeled m e m b r a n e s  were di luted 
with 10 mM HEPES,  pH 7.5, to  2 ml to  yield a 
final p ro te in  concen t r a t ion  of  0.5 mg/ml ,  p laced 

AND J.C. VARY 

in a 1 cm cuvet te  and an i so t ropy  values cal- 
culated as a f u n c t i o n  of  t empera tu re  be tween  
10 and 38 C. All measu remen t s  were made  on a 
Perkin-Elmer  MPF-44B f luorescence  spect ro-  
p h o t o m e t e r  equ ipped  with polar iza t ion  acces- 
sories and a t h e r m o s t a t e d  4-cell cuvet te  holder .  

Phospholipid Analysis 

Lipids f rom isolated spore membranes  or 
vegetat ive cell membranes  were ex t rac ted  as 
previously descr ibed (26). Lipids were sepa- 
ra ted,  ident i f ied  and quan t i t a t ed  as previously 
described (24,26,27) .  

Materials 

L-proline and D-glucose were f rom Calbio- 
chem.  The fa t ty  acids, i-C15 and i-C17, were 
f rom Regis Chemical ,  [ 1-14 C] oc tadecanoic  acid 
was f rom ICN, and all o the r  fa t ty  acid s tandards  
were f rom Supelco.  

S p e c t r o p h o t o m e t r i c  grade gold label n- 
hexane  was f rom Aldrich.  Pheny lmethy l su l f -  
onyl  f luoride,  lysozyme,  Tris, HEPES,  DPH, 
and L-isoleucine were f rom Sigma. All o the r  
materials are reagent  grade. 

RESULTS AND DISCUSSION 

Fatty Acid Composition of Vegetative 
Cells and Spores Grown with Isoleucine 

The ef fec t  of  supp lemen t ing  the growth  
med i u m with  isoleucine on the  to ta l  fa t ty  acid 
compos i t i on  of  B. megaterium vegetat ive cells 
and spores  was examined .  B. megaterium vege- 
tat ive cells g rown in SNB med i u m at 30 C (con-  
trol) and harvested during midexponen t i a l  
g rowth  were f o u n d  to  con ta in  9 d i f fe rent  fa t ty  
acids wi th  the  branched-cha in  fa t ty  acids com-  
prising about  75% of  the to ta l  fa t ty  acids 
(Table 1). Fa t ty  acid analysis o f  vegetative 
cells g rown in SNI med i u m showed  tha t  these  
cells con ta ined  the  same c o m p l e m e n t  of  fa t ty  
acids as found  in the  con t ro l  cells, bu t  there  
was a marked  increase in the  an te iso- fa t ty  acids 
and a c o n c o m i t a n t  decrease in the  iso-fat ty 
acids (see co lumn 2). Also observed were some 
minor  changes in the  relative p ropo r t i ons  of  
the s traight-chain fa t ty  acids. These results 
show for  the first t ime that  the  ante iso-fa t ty  
acids can be enr iched in this strain by growing 
vegetat ive cells in the  presence  of  L-isoleucine. 
A previous s tudy wi th  this organism (12) did 
no t  iden t i fy  the individual fa t ty  acids nor  the  
specific ef fect  of  supp lemen t ing  the  growth  
med i u m with  branched-cha in  f a t t y  acid pre- 
cursors.  

Total  fa t ty  acids f rom spores grown in SNB 
med i u m (Table 1, see co lumn 3) were compared  
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FIG. 1. Germination of spores grown in SNB and SNI. Spores (3 mg/ml) were heat-activated for 10 min at 
60 C and germination was triggered by adding 0.2 ml of spores to 2.8 ml of 5 mM Tris (pH 8) containing 10 mM 
D-glucose (a), 10 mM L-leucine (b) or 10 mM L-proline (c) at 2.5 C. The absorbance loss for spores grown in SNB 
(o--o)  or SNI media ( e - - e )  was recorded and plotted as percent decrease in the initial absorbance. 

w i t h  those from vegetative cells grown in SNB 
medium. While spores were observed to con- 
tain the same fatty acid species as vegetative 
cells, there was a marked increase in n-C14 and 
a decrease in a-C15 fatty acids relative to 
vegetative cells, plus other minor changes. 
Although the significance Of the difference in 
the fatty acid composition between vegetative 
cells and spores is unknown, one possibility is 
that it provides a unique method of increasing 
the rigidity of spore membrane lipids by de- 
creasing the low melting point (23 C) a-C15 
fatty acid and increasing the high melting point 
(54 C) n-C14 fatty acid (28). Studies on other 
Bacilli (29-31) have also reported variations in 
the fatty acid composition between spores and 
vegetative cells, but the direction of this change 
has not been consistently towards increasing 
the high melting point fatty acids in membrane 
lipids. 

Analysis of the fatty acid composition of 
spores grown in SNI medium (see column 4) 
showed an increase in the a-C15 and a decrease 
in iso-fatty acids compared to the control 
spores. These results show that the amount of 
anteiso-fatty acids can be increased by growing 
spores in the presence of  L-isoleucine. Changes 
in spore fatty acid composition have also been 
reported for B. subtilis (32) and B. megaterium 
(12) when spores were grown on either ~-keto 
acid or amino acid precursors of fatty acids. In 
both cases, the investigators observed that the 
ability of  vegetative cells to form spores was 
unaffected by the added fatty acid precursors. 
However, in no case have any of  the properties 
of these modified spores been examined to test 
the effect of the fatty acid alterations. 

Germination of Spores Grown with L-Isoleucine 

The ability of  spores grown in SNB (control) 
or SNI media to germinate was examined by 
adding an aliquot of heat-activated spores to a 
solution containing 5 mM Tris (pH 8.0) and a 
trigger compound, and the decrease in adsorb- 
ance at 660 nm was measured. Decrease in ad- 
sorbance is the conventional method to follow 
spore germination, and a 60% decrease in 
adsorbance indicates greater than 95% germina- 
tion of spores (19). Shown in Figure la  are the 
losses in adsorbance triggered by D-glucose at 
25 C for the control and spores grown on iso- 
leucine. Spores grown on isoleucine were 
triggered slightly faster than the control spores 
if measured by the time required to reach 50% 
of the total change in adsorbance within 30 
rain (t�89 Moreover, the total change in adsorb- 
ance in 30 rain was somewhat less than the 
control. Although the difference in t ~  values 
between the two types of spores was small, it 
was reproducible and was even more obvious 
when germination was triggered by either L- 
leucine or L-proline (see Fig. lb and lc). Here 
there is a clear difference in both rate and 
extent of adsorbance loss. These results show 
that the germination properties of spores were 
altered in vivo by growth on isoleucine. 

Since the effect of increasing the a-C15 
fatty acid in spores may have its greatest 
influence on spore germination at tempera- 
tures closer to its melting point, germination 
was examined in the temperature range of 20-  
45 C, and the results of these experiments are 
shown (see Fig. 2) plotted as t�89 vs the tempera- 
ture of germination. Above 28 C, the two types 
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FIG. 2. Temperature dependence for triggering 
germination. Triggering of germination was measured 
as described in the legend of Figure 1, except that the 
temperature of germination was varied from 20 to 
45 C for SNB (o-o) and SNI (e-e) grown spores; 
(a) 10 mM D-glucose, (b) 10 mM L-leucine or (c) 10 
mM L-proline. The percent decrease in absorbance 
was measured and plotted as tlA. 
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of spores germinated at about the same rate, as 
measured by t�89 Also, the rates of germination 
of the two types of spores were similar when 
assayed with L-proline or L-leucine. The extent  
of adsorbance losses was also about the same. 
Thus, for one particular germinant, spores 
grown with isoleucine were similar to the con- 
trol above 28 C. But, as the temperature of 
germination was decreased to 28 C and below, 
spores grown on isoleucine triggered germina- 
tion more readily than the control. At 20 C, 
spores grown on isoleucine were triggered by 
D-glucose, L-leucine and L-proline faster than 
the control by 2, 4, and 5 rain, respectively. 
These results show that growing spores on 
isoleucine decreased the temperature require- 
ment for triggering germination. As antici- 
pated, the greatest difference between the 
control and spores grown on isoleucine was 
observed at temperatures where the low melt- 
ing a-C15 fatty acids (23 C) would be expected 
to have their greatest effect on the physical 
state of membrane lipids. 

Effect of Sporulation Temperature 
on the Triggering of Germination 

It has been shown that the fatty acid com- 
position of bacteria can also be modified by 
varying the growth temperature (9,17,18). 
Therefore, spores were grown between 20 and 
37 C to determine if we could employ a second 
method to alter the fatty acid composition and 
if this method would also alter the germination 
properties of the spores. The results for germina- 
tion triggered at one temperature (25 C) are 
shown in Figure 3. It can be seen in Figure 3a 
that spores grown at 25, 30 and 33.5 C trig- 
gered germination similarly on D-glucose, as 
judged by losses in absorbances. This was also 
found to be generally the case when germina- 
tion was triggered by L-leucine or L-proline 
although the results with leucine are not as 
obvious as with other germinants (see Fig. 3b 
and 3c). However, spores grown at 20 C were 
not triggered for germination as readily as 
spores grown at 30 C (control), by D-glucose 
L-leucine or L-proline (Fig. 3). When other 
germination temperatures (20 to 45 C) were 
examined, the same general pattern of results 
shown in Figure 3 was found for spores grown 
at 25, 30 and 33.5 C, while spores grown at 20 
C always germinated poorly (data not shown). 
In addition, longer times of heat-activation or 
different temperatures of heat-activation did 
not change the general pattern of poor germina- 
tion with spores grown at 20 C compared to 
spores grown between 25 and 33.5 C. These 
results showed that, compared to control 
spores, varying the sporulation temperature 
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FIG. 3. Germination of spores g~own at different temperatures. Triggering of germination was measured 
as described in the legend of Figure 1, at 25 C in: (a) 10 mM D-glucose, (b) 10 mM L-leucine, or (c) 10 mM 
L-proline. The absorbance loss for spores grown in SNB medium at 20 C ( a - - a ) ,  25 C (X--X) ,  30 C ( e - - o )  
and 33.5 C ( o - - o )  was measured and plotted as percent change of initial absorbance. 

f rom 25 C to  33.5 C had little e f fec t  on spore  
germina t ion  in vivo. However ,  by growing spores 
at 20 C, the  abili ty to  germinate  was marked ly  
reduced.  

Fatty Acid Analysis of Spores 
Grown at Different Temperatures 

Since varying the sporula t ion  t empera -  
tures al tered the  triggering o f  spore germina- 
t ion in spores  grown at 20 C, the  e f fec t  o f  
sporula t ion  t empera tu re  on the  fa t ty  acid 
compos i t i on  of  spores  was examined .  As 
shown  in Table 2, spores g rown be tween  20 
and 33.5 C con ta ined  the  same c o m p l e m e n t  
of  fa t ty  acids wi th  some small differences.  A 
general  t r end  can be seen in tha t  decreasing 
the g rowth  t empera tu re  increased the  a-C15 
fa t ty  acids slightly and decreased the  i-C14 
and i,C16 fa t ty  acids, in addi t ion  to  o the r  
minor  changes.  These changes are in agree- 
m e n t  wi th  f indings in o the r  organisms tha t  
decreasing the growth  t empera tu re  increases 
the p r o p o r t i o n  of  low mel t ing  poin t  fa t ty  acids 
and decreases the high mel t ing fa t ty  acids 
(15,17).  

Vegetat ive cells of  some Bacilli, when  
grown at 20 C, replace up to  5% of the i r  to ta l  
fa t ty  acids wi th  unsa tura ted  iso-fat ty  acids (33). 

The presence  of  unsa tura ted  fa t ty  acids in our  
spores grown at 20 C was examined  by  argenta- 
t ion c h r o m a t o g r a p h y  (34). We de tec ted  no  
unsa tu ra ted  fa t ty  acids wi th  a l imit  of  de tec t ion  
in our  assays at less than  3% of  the  to ta l  fa t ty  
acid present  (da ta  no t  shown).  Therefore ,  we 
canno t  rule ou t  a po ten t i a l  o f  role o f  unsatu-  
ra ted  fa t ty  acids in account ing  for  the poor  
germina t ion  proper t ies  of  spores  grown at 20 
C. However ,  as we show below,  several o ther  

TABLE 2 

Fatty Acid Composition of B. megaterium Spores 

Fatty acid 

Percentage of total fatty acid a 
Growth temperature b 

20C 25 C 30C 33.5 C 37 C 

i-C14 12.8 13.4 16.6 18.6 28.1 
n-C14 34.7 36.6 34.0 32.8 7.4 
i-Cl5 16.2 14.0 14.4 13.0 19.2 
a-C15 21.4 18.0 17.8 15.2 21.6 
n-C15 _c 1.0 - - 1.1 
i-C 16 3.2 5.9 5.9 8.8 15.5 
n-C16 6.3 6.2 7.1 6.8 3.6 
i-C17 3.3 2.8 2.0 1.6 1.2 
a-C17 1.4 1.9 2.2 2.2 2.2 

Grouped 
Components 

Branched 
Iso 35.5 36.1 38.9 42.0 64.0 
Anteiso 22.8 19.9 20.0 17.4 23.8 

Unbranched 41.0 43.8 41.1 39.6 12.1 

aValues are the mean of at least 2 determinations 
and the range was within -+ 5% of the mean. Recovery 
was greater than 90% as measured with octadecanoic 
acid added during saponification. 

bSpores were grown in SNB as described in Methods. 
CConstitutes trace amounts. 

factors  may  also accoun t  for  the  p o o r  germina-  
t ion.  

Finally,  in Table 2, the  fa t ty  acid composi-  
t ion  of  spores grown at 37 C is also shown.  This 
was done  to  compare  our  f indings wi th  those  of  
Scandella and Kornberg  (12) and to  iden t i fy  
the individual fa t ty  acids they  had n o t  repor ted .  
The fa t ty  acid compos i t i on  of  spores grown 
at 37 C was similar to  previously r epo r t ed  
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TABLE 3 

Fatty Acid Composition of Spore Membranes 

Fatty acid 

Percentage of total fatty acid a 
Growth medium and temperature 

SNB (30 C) SNI (30 C) SNB (20 C) 

i-C14 15.9 - 12.8 
n-C14 32.9 36.7 35.3 
i-C15 14.8 1.3 15.0 
a-Cl 5 18.9 42.3 22.0 
n-C 15 b 3.8 -- 
i-C16 6.1 - 3.0 
n-C16 6.4 8.3 6.1 
i-C17 2.3 1.3 3.5 
a-C17 2.1 5.t 1.5 

Grouped 
Components 

Branched 
Iso 39.1 2.6 34.3 
Anteiso 21.0 47.4 23.5 

Unbranched 39.3 48.4 41.4 

aSpores were grown in SNB at 30 C or 20 C or in 
SN1 at 30 C and membranes were isolated as described 
in Methods. Fatty acid analyses were done as described 
in Methods. 

bConstitutes trace amounts. 

values (12)  bu t  was qui te  d i f fe ren t  f rom spores  
g rown b e t w e e n  20 and  33.5 C. First ,  t he re  was 
a large increase  in the  p r o p o r t i o n  of  b r a n c h e d  
cha in  f a t ty  acids and  a decrease  in s t ra ight  cha in  
f a t t y  acids. Second,  the  a m o u n t  of  n-C14 was 
r educed  f rom a b o u t  34% to  7.4%. These  dif- 
ferences  have  no t  been  previous ly  r e p o r t e d  
because  spores  g rown at d i f fe ren t  t e m p e r a t u r e s  
were never  compared .  

I t  may  be  n o t e d  t ha t  we have n o t  r epo r t ed  
the  g e r m i n a t i o n  p roper t i e s  o f  spores  g rown at 
37 C. This  is because  these  spores  are very un-  
s table  and  s p o n t a n e o u s l y  ge rmina te  (spores  
used for  ou r  f a t t y  acid analyses  were washed  
a b o u t  5 t imes  and  i m m e d i a t e l y  saponi f ied  
be fo re  any  g e r m i n a t i o n  occurred) .  We do n o t  
k n o w  if the  s p o n t a n e o u s  g e r m i n a t i o n  is due to 
the  increased  ra t io  of  b r a n c h e d -  to  s t ra ight -  
cha in  f a t ty  acids or o t h e r  changes  in m e m -  
b rane  compos i t i on ,  and  such a ques t i on  will 
be  di f f icul t  t o  answer  because  o f  the  p r o b l e m  
of  ge t t ing  e n o u g h  clean spores  to  analyze.  

The  above  resul ts  d e m o n s t r a t e d  t h a t  a l te r ing  
the  spo ru l a t i on  t e m p e r a t u r e  f rom 20 to  33.5 
C did n o t  change  the  f a t t y  acid c o m p o s i t i o n  
of  spores  as d ramat ica l ly  as w h e n  spores  were 
g rown  in the  presence  of  isoleucine.  Also, the  
abi l i ty  of  3 d i f fe ren t  ge rminan t s  to  t r igger  
g e r m i n a t i o n  was n o t  very  d i f fe ren t  for  spores  
g rown at 25,  30 or  33.5 C. Only  for  spores  
g rown at 20 C was g e r m i n a t i o n  inh ib i t ed ,  b u t  

AND J.C. VARY 

these  changes  are no t  r e f l ec ted  by  d rama t i c  
changes  in the  f a t t y  acid compos i t i on .  As 
will be discussed below,  the  observed  changes  
in g e r m i n a t i o n  could  be  a t t r i b u t e d  to o t h e r  
changes  in spore  compos i t i on .  The  i m p o r t a n t  
p o i n t  in this  s t u d y  is t h a t  changing  the  g r o w t h  
t e m p e r a t u r e  did n o t  provide  a s imple  a l terna-  
tive m e t h o d  for  changing  the  f a t t y  acid com-  
pos i t ion  of  spores.  

The Composition of Isolated Membranes 

Since changes  in the  f a t ty  acid compos i -  
t i on  of  spores would  mos t  l ikely in f luence  
the  fa t ty  acid c o m p o s i t i o n  of  spore m e m -  
branes ,  t he  e f fec t  o f  varied g r o w t h  c o n d i t i o n s  
on  spore  m e m b r a n e  fa t ty  acids was exam-  
ined.  M e m b r a n e s  isola ted f rom spores  g rown  
in SNB m e d i u m  at 30 C c o n t a i n e d  the  same 
f a t t y  acids and  in the  same p r o p o r t i o n s  as 
whole  spores  ( c o m p a r e  Table  3, c o l u m n  1 
and  Table  2, c o l u m n  3). The  analysis  o f  m e m -  
b ranes  i s o l a t e d  f rom spores  g rown in SNI 
m e d i u m  at 30 C and  spores  g rown in SNB 
m e d i u m  at 20 C also ind ica t ed  t ha t  the  f a t t y  
acid c o m p o s i t i o n  of  i sola ted m e m b r a n e s  was 
s imilar  to  t ha t  of  whole  spores  ( c o m p a r e  
Table  3, c o l u m n  2 and  Table  1, c o l u m n  4, and  
Table  3, c o l u m n  3 and  Table  2, c o l u m n  1, 
respect ively) .  These  resul ts  show tha t  altera- 
t ions  in  the  f a t t y  acid of  whole  spores  ref lect  
changes  in the  f a t t y  acid c o m p o s i t i o n  of  the  
spore  m e m b r a n e .  

The  ef fec t  of  var ied g r o w t h  cond i t i ons  on  
m e m b r a n e  c o m p o n e n t s  in  a d d i t i o n  to f a t t y  
acids was also de t e rmined .  The  p h o s p h o l i p i d  
c o m p o s i t i o n  of  m e m b r a n e s  i so la ted  f rom 
vegeta t ive  cells g r o w n  on SNB m e d i u m  was 
ana lyzed  (see Table  4)  and  four  d i f f e ren t  phos-  
pho l ip ids  were present .  The 2 p r e d o m i n a n t  phos-  
pho l ip ids  were PG and  PE which  t o g e t h e r  com-  
prised grea ter  t h a n  75% of  t he  t o t a l  p h o s p h o -  
l ipids presen t ,  and  t he  r ema in ing  p h o s p h o l i p i d s  
were a c c o u n t e d  for  by  DPG and Glc-NH2-PG. 
These  results  are in ag reemen t  wi th  previously  
pub l i shed  resul ts  for  vegeta t ive  cells of  th is  
s t ra in  (26).  The  same p h o s p h o l i p i d  species 
were p resen t  in  m e m b r a n e s  i so la ted  f rom 
spores  grown on SNB m e d i u m  at 30  C (con t ro l ) ,  
b u t  t he  relat ive p r o p o r t i o n  of  the  indiv idual  
phospho l ip id s  was d i f fe rent .  Most  d rama t i c  
was the  increase in DPG and  the  decrease in 
PE, and  these  resul ts  agree wi th  previously  pub-  
l ished values for  whole  spores  (24 ,26)  and  
m e m b r a n e s  i so la ted  f rom spores  (24).  The  
p h o s p h o l i p i d  c o m p o s i t i o n  of  m e m b r a n e s  f rom 
spores  g rown in SNI m e d i u m  was also ana lyzed  
(Tab le  4) and  f o u n d  to c o n t a i n  the  same com- 
p l e m e n t  of  phospho l ip id s  and  in the  same pro- 
po r t i ons  as the  con t ro l .  This  resul t  suggests 
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tha t  the  observed changes in the  germina t ion  
proper t ies  of  spores grown in an isoleucine 
med ium were no t  due to  changes in phospho-  
lipid head group ratios. 

Also, m e m b r a n e s  f rom spores  grown at dif- 
fe rent  t empera tu res  were analyzed to  de te rmine  
if the  phospho l ip id  compos i t i on  changed wi th  
growth  t empera tu re  as was observed fo r  fa t ty  
acids. Membranes  f rom spores grown at 30 C 
and 25 C conta ined  the  same phosphol ip ids  
and in the  same p ropo r t i ons  as the control .  
However ,  membranes  isolated f rom spores  
grown at 20 C on SNB med ium con ta ined  the  
same phospho l ip id  species as the  cont ro l ,  but  
the  am oun t  of  PG was increased while DPG 
decreased (see Table 4, co lumn 5). This sug- 
gests that  the changes in germina t ion  prop-  
erties observed wi th  spores grown at 20 C 
could be in par t  a t t r ibu ted  to the al tered 
phospho l ip id  compos i t ion .  

Finally,  the phospho l ip id  to  p ro te in  ratio 
(see Table 4) showed  little or no d i f ference  
be tween  membranes  isolated f rom vegetative 
cells, spores  grown in isoleucine,  spores grown 
at 25 C in SNB med ium,  or spores  grown at 30 
C (control ) .  However ,  in spores  grown at 20 C, 
the phospho l ip id  to  p ro te in  rat io was decreased 
relative to  the  control .  These results show tha t  
wi th  spores grown at 20 C there  was l i t t le change 
in fa t ty  acid compos i t ion ,  bu t  b o t h  p h o s p h o -  
lipid head  group ratios and phospho l ip id  to  
p ro te in  ratio were al tered.  While the  la t ter  
changes in m e m b r a n e  compos i t i on  might  
account  for  the reduced  germina t ion ,  we 
canno t  rule out  o the r  factors.  However ,  these 
results do suggest a possible re la t ionship be tween  
the  triggering of  germina t ion  and the  spore  
m e m b r a n e  compos i t ion .  This is suppo r t ed  by 
the observat ion  tha t  when  spores  were grown in 
the presence  of  isoleucine,  the  p r o p e r t y  of  the  
spore  m e m b r a n e  tha t  was al tered was the  fa t ty  
acid compos i t ion .  F u r t h e r m o r e ,  when  spores  
were grown at 20 C, b o t h  the  phospho l ip id  
compos i t i on  as well as the  phospho l ip id  to  
p ro te in  rat io was altered.  In b o t h  cases, a l tered 
growth  cond i t ions  changed the  compos i t i on  o f  
spore membranes  and changed the  ge rmina t ion  
of these  spores  in vivo. 

Fluorescence Depolarization Studies 
of Isolated Membranes 

Previous studies wi th  o the r  organisms have 
shown tha t  a l te ra t ions  o f  the lipid and /o r  
p ro te in  compos i t i on  of  m e m b r a n e s  could be 
corre la ted wi th  changes in m e m b r a n e  "f luid-  
i t y "  as de t e rmined  by a n u m b e r  of  d i f fe rent  
techniques  (35-39) .  Since membranes  isolated 
f rom vegetative cells and spores exh ib i t ed  
d i f fe rent  m e m b r a n e  compos i t ions ,  these  mem-  

TABLE 4 

Phospholipid Composition of Isolated Membranes 

Percentage of total phospholipid a 
Vegetative b 

cells Spores c 
SNB SNI SNB 

Phospholipid (30C) (30C) (30C) (25C) (20C) 

DPG 14 29 30 29 19 
PG 47 44 41 46 57 
PE 31 16 16 16 12 
Glc-NH2-PG 8 "12 13 15 13 

Ratio of 
phospholipid 
toprotein d 0.23 0.26 0.26 0.24 0.16 

avalues are the mean of 2 determinations and the 
range was within + 5% of the mean. 

bMembranes were isolated from vegetative cells 
grown in SNB medium at 30 C and harvested during 
exponential growth. 

CMembranes were isolated from spores grown in 
SNB media at 30 C, 25 C and 20 C as well as spores 
grown in SNI media at 30 C as described in Methods. 

dThe ratio is based on mg of phospholipid/mg of 
protein. The average mw of phospholipid used for the  
conversion were: 779 mg/mmol for vegetative cells, 
846 mg/mmol for spores grown in SNB medium at 
30 C, 869 mg/mmol for spores grown in SNI medium 
at 30 C, 864 mg/mmol for spores grown in SNB 
medium at 25 C, and 882 mg/mmol for spores grown 
in SNB medium at 20 C. These values were calculated 
by determining the average mw of fatty acid for each 
membrane from the fatty acid analysis and using this 
value for the acyl moiety of the phospholipid. T h e n  
the  relative contribution of each phospholipid was 
used to determine the average mw of the phospholipid. 

branes were examined  to  see what  e f fec t  these 
changes might  have on  the  ro ta t iona l  mobi l i ty  
of  the  rod-shaped  l ipophil ic  f luorescent  p robe ,  
DPH, as de te rmined  by s teady-s ta te  f luorescence  
an iso t ropy  measurements .  Membranes  isolated 
f rom spores  g rown in SNB at 30 C (cont ro l )  
exh ib i ted  a decrease in the an i so t ropy  of  DPH, 
when  the  t empe ra tu r e  was increased f rom 10 to  
38 C (Fig. 4). These results agree with o the r  
s tudies on  changes in an i so t ropy  of  DPH as a 
func t ion  of  t empera tu re  ( 4 0 - 4 2 ) .  No a t t emp t s  
have been  made  to  draw lines th rough  these 
po in t s  since it is doub t fu l  w h e t h e r  d i s c o n -  
t inuit ies in Arrhenius  curves r epo r t ed  by DPH 
have s imple physical  in t e rp re ta t ions  in complex  
biological membranes  (Michael Glaser, Univer- 
sity of  Illinois, Urbana,  personal  communica -  
t ion).  The an i so t ropy  of  DPH in m e m b r a n e s  
isolated f rom vegetat ive cells was less than  in 
spore membranes .  The increased mobi l i ty  of  
DPH in membranes  isolated f rom vegetat ive 
cells agrees with the fa t ty  acid analysis (see 
Table 1) which  showed  these  membranes  to  
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FIG. 4. Isolated membranes studied by fluores- 
cence depolarization of DPH. Isolated membranes 
labeled with DPH were diluted with 10 mM HEPES 
(pH 7.5) to a final protein concentration of 0.5 mg/ml 
and 2 ml transferred to cuvettes preequilibrated to 
10 C. The dependence of anisotropy on temperature 
was measured in the range of 10-38 C. All points 
represent the mean calculated from a minimum of 2 
experiments. Membranes were isolated from vegetative 
cells grown in SNB medium at 30 C (A-A), or from 
spores grown in SNB medium at 30 C (e-o) ,  25 C 
(o-o) and 20 C (Zx-Zx) and from spores grown in SNI 
medium at 30 C (+-+) as described in Methods. 

have a higher proportion of low melting fatty 
acids. In addition, these membranes have a 
greater percentage of  branched-chain fatty 
acids, which have been shown not to pack 
as tightly as straight-chain fatty acids (14,43, 
44), and therefore should permit increased 
DPH mobility. 

Membranes isolated from spores grown on 
isoleucine showed no difference in the aniso- 
tropy of DPH from the control at tempera- 
tures greater than 20 C but, in the range of 
10-20 C, the anisotropy of DPH in these 
membranes was less than the control. These 
results agree with the following: First, in 
vivo studies on the triggering of germina- 
tion showed that spores grown on isoleucine 
germinated more readily at temperatures below 
28 C (see Fig. 2). Second, the increased mobil- 

ity of DPH at the lower temperature agrees 
with the results of fatty acid analysis (see 
Table 1) which showed that spores grown on 
isoleucine had increased levels of the low 
melting fatty acids. It, therefore, suggests a 
possible correlation between the physical 
properties of spore membrane and its role in 
the triggering of germination. This finding should 
not be confused with another study that 
reported an increase in the anistropy of DPH 
when labeled membranes were exposed to 
trigger compounds (Skomurski et al., sub- 
mitted). Although both studies are focusing 
on the role of spore membranes during the 
triggering of germination, the above study 
examined the effect of  trigger compounds 
on the physical state of membranes while 
the present study investigated the effect of 
altering the physical state of membranes on 
the ability of spores to trigger germination. 

As anticipated from the analysis of mem- 
brane composition, the anisotropy of DPH in 
membranes isolated from spores grown at 25 
C was similar to membranes from spores grown 
at 30 C (Fig. 4). But the anisotropy of DPH in 
membranes isolated from spores grown at 20 C 
appeared greater than the control. The inter- 
pretation of this result is complicated by the 
finding that in these membranes the relative 
proportion of phospholipids was changed (PG 
increased while DPG decreased), while the 
ratio of phospholipid to protein decreased. 
Since increasing PG while decreasing DPG 
would be expected to lower the melting point 
of phospholipids (45), these membranes might 
be expected to allow less anisotropy of DPH 
than the control. However, the anisotropy of 
DPH in these membranes was greater than the 
control, in agreement with the effect of decreas- 
ing phospholipid to protein ratio (42,46,47). 
This would suggest that decreasing the ratio 
of phospholipid to protein had a greater effect 
on DPH anisotropy in these membranes than 
did changes in the proportions of PG to DPG. 
These results further support the hypothesis 
that some component of the trigger reaction 
may be associated with the membrane, since 
altering the physical property of the spore 
membrane changed the spore's ability to trigger 
germination. However, we cannot exclude the 
possibility that some other components of the 
spores may also have been altered. 

In summary, the results of this study show 
that altering the fatty acid composition of 
spores and spore membranes influences the 
ability of spores to germinate in vivo. Changes 
in the fatty acid composition of  spore mem- 
branes correlated with changes in the physical 
properties of isolated membranes as determined 
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by steady-state anisotropy measurements of 
DPH. These findings suggest that the germina- 
tion of spores can be altered by changing their 
fatty acid and/or  phospholipid composit ion as 
well as the phospholipid to protein ratio. 
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Effects of Cereals and Culture Filtrate 
of Trichoderrna vMde on Lipid Metabolism of Swine1'2 

ASAF A. QURESHla,  *,  WARREN C. BURGER a, CHARLES E. ELSON b, and NORLIN  J. 
BENEVENGA b aUSDA, SEA-AR, Barley and Malt Laboratory, 501 IV. Walnut Street, 
Madison, W153705," and aDepartment of Agronomy, and bDepartment of Nutritional 
Sciences, University of  Wisconsin, Madison, W153706 

ABSTRACT 

Swine were fed corn- or barley-based diets with, or without, culture filtrate (CF) of Trichoderma 
viride for 21 days Weight gains were nonsignificantly but slightly increased by CF. The activities of fl- 
hydroxy-~-methylglutaryl coenzyme A (HMG-CoA) reductase, cholesterol 7a-hydroxylase, acetyl-CoA 
carboxylase (ACX), fatty acid synthetase (FAS) and other lipogenic enzymes in several tissues were 
determined. Significant decreases in the activities of HMG-CoA reductase and cholesterol 7a-hydroxy- 
lase in all tissues of swine fed the CF-diets were observed. The major site for the regulation of choles- 
terol biosynthesis was adipose tissue followed by the intestine, liver, lung and muscle in order of activ- 
ity. The concentrations of cholesterol in serum and muscle were decreased 27% and 23%, respectively, 
by CF. ACX and FAS activities increased ca. 2-fold when CF was fed with either of the cereal-based 
diets The major sites for fatty acid synthesis was the adipose tissue and, to a lesser extent, the liver. 
Very low rates of synthesis were detected in intestine; lung and muscle. Similar distributions of activi- 
ties were found for related lipogenic enzymes. 
Lipids 17:924-934, 1982. 

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

We recently reported that dietary cereals and 
material in the culture filtrate (CF) of Tricho- 
derma viride influence the rate of cholesterol 
biosynthesis and that the lowest rate of fatty 
acid biosynthesis were present in livers of chick- 
ens fed a corn-based diet. A barley-based diet 
produced the greatest fatty acid synthetase 
(FAS) activity and lowest ~-hydroxy-~-methyl- 
glutaryl-CoA (HMG-CoA) reductase (ED 1.1.1.- 
34) activity. CF added to each cereal-based diet 
further increased fatty acid synthesis and re- 
duced cholesterol biosynthesis (1,2). 

In a number of studies, it has been established 
that the relative contributions of  tissues sites to 
overall fatty acid and cholesterol synthesis vary 
appreciably depending on the animal species 
studied. Essentially a l / fa t ty  acid synthesis takes 
place in the fiver of chicken (3-8), whereas in 
the rat the adipose tissue assumes this major 
role (5). Cholesterol biosynthesis in both species 
occurs primarily in the liver (5-9). Tissues of 
the gastrointestinal tract also contribute to over- 
all cholesterol synthesis (9). In swine, virtually 

ICooperative investigation between the Science 
and Education Administration, US Department of 
Agriculture, and College of Agricultural and Life 
Sciences, University of Wisconsin, Madison. 

2Mention of a trademark or proprietary product 
does not constitute a guarantee or warranty of the 
product by the US Department of Agriculture and 
does not imply its approval to the exclusion of other 
products that may also be suitable. 

all fatty acid synthesis occurs in the adipose 
tissue (10-14). Cholesterol biosynthesis, sup- 
ported by acetate or glucose, is shared by the 
liver and adipose tissue (14,15). 

The present investigation was conducted to 
determine whether corn- and barley-based diets 
with and without CF exert the same influence 
on the mammalian fipid metabolism as was pre- 
viously reported in the avian system (1,2). In 
addition to fiver and adipose tissue fipogenic 
activities, the enzymic activities were also ex- 
amined in swine lung, muscle and intestinal tis- 
sue. The fist of  cholesterogenic and lipogenic 

e n z y m e  activities examined included: HMG-CoA 
reductase, cholesterol 7ot-hydroxylase (EC 1.14), 
FAS, acetyl-CoA carboxylase (ACX, EC 6.4.1.2), 
glucose-6-phosphate dehydrogenase (G6PD, EC 
1.1.1.49), 6-phosphogluconate dehydrogenase 
(6PGD, EC 1.1.1.44), malic enzyme (ME, EC 
1.1.1.40) and citrate-cleavage enzyme (CCE, EC 
4.1.3.8). Cholesterol concentrations in serum 
and muscles were also determined. The addition 
of CF to either diet caused a marked decrease 
in cholesterol synthesis and concentration, 
whereas fatty acid synthesis was stimulated. Re- 
suits of  this study are discussed in relation to 
the dietary modification of  cholesterol and 
fatty acid metabolism, assuming swine are rep- 
resentative of  other mammalian models. 

MATERIALS  A N D  METHODS 

Experimental materials were purchased from 
the following sources: acetyl-CoA, malonyl- 
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CoA, RS-mevalonic acid, glucose-6-phosphate, 
dithiothreitol,  DL-isocitrate, glutathione, 
NADP § NADPH, NADH, ATP, glucose-6-phos- 
phate dehydrogenase, cysteamine, Tween-80, 
triethanolamine hydrochloride, sodium malate, 
coenzyme A, malate dehydrogenase, nicotina- 
mide and 6-phosphogluconate from Sigma 
Chemical Co. (St. Louis, MO); cholesterol, Al- 
drich Chemical Co. (Milwaukee, WI), was re- 
crystallized twice in glacial ace_tic acid; 7a- 
hydroxycholesterol  (5-cholesten-3/~,7a-diol) 
and 7-ketocholesterol (5-cholesten-3/3-ol-7-one) 
from Steraliods, Inc. (Wilton, NH); EDTA from 
Fisher Scientific Co. (Itasca, IL); bovine serum 
albumin from Nutritional Biochemicals Corpor- 
ation, (Cleveland, OH); and DL-3-hydroxy-3- 
methyl-[3-14C] glutaryl-CoA (sp act, 26.3 mCi/ 
mmole), [4-14C] cholesterol (sp act 50-60 mCi/ 
mmole), [14C]sodium bicarbonate (sp act, 48 
mCi/mmole) and Aquasol (scintillation solution) 
from New England Nuclear (Boston, MA). Bar- 
tey, var. "Larker ,"  was purchased from the Lad- 
ish Malting Company (Jefferson, WI). Other 
diet components were obtained locally. All 
other chemicals were of analytical grade. The 
lyophilized T. viride CF was the commercial 
enzyme product, "Cellulase Onazuka" (Khaki 
Yakult Co., Ltd., Tokyo). 

TABLE 1 

Percent Composition of the Swine Diets  

Diets 

Ingredients Corn Barley 

Corn a 82.0 -- 
Barley -- 82.0 
Soybean meal 
(44% protein) 17.0 17.0 
Iodized salt 0.5 0.5 
Vitamin mixture b 0.5 0.5 

aAnalyses of corn and barley were 9.1 and 12.0% 
protein, respectively. 

bThe vitamin premix supplies per kg of complete 
diet: lysine, 250 rag; calcium as Calcium carbonate and 
dicalcium phosphate, 1 g; calcium iodate, 200/ag; zinc, 
900 #g; iron, 9 mg; manganese, 7 mg; sodium and po- 
tassium chlorides, 750 mg; riboflavin, 100 mg; panto- 
thenic acid, 200 mg; niacin, 660 mg; choline, 4.4 g; 
vitamin BIz , .77 /~g; vitamin A palmitate, 132,000 U; 
vitamin D a , 132,000 U; and vitamin E, 363 U. 

TABLE 2 

Proximate Analysis of Corn- and Barley- 
based Diets ("as is" percentage basis) 

Component Corn diet Barley diet 

Animals and Diets 

Twelve Yorkshire and 10 Hampshire gilts 
(young female swine that have not produced a 
litter) 5 months of  age, 100 kg, were obtained 
locally. Prior to this study, the gilts were fed a 
diet providing 14.3% protein and 3% fat supplied 
by ground yellow corn plus soybean meal and 
supplemented with a commercial vitamin-min- 
eral premix. 

The gilts were distributed into 4 groups, 2 of  
which included 2 Hampshire and 3 Yorkshire 
gilts, the remaining 2 groups each included 3 
Hampshire and 3 Yorkshire gilts. A corn-based 
diet (control group) was fed to each group of  5 
gilts and barley-based diet was fed to each group 
of  6 gilts. Culture filtrate (0.008%) was added 
to the diets of one group of gilts fed each diet 
(Table 1). The proximate analysis of  each diet 
is given in Table 2 (16). Amino acid composi- 
tion of the protein fraction was determined (17). 
Diets and water were provided ad libitum; the 
gilts were fed in confinement with 12-hr light 
and dark periods. The gilts were weighed and 
blood samples were drawn from the jugular 
vein at 1000 hr at 5-day intervals. After 21 days, 
the gilts were slaughtered (at the Muscle Biology 
Laboratory, UW) and samples of  liver, lung, in- 
testine (duodenum), adipose tissue (inner, 
perineal; and outer  at the 8th (rib) and muscle 
(semimembranous) tissues were taken for anal- 

Nitrogen 2.31 2.56 
Protein (N X 6.25) 14.4 16.0 
Ether extractables 4.5 3.2 
Moisture 9.9 9.9 
Ash 5.3 6.4 
Carbohydrate 72.0 60.5 

beta-glucan 0.6 7.8 
arabinose 0.2 0.9 
xylose 7.0 8.4 

Acid det. fiber 3.0 6.2 
Dietary fiber a 3.8 13.9 
Kcal/g diet 3.4 3.3 

aDietary fiber = 100 - (protein + ether extractables 
+ ash + carbonhydrate). 

yses. 

Preparation of Tissues for Analyses 

Tissue homogenates were prepared in 0.1 M 
potassium phosphate buffer, pH 7.4 containing 
4 mM MgC12, 1 mM EDTA and 2 mM dithio- 
threitol. The tissues were chopped and suspen- 
ded in the buffer (1:2, w/v except muscle, 1:1, 
w/v) and homogenized with a Polytron homo- 
genizer. These procedures were done at 4 C for 
all tissues except the adipose tissues which were 
prepared at 10 C. The 100,000 x g supernatant 
(cytosol) and microsomal fractions were stored 
at -20 C until assayed for enzymatic activities 
(18). Enzymatic assays of adipose tissue were 
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conducted with fresh preparation specifically 
for lipogenic enzymes, which confirmed earlier 
observations (19). Protein concentrations were 
estimated by a modification of the Biuret 
method using the bovine serum albumin as a 
standard (20). 

Assays for the Cholesterol Biosynthesis, 
Oxidation and Concentration 

~-Itydroxy-[J-methylglutaryl Coenzyme A 
Reduetase- Ten/21 micros.ome suspensions (300 
/2g protein) were incubated at 37 C with 0.3 unit  
glucose-6-phosphate dehydrogenase in a vol of 
70 /21. After 10 min, 80/21 of  a coefactor-sub- 
strate solution containing 4.5 /2tool glucose-6- 
phosphate,  5/2mol potassium phosphate/buffer ,  
pH 7.4, 0.3/2mot dithiothreitol ,  25 nmol DL-3- 
hydroxymethy l - [3J4C]g lu ta ry l  CoA (2 x l0  s 
dpm) and 450 nmol NADP § were added. After  
15 min, 25 /21 of  I0 N HCI was added to end 
the reaction. After  waiting for 30 min to permit  
mevalonic acid to lactonize, the denatured pro- 
tein was sedimented by centrifugation. Aliquots 
of  the protein-free solution was applied to acti- 
vated Silica Gel G thin layer plates. 

DL-mevalonolactone standard was applied to 
the end channel plate. The plate was developed 
in 1:1 benzene/acetone,  the end channels and 
regions from the plate corresponding to the light 
brown standard were scraped into counting vials. 
Aquasol was added and radioactivity measured. 
Enzyme activities reflect nmoles mevalonic acid 
synthesized/min/mg microsomal protein (21). 

Cholesterol 7c~-Hydroxylase 

Fif ty /2g microsomal protein in 145 p.l 
homogenizing buffer were incubated for 10 min 
at 4 C with 5/J1 buffer containing 0.1 unit  glu- 
cose-6-phosphate dehydrogenase. Then 800 /21 
cofactor mixture containing 50/2mol potassium 
phosphate buffer, pH 7.4, 5/2mol cysteamine, 
5 /2mol MgC12, 2 /2mol glucose-6-phosphate, 
100 /2mol cholesterol (0.1 Ci [4-X4C] cholester- 
ol), 1 mg Tween 80 and 50/amol  NADP § were 
added. The incubation for 30 min was at 37 C. 
The reaction was terminated by  the addit ion of  
1 ml ethanol. This mixture was extracted twice 
with light petroleum ether. The extract  was 
taken to dryness, dissolved in benzene/methanol ,  
4:1,  and applied with reference standards of 
cholesterol and 70t-hydroxycholesterol under 
nitrogen to an activated Silica Gel G plate. The 
plate was developed with benezene/ethyl  ace- 
tate,  2:3. The cholesterol and 7a-hydroxycho-  
lesterol bands were identified under ultraviolet 
light and the bands removed and assayed for 
radioactivity as described (22). 

Estimation of Cholesterol in Serum and Muscle 

The blood (3 mi) was collected from the 
jugular vein, centrifuged at 10,000 • g for 10 
rain and the serum was stored a t -20C until the 
analyses were performed. Cholesterol concen- 
trations in serum and muscle samples were esti- 
mated using Worthington "Cholesterol Reagent" 
obtained from Worthington Diagnostics Division 
of Millipore Corporation,  Freehold,  NJ. 

Assay for the Lipogenic Enzymes 

A cetyl-CoA carboxylase. Cytosolic protein 
(200-400/2g) was incubated at 37 C for 10 rain 
in a vol of  175 /21 containing 15/2mol Tris HC1, 
pH 7.0, 0.5 /2mol glutathione, 2 /2mol MgC12, 
25nmoi EDTA, 0.15 mg bovine serum albumin 
and 5 /2mol potassium citrate. The reaction was 
init iated by the additions of  50/21 solution con- 
raining 0.5/2mol ATP, 50 nmol acetyl-CoA and 
25/21 of  [14C]NaHCO3 (2.5 nmol and 1 • 106 
dpm). Following incubation for 10 min at 37 C, 
the reaction was s topped by the addit ion of  50 
/21 6 N HC1. Following centrifugation at 5000 
x g for 10 min, 200 /21 of the supematant  
solution were placed in a counting vial and 
taken to dryness, the precipitate dissolved in 
200 /zl water, 6 ml Aquasol added and the 
samples counted for radioactivity.  The enzyme 
activity reflects nmol malonyl-CoA formed/  
min/mg cytosolic protein (23). 

Spectrophotometric assays. These assays 
were monitored at 340 nm with recorder set for 
0.1 full scale. The reaction in 0.5 ml was run at 
room temperature;  the reaction init iated by the 
addit ion of 25-250/2g cytosolic protein to the 
reaction mixture. The absorbance of 1 mM 
NADPH or NADH is 6.22. Enzyme activities 
reflect nmol NADPH or NADH (or NADP § 
oxidized (or reduced)/rain/rag cytosolic protein. 

Fatty Acid Synthetase 

The reaction mixture contained 250 /2mol 
potassium phosphate,  pH 7.0, 16 nmol  acetyl- 
CoA, 50 nmol malonyl-CoA, 0.5 /2tool EDTA, 
0.5 /2mol ~-mercaptoethanol,  and 50 nmol 
NADPH (24). 

Glucose-6-phosphate Dehydrogenase 
The reaction mixture (0.5 ml) contained 50 

/2mol Tris-HC1, pH 8.0, 15 /2tool KC1, 5 /2mol 
nicotinamide, 1 /2mol glucose-6-phosphate and 
0.125/2mol NADP § (25). 

6-Phosphogluconate Dehydrogenase 

The reaction mixture contained 50 /2mol 
Tris-HCI, pH 8, 15 /2tool KCI, 5/2mol MgCI2, 
5/2mol nicotinamide; 1/2mol 6-phosphoglucon- 
ate and 0.5/2mol NADP § (25). 
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Malic Enzyme 

The reaction mixture contained 35/amol tri- 
ethanolamine hydrochloride,  pH 7.4, 0.25/.tmol 
sodium L-malate, 2.5 ~tmol MAC12 and 0.125 
#mol  NADP + (26). 

Citrate-cleavage Enzyme 

The reaction mixture contained 100 pmol  
Tris-HC1, pH 8.4, 10 pmol  potassium citrate, 
2.5 pmol  ATP, 0.1 pmol  coenzyme A, 5 pmol  
~3-mercaptoethanol, 5 pmol  MgClz, 0.1 unit  
malate dehydrogenase and 0.1 pmol  NADH (27). 

Following differential centrifugation of adi- 
pose tissue and liver homoegenates, the protein 
concentrations of the cytosolic and microsomal 
fractions were determined. Separable fat from 
pigs of comparable back ground ranges from 15 
to 20% of  live weights (personal communication,  
R.G. Kaufman, University of Wisconsin). We 
estimated that  the liver and adipose tissue con- 
tained 58 and 200 g cytosolic protein and 50 
and 140 g microsomal protein, respectively. To- 
tal enzyme activities, based on these estimates, 
of the two tissues are presented for discussion 
purposes: The average value for the inner and 
outer  adipose tissue specific activities were used 
in our calculations. 

Expression of Data and Statistical Methods 

Enzyme data were expressed as specific activ- 
ities (uni ts /mgcytosol ic  or microsomal protein/  
min). Statistical comparisons of these results 
were performed by two-way analysis of variance. 
When the F test indicated significance, the dif- 
ferences between the means analyzed by pro- 
tected LSD test using the correction for samples 
of unequal size (28). 

R ESU LTS 

The corn- and b~dey-based diets provided 
about 3.4 and 3.3 kcal/g, respectively. During 
the experiment,  energy consumption calculated 
per individual animal fell within the range 178, 
000 and 190,000 kcat (183,000 + 4,900) (Table 
3). Weight gains of  the groups ranged from an 
average of  18.3 + 3.0 to 21.6 -+ 1.8 kg (Table 3). 
The average gain in weight by gilts fed diets 
with 0.008% CF was about 8% (NS) greater. 
Diet intake was not  influenced by the addit ion 
of  CF. 

The specific activity of  HMG-CoA reductase 
in tissues from gilts fed the corn diet varied 
from 55.2 (muscle) to 485 (inner adipose) 
(Table 4). The activity in tissues of  gilts fed the 
barley diet varied from 42.3 (muscle) to 395.0 
(inner adipose); the activity in each tissue of 
the lat ter  dietary group was only 75-87% (p< 
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0.01)  of  that present irt the respective tissue of  
gilts fed the corn diet. The pattern of cholester- 
ol 7a-hydroxylase activity varied in a similar 
manner. Although inner and outer adipose tis- 
ues exhibited similar HMG-CoA reductase spe- 
cific activities, cholesterol 7a-hydroxylase activ- 
ity was significant!y higher (p<0.01)  in the 
inner adipose tissue (Table 4). The addition of  
CF to either diet produced a significant (p< 
0.01) decreased in HMG-CoA reductase (57 + 
8%) and cholesterol 7t~-hydroxylase (55 +- 9%) 
activities. "~ 

The values in parentheses represent percent .,= 
of  mean activity of the respective diet compared 
to corn control diet�9 The CF-mediated inhibi- 
tions were least effective in the liver (Table 4). .~ 
Ratios of the activities of biosynthetic and oxi- 
dative enzymes (Tables 5 and 6) were calculated 
for each tissue. In outer adipose tissue, lung and g" 
muscle, biosynthetic activity was 49-fold the 
oxidative activity; in liver and intestine, 36-fold, 
and in the inner adipose tissue, biosynthetic r, 
activity was only 26-fold the oxidative activity�9 
These calculations failed to reveal individual re- 
sponses to either the CF or the dietary cereal. 
The inner adipose tissue, which had the highest o 
biosynthetic activity, exhibited several-fold 
higher oxidative activity. ~ 

Inititally, the gilts had an average serum cho- ~ o 
lesterol concentration of 95.2 rag/100 ml (Table ~ .~ 
7). During the feeding trial, the cholesterol ~ '~ 
concentration in the serum of  gilts fed the corn ,~ 
diet remained at this level. The cholesterol con- .~ 
centration decreased progressively in the serum = 
of the gilts fed the barley diet. After 21 days, ~ 
their cholesterol concentration was 18% (p< :~ 
0.01) lower. Addition of  the CF to either diet 
reduced the cholesterol concentration by 11- ~; 
12% compared to the control diet (Table 7). 
The cholesterol concentration in muscle of gilts 
fed the barley diet was 17% lower than that in = 
muscle of corn-fed gilts (p<0.01).  A minimum ~. 
cholesterol concentration, 64 mg/100 g tissue, 
was found in the muscle of  gilts fed diets which -~ 
contained CF (p< 0.01, Table 7). 

Specific activities of key enzymes in the 
pathway leading to fatty acid synthesis are .~ 
shown on Tables 6-8. Those activities providing .~ 
reducing equivalents, G6PD, 6PGD and ME, 
(Tables 5 and 6) were greater in each tissue o 
(inner adipose, 29%; muscle, 91%) taken from 
gilts fed the barley diet compared to corn- 
based diet. In most tissues, ME activity was 
most elevated by the barley diet. The activities 
of CCE, ACX and FAS were also increased, 
generally in proportion to the increased NAD- 
PH: flow, when barley diet was fed. The influ- 
ence of the dietary cereal was greatest in the 
muscle tissue and least in the inner adipose tis- 
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sue; a reflection most likely of the very active 
biosynthetic process in the latter tissue. 

Whereas the addition of CF to the diets 
effected a halving of HMG-CoA reductase activ- 
ity in each tissue, CF addition to the diet sig- 
nificantly increased fatty acid biosynthesis in 
each tissue (Tables 5,6 and 8) compared to the 
dietary control, CF appears to elevate the activ- 
ities of ACX and FAS disproportionately higher 
than it elevates the activity of CCE and the pro- 
duction of reducing equivalents. Ratios of 
NADPred/CCE, NADPred/ACX and NADPred/ 
FAS were calculated for each tissue and treat- 
ment. The first ratio was not  greatly influenced 
by the CF; the latter two activity ratios were 
considerably lower in all tissues except the inner 
adipose tissue of gilts fed diets containing CF. 

DISCUSSION 

Although these studies w e r e  carried out to 
examine the influence of dietary cereal and CF 
on certain lipogenic activities in swine, the data 
also provide information regarding the relative 
lipogenic capacities of liver and adipose tissue�9 
Our estimate is that the liver possesses 8% of 
the FAS activity which is present in adipose tis- 
sue. The ratio of the FAS activity in adipose tis- 
sue to that present in liver is 12.6 -+ 1.5. The 
ratios for ME (16.0 -+ 1.8), CCE (15.8 + 2.3) 
and ACX (13.3 + 2.0) approach the FAS activ- 
ity ratio�9 The tissue activity ratios for the 
NADP+-dependent pentose phosphate/shunt en- 
zymes, G6PD and 6PGD, were 24.7 + 4.7 and 
7�9 + 0.8, respectively�9 These estimates are con- 
sistent with earlier reports (10-14) that adipose 
tissue serves as the major site of porcine lipo- 
genesis�9 

In regard to cholesterol metabolism, the adi- 
pose biosynthetic and oxidative capacities were 
7.2 + 1.0-fold and 8.2 + 2.2-fold for those of 
the liver, respectively. These calculations suggest 
that liver has only 14% of the biosynthetic 
capacity and 12% of the oxidative capacity 
present in adipose tissue�9 These estimates and 
the order of specific activities shown on Table 7 
are in agreement with the observations of Huang 
and Kummerow (15). 

The cereal base of the CF-free diet influenced 
weight gain (Table 3), serum and muscle cho- 
lesterol concentrations (Table 7), and the spe- 
cific activities of all enzymes (Tables 4-6,8)) ex- 
cept hepatic G6PD (Table 6) and inner adipose 
tissue FAS (Table 8). Weight gains by barley- 
fed gilts were 12% (diet consumed/kg) or 15% 
(diet consumed/kcal) more efficient than that 
produced by the corn-based diet (Table 3). The 
proximate analyses of the diets (Table 2) show 
that the major differences in the diets are the 
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c o n c e n t r a t i o n s  of  /3-glucan and  to ta l  d i e t a ry  
fiber.  These  mater ia l s  increase  cho les te ro l  ex- 
c r e t i on  and  h e n c e  decrease  p lasma cho les t e ro l  
(29-32) .  The  l ower  FAS ac t iv i ty  general ly  pres- 
en t  in  t h e  t issues o f  t he  corn-fed  gilts m a y  rep- 
r e sen t  a r e sponse  to  t h e  grea ter  q u a n t i t y  o f l i n o -  
leic acid p re sen t  in th is  feed s tuff .  T he  add i t i on  
o f  l inole ic  acid to  fa t - f ree  d ie t s  inh ib i t s  hepa t i c  
l ipogenesis  (33) .  Converse ly ,  the  sl ightly grea te r  
q u a n t i t y  of  fa t  in  t h e  corn-based  die t  (Tab le  2) 
m a y  under l i e  t he  e l eva t ion  o f  b o t h  t h e  s y n t h e t i c  
and  ox ida t ive  act ivi t ies  in cho les te ro l  m e t a b o -  
l ism. The  fac tors  u n d e r l y i n g  t h e  increased  feed 
e f f ic iency  o f  t h e  gilts fed t he  bar ley-based  diet  
are n o t  def ined .  This  d ie t  p rov ided  6.4% ash 
and  16.0% p ro t e in ,  whereas  t he  co rn  d ie t  pro- 
v ided  5.3% and  14.4% of  t he  respec t ive  frac- 
t ions .  Our  analysis  of  t h e  a m i n o  acid c o n t e n t s  
o f  t h e  t w o  grains s h o w e d  t h a t  lysine,  t h r e o n i n e ,  
r e l ine ,  and  i so leuc ine  c o n c e n t r a t i o n s  were  48 ,  
12, 23 and  16%, respect ive ly ,  h igher  in  bar ley ,  
whereas  l euc ine  was 64% h igher  in  corn.  These  
d i f fe rences  were  d i lu ted  b y  t he  add i t i on  o f  t he  
s o y b e a n  meal .  

T h e  add i t i on  of  CF t o  ch i cken  die ts  increased  
weight  gains, i n h i b i t e d  h e p a t i c  cho les t e ro l  b io-  
syn thes i s  and  o x i d a t i o n ,  l owered  p lasma cho-  
les tero l  levels and  s t imu la t ed  h e p a t i c  f a t t y  acid 
syn thes i s  (1,2) .  We have  n o w  obse rved  s imilar  
responses  in t he  pig; add i t iona l ly ,  we f o u n d  
t h a t  t he  CF  p r o d u c e d  s imilar  e n z y m a t i c  respon-  
ses in  ad ipose  t issue,  lung,  i n t e s t ine  and  muscle .  
The  c o o r d i n a t e  r e sponses  of  H MG - C oA  reduc-  
tase  and  cho les t e ro l  7a - hyd r oxy l a s e  have  b e e n  
observed  in  l iver o f  ra ts  (22)  and  ch ickens  ( I  ,2, 
34).  A review o f  ou r  da ta  reveals  t h a t  t he  inh ib -  
i t o ry  f ac to r  in  CF  was equal ly  ef fec t ive  t ow ar ds  
ad ipose  t issue and  h epa t i c  HMG-CoA reduc ta se  
bu t ,  in  regard  to cho les te ro l  7rv-hydroxylase,  
i t  was less i n h i b i t o r y  o f  t h e  hepa t i c  e n z y m e  
t h a n  of  t h e  ad ipose  t i ssue  enzym e .  

The  t issue o f  gilts fed diets  c o n t a i n i n g  CF  
e x h i b i t e d  g rea te r  l ipogenic  ac t iv i ty  t h a n  t he  tis- 
sues of  gilts fed t h e  n o n - C F  diets .  This  was evi- 
d e n t  b y  t he  increase  in ac t iv i ty  of  the  two  pen-  
tose  p h o s p h a t e / s h u n t  e n z y m e s  b y  1 6 7 . 2  + 
25.3%, mal ic  e n z y m e  158.8 + 26.8%, CCE 
177.6% + 28.1%, ACX 215 .2  -+ 44 .1% and  FA S  
210.5  + 43.5%. These  s tud ies  s u p p o r t  p rev ious  
research  wh ich  ind ica tes  t he  ma jo r i t y  of  de 
novo  f a t t y  acid syn thes i s  occurs  at  ad ipose  tis- 
sue si te  in  swine and  to  some  e x t e n t  in  t he  l iver 
(10 ,11) .  The  ef fec t iveness  of  CF to  i n h i b i t  cho-  
les terol  b iosyn thes i s  was ev iden t  at  t he  cellu- 
lar  level in  the  re la t ively  sho r t  t i m e - f r a m e  o f  20  
days  in adu l t  swine.  However ,  these  s tudies  
fai led to  i den t i fy  a specif ic  si te  o f  ac t ion  of  t h e  
CF factor .  Cons i s t en t  w i th  t he  da ta  wou ld  be 
t he  i n t e r p r e t a t i o n  t h a t  a f ac to r  in  t he  CF carries 

t he  p rope r t i e s  o f  an  anabo l i c  h o r m o n e .  A p rob -  
l em n o w  u n d e r  s tudy  is w h e t h e r  o r . n o t  the  fac- 
t o r  in  the  CF t h a t  i nh ib i t s  cho les t e ro l  b iosyn-  
thesis  and  o x i d a t i o n  is t he  f ac to r  t h a t  increases  
feed  e f f ic iency  and  s t imula tes  l ipogenic  act ivi ty .  
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ABSTRACT 

A protein that accelerates transfer of phospholipids of varying head group and fatty acid composi- 
tion has been purified from bovine liver. As previously found for other phospholipid transfer proteins, 
"nonspecific lipid transfer protein" stimulates a kinetically biphasic transfer of radioactively labeled 
phospholipid from small unilamellar vesicles to unlabeled multilamellar vesicles. The kinetics are con- 
sistent with rapid transfer of phospholipid from the outer monlayer and slow transfer of that localized 
in the inner monolayer (half-times greater than 3 days for phosphatidylcholine, phosphatidylethanol- 
amine, and phosphatidylinositol). Protein catalyzed transfer is inhibited by high ionic strength and has 
an activation energy of 35 kJ/mol. The broad lipid specificity and ease of large-scale purification make 
these proteins candidates for membrane phosphotipid compositional modification. The compositions 
of rat liver mitochondrial and microsomal membranes and Morris hepatoma 7288c mitochondrial 
membranes were altered by incubation with lipid vesicles and nonspecific lipid transfer protein. Incu- 
bation with phosphatidylcholine vesicles led to increased levels of phosphatidylcholine and decreased 
levels of other transferrable lipids (phosphatidylethanolamine, phosphatidylinositol, and cholesterol) 
unless the latter were included in the vesicles. When vesicles containing dipalmitoylphosphatidylcho- 
line were incubated with microsomal membranes, a large increase in disaturated pliosphatidylcholine 
was also observed. These changes in composition were correlated with activities of membrane en- 
zymes. It appears that microsomal glucose-6-phosphatase is inhibited by increased phosphatidylcholine 
saturation. Moreover. this enzyme is also inhibited by decreases in the phosphatidylethanolamine/phos- 
phatidylcholine ratio whereas NADPH cytochrome c reducta~ is not. Likewise, decreased cholesterol 
to phospholipid ratios did not greatly affect the abnormally low levels of hepatoma succinate cyto- 
chrome c reductase activity. 
Lipids 17:935-943, 1982. 

The spontaneous  transfer of  phosphol ipid  
between single-walled phosphol ip id  vesicles 
is slow (1,2); it exhibi ts  half-t imes of  the 
order  of 13-24 hr ( I ) .  t towever ,  it can be 
accelerated by addi t ion of  post-microsomal  
supematan t  fractions f rom a number  of  
tissues (3). Phospholipid transfer activities 
have now been purified and characterized 
f rom a variety of sources including plants 
(4) and animals (5-9). The presence of  these 
proteins  in the cytosol  has been suggested to 
explain the similari ty o f  rates of  phosphol ipid  
tu rnover  found for the different  subceUular 
organeUe membranes  (I0,1 I), as well as the 
relatively rapid labeling of mi tochondr ia l  
P tdCho and PtdEtn  that  occurs after  in ject ion 
of  radioactive precursor,  despite the fact that  
biosynthesis  of  these lipids occurs only in the 
endoplasmic  re t iculum (12,13).  The impor t an t  
role of  phosphol ipid  transfer activities in mem-  

IThis paper was presented at the 73rd AOCS 
annual meeting, Toronto, Canada, May 1982. 

Abbreviations: PdtCho, phosph ati.dylch olin e; 
PtdEtn, phosphatidylethanolamine; Ptdlns, phospha- 
tidylinositol; SphMye, sphingomyetin; Hepes, 4-(2- 
hydroxy ethyl)- l-piperazineethanesulfonate; NS-TP, 
nonspecific lipid transfer protein; diPtdGro, diphos- 
phatidylglycerol; diPal, dipalmitoyl. 

brane biogenesis has also been suggested by the 
observat ions that  these activities increase during 
deve lopment ,  such as at the onset of  myelogen-  
esis (14) or  of  synthesis of  P tdCho surfactant  
(15). Fur ther  evidence is found in hepa tomas  
having aberrant  phosphol ipid  transfer protein 
where abnormal  phosphol ipid  composi t ions  for  
mi tochondr ia l ,  microsomal ,  and nuclear  mem-  
branes are observed (16). 

In addi t ion to their  putat ive role in mem-  
brane turnover  and biogenesis, phosphol ipid  
transfer proteins  have been applied as probes 
of  membrane  s tructure and funct ion  (17). 
PtdCho-transfer  protein from beef  liver and 
Ptd lns /P tdCho- t ransfer  protein f rom beef  hear t  
have been used to examine  P tdCho asymmet ry  
and transbilayer m o v e m e n t  in artificial and bio- 
logical membranes  (18-21).  The recent  large- 
scale pur i f icat ion o f  a nonspeci f ic  lipid transfer 
prote in  f rom beef  liver (9) has al lowed these 
studies to be ex tended  to include o ther  classes 
of  phosphol ip id  (22). In addi t ion,  the availabil- 
i ty of  pure nonspecif ic  lipid transfer  prote in  
permits  the manipula t ion  o f  phosphol ip id  head 
group as well as fa t ty  acid compos i t ion  (23) 
and serves as a tool  for examining the lipid 
dependence  of  membrane  enzyme  activities 
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TABLE 1 

Relative Specificity of Purified Phospholipid Transfer Proteins 

Source (ret) Phospholipids transferred Relative specificity MW Isoelectric point 

Beef liver (29) 
Beef liver (9) 
Rat liver (7) 
Beef heart (8) 
Beef brain (30) 
Rat hepatoma (31) 

PtdCho 1 24,681 5.8 
PtdCho/PtdIns/PtdEtn/SphMye 1.6:2.2:1.0:0.5 13,900 9.5-9.7 
PtdCho/PtdIns/PtdEtn/SphMye 1.0:2.3:1.0:0.16 12,400 8.8 
PtdCho/Ptdlns/PtdEtn/SphMye 3.5:10:0.01:0.5 33,400 a 5.3-5.6 
PtdCho/Ptdlns 1.0:8.0 32,000 a 5.2-5.5 
PtdCho[Ptdlns[PtdEtn/SphMye 1 : 1 : 1 : 1 11,200 5.2 

aValue obtained by SDS polyacrylamide gel electrophoresis. 

(24). In the present report, the properties of 
nonspecific lipid transfer proteins are described 
that are important  for their use in membrane 
studies, and their application to studies on 
artificial and biological membranes. 

EXPERIMENTAL 

a2p-labeled phospholipid was purified as 
previously described (7) from the fiver of a rat 
injected intraperitoneally with aZP-inorganic 
phosphate. Small unilameUar vesicles (25) and 
multilameUar vesicles (26) were prepared by 
standard procedures. Beef fiver nonspecific 
lipid transfer protein (9) and PtdCho-transfer 
protein (5) were purified by published method- 
ology. Phospholipid transfer was determined by 
measuring the movement of radioactively 
labeled phospholipid from donor to acceptor 
membrane. Labeled triolein was included as a 
nonexchangeable marker in order to correct for 
"sticking" or fusion of membranes. One unit  of 
transfer activity is defined as the transfer of 1 
nmol phospholipid/min at 37 C from PtdCho 
small unilamellar vesciles (64 nmol) to heat 
treated mitochondria (3). Mitochondrial and 
microsomal membranes were isolated from rat 
fiver as previously described (24,27). Glucose-6- 
phosphatase (24) and NADPH cytochrome c 
reductase (28) were assayed in the absence of 
detergent as previously described. Details of 
experimental procedures are included in the 
legends to figures and tables. 

R ESU LTS 

Purification and Characterization 

Nonspecific lipid transfer protein, which was 
measured by its catalytic rate of transfer of 
PtdEtn from PtdCho/PtdEtn (1:1, mol/mol) 
small unilamellar vesicles to heat treated mito- 
chondria (7), was purified in large quantities 
from the post microsomal supernatant (pH 5.1 
supernatant) of beef liver (9). Transfer activity 
in the crude supernatant is quite stable at -20 C, 

though less stable in purified fractions. Purifica- 
tion involves concentration by ammonium 
sulfate precipitation, ion exchange chromatog- 
raphy on CM cellulose, heat treatment, and 
hydrophobic chromatography on an octyl 
agarose column (9). Two fractions were eluted 
from the octyl agarose column. The first had a 
specific activity of 66 nmol/min mg and was 
purified 2,160-fold compared to the pH 5.1 
supernatant. The second had a specific activity 
of 137 nmol/min mg and was greater than 90% 
pure as judged by SDS-polyacrylamide gel elec- 
trophoresis. Both fractions were free of phos- 
pholipase A 2 activity found as a contaminant at 
earlier stages of purification. The activity of the 
final fractions has a half-fife of one month 
when stored at 4 C, though greater stability can 
be achieved by storage at -20 C, with or with- 
out 50% glycerol (half-life about 6 mo). 

Specificity can be measured from the rela- 
tive rates of transfer of various lipids from small 
unilameUar vesicles to multilamellar vesicles (9). 
As seen in Table 1, nonspecific lipid transfer 
protein from beef liver has a broad specificity, 
which is similar to that observed for the basic 
protein isolated from rat liver but contrasts to 
the high specificity of the acidic proteins from 
beef heart, fiver, and brain. In agreement with 
this, antibody prepared against the beef liver 
nonspecific lipid transfer protein inhibits trans- 
fer catalyzed by the rat fiver basic protein, but  
not  the more specific transfer activities of the 
acidic proteins. It is interesting to note that the 
basic proteins appear to be identical (as deter- 
mined by amino acid composition) to the sterol 
carrier protein2 purified by Scallen and co- 
workers (9,32). In addition to their broad speci- 
ficity for phospholipid class composition, these 
proteins have little specificity for fatty acid 
composition. DipalmitoylPtdCho is transferred 
nearly as wel/ as rat fiver PtdCho from small 
unilamellar vesicles containing both in varying 
proportions to multilameUar vesicles (Table 2). 
At very high dipalmitoyl PtdCho concentra- 
tions, transfer is inhibited, presumably because 
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TABLE 2 

Transfer of Rat Liver PtdCho and diPalPtdCho 
from Small Unilamellar Vesicles to Multilamellar 
Vesicles by Nonspecific Lipid Transfer Protein a 

Phospholipid transferred 

Vesicles Rat liver PtdCho diPalPtdCho 
(% diPalPtdCho) - - ( %  t r a n s f e r r e d ) -  

5% 14.3 10.3 
10% 14.1 10.6 
25% 12.9 8.6 
50% 11.2 7.9 

aSmall unilamellar vesicles were prepared from 14C- 
dipalmitoyl PtdCho and 32p-rat liver PtdCho in the 
ratios indicated above, aH-Triolein was included as 
nonexchangeable marker and butylated hydroxy- 
toluene as antioxidant (9). Small unilamellar vesicles 
(50 nmol) were incubated with 2 tzmol multilamellar 
vesicles of the same composition (with 10 mol% 
diPtdGro) for 30 min at 37 C in the presence of 0.5 
units transfer protein. Vesicles were separated by 
cenfrifugation and transfer calculated as described pre- 
viously (3), subtracting blank transfer in the absence 
of protein. 
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FIG. 1. Effect of ionic strength on protein cata- 
lyzed transfer of PtdCho. 50 mM PtdCho small uni- 
lamellar vesicles were incubated for 60 min at 37 C 
with 1.2 ~mol PtdCho/diPtdGro (9:1, mol/mol) multi- 
lamellar vesicles and 0.06 units either nonspecific lipid 
transfer protein (o) or Ptdlns/PtdCho beef heart trans- 
fer protein (o) in 0.5 ml of 1 mM EDTA, 50 mM Tris, 
pH 7.4, containing varying concentrations of NaC1 to 
adjust the ionic strength (molal). Vesicles were sepa- 
rated and transfer calculated as described previously 
(9). 
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FIG. 2. Temperature dependence of nonspecific 
lipid transfer protein catalyzed transfer of PtdCho 
from small unilameUar vesicles to multilanaellar ves- 
icles. In a total volume of 1 ml of 1 mM EDTA, 50 
mM Tris (pH 7.4) were suspended 50 nmol PtdCho 
small unilameUar vesicles, 2 #mol PtdCh0/diPtdGro 
(9:1, mol/mol) multilamellar vesicles, and 0.1 units 
nonspecific lipid transfer protein. Transfer was mea- 
sured after 30 min incubation and calculated as 
described in Figure 1. Different symbols represent 
different experiments. 

t he  b i layer  is be low the  gelqiquid  crysta l l ine  
phase  t r ans i t i on  (da ta  n o t  shown) .  

F ina l ly ,  two  add i t iona l  p rope r t i e s  of  the  
bee f  l iver nonspec i f i c  l ipid t r ans fe r  p ro t e in  
mus t  be cons idered  before  t hey  are used  as 
m e m b r a n e  probes .  Firs t ,  in  c o n t r a s t  to  t r ans fe r  
ca ta lyzed  by  P t d l n s / P t d C h o  t r ans fe r  p ro t e in s  
f rom bee f  hea r t ,  t r ans fe r  s t imu la t ed  by  n o n -  
specif ic  l ipid t r ans fe r  p ro t e in s  is ma rked ly  
i n h i b i t e d  at e levated ionic s t r eng th  (Fig. 1). 
The re fo re ,  care shou ld  be  t a k e n  to  use incuba-  
t ion  cond i t i ons  of  low ion ic  s t r eng th  or  t o  
c o m p e n s a t e  by  us ing  increased  p r o t e i n  concen -  
t r a t i on .  Second ,  the  t e m p e r a t u r e  d e p e n d e n c e  of  
t r ans fe r  of  p h o s p h o l i p i d  (Fig. 2) is s imilar  to  
o t h e r  l ipid t r ans fe r  p ro t e in s  inves t iga ted ,  the  
energy o f  ac t iva t ion  o f  35 k J / m o l  is iden t ica l  to  
values o f  34 k J / m o l  for  bov ine  b ra in  and  bov ine  
liver P t d C h o  t r ans fe r  p ro t e in s  (33) .  As can be  
seen in Fig. 2, t r ans fe r  can be e f fec ted  over  a 
b road  range o f  t empe ra tu r e s .  However ,  as 
m e n t i o n e d  above,  a t  t e m p e r a t u r e s  be low the  
phase  t r ans i t i on  of  the  b i layer ,  t he  ra te  o f  l ipid 
t r ans fe r  is great ly  r educed .  

Phospholipid Transfer Between Lipid Bilayers 

I t  has  previous ly  been  es tab l i shed  tha t ,  in 
i n c u b a t i o n s  of  P t d C h o  small  un i l amel l a r  vesicles 
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FIG. 3. Time course of nonspecific lipid transfer protein catalyzed transfer of PtdCho, PtdEtn, PtdIns, and 
SphMye. (a) 250 nmol small unilameUar vesicles composed of radioactively labeled PtdCho/PtdEtn/Ptdlns (45: 
45:10, mol/mol) were incubated at 37 C with 10/~M multilamellar vesicles and 12 units of non-specific lipid 
transfer protein in 5 ml of 1 mM EDTA, 50 mM Tris, pH 7.4. At time points, multilameUar vesicles were sedi- 
mented by centrifugation for 15 min at 25,000 X g. Transfer of phospholipid was quantitated as previously des- 
cribed (3). The decanted small unilameUar vesicles were incubated with an additional I0 #mol multilamellar vesi- 
cles. The logarithm of PtdCho (o), PtdEtn (X), and Ptdlns (~) remaining are plotted as a function of time of 
incubation. (b) 125 nmol small unilameUar vesicles composed of PtdCho/SphMye (50:50 mol/mol) were incu- 
bated at 37 C with 5 tzmol multilameUar vesicles of the same composition containing 10 mol% diPtdGro and 8 
units nonspecific lipid transfer protein in 2.5 ml buffer as described above. Log PtdCho (o) and SphMye (~) re- 
maining are plotted as a function of time. 

and PtdCho or Ptdlns/PtdCho transfer protein, 
only phospholipid from the outer monolayer is 
utilized (19,20). In agreement with this conclu- 
sion, it was found that incubation of nonspeci- 
fic lipid transfer protein with radioactively 
labeled PtdCho/PtdEtn/Ptdlns (45:45:10 mol/ 
mol) small unilamellar vesicles and unlabeled 
multilamellar vesicles of the same composition 
resulted in a biphasic kinetic plot of phospho- 
lipid transfer (Fig. 3a). The initial transfer was 
rapid and dependent on the concentration of 
transfer protein, whereas the latter, slow phase 
was independent of the protein concentration 
(data not  shown). Nonspecific lipid transfer 
protein also catalyzed movement of phospho- 
lipid from radioactively labeled PtdCho/SphMye 
(50:50 mol/mol) small unilameUar vesicles to 
urdabled multilamellar vesicles (Fig. 3b). The 
initial phases of PtdCho transfer was more rapid 
than that for sphingomyelin transfer, which is 
consistent with the protein's known specificity 
(Table 1). However, both lipids exhibited simi- 
lar slow phases of transfer. 

These results are consistent with the not ion 
that rapid transfer of phospholipid occurs from 

the external monolayer and that this is fol- 
lowed by a slow transfer, which is dependent 
on the transbilayer movement (flip-flop) of 
phospholipid. Although this second phase of 
transfer is very slow for synthetic vesicles 
(Fig. 3), more rapid transbilayer movement of 
phospholipid has been found by these tech- 
niques for red cell (22) and microsomal mem- 
branes (34) labeled in vivo with a2P i. 

The broad specificity of the nonspecific lipid 
transfer proteins for phospholipid head group 
(Table 1) and fatty acid (Table 2) makes them 
ideal for the modification of membrane phos- 
pholipid composition to relate membrane lipid 
composition to membrane function. To deter- 
mine the applicability of this technique to the 
alteration of biological membranes, rat liver 
mitochondrial and microsomal membranes were 
incubated with PtdCho small unilamellar 
vesicles and nonspecific lipid transfer protein. 
After separation from vesicles, the phospholipid 
composition of the altered membranes was 
determined (after correcting for cosedimenta- 
tion of vesicles by q uanti tat ion of the nonex- 
changeable marker ~ As shown in 
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TABLE 3 

Incubation of PtdCho Vesicles with Nonspecific Lipid Transfer Protein 
and Rat Liver Mitochondrial or Microsomal Membranes a 

939  

Phospholipid composition Total 
PtdCho-Vesicles NS-TP b PtdCho PtdEtn PtdIns DiPtdGro phospholipid 

Membrane (#mol) (units) (% total) (nmol/mg) 

Mitochondria -- -- 39 40 4.2 17 200 
Mitochondria 1.2 - 41 39 4.3 16 190 
Mitochondria 1.2 1 61 23 2.2 14 290 

Microsomes -- -- 63 22 14 - 580 
Microsomes 1.2 -- 64 22 14 -- 560 
Microsomes 1.2 1 77 14 9.4 - 630 

aInner mitochondrial membranes (8 mg) or microsomal membranes (3 mg) were incubated at 37 C with 1.2 
~mol egg PtdCho small unilamellar vesicles and 1 unit nonspecific lipid transfer protein in 70 mM sucrose, 200 
mM mannitol, 2 mM HEPES, pH 7.4. Controls were performed without transfer protein and without vesicles or 
transfer protein. After 60 rain, membrane was sedimented by centrifngation, homogenized in 1 ml buffer, ex- 
tracted in chloroform/methanol, and analyzed by thin layer chromatography (35). Phospholipid compositions 
are corrected for cosedimentation of vesicles by quantitation of aH-triolein and expressed as percent of total 
phospholipid (27). 

bNS-TP, nonspecific lipid transfer protein. 

Table  3, very  l i t t le  change  in l ipid c o m p o s i t i o n  
resu l ted  f rom c o i n c u b a f i o n  of  P t d C h o  vesicles 
a lone  wi th  m i t o c h o n d r i a l  or  m i c r o s o m a l  m e m -  
branes .  However ,  i nc lus ion  of  nonspec i f i c  l ipid 
t r ans fe r  p r o t e i n  resu l ted  in a s igni f icant  change  
in the  c o m p o s i t i o n .  In add i t i on  to  an increase  
in the  p r o p o r t i o n  of  P t d C h o  and  a decrease  in 
the  p r o p o r t i o n  of  P t d E t n  and  P t d l n s  in to t a l  
m e m b r a n e  l ipid,  an increase  was f o u n d  in t he  
to ta l  p h o s p h o l i p i d  c o n t e n t  o f  m i c r o s o m a l  and  
par t icu la r ly  m i t o c h o n d r l a l  m e m b r a n e s  (Tab le  
3). This  f inding,  which  ind ica tes  the  occu r r ence  
of  a ne t  t r ans fe r  o f  p h o s p h o l i p i d  f r o m  vesicle to  
m e m b r a n e ,  is in  ag reemen t  wi th  a previous  f ind-  
ing t h a t  these  t r ans fe r  p ro t e in s  are capable  o f  
ne t  t r ans fe r  of  l ipid (27) .  

The  capabi l i ty  o f  nonspec i f i c  l ipid t r ans fe r  
p ro t e in s  to  carry  o u t  n e t  p h o s p h o l i p i d  t r ans f e r  
shou ld  be  cons ide red  w h e n  m a k i n g  conc lus ions  
a b o u t  m e m b r a n e  s t ruc tu r e  and  f u n c t i o n  us ing  
t h e m  as probes .  The  e x t e n t  o f  ne t  t r ans fe r  de- 
pends  o n  t he  n a t u r e  of  the  d o n o r  and  a c c e p t o r  
m e m b r a n e s  and  the  c o n d i t i o n s  o f  i n c u b a t i o n  
(27) .  

Effects of Altered Lipid Composition 
on Membrane Enzyme Activity 

The effec t  o f  i nduced  a l t e ra t ions  of  m e m -  
b rane  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  on e n z y m e  
act iv i ty  has  also b e e n  e x a m i n e d .  Ini t ia l  s tudies  
were carr ied ou t  us ing ra t  l iver m i c r o s o m e s  fo r  
the  fo l lowing  r easons :  these  m e m b r a n e s  can be  
p repa red  relat ively easily, t hey  con ta in  a n u m -  
ber  of  well charac te r ized  m e m b r a n e  b o u n d  
e n z y m e s  t h a t  appea r  to  be  l ipid d e p e n d e n t ,  and  
f inal ly ,  t hey  e x h i b i t  a rapid  t r ansb i l aye r  move-  

m e n t  ( f l ip-f lop)  o f  p h o s p h o l i p i d  (34 ,36 ,37 ) ,  
t hus  a l lowing a m a x i m u m  change  in p h o s p h o -  
l ipid c o m p o s i t i o n  to  be  c o m p l e t e d  wi th in  rela- 
t ively sho r t  per iods  o f  t ime.  In o rde r  to  s tudy  
the  d e p e n d e n c e  o f  m i c r o s o m a l  f u n c t i o n  on  
p h o s p h o l i p i d  c o m p o s i t i o n ,  m i c r o s o m a l  m e m -  
b ranes  were i n c u b a t e d  wi th  nonspec i f i c  l ipid 
t r ans fe r  p ro t e in  and  vesicles con ta in ing  phos -  
pho l ip ids  o f  var ied classes and  f a t t y  acid com-  
pos i t ion .  As s h o w n  in Table  4,  these  i ncuba -  
t ions  resu l ted  in a subs tan t i a l  i n h i b i t i o n  of  
g lucose-6-phospha tase  act iv i ty  w h e n  vesicles 
were p repa red  f rom P t d C h o  ( e i t he r  p r imar i ly  
u n s a t u r a t e d  or sa tu ra ted) .  However ,  w h e n  
vesicles c o n t a i n i n g  P t d E t n  were i n c u b a t e d  w i th  
nonspec i f i c  l ipid t r ans fe r  p ro t e in  and  micro-  
somes ,  l i t t le  or  n o  i n h i b i t i o n  resu l ted .  On t he  
o t h e r  h a n d ,  w h e n  P t d C h o  t r ans fe r  p ro t e in ,  
wh ich  general ly  has  been  f o u n d  to ca ta lyze  a 
one- fo r -one  exchange  o f  P t d C h o  (27 ,38 ,39 ) ,  
t h o u g h  u n d e r  cer ta in  c o n d i t i o n s  i t  has  been  
f o u n d  capable  of  ne t  t r ans fe r  (40) ,  was incu-  
b a t e d  w i th  vesicles and  mic rosomes ,  n o  inh ib i -  
t i on  of  g lucose-6-phospha tase  resu l ted ,  e x c e p t  
in  the  presence  of  d i p a l m i t o y l P t d C h o  (Table  4) .  
F r o m  the  t o t a l  p h o s p h o l i p i d  c o m p o s i t i o n s  of  
the  m e m b r a n e s  af te r  i n c u b a t i o n  (Table  4) ,  i t  
can be c o n c l u d e d  t h a t  s a tu ra t ed  P t d C h o  and  
P t d E t n  c o n t e n t  each have an i n d e p e n d e n t ,  or  
at  least  addi t ive ,  e f fec t  o n  e n z y m e  act iv i ty .  In 
con t r a s t  to  this  ef fec t  of  m e m b r a n e  modi f i ca -  
t i on  on  g lucose-6-phospha tase  ac t iv i ty ,  changes  
in  P t d E t n  c o n t e n t  have  n o  e f fec t  on  N A D P H  
c y t o c h r o m e  c reduc tase  ac t iv i ty  (da ta  n o t  
s h o w n )  as one  would  e x p e c t  f rom the  k n o w n  
exposed  loca t ion  o f  the  act ive si te  o f  th is  
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TABLE 5 

Incubation of PtdCho Vesicles with Rat Hepatoma Mitochondria and Nonspecific Lipid Transfer Protein a 

PtdCho Succinate 
NS-TP vesicles PL b Chol b cytochrome c reductase 

Source (units) (#moo - - n m o l / m g  Chol/PL (nmol/mg min) 

A. Unincubated 
liver - - 211 -+ 20 13.7 + 6 0.064 +- 0.023 1S3 + 48 
hepatoma -- -- 204 -+ 50 46.6 -+ 16.0 0.24 +- 0.09 16 + 4 

B. Incubated 
hepatoma -- -- 242 67 0.28 16 
hepatoma - 4 260 67.5 0.26 15 
hepatoma 1 4 435 55 0.13 17 

aMitochondria were isolated from Morris hepatoma 7288C (41) and host liver (42). Phospholipid and choles- 
terol were analyzed as described (24). Succinate cytochrome c reductase was assayed by standard methodology 
(43). Hepatoma mitochondria (3.6 rag) were incubated for 60 min at 30 C in 250 mM sucrose, 1 mM EDTA, 50 
mM Tris, pH 7.4 with 4/~mol PtdCho/diPtdGro (10:1, mol]mol) small unilamellar vesicles and 1 unit nonspecific 
lipid transfer protein. Controls were performed without transfer protein and without vesicles or protein. Mito- 
chondria were sedimented by centrifugation, homogenized in 2 ml buffer and the cholesterol, phospholipid, and 
succinate cytochrome c reductase activity determined. Values for unincubated mitochondria represent the mean 
-+ standard deviation of mitochondrial membranes isolated from 8 separate animals. Values foi hepatoma mito- 
chondria incubated with PtdCho vesicles were average of duplicate determinations from one experiment which is 
representative of three performed. Duplicates agreed within 5%. 

bpL, phospholipid; Chol, cholesterol. 

e n z y m e  on t he  cy top l a smic  surface o f  t he  
m e m b r a n e .  

Nonspec i f i c  l ipid t r ans fe r  p ro t e in s  have  also 
been  used  to  e x a m i n e  t he  l ipid d e p e n d e n c e  of  
e n z y m e  activit ies in h e p a t o m a  m e m b r a n e s .  
M i t o c h o n d r i a  i so la ted  f rom the  rapidly  growing  
Morris  h e p a t o m a  7 2 8 8 c  are charac te r i zed  by  a 
h igh  cho les t e ro l  to  p h o s p h o l i p i d  ra t io  (Table  5) 
and  low rate  o f  succ ina te  o x i d a t i o n  (as mea-  
sured  by  succ ina te  c y t o c h r o m e  c reduc tase  
act iv i ty) .  I t  has  previous ly  been  p o s t u l a t e d  t h a t  
t he  a l te red  m e t a b o l i c  p rope r t i e s  o f  h e p a t o m a  
m i t o c h o n d r i a  may  resul t  in pa r t  f r om the  ab- 
no rma l ly  h igh  levels of  cho les te ro l  (44 ,45) .  This  
specu la t ion  is s u p p o r t e d  by  ou r  f inding t h a t  
s lowly growing h e p a t o m a s ,  wh ich  have  lower  
levels of  choles te ro l ,  have  increased activi t ies 
of  succ ina te  c y t o c h r o m e  c reduc tase  (Crain 
et  al., m a n u s c r i p t  in p r e p a r a t i o n ) .  In an a t t e m p t  
to  res to re  e n z y m e  act ivi t ies  to  h e p a t o m a  mi to -  
chondr ia ,  nonspec i f i c  l ipid t r ans fe r  p r o t e i n  and  
P t d C h o  vesicles were i n c u b a t e d  wi th  t h e  mi to -  
chondr ia .  The  cho les t e ro l  t r ans fe r  ac t iv i ty  of  
nonspec i f i c  l ipid t r ans fe r  p r o t e i n  (9)  resu l ted  in 
a ne t  t r ans f e r  of  cho les t e ro l  to  the  vesicles, and  
this  was a c c o m p a n i e d  by  a ne t  t r ans fe r  of  
P t d C h o  to m i t o c h o n d r i a  (Tab le  5). T he  result-  
an t  2-fold d i m i n u t i o n  in cho les te ro l  to  phos -  
pho l ip id  ra t io  p r o d u c e d  n o  change  in succ ina te  
c y t o c h r o m e  c reduc tase  act iv i ty .  However ,  th is  
decrease in the  cho les te ro l  to  p h o s p h o l i p i d  
ra t io  is caused p r imar i ly  by  increased  m i t o c h o n -  
drial  p h o s p h o l i p i d  r a t h e r  t h a n  a large decrease  
in the  to ta l  a m o u n t  of  choles te ro l .  The  l a t t e r  

cou ld  be the  cri t ical  f ac to r  in regula t ing  the  
act ivi ty  of  the  e n z y m e  and,  the re fo re ,  the  
absence  o f  an e f fec t  o n  e n z y m e  act iv i ty  shou ld  
be i n t e r p r e t e d  w i t h  cau t ion .  

DISCUSSION 

The i n t i m a t e  re la t ionsh ip  o f  in tegra l  m e m -  
b rane  p ro t e ins  w i th  the  l ipid b i layer  o f  bio-  
logical m e m b r a n e s  suggests t ha t  the  l ipid 
e n v i r o n m e n t  m a y  play  an i m p o r t a n t  role in  t he  
f u n c t i o n  of  in tegra l  m e m b r a n e  sys tems.  This  
possible  re la t ionsh ip  has  been  e x a m i n e d  b y  a 
n u m b e r  of  t echn iques .  F o r  m a n y  m e m b r a n e  
e n z y m e s  (46-49) ,  t he  i m p o r t a n c e  of  b i layer  
in t eg r i ty  has  been  es tab l i shed  by  l ipid dep l e t i on  
using e i t he r  phospho l ipases  ( 5 0 )  or  organic  
e x t r a c t i o n  (51)  in o rder  to  r emove  p h o s p h o -  
l ipid f r o m  the  bi layer .  U n f o r t u n a t e l y ,  p h o s p h o -  
l ipases p roduce  p r o d u c t s  such  as lyso P t d C h o  
and  free fa t ty  acids which  themselves  may  
inh ib i t  e n z y m e  act iv i ty ,  whereas  organic  sol- 
vents  are k n o w n  to d e n a t u r e  p ro te ins  in a 
m a n n e r  t h a t  is i n d e p e n d e n t  of  the i r  e f fec t  on  
m e m b r a n e  d i s rup t ion .  Chemical  mod i f i ca t ions ,  
wh ich  also have  been  used  to  s t u d y  t he  depen-  
dence  o f  e n z y m e  act ivi t ies  o n  m e m b r a n e  l ipid,  
may  a l te r  p ro t e in s  e i t h e r  d i rec t ly  or  b y  p roduc -  
t ion  o f  i n h i b i t o r y  b y p r o d u c t s .  

A l t e r a t i ons  o f  m e m b r a n e  l ipid c o m p o s i t i o n s  
have  also been  i n d u c e d  by  d ie ta ry  man ipu l a -  
t ions  and ,  a l t h o u g h  th is  m e t h o d  avoids m a n y  o f  
the  c o m p l i c a t i o n s  m e n t i o n e d  above ,  i ts  use is 
largely l imi ted  to  bacter ia l  a u x o t r o p h s  and  
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cer ta in  cell t ypes  in  cu l tu re .  With  m o s t  euka ry -  
o t ic  sys tems,  these  changes  would  be accom-  
pan ied  by  o t h e r  m e t a b o l i c  changes  and  i t  m a y  
be  di f f icul t  to  d is t inguish  changes  in f u n c t i o n  
caused by  m e m b r a n e  l ipid a l t e ra t ions  f rom 
those  resu l t ing  f rom these  m e t a b o l i c  changes.  
R e c o n s t i t u t i o n  of  pur i f ied  e n z y m e  wi th  l ipid 
has  also been  useful  in some cases, b u t  this  
t e c h n i q u e  is l imi t ed  in i ts usefulness  for  exam-  
in ing  specif ic  l ip id -pro te in  i n t e r a c t i o n s  because  
pur i f ied  e n z y m e  is requ i red  and  because  diffi-  
cul t ies  o f t en  o c c u r  in dis t inguish ing  a l ipid 
r e q u i r e m e n t  f rom a l ipid s t ab i l i za t ion  ef fec t  
(52) .  

Nonspec i f ic  l ipid t r ans fe r  p ro t e in s  p rov ide  
a n o t h e r  t e c h n i q u e  to  i n d u c e  changes  in biolog-  
ical m e m b r a n e s  in o rder  to  s t u d y  the  depen-  
dence  o f  m e m b r a n e  f u n c t i o n  on  l ipid compos i -  
t i on .  This  t e c h n i q u e  pe rmi t s  large changes  in 
b o t h  f a t t y  acid c o m p o s i t i o n  and  p h o s p h o l i p i d  
head  group  c o m p o s i t i o n  to  be achieved by  
choice  o f  app rop r i a t e  l ipid vesicles. I t  does  n o t  
requi re  pu r i f i ca t ion  o f  func t iona l  m e m b r a n e  
p ro te ins ,  n o r  is i t  l ikely to  cause d e n a t u r a t i o n  
of  these p ro te ins .  D e p e n d i n g  on  the  relat ive 
a m o u n t s  o f  t r ans fe r  p ro t e in  and  vesicle l ipid 
added ,  t r ans fe r  can be achieved over  a large 
range of  t e m p e r a t u r e  and  wi th in  a sho r t  t ime  
span.  U n f o r t u n a t e l y ,  the re  are also some diffi-  
cult ies involved  in the  use o f  nonspec i f i c  l ipid 
t r ans fe r  p ro t e in s  for  these  types  o f  s tudies .  
Firs t ,  t he  m e m b r a n e  sho tdd  be  readi ly  separable  
f rom lipid vesicles. Second ,  because  t r ans fe r  
p ro t e in s  i n t e r ac t  on ly  wi th  p h o s p h o l i p i d  at  the  
e x t e r i o r  sur face ,  unless  apprec iab le  ra tes  o f  
p h o s p h o l i p i d  t r ansb i l aye r  m o v e m e n t  exis t ,  on ly  
the  ex te rna l  m o n o l a y e r  l ipid c o m p o s i t i o n  can  
be rapidly  modi f i ed .  Thi rd ,  because  a n e t  
t r ans fe r  of  p h o s p h o l i p i d  mass  m a y  occur ,  
a l t e ra t ions  in  c o m p o s i t i o n  m ay  be a c c o m p a n i e d  
by  changes  in to t a l  p h o s p h o l i p i d  c o n t e n t  and  it  
may ,  t h e r e f o r e ,  be di f f icul t  to  d is t inguish  which  
of  these  a l t e ra t ions  is m o s t  cri t ical  in  regula t ing  
the  f u n c t i o n  of  in t r ins ic  m e m b r a n e  p ro te ins .  In 
spi te  of  these  p rob lems ,  nonspec i f i c  l ipid t rans-  
fer p ro t e in s  may  prove  to be  e x t r e m e l y  usefu l  
as a vehicle  for  the  i n t r o d u c t i o n  of  foreign l ip id  
i n to  biological  m e m b r a n e s  and  as a too l  for  the  
s tudy  of  the  s t ruc tu re  as well as the  s t ruc tu re -  
f u n c t i o n  re la t ionsh ips  o f  biological  m e m b r a n e s .  
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Changes in the Activities of kipoprotein kipase 
and the Lipogenic Enzymes in Tumor-Bearing Rats 

SUSAN L A N Z A - J A C O B Y * ,  EL IZABETH E. M I L L E R  1 and FRANCIS  E. ROSATO, 
Department of  Surgery, Thomas Jefferson University, Philadelphia, PA 19107 

ABSTRACT 

The effects of tumor growth on lipid metabolism were investigated by evaluating serum lipids, 
lipoprotein lipase activity (LPLA), the lipogenic enzymes, urinary catecholamines along with serum 
insulin and glucagon levels. We injected 1.5 • 106 cells of rat mammary tumor, AC33, and killed the 
rats on the 18th day. Serum triglycerides and free fatty acids of the tumor-bearing (TB) rats increased 
4 and 5 times, respectively, more than the control (C) rats. Total liver lipids were not significantly 
different between the two groups. Tumor growth produced a 70% decrease in total epididymal fat pad 
LPLA; there were no changes in soleus muscle LPLA. Serum insulin levels of the TB rats were 49% less 
than the C rats. The TB rats had significantly lighter epididymal fat pads and lower activities of adi- 
pose fatty acid synthetase and citrate cleavage enzyme. Urinary catecholamines of the TB rats were 
reduced over 30% compared with the C rats. These results show that the hypertriglyceridemia of the 
TB rats may be due, in part, to a deficiency of adipose tissue LPLA. The data also suggest that the 
effects of the tumor on lipid metabolism may be mediated through insulin. 
Lipids 17:944-949, 1982. 

Hyper t r ig lyce r idemia  and  the  dep l e t i on  of  
carcass fa t  s tores  have b e e n  observed  in h u m a n  
cancer  pa t i en t s  (1)  and  t u m o r - b e a r i n g  r o d e n t  
mode l s  ( 2 - 4 ) .  Barclay e t  al. (5)  suggested t h a t  
the  e leva t ion  of  se rum tr iglycer ides  m a y  resul t  
f rom a def ic iency  of  LPL, the  key  e n z y m e  
respons ib le  for  t r ig lycer ide c learance  f rom the  
b lood .  Recen t ly ,  T h o m p s o n  et  al. (6)  r epo r t ed  
t h a t  LPLA was r educed  in  ad ipose  t issue o f  
mice  b e a r i n g  large p repu t i a l  g land tumors .  To 
our  knowledge ,  the re  are n o  s tudies  t ha t  deter-  
mine  the  ef fec ts  of  t u m o r  g r o w t h  on  the  
h o r m o n e s  regula t ing  l ipid m e t a b o l i s m  as well 
as the  changes  in se rum lipids and  LPL act ivi t ies  
in the  e x t r a h e p a t i c  tissues. 

This  inves t iga t ion  was in i t i a ted  to  e x t e n d  
previous  f indings  c o n c e r n i n g  the  observed 
hype r t r i g lyce r idemia  and  t issue act ivi t ies  of  LPL 
in t u m o r - b e a r i n g  animals.  Act ivi t ies  of  LPL 
were measu red  in the  adipose  tissue, soleus 
musc le ,  and  t u m o r  t issue in a t u m o r - b e a r i n g  rat  
mode l  to  d e t e r m i n e  w h e t h e r  t h e  e l eva t ion  of  
serum t r ig lycer ides  was due  to  a de fec t  in the  
clearing mechan i sm.  Since h o r m o n e s  have been  
s h o w n  to  regula te  t he  LPLA ( 7 - 11 ) ,  we have 
measured  levels o f  se rum insu l in  and  glucagon,  
and  the  u r ina ry  ca techo lamines .  We also assessed 
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Ipresent address: Harrison Department of Sur- 
gery, University of Pennsylvania, Philadelphia, PA 
19104. Abbreviations: LPL, lipoprotein lipase; FAS, 
fatty acid synthetase; CCE, citrate cleavage enzyme; 
G6PDH, glucose-6-phosphate dehydrogenase; TB, 
tumor-bearing; C, control. 

t he  abi l i ty  of  the  t u m o r  to  a l ter  liver and  
adipose  tissue l ipogenesis  by  assaying the  
act ivi t ies  of  FAS,  CCE, and  G6PDH.  These  
p a r a m e t e r s  are eva lua ted  as to  the i r  relat ive 
i m p o r t a n c e  in the  d e v e l o p m e n t  of hyper -  
t r ig lycer idemia  f o u n d  in t u m o r - b e a r i n g  roden t s .  

METHODS 

Animals 

Male Lewis ra ts  (Microbio logica l  Associates ,  
Walkersville,  MD),  weighing b e t w e e n  230  g and  
265 g, were used in th is  s tudy .  On  the  first day 
of  the  e x p e r i m e n t ,  all ra ts  were assigned to  two  
groups.  One  group of  rats,  t u m o r - b e a r i n g  (TB)  
was i nocu la t ed  s u b c u t a n e o u s l y  in the  dorsal  
area wi th  1.5 • 106 cel ls / ra t  f r om a ra t  mam-  
mary  a d e n o c a r c i n o m a  (AC33) .  This  dose 
p r o d u c e d  a pa lpable  t u m o r  on  day 6. The  
c o n t r o l  (C) ra ts  in the  second  group were 
in jec ted  in a s imilar  m a n n e r  w i th  saline.  The  
AC33 t u m o r  was ini t ia l ly  i n d u c e d  in this  s t ra in  
a f te r  t r e a t m e n t  w i th  dimethyl- /3-azir idinopro-  
p i o n a m i d e  (12) .  All rats  were fed a p o w d e r e d  
s tock  diet  (Pur ina  Rat  Chow,  Ra l s t on  Pur ina  
Co., St. Louis ,  MO) and  wa te r  ad l ib i tum.  
F o o d  in t ake  was measu red  daily. Animals  
were h o u s e d  ind iv idua l ly  in m e t a b o l i c  cages 
at  23 + 1 C on  a 12-hr  l igh t -dark  cycle. Body  
weights  and  the  d imens ions  of  the  t u m o r  
were r eco rded  per iodical ly .  T u m o r  vo lume  
was ca lcu la ted  by  using the  fo rmu la  for  a 
p ro la t e  sphe ro id  (V----- 1/67tAB 2 where  A = 
long  d iameter ,  B = shor t  d i ame te r )  (13) .  On  
day 16, a 24-hr  u r ine  co l l ec t ion  was made  
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TABLE 1 

Effect of Tumor Growth on the Concentration of Serum Lipids 

945 

Triglycerides Cholesterol Free fatty acids /3-hydroxybutyrate 
Group (mg/dl) (mg/dl) (FA=SA molar ratio) (~tmol/ml) 

Control 63 -+ 2 a 123 -+ 1 1.5 + 0.3 1.46 -+ 0.11 
Tumor-bearing 232 -+ 22 b 140 -+ 16 8.3 + 0.9 b 1.04 +- 0.09 b 

aMeans -+ SEM, N = 6-8. 
bp < 0.05 compared with control. 

for determination of urinary catecholamines. 
Prior to sacrifice by decapitation, all rats 
were fasted for 16 hr to equalize any dif- 
ferences in food consumption. Final carcass 
weights of TB rats were calculated by sub- 
tracting the tumor weights from the total 
body weights. A 1-ml aliquot of blood was 
collected in heparinized tubes to which 0.05 
ml of Trasylol (Mobay Chemical Corp., New 
York, NY) and 1.2 mg of EDTA were added 
for insulin and glucagon determination. The 
remaining blood was collected in glass tubes. 
All blood samples were centrifuged at 4 C and 
stored at --20 C. 

Liver, epididymal fat pads, soleus muscles, 
and tumors were removed, weighed, and stored 
on ice until processed. 

Assay Methods 

Serum and fluid from the tumor were ana- 
lyzed for triglycerides (14), free fatty acids (15), 
and cholesterol (16). In addition, serum-fi- 
hydroxybutyrate  (17), glucose (18), insulin and 
glucagon (19) were also measured. Parts of  the 
liver were retained for determination of fat (20), 
triglycefide (21), and cholesterol (22). Urine 
was analyzed for catecholamines (23). Soleus, 
liver, tumor, and epididymal fat tissue homogen- 
ates (1:5, w/v) were prepared in ice-cold, 0.25 
M sucrose plus 1 mM EDTA buffer, pH 7.4, and 
centrifuged at 15,000 X g for 15 min at 4 C. 
The liver supernatant solution was centrifuged 
at 100,000 X g for 45 min at 4 C for assay of 
G6PDH, FAS, and CCE activities. Adipose and 
liver tissue homogenates were used for assay of 
FAS activity according to the procedure of Hsu 
et al. (24) and CCE activity (EC 4.1.3.8) by 
method of Takeda et al. (25). Activity of 
G6PDH (EC 1.1.1.49) was measured on adipose 
and liver tissue using the method described by 
Kaplan and Fried (26). Data for the activities of  
FAS and CCE are reported as units + SEM; 1 
unit representing 1 nmole of NADPH oxidized 
per minute. Activity of G6PDH is expressed as 
units + SEM; 1 unit represents 1 nmol of 
NADPH formed per minute. Units are given as 

per mg protein and per whole tissue. Lipopro- 
tein lipase activity (EC 3.1.1.3) was assayed in 
the postmitochrondrial supernatant solution of 
adipose tissue, soleus muscle , and tumor tissue 
using the method of  Schotz et al. (27) with 
minor modifications (28). Previous reports 
have shown that muscle and adipose tissue 
activities of LPL were similar (29) or higher 
(28,30,31) in the postmitochrondial super- 
natant solution than in acetone-ether extracts. 
Based upon these reports and our preliminary 
findings that the activities of the lipogenic 
enzymes were significantly reduced in adi- 
pose tissue prepared with acetone-ether, we 
used the postmitochrondial supernatants for 
all enzyme determinations. Since the other 
fat pads were so small in the TB rats, the 
epididymal fat pads were selected for assay of 
LPL and the lipogenic enzymes. Several investi- 
gators (29,32,33) have shown that the LPL 
response in the epididymal fat pad was similar 
to that observed in other sites such as the 
retroperitoneal and the inguinal depots. The 
enzyme activity is expressed as units + SEM; 
1 unit representing 1 /2mol free fatty acids 
released per hr incubation. Units are given as 
per mg protein and per whole tissue. The 
activity measured in the supernatants is attri- 
buted to LPL because it had a pH optimum at 
7.5 for adipose tissue and a pH at 7.0 for soleus 
muscle and was inhibited maximally by 0.5 m 
NaC1 and 100/2g of protamine sulfate. Protein 
concentration was measured on the super- 
natants by the method of Bradford (34) using 
bovine serum albumin as the standard. 

Statistical Analysis 

All data were subjected to analysis of 
variance and group means were tested at the 
5% level of significance (35). 

RESULTS 

Food Intake and Carcass Weight 

Total food consumption of the C rats 
(404 + 15 g, mean + SEM) and the TB rats 
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TABLE 2 

Tumor Fluid Lipid Levels 

Parameter Mean +- SEM 

Tumor weight (g) 55.2 +- 4.6 
Tumor volume (cm 3) 36.4 +- 3.8 
Free fatty acids (FA=SA molar ratio) 76.8 +- 5.9 
Triglycerides (mg/dl) 72 -+ 3 
Cholesterol (mg/dl) 101 -+ 8 

(400 + 9 g) was similar for  the  18-day per iod.  
There  were no  signif icant  d i f ferences  in weight  
gain b e t w e e n  t h e  C (40 -+ 6 g) and the  TB (25 + 
4 g) rats. These findings indica ted  tha t  this 
t u m o r  did no t  cause anorexia in our  rat model .  

Serum Lipids 

Hyper l ip idemia  was p resen t  in the  TB rats. 
Serum tr iglycerides and free fa t ty  acid levels 
increased in the  TB rats 4- and 5-fold, respec- 
tively, compared  wi th  the C rats (Table 1). There  
were no significant  d i f ferences  in serum cho- 
lesterol  levels be tw een  the  t w o  groups.  In con-  
trast ,  /3-hydroxybutyra te  levels o f  the  TB rats 
decreased by 29% compared  wi th  the  C rats. 
The lipid compos i t i on  of  the  t u m o r  fluid is 
p resen ted  in Table 2. The concen t r a t i on  of  

free fa t ty  acids in the  t u m o r  fluid was 9 t imes 
the serum concen t r a t i on  of  the  TB rats. 

Lipoprotein Lipase Activity 

The activities o f  LPL in the  adipose tissue, 
soleus muscle and t u m o r  tissue are given in 
Table 3. When LPLA is expressed  as per  epidid-  
ymal  fat pad,  there  was a 70% decrease in LPL 
activity of  the TB rats compared  to  the  C rats. 
A 38% decrease in LPLA was observed during 
t u m o r  g rowth  when  ep id idymal  activity was 
expressed as per  mg of  pro te in .  There  was no 
significant  d i f ferences  in soleus muscle  LPLA 
b e t w e e n  the  two groups.  

Liver Lipids 

As shown in Table 4, the TB rats had larger 
livers than  the C rats. The amoun t s  of  to ta l  
lipids, t r iglyceride and choles tero l  were no t  
significantly d i f fe rent  b e t w een  the  two groups.  
The concen t r a t ion  in mg/g of  wet  weight  o f  
liver was 42.4 -+ 1.1 for  the C rats and 39.5 -+ 
1.2 for  the TB rats; t h e  concen t r a t i on  of  
t r iglycerides was 22.7 + 1.2 for  the  C rats and 
17.3 + 1.7 for the TB rats; and the  concent ra-  
t ion of  choles terol  for  the  C rats was 4.1 -+ 
0.1 and 3.8 -+ 0.1 for  the TB rats. Only the 
t r iglyceride concen t r a t ion  of  the  TB rats was 
significantly (p < 0.05) less than  the  C ra ts .  

TABLE 3 

Tissue Lipoprotein Lipase Activity of Control and Tumor-Bearing Rats 

Groups 

Adipose tissues Soleus muscles Tumor tissue 
(Ua/mg protein) (U/mg protein) (U/mg protein) 
(U/whole tissue) (U/whole tissue) (U/whole tissue) 

Control 1.014 -+ 0.100 b 0.145 -+ 0.017 
15.246 -+ 2.050 0.847 +- 0.186 

Tumor-bearing 0.627 -+ 0.323 c 0.162 +- 0.011 0.051 -+ 0.008 
4.533 -+ 0.571 c 0.792 +- 0.053 76.133 -+ 9.763 

au = units which are vmol of free fatty acids released/hr. 
bMeans -+ SEM;N = 6-8. 
Cp < 0.05 compared with control. 

TABLE 4 

Effect of Tumor Growth on the Liver Lipids 

Total liver Total Total Total 
Groups weight (g) lipid (g) triglycerides (g) cholesterol (g) 

Control 8.7 -+ 0.1 a 370.0 -+ 11.1 197.7 -+ 13.1 36.2 +- 1.7 
Tumor-bearing 10.3 + 0.2 b 408.1 -+ 13.4 181.0 -+ 20.3 39.1 +- 0.7 

Means -+ SEM, N = 6-8. 
p < 0.05, compared with control. 
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TABLE 5 

Activities of  Lipogenic Enzymes  in Tumor-bearing and Control  Rats 

9 4 7  

Groups 

Fa t ty  acid synthe tase  
( u a / m g  protein) 

(ua /whole  tissue) 

Citrate cleavage enzyme 
( u a / m g  protein) 

(ua /who le  tissue) 

Glucose-6-phosphate 
de.hydrogenase 

(UJg/mg protein) 
(U~ tissue) 

Control 25.9 -+ 4.0 c 
321.9 -+ 54.~ 

Tumor-bear ing 8.5 + 0.9 
57.1 -+ 11.4 d 

Adipose tissue 

36.3 -+ 7.6 
461.0 -+ 102.2 

7.6 -+ 1.6 d 
38.0 + 11.5 d 

Liver tissue 

100.3 -+ 11.2 
1254.9 +- 159.0 

67.0 -+ 11.9 d 
452.4 -+ 79.0 d 

Control 2.9 +- 0.3 3.1 + 0.3 45.1 -+ 2.5 
73.3 -+ 9.2 88.9 + 8.7 1166.5 -+ 74.5 

Tumor-bear ing 2.9 -+ 0.3 2.9 -+ 0.2 42.3 -+ 1.1 
89.5 -+ 10.2 88.4 -+ 7.7 1283.8 +- 45.4 

a u  = units  which are nmol  NADPH oxidized/rain.  
b u  = uni ts  which are nmol  NADPH formed]rain.  
CMeans -+ SEM, N = 6-8.  
d p <  0.05 compared with control.  

Lipogenic Enzyme Activities~ 

T h e  e p i d i d y m a l  f a t  p a d s  o f  t h e  T B  r a t s  we re  
2 . 4 6  + 0 . 1 4  g ( m e a n  + S E M )  w h i c h  w a s  s ign i f i -  
c a n t l y  less  t h a n  1.51 + 0 .21  g fo r  t h e  C r a t s  
( T a b l e  5).  T h e  ac t i v i t i e s  o f  F A S  a n d  C C E  in  
t h e  a d i p o s e  t i s s u e  o f  t h e  T B  ra t s  w e r e  a lso  
s i g n i f i c a n t l y  less  t h a n  t h e  C ra t s .  G 6 P D H  
a c t i v i t y  in  t h e  a d i p o s e  t i s s u e  o f  t h e  T B  r a t s  
was  s i g n i f i c a n t l y  less  t h a n  t h e  C r a t s  w h e n  t h e  
a c t i v i t y  was  e x p r e s s e d  as p e r  w h o l e  f a t  p a d .  
M o r e o v e r ,  t h e  t u m o r  d id  n o t  a p p e a r  to  a l t e r  
l i p o g e n e s i s  in  t h e  l iver  as t h e r e  was  n o  c h a n g e s  
in  t h e  ac t i v i t i e s  o f  F A S ,  C C E ,  o r  G 6 P D H  be-  
t w e e n  t h e  t w o  g r o u p s .  

Serum Glucose, Insulin and Glucagon 

T h e  level  o f  s e r u m  g l u c o s e  was  s l i g h t l y  
h i g h e r  in  t h e  T B  r a t s  c o m p a r e d  t o  t h e  C r a t s  
( T a b l e  6) .  S e r u m  i n s u l i n  leve ls  o f  t h e  T B  ra t s  
we re  h a l f  t h e  v a l u e s  o f  t h e  C r a t s ,  wh i l e  g l uca -  
g o n  levels  o f  b o t h  g r o u p s  d id  n o t  v a r y  s ign i f i -  
c a n t l y .  

Urinary Catecholamines 

T h e  e x c r e t i o n  v a l u e s  o f  u r i n a r y  e p i n e p h r i n e  
a n d  n o r e p i n e p h r i n e  a re  p r e s e n t e d  in  T a b l e  7. 
T h e  u r i n a r y  levels  o f  n o n r e p i n e p h r i n e  a n d  
e p i n e p h r i n e  w e r e  s i g n i f i c a n t l y  less  in  t h e  T B  
r a t s  c o m p a r e d  t o  t h e  C r a t s .  C h a n g e s  in  u r i n a r y  
n o r e p i n e p h r i n e ,  b u t  n o t  u r i n a r y  e p i n e p h r i n e ,  
w e r e  s h o w n  to  c o r r e l a t e  w i t h  p l a s m a  leve ls  
in  h u m a n  s u b j e c t s  ( 3 6 ) .  D a t a  o n  t h e  c o r r e l a t i o n  
o f  t h e  u r i n a r y  c a t e c h o l a m i n e  levels  t o  p l a s m a  
levels  in  n o r m a l  a n d  t u m o r - b e a r i n g  r o d e n t s  

h a v e  n o t  b e e n  r e p o r t e d .  

DISCUSSION 

T h e  h y p e r t r i g l y c e r i d e m i a  o b s e r v e d  d u r i n g  
t u m o r  g r o w t h  m a y  r e s u l t  f r o m  a d e c r e a s e  in  
t h e  r e m o v a l  o f  t r i g l y c e r i d e s  f r o m  t h e  b l o o d ,  
a n  i n c r e a s e  in  l iver  s y n t h e s i s  o f  l ip ids ,  a n d / o r  

TABLE 6 

Serum Levels of  Glucose, Insulin,  and 
Glucagon in Tumor-bearing and Control  Rats 

Glucose Insulin Glucagon 
Group (ml/dl) (U/ml) (pg/ml) 

Control  64 +- 1 a 34 +- 2 232 -+ 10 
Tumor-bearing 71 + 2 b 17 + 9 b 190 -+ 23 

aMeans +- SEM, N = 6 - 8 .  
bp < 0.05 compared with control.  

TABLE 7 

Urinary Catecholamine Excret ion 

Epinephrine Nonrepinephrine 
Group (/ag/24 hr) (/ag/24 hr) 

Control  72 + 2 a 90 -+ 9 
Tumor-bear ing 44 + 8 b 60 -+ 7 b 

aMeans -+ SEM, N = 6-8.  
bp < 0.05 compared with control.  
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an increase in tr iglyceride secret ion rates. The 
results of  this s tudy suggest that  the elevat ion 
of serum triglycerides in the  TB rats compared  
with the C rats may  be due to  a decrease in 
the removal  o f  tr iglycerides as indicated by the 
70% reduct ion  in LPLA in the  adipose tissue. 
T h o m p s o n  et al. (6) repor ted  a similar decrease 
in adipose tissue LPLA in mice bearing pre- 
putial  gland tumors .  However  , our findings 
on LPL, along with the data on serum insulin 
and the l ipogenic enzymes,  have not  been 
presented for a rat t umor  model .  In this s tudy,  
18 clays of  t umor  growth altered the  act ivi ty 
of  LPL in the adipose tissue but  no t  in the 
soleus muscle. The presence of  LPLA in the 
t umor  indicates that  it is capable of  com- 
pet ing  with o ther  tissues for uptake  of  tri- 
glycerides. The  nutr i t ional  s tate such as fasting 
or s tarvat ion are also known  to affect  LPLA 
(37,38).  However ,  in this s tudy,  it was no t  
l ikely that the overnight  fast caused a greater  
decrease in LPLA in the TB rats compared  
to the  C rats as bo th  groups were t reated in 
a similar manner .  

Changes in the act ivi ty of  LPL in the adi- 
pose tissue are related to insulin levels (7,8, 
11). Ashby and Robinson  (8) have found that  
insulin increased the act ivi ty  of  LPL in the 
adipose tissue by s t imulat ing prote in  synthesis 
of  the enzyme.  Our results showed that  the 
reduct ion  of  LPLA in the adipose tissue was 
accompanied  by a decline in insulin levels o f  
the TB rats compared  with  the  C rats. F rom 
this exper iment ,  it was no t  possible to ascertain 
the order  o f  these changes. Fu r the r  studies 
are required to find out  which event  occurred 
first: the  decrease in insulin levels or LPLA. 

Previous investigators have suggested that  
the activities of  LPL in the heart  and skeletal 
muscle are regulated by glucagon ( 7 , 9 , 1 0 ) a n d  
the ca techolamines  (8,10).  The fact that  there 
were no changes in glucagon levels or  LPL 
activities in the soleus muscle were consistent  
with the above findings. 

In this s tudy,  we found  no  changes in liver 
lipids or  liver l ipogenic enzymes  be tween  C and 
TB rats. Kitada et al. (39) also repor ted  that  
liver fat con ten t  of  mice with  advanced stage 
l y m p h o m a  was similar to control  mice.  Our 
finding that  liver l ipogenic enzymes  were not  
altered during t umor  growth would  suggest that  
liver synthesis of  tr iglycerides is no t  changed. 
Since synthesis of  lipids or  to ta l  liver lipids did 
not  appear to  be affected by the t umor  growth,  
it is also l ikely that  secret ion rates of  liver tri- 
glycerides are not  altered in these rats. Re- 
cent ly ,  Kannon  et al. (40) and Lyon  et al. (41) 
have shown that  the secret ion rate of  trigly- 
cerides f rom the liver decreased in t u m o r o u s  

mice compared  to cont ro l  mice.  These reports  
did not  include any data on liver lipid composi-  
t ion or  liver l ipogenic activity.  However ,  the  
data on tr iglyceride turnover  repor ted  by 

Lyon  et al. (41) indicated that  the decrease in 
the removal  of  tr iglycerides f rom the blood 
con t r ibu ted  to the hyper t r ig lycer idemia  of  
tumor-bear ing rodents .  

Fa t  mobi l iza t ion  was increased in the TB 
rats as evidenced by the elevat ion in serum 
free fat ty  acids, decrease in adipose tissue 
l ipogenic enzymes,  and the decrease in epi- 
d idymal  fat pad weights compared  with the C 
rats. Since insulin is known to regulate lipid 
metabol ism,  it is possible that  the increase 
in free fa t ty  acid mobi l iza t ion  observed in the 
TB rats is related to the decrease in serum 
insulin. The t umor  may have a pr imary effect  
on insulin synthesis or  secret ion which,  i n  
turn,  would  al ter  lipid metabol ism.  Other  
investigators have suggested that  the t u m o r  
may produce lipid mobi l iz ing factors which 
would  s t imulate  lipolysis and /o r  affect  the 
hormones  regulating lipolysis and lipogenesis 
(1,42). Whether  the  tumor  has a direct effect  
on lipid metabol i sm or whe ther  the effects  are 
media ted  by changes in ho rmones  or o ther  
regulatory compounds  remains to be deter- 
mined.  

The data presented here suggest that  the 
deficiency of  LPL act ivi ty  in the adipose 
tissue of  TB rats compared  to  the C rats may  
account ,  in part,  for  the accumula t ion  of  
tr iglycerides in the blood.  Moreover,  these 
exper iments  demons t ra ted  that  insulin is 
affected by the t u m o r  and is associated, e i ther  
direct ly or indirect ly,  wi th  the al terat ions of  
lipid metabol i sm accompanied  t umor  growth.  
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ABSTRACT 

Some hypotheses on taste reception have implicated lipids of taste ceils as major receptor constitu- 
ents. This study reports detailed lipid profiles of the taste bud-containing epidermis from circumvallate 
papillae and fungiform papillae as well as profiles from two non-taste bud tissues: circumvallate papillae 
dermis and epidermis from the lateral posterior of the tongue. Differences in levels of triglycerides and 
phosphatidylcholines were observed but these were not directly related to the presence of taste buds. 
At this level of analysis, it is evident that there are no unusual distributions of phospholipid classes in 
the taste bud epidermis when compared with the non-taste bud lingual epidermis. 
Lipids 17:950-955, 1982. 

Current evidence suggests that the initial 
site of interaction of taste stimuli is on the 
plasma membrane of taste receptor cells (1-4). 
Although the biochemical character of the 
recognition molecules is not firmly established, 
it has been postulated that lipids of  the taste 
cell plasma membrane function at least as one 
major constituent in the reception of the 
modalities salty and sour (5-7). The question 
of whether or not taste cell plasma membrane 
contains lipids unique to this receptor cell has 
never been experimentally addressed. Taste 
buds are neuroepithelial structures located in 
the epidermis of specialized papillae of the 
tongue. The sensory nerves that innervate the 
papillae are necessary for differentiation of 
basal cells into taste receptor cells (8) and this 
process may initiate synthesis of unique 
receptor macromolecules or unique membrane 
lipids. An investigation of the lipid profile of 
various lingual regions may reveal differences 
among the taste and non-taste areas and could 
then lead to hypotheses about the role of speci- 
fic lipids in taste reception. 

A previous study (9) reported the lipid pro- 
files of extracts of  entire circumvallate papillae. 
However, the circumvallate papilla is primarily 
structural dermis and non-taste epidermis. Taste 
buds are located only within the lateral epider- 
mal surface of steer circumvallate papillae. 
Rather than extract the entire papilla (as has 
been done before [9] ), we have surgically divid- 
ed the steer circumvallate papillae into two por- 
tions: the taste bud-containing lateral epidermis, 
and the non-taste bud-containing dermal core 
of the papilla. While an earlier report (10) used 

the entire papilla for biochemical studies, more 
recent ones have used the taste bud rich lateral 
epidermis (11-13). 

In a preliminary analysis of lingual lipids 
(14), we observed a high percentage of free 
fatty acids (FFA). Since it is known that lipo- 
lyric activity is present in the posterior portion 
of the tongues of many species (for reviews, see 
15,16), we assumed that much of this FFA 
could be the result of endogenous lipase. 
During preliminary experiments to monitor this 
lipase activity, we observed that lidocaine, a 
known inhibitor of  phospholipase (17), inhibit- 
ed the hydrolysis of tripalmitin, and when 
tissue that had been held in lidocaine was 
analyzed for total lipids, only 3-6% FFA were 
found (Rabinowitz and Brand, unpublished 
observation). Consequently, we determined 
lipid profiles of both taste and non-taste lingual 
epidermal samples keeping the tissue wet with 
lidocaine buffer for the time required for dis- 
scretion. The tissue was then placed immediately 
in the extracting medium. We report here the 
results of these analyses. 

MATERIALS A N D  METHODS 

Glucose-free Tyrode's Buffer 

Tyrode's solution was made to the following 
component concentration: NaC1, 137 mM; 
KC1, 2.7 mM; CaC12, 1.8 raM; MgC12, 0.5 mM; 
NaH2PO4, 0.36 raM; pH 5.2. All Tyrode's 
solution was autoclaved for 1 hr. Lidocaine was 
a product of ICN Pharmaceuticals and was 
dissolved to 0.75 mM in Tyrode's buffer. 
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Tissue 

Tongues from seven steer (each animal was 
18-24 months old, ca. 1100 lb )were  obtained 
as soon as possible after slaughter (15-30 rain). 
It was noted on purchase that in the throat por- 
tions attached to several of the tongues, the 
carotid bodies were beating. Tongues were im- 
mediately rinsed with Tyrode's  lidocaine, then 
placed on ice and the throat tissue cut away. 
All procedures were conducted on ice (4 C). 
The 7 tongues were draped with towels soaked 
in the glucose-free Tyrode's buffer plus 0.75 
mM lidocaine. Although no gross microbiologi- 
cal contamination was apparent and no at tempt 
was made to sterilize the materials, tongues 
were periodically rinsed with copious quantities 
of the Tyrode s lidocaine buffer. 

The following 4 types of  tissues were ob- 
tained from each of  the seven tongues. 

Circumvallate papillae (CVP) lateral epider- 
mis. The 15-20 circumvallate papillae of a 
single steer tongue (Fig. 1) contain about 90% 
of the total number of taste buds on the tongue 
(18). Only the lateral epidermis of this 
structure is invested with taste buds. Therefore, 
we dissected the CVP into a taste bud epider- 
mal fraction and a non-taste bud-containing 
dermal portion. The dorsal (top) surface epider- 
mis of the CVP was removed by a single scalpel 
cut. This surface tissue contains no taste buds. 
The remaining papilla was then excised from 
the tongue by a second scalpel cut. The lateral 
epidermis was teased away from the supporting 
dermal core using a microforceps. The lateral 
wall contains taste bud ceils and normal epithe- 
lial cells. The CVP lateral epidermal pieces were 
placed in a glass vial with a Teflon-lined screw 
cap containing 8 ml of Folch (chloroform/ 
methanol) extracting medium. Ca. 200 mg wet 
wt of  tissue was obtained. 

CVP dermis. The dermal cores from the 
dissection above in (a) were also placed in a 
separate vial with 8 ml Folch. The dermal core 
of t h e  CVP contains connective tissue, dermal 
cells, blood vessels, secretory glands and the 
sensory nerve processes which innervate t h e  
taste buds. Ca. 600 mg wet wt of tissue was ob- 
tained. 

Posterior epidermis. Unpapillated posterior 
epidermis was collected from all tongues from 
a region below the CVP and posterior to the 
intermolar eminence (Fig. 1). The epidermis at 
this portion of  the tongue can be stripped free 
of the dermis (13). These epidermal strips were 
rapidly cut into small pieces, 3-5 mm 2, then 
transferred to a vial containing 8 ml Folch. 
Approximately 900 mg wet wt of tissue was ob- 
tained. 

o_ oo~ ~.~.o ~ o ~z.'~. 
I ~ �9 ~ o . ,  o d -  
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FIG. 1. Sketch of the posterior portion of a 
steer tongue (throat viscera removed, tip of 
tongue to the right) showing the circumvallate 
papillae, whose lateral epidermal surface con- 
tains taste buds, and the lateral posterior region 
from which epidermal strips were collected. 
The circumvallate papillae were removed and 
subjected to additional dissection leading to 
taste bud-containing "CVP lateral epidermis" 
and the supportive non-taste "CVP dermis." 

Fun#form papillae. The anterior portion of 
the steer tongue contains small taste papillae 
whose dorsal surface is invested with from 1 
to 5 taste buds. The dorsal surface of these 
papillae was recovered by a single scapel cut 
and these surfaces placed in a glass vial with 8 
ml Folch. Although material was removed from 
each of the 7 tongues, not all available fungi- 
form papillae were removed. Each steer tongue 
contains ca. 200 fungiform papillae (18). 
Ca. 50 mg wet wt of tissue was obtained. 

During these procedures, the vials were kept 
on ice and periodically agitated. After all 
tissue was collected, the caps were screwed on 
tightly and the vials vigorously agitated. Each 
vial was then placed at -15 C for 24 hr until the 
analytical procedures were begun. 

Analytical Procedures 

All lipids or solutions containing lipids were 
stored in the presence of ca. 5 pg of butylated 
hydroxytoluene (BHT)/mg of lipid. Lipid stan- 
dards were purchased from Applied Sciences, 
State College, PA, and were tested for purity by 
chromatography (several aliquots were tested), 
as described below. In no instance did the level 
of impurities exceed 1% and in most instances 
no detectable impurities were present. The 
tissue specimens were chopped finely and 
homogenized in all-glass piston homogenizers; 
they were extracted with 100 ml of chloroform/ 
methanol (2: 1, v/v) (19). Two extractions were 
required. To insure that no glycerolipid was left 
unextracted, residues were transmethylated 
(20) and a subsequent lipid extraction per- 
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formed. No additional lipid material was re- 
covered. Repeated extractions did not yield 
additional lipid material. One aliquot of the 
extract was subjected to silicic acid (Bio-Sil A, 
100-200 mesh) column chromatography to 
separate neutral lipids (by chloroform elution) 
from phospholipids (by methanol elution). 
Individual lipid families were obtained from the 
separated neutral lipids and phospholipids by 
chromatography o n  thin layer plates. Silica 
Gel G TLC plates were developed with petrole- 
um ether/ethyl ether/glacial acetic acid (90: 
10:1, v/v/v) for separation of neutral lipids. 
Phospholipids were separated by two-dimen- 
sional TLC using Silica Gel H on glass plates 
and chloroform/methanol/acetic acid/water 
(200: 120:25:15 by vol) in the first dimension 
(21) and chloroform/methanol/acetone/acetic 
acid/water (100:20:40.20:10 by vol) in the 
second dimension (21-23). Known amounts of 
authentic standards were "spotted" alongside 
each experimental sample. Iodine vapor was 
used to pinpoint lipid areas. The appropriate 
areas of each lipid class were then scraped off 
and placed in individual test tubes containing 
2 ml of concentrated sulphuric acid. The tubes 
were heated at 200 -+ 2 C for exactly 15 min. 
The test tubes were then cooled by immersion 
in ice and 3 ml of water was then added to each 
tube. Following centrifugation for a few min- 
utes at 3000 rpm to remove the silica gel, each 
solution was decanted into a separate quartz 
cuvette. The charred lipids were quantitatively 
assayed by use of a Beckman DB spectrometer 
set at 375 nm and compared with known stan- 
dards obtained in the same manner (19,24,25). 
Slight differences may exist between the known 
standards (obtained from Applied Sciences) and 
the unknowns from lingual tissues due to pos- 
sible differences in fatty acid distribution. The 
sum of the charring data of each fraction was 
considered equal to 100% (21,26,27). The 
cholesterol and cholesteryl ester spots were 
also determined by Abell's method (28) for 
maximum accuracy. 

To determine if the analytical procedures 
were breaking down phospholipid or triglycer- 
ide, s e p a r a t e  vials were r u n  through all proced- 
ures as described above in "Tissue", except that 
no tissue was added. Instead, either 14C-tri- 
palmitin (l*C-carboxyl) (New England Nuclear, 
5 mCi/mmol) or [U-14C]phosphatidylcholine 
(New England Nuclear, 5 mCi/mmol) was 
added to t.5 ml buffer. These were carried 
through all procedures as though they contained 
tissue. 

In a separate experiment, 2 vials each con- 
taining 10 intact fresh circumvallate papillae 
were incubated for 40 min at 30 C in 1.5 ml of 

Tyrode's buffer containing 50 ~g of tripalmitin 
C4C-carboxyl). One vial also contained 0.75 
mM lidocaine. 

R ESU LTS 

Detailed analysis of the isotope blanks that 
were r u n  separately through the extraction, 
elution and identification procedures (no tissue 
in the vials) as described in the section on ana- 
lytical procedures in Methods (above) revealed 
the following chemical breakdowns. For 14C- 
tripalmitin, less than 0.01% was converted to 
methyl 14 C-palimitate. For the [U TM C] lecithin, 
less than 0.01% was converted to 14C-palmitic 
acid, and less than 0.001% was converted to 
methyl 14C_palmitate and 14C_phosphatidic 
acid. Thus, the lipid profiles in Table 1 represent 
endogenous lipids and are not a result of lipid 
decompositioh or recombination during the 
analytical procedures for identification of 
individual lipid species. 

In the experiment where 2 vials of 10 in- 
tact CVP samples were incubated with 14 C-tri- 
palmitin with and without lidocaine, 48% 
hydrolysis to ~4 C-palmitic acid was observed in 
the vial without lidocaine, 1.4% hydrolysis to 
14 C-palmitic acid was observed in the vial con- 
taining lidocaine. 

Table 1 displays the results of analyses of 
various lipid classes from each tissue area. For 
most classes of lipids in the 4 tissue regions 
sampled, little difference existed. The circum- 
vallate epidermal fraction was similar to that of 
the CVP dermis. The dermis forms the support- 
ive tissue fo r  the epidermal taste-bud-contain- 
ing fraction. Profiles of the epidermis from the 
posterior portion and of the dorsal surface of 
fungiform (taste) papillae showed striking simil- 
arity. Compared with the circumvallate tissues, 
both had higher levels of triglycerides and lower 
levels of phosphatidyl cholines. Percentages of 
all other lipid classes were similar among all 
four regions. The ratio of neutral to polar lipids 
was higher for the posterior epidermis and the 
fungiform epidermis compared with the epider- 
mis and dermis of the circumvallate papillae. 

DISCUSSION 

This study presents a complete lipid profile 
of both taste bud-containing CVP epidermis 
and a non-taste bud-containing epidermis (as 
control tissue). In addition, the profile of the 
supportive dermis of the CVP is also reported. 
We also used the known phospholipase inhibitor 
lidocaine while taking tissue samples since 
earlier work suggested that lidocaine is not only 
a phospholipase inhibitor but may also be a 
lipase (glycerol ester hydrolase) inhibitor in 
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TABLE 1 

Lipid Composition (%) of Tongue Tissues from 4 Different Regions a 

953  

Region of tongue sampled 

CVP lateral Posterior Fungiform dorsal 
Constituent epidermis CVP dermis epidermis surface 

Neutral lipids 
Free fatty acids 5.05 5.88 6.01 6.09 
Mono- and diglycerides 2.53 2.73 3.40 4.92 
Triglycerides 6.24 4.79 14.37 15.12 
Methyl esters 1.54 1.13 1.79 2.00 
Cholesterol 18.09 18.00 19.85 17.53 
Cholesteryl esters 4.51 6.63 7.15 7.76 
Undetermined 1.00 1.58 0.92 1.13 

Total neutral lipids 38.96 40.74 53.49 54.55 

Polar Lipids 
Sphingomyelins 4.60 4.98 2.59 2.26 
Phosphatidylcholines 15.32 13.81 8.43 8.53 
Lysophosphatidylcholines 3.58 2.69 2.11 2.24 
Phosphatidylserines 6.90 6.33 4.33 4.00 
Phosphatidylinosit ols 5.62 5.75 3.09 4.40 
Phosphatidylet hanola mines 13.66 14.58 14.10 12.12 
Cardiolipins 9.19 7.98 9.86 10.55 
Phosphatidic acids 1.72 1.88 1.03 0.85 
Undetermined 0.45 1.26 0.97 0.50 

Total polar lipids 61.04 59.26 46.51 45.45 

aValues are percent of total lipid and represent the average of three parallel analyses with standard error of 
the mean less than 0.05%. 

these  tissues. The  m o n o -  and  diglyceride levels 
were low in all t issues sampled  (Tab le  1), in 
spi te  of  the  t r ig lycer ide  levels be ing  d i f fe ren t  
a m o n g  the  f ract ions .  This  suggests t ha t  the  
presence  of  l idoca ine  may m a i n t a i n  the  in tegr i ty  
of  the  t r ig lycer ide levels by  inh ib i t ing  the  
p o t e n t  l ingual  l ipases (15 ,16 ,29) .  

We have t aken  advantage  of  this  i n h i b i t o r y  
abi l i ty  of  l idocaine  in o rde r  to  d e t e r m i n e  the  
e n d o g e n o u s  levels of  var ious lipid species in 
tas te  and non - t a s t e  l ingual  tissue. Differences  in 
lipid profi le  ref lect  a p p a r e n t  epi thel ia l  t ype  and  
regional  pos i t ion  of  the  t issue and  no t  the  
direct  presence  of  taste  buds.  It is n o t a b l e  t ha t  
the  ep idermis  f rom the  lateral  borders  of  the  
tongue  has a profi le  s imilar  to  the  fung i fo rm 
dorsal  surface.  The  cho rda  t y m p a n i  b r a n c h  of  
the  VII th  nerve  innerva tes  the  fung i fo rm papil- 
lae while the  g lossopharyngea l  nerve innerva tes  
the  c i rcumval la te .  Some of  these d i f ferences  in 
l ipid prof i le  may  be due to d i f ferences  in inner-  
r a t i on .  

The  prof i les  we presen t  here  are no t  c o m -  

plete ly  cons i s t en t  wi th  p re l iminary  work  we 
have p e r f o r m e d  on tissue tha t  was i n c u b a t e d  
for  40  rain in the  presence  of  l idocaine  before  
be ing  ex t r ac t ed  in Fo lch ' s  mix ture .  In these  
p re l iminary  expe r imen t s ,  we i n c u b a t e d  CVP 
epidermis  in T y r o d e ' s  bu f fe r  wi th  and  w i t h o u t  
l idocaine  in o rder  to  d e t e r m i n e  the  e x t e n t  of  

e n d o g e n o u s  lipase. We a t t r i b u t e  these discrep- 
pancies  (mos t l y  d i f ferences  in t ryg lycer ide  and  
p h o s p h o l i p i d  levels) to  syn theses  and  degrada- 
t ions  t ha t  may  have occur red  dur ing  the  40-min  
i n c u b a t i o n s  and  to possible  d i f ferences  in 
s t rain,  age, hea l th  or  pr ior  drug t r e a t m e n t  of  
steers f rom which  the  t issue was derived.  The  
d i s t r ibu t ions  r epo r t ed  in Table  1 are p r o b a b l y  
nearer  the  actual  d i s t r ibu t ions  in the  an imal  
since t issues now were placed as soon  as 
possible  a f te r  s laughter  in to  Fo lch ' s  ex t r ac t ing  
m ed ium.  

The  r epo r t  of  Kur ihara  et  al. (9)  s ta tes  t ha t  
41% of  the  to ta l  l ipids ex t r ac t ed  f rom ent i re  
c i rcumval la te  papil lae were phospho l ip ids ,  al- 
t h o u g h  the  indiv idual  lipid classes q u a n t i t a t e d  
were no t  given. Our  value for  CVP lateral  
ep idermis  is h igher  t han  this (Tab le  1), a l t hough  
it is no t  clear as to  h o w  Kur ihara  et  al. def ined 
the i r  phospho l i p id  classes. They  also f o u n d  
much  h igher  values (16%) for  sph inogomye l in s  
and lower  values (4%) for p h o s p h a t i d y l e t h a n o -  
lamines  ( r e p o r t e d  as weight  % of  to t a l  l ipids) 
t h a n  we r e p o r t  here .  The i r  r epo r t  of  cho les te ro l  
c o n t e n t  is lower  t han  ours.  The  s ta te  of  the  
t issue ( f resh  or f rozen ,  s t ra in ,  age and  hea l th  of  
animal ,  etc.)  is no t  k n o w n  in the  previous  
repor t  (9) ,  and the  inves t igators  did no t  use 
l idocaine dur ing  dissect ion.  Wi thou t  l idocaine ,  
the  d i acy lg lyce rophospho l ip ids  may have been  
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par t ia l ly  h y d r o l y z e d  al lowing the  relat ive 
a m o u n t  o f  s p h i n g o m y e l i n  to  increase.  Add i t i on -  
ally, t he  ana ly t ica l  p rocedure s  were d i f fe rent .  

Our  s tudy  suppor t s  the  eff icacy of  us ing the  
CVP ep idermis  as a t issue for  b i ochem i ca l  
s tudies  of  r e c e p t i o n  and  the  app rop r i a t enes s  of  
us ing pos t e r io r  ep idermis  as a con t r o l  tissue. It  
is also a p p a r e n t  f rom our  data  t h a t  at  t he  levels 
of t issue c o n c e n t r a t i o n  e m p l o y e d  here ,  on ly  
the  d i f fe rence  in p h o s p h a t i d y l c h o l i n e s  and  
t r iglycer ides  is obvious  be t w een  ep ide rmal  
t issues t h a t  c o n t a i n  tas te  b u d s  and  those  t h a t  
do  no t .  This  fac t  suggests t h a t  if  tas te  r e c e p t i o n  
is in i t i a ted  t h r o u g h  an i n t e r ac t i on  of  ca t ions  
wi th  the  l ipid p lasma m e m b r a n e  of  tas te  cells, 
t h e n  t h a t  p lasma m e m b r a n e  is p r o b a b l y  of  a 
c o m p o s i t i o n  similar  to  non - t a s t e  bud  epi the l ia l  
cells. The  h igher  c o n t e n t  of  p h o s p h a t i d y l -  
chol ines  in CVP tas te  ep idermis  c o m p a r e d  w i th  
fung i fo rm tas te  ep idermis  m a y  have bear ing  on  
the  regional  specif ic i ty  o f t e n  cons ide red  of  
interest in taste.  This pe rcep tua l  d i f fe rence  is 
no t ,  h o w e v e r ,  as p o t e n t  as is general ly  assumed 
(30) .  Since the  CVP lateral  ep idermis  con ta ins  
b o t h  tas te  bud  cells and  non- t a s t e  b u d  n o r m a l  
epi thel ia l  cells, the  t issue sampled  here  m a y  n o t  
be c o n c e n t r a t e d  enough  in t as te  b u d  cells to  
observe wha t  may  be sub t le  d i f ferences  in  l ipid 
profi le .  CVP la tera l  ep idermis  is suf f ic ien t ly  en- 
r iched  in tas te  bud  mate r i a l  to  show a differ- 
ence  in the  b ind ing  of  t a s t e  s t imul i  w h e n  com- 
pa red  to  pos t e r i o r  la teral  ep idermis  (13 ,31) .  
While f u r t h e r  pu r i f i ca t ion  of  the  tas te  bud  ceils 
f r om CVP la tera l  ep idermis  has  been  achieved 
(32) ,  t he  m e t h o d  is very  aggressive and  l eng thy  
( a b o u t  5 hr) ,  requi r ing  col lagenase d iges t ion 
and  several s teps of  t issue d i s rup t ion .  All of  
these  s teps  a l te r  t he  l ipid prof i le  of  t he  t issues 
u n d e r  s tudy.  

We have  d e t e r m i n e d  t he  l ipid c o m p o s i t i o n  
of  ep idermis  of  s teer  t ongue  f rom b o t h  the  
tas te  bud- r ich  c i rcumval la te  papil lae,  t he  tas te  
bud -con t a in ing  fung i fo rm papi l lae  and  the  non -  
tas te  bud  la tera l  pos t e r io r  region.  The  l ipid 
c o m p o s i t i o n  was similar  in  all regions.  The  con-  
s iderable  l ipase act iv i ty  k n o w n  to  be  p re sen t  in  
l ingual  t issues can be i n h i b i t e d  w i th  l idocaine .  
We conc lude  t ha t  if  tas te  r ecep t i on  is m e d i a t e d  
in pa r t  or  in  whole  by  p lasma m e m b r a n e  lipids,  
t hen ,  at  the  levels of  our  analyses,  no  u n i q u e  
d i s t r ibu t ion  of  m e m b r a n e  l ipids is p re sen t  in 
tas te  b u d - c o n t a i n i n g  epidermis .  
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Effects of Different Fractions of the Barley Kernel 
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ABSTRACT 

Various physical fractions of the barley kernel were fed to one-day-old female and male chickens 
to determine their effect on hepatic fl-hydroxy-fl-methylglutaryl coenzyme A (HMG-CoA) reductase, 
cholesterol 7a-hydroxylase and the lipogenic enzymes, acetyl-CoA carboxylase (ACX), malic enzyme 
(ME), citrate-cleavage enzyme (CCE) and fatty acid synthetase (FAS) at the subceUular level. Signifi- 
cant inhibition (p<0.01) of cholesterol biosynthesis accompanied by significant decreases in plasma 
cholesterol concentrations and induction of fatty acid synthesis were found in diets based on pearled 
barley, barley pearlings and a high-protein barley flour (HPBF: aleurone and subaleurone layers of 
barley endosperm) separated from the pearlings when compared to corn. Lower weight gains in 1- to 
4-week-old birds fed the high-protein barley flour were found to be the result of lower feed consump- 
tion; pair feeding of 12-week-old birds with diets based on corn and high-protein barley flour pro- 
duced equal weight gains in both treatments and significant reductions in hepatic HMG-CoA reductase, 
plasma cholesterol and induction in several lipogenic enzymes in birds fed the high-protein barley 
flour. Substitutions of 5-20% high-protein barley flour for corn in a corn-based diet produced signifi- 
cant weight gains (p<0.01) of 10 to 20% in 2-week-old chickens, inhibited chotesterol biosynthesis by 
45-65% and produced a 3-fold increase in a fatty ffcid synthetase. The results indicate that HPBF con- 
rains an inhibitor(s) of cholesterol biosynthesis and a growth factor(s) when compared to a corn-based 
diet. 
Lipids 17:956-963, 1982. 

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

The role of  nutr i t ional  factors such as the 
type of  carbohydrate  and dietary fiber in 
affecting plasma cholesterol  concen t ra t ion  has 
been repor ted  by a number  of  investigators 
(1-7). Numerous  observat ions in man and 
animals have indicated that  hepat ic  and plasma 
hpid concent ra t ions  are inf luenced by the 
amount  and type  of  dietary carbohydra te  (8,9). 
Diets rich in sugars, most  no tab ly  fructose and 
sucrose, have been shown to induce high levels 
of  plasma and hepat ic  lipids in l abora tory  ani- 
mals compared  to diets conta ining complex  
carbohydrates  (8). More recent ly ,  the source 
of  dietary protein has been recognized for its 
ability to change plasma cholesterol  (1). Animal  
protein has been associated with high, and vege- 

ICooperative investigation between the Science 
and Education Administration, US Department of 
Agriculture, and the College of Agricultural and Life 
Sciences, University of Wisconsin-Madison. 

2Mention of a trademark or proprietary product 
does not constitute a guarantee or warranty Df the 
product by the US Department of Agriculture and 
does not imply its approval to the exclusion of other 
products that may also be suitable. 

*Author to whom correspondence should be 
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table protein with low,  plasma cholesterol  (2). 
This has been observed in chickens (2,3) and 
rats (5,6) fed choles terolemic  diets and in 
rabbits fed diets low in fat wi thou t  adding 
cholesterol  (7). 

Recent ly ,  we have described the effect  o f  
feeding barley as compared  to  corn on the lipid 
metabol ism in the liver of  chickens (10). A 
dramatic  decrease in cholesterol  biosynthesis  
was caused by the  barley diet.  This effect  was 
accompanied  by large increases in fat ty acid 
biosynthesis.  

The decrease of  cholesterol  biosynthesis  
caused by feeding a barley-based diet compared  
to corn in chickens (10) p rompted  us to  deter-  
mine whether  a part icular  part of  the barley 
kernel  is more effect ive in lowering plasma 
cholesterol  levels and hepat ic  cholesterol  bio- 
synthesis. Fract ions obta ined f rom commerc ia l  
barley pearling operat ions  were used. These 
were (a) the whole kernel;  (b) barley pearlings 
which consist o f  hull ,  testa,  pericarp,  a leurone,  
germ and some starchy endospe rm;  (c) a high- 
pro te in  barley f lour (HPBF),  which has the 
finer particles separated by sieving the pearl- 
ings, and consists of  aleurone,  germ and sub- 
a leurone por t ions  of  the starchy endosperm;  
and (d) pearled barley, a food product ,  which 
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TABLE 1 

Percent Composition of the Chicken Diets 

957 

Diets ~ 

Ingredients A B C D E 

Corn 2 61.5 . . . .  
Barley -- 68.0 -- -- -- 
Barley pearlings -- -- 76.5 -- -- 
High-protein barley flour -- -- -- 79.5 -- 
Pearled barley . . . .  65.0 
Soybean meal (44%) 30.0 23.5 15.0 12.0 i 26.5 
Meat scrap 5.0 5.0 5.0 5.0 5.0 
Alfalfa meal (17%) 1.0 1.0 1.0 1.0 1.0 
Dicalcium phosphate 1.0 1.0 1.0 1.0 1.0 
Calcium carbonate 0.5 0.5 0.5 0.5 0.5 
Mineral mixture 3 0.5 0.5 0.5 0.5 0.5 
Vitamin mixture 4 0.5 0.5 0.5 0.5 0.5 
Crude protein % (calculated) s 21.73 21.73 21.83 22.1 21.73 
Calcium % (calculated) 1 1 1 1 1 

5% grit was also incorporated at the expense of each diet. 
2Protein (N X 6.25) concentrations on "as is" basis of corn, barley, barley pearlings, 

high-protein barley flour and pearled barley were 9.5, 12.8, 16.4, 18.1 and 11.1%, respec- 
tively. 

aContains/kg sodium chloride (NaCI) 2 mg, zinc sulphate (ZnSQ4) 50 mg and manganese 
dioxide (MnO2) 50 mg. 

4Contains/kg vitamin A 2000 IU, vitamin D 3 200 ICU, vitamin E 10 IU, vitamin Kt 
5 mg, choline 1.3 g, thiamin 1.8 mg, niacin 27 mg, riboflavin 3.6 mg, pyridoxine 3 rag, 
calcium-pantothenate 10.0 mg, vitamin B12 10 #g, lysine-HCt 1 g, methionine 0.72 g. 

SCalculated from analyzed values for corn, barley and NRC (1977) values for other 
ingredients. 

accounts  for  the  remainder  o f  the kernel  and 
consists pr imari ly  of  s tarchy endospe rm.  Ident i-  
f icat ion o f  a part icularly active f rac t ion f rom 
barley might  also serve as a pre l iminary  s tep in 
the isolat ion and iden t i f i ca t ion  of  the  active 
principles.  

The in te r re la t ionship  be tween  die tary  carbo-  
hydra te  and lipid me tabo l i sm is complex  and,  
in addi t ion ,  is in f luenced  by sex (11,12)  and 
genet ic  background  (13,14).  The present  s tudy  
was carried ou t  to check the  effect  o f  each o f  
the  three physical  f ract ions  of  bar ley on l ipid 
metabo l i sm of  female and male chickens  in- 
dividually for  any d i f f e rences  among  these 
p roduc t s  in b o t h  sexes. 

The activities of/3-hydroxy-/3-methylglutaryl-  
CoA (HMG-CoA) reductase  (EC 1.1.1.34) 
choles terol  7a -hydroxylase  (EC 1 . 1 4 ) a n d  the  
l ipogenic enzymes ,  fa t ty  acid syn the tase  (FAS) ,  
acetyl  c o e n z y m e  A carboxylase  (ACX EC 
6.4.1.2),  malic enzyme  (ME EC 1.1.1.40) and 
citrate-cleavage e n z y m e  (CCE EC 4.1.3.8)  were 
de te rmined .  The response  of  p lasma choles terol  
and tr iglycerides was also measured.  

MATERIALS AND METHODS 

Exper imen ta l  materials  were ob ta ined  com-  
mercially as r epor ted  previously (15).  Barley,  

var. 'Larker , '  was a gift f rom the  Ladish Malting 
Company ,  Je f fe rson ,  WI; yel low dent  corn,  
used as a con t ro l  cereal, was ob ta ined  f rom a 
local merchan t .  The d i f ferent  f ract ions  of  
barley used in the  present  s tudies were a gift 
f rom the  Minnesota  Grain Pearling C o m p a n y ,  
East Grand Forks,  MN. One-day-old and 2-week- 
old female and male chickens,  White Leghorn ,  
weighing ca. 36 g and 106 g, respect ively,  were 
ob ta ined  f rom commerc ia l  sources.  

Animals and Diets 

Effect  o f  dietary barley fractions compared 
to corn on body and liver weights and hepatic 
enzyme activities in 4-week-old female and 
male chickens. For ty  one-day-old  White Leg- 
horn  female chickens,  weighing 36 g each,  were 
divided in to  5 groups  of  8 birds or th i r ty  2- 
week-old female chicks, weighing 105 g were 
divided in to  5 groups  o f  6 birds for  each treat-  
men t .  The birds for each t r ea tmen t  were 
housed  in 4 cages conta in ing  2 birds per  cage. 
The first groups were fed i son i t rogenous  diets 
conta in ing  corn or  d i f f e r e n t  f rac t ions  of  the  
barley kernel  for  4 weeks and the la t t e r  groups 
were fed fo r  2 weeks.  The compos i t i ons  o f  the  
diets are shown  in Table !. Male chickens were 
also fed the  same diets.  The birds were exposed  
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TABLE 2 

Effect of HPBF on Body Weight, Hepatic Enzyme Activities and Plasma Cholesterol 
in Pair-Fed 15-week-old Female Chickens 

Parameters Corn (control) HPBF 

Corn-based diet ~ 69.4% 
High-protein barley flour (HPBF) 
Soybean meal 25.0% 

Initial body weight (g) (12 wk old) 912 -+ 64 
Final body weight (g) (15 wk old) 1078 -+ 102 
Percentage gain 2 18 
Liver weight (g) 30.5 -+ 3.0 

/3-Hydroxy43-methylglutaryl-CoA reductase a 372 -+ 26 a 
Cholesterol 7a-hydroxylase 4 1.6 -+ 0.19 a 
Plasma cholesterol (mg/100 ml) 139 -+ 10 a 

Fatty acid synthetase s 64.6 -+ 7.0 a 
Malic enzyme 6 286 +- 12.0 a 

88.4% 
6.0% 

837 -+ 78 
1000 -+ 84 

19 
29.7 -+ 3.0 

269 + 15 b (72) 7 
1.2-+ 0.16 b (75) 

117 -+ lO b (84) 

85.1 -+ 8.0 b (132) 
323.0 -+ 16.4 b (112) 

ZEach diet also contains meat scrap 50% (1.1%); alfalfa meal 17% (2.0%); dicalcium 
phosphate (1%); calcium carbonate (0.5%); vitamin and mineral mixture (1%); grit (5%) was 
incorporated at the expense of each diet. Vitamin and mineral mixture contains/kg;vitamin 
A 3000 IU, vitamin D 3 500 IU, vitamin E 10 IU; vitamin K 1 5 rag; choline 1.3 g;thiamine 
1.8 mg; niacin 27 mg; riboflavin 2.5 mg; pyridoxine 3 mg; calcium pantothenate 3.0 rag; 
vitamin BI~ 5 rag; lysine-HCL 1 g; methionine 0.72 g; sodium chloride (NaCI) 2 mg; zinc 
sulphate (ZnSO4) 50 mg and manganese dioxide (MnO2) 50 mg. Analysis of corn, high- 
protein barley flour (9.1 and 18.2% protein on "as is" basis, respectively). 

2Feeding period was 3 weeks; time of killing was 0800 hr; data expressed as mean + SD; 
N = 10 chickens per group. 

apmoles of mevalonic acid synthesized/min/mg of microsomal fractions. 
4pmoles of [14C] cholesterol into [ 14C] 7a-OH-cholesterol/min/mg of microsomal frac- 

tion. 
Snmoles of NADPH oxidized/min/mg of cytosolic fraction. 
6nmoles of NADP § reduced/min/mg of cytosolic fraction. 
7Percentage of respective control activity data are in parentheses. 
a-bMeans on a line and without a common small superscript letter are different, p<0.01. 

to con t inuous  artificial i l luminat ion and had  
free access to feed and water .  Feed  consump-  
t ion and body  weights were checked once  a 
week.  At the  end of  the feeding per iod,  birds 
were weighed individually,  b lood  samples (3 
ml) were col lected f rom the neck  vessels in 
a tube  conta in ing  500 uni ts  o f  hepar in  in 0.3-ml 
saline so lu t ion  (0.9%) immedia te ly  af ter  sacri- 
fice. Samples were s tored  at -20 C unti l  used for  
analysis. The birds were sacrificed b e t w e e n  8 
and 9 AM.; livers were r emoved ,  immedia te ly  
pu t  on ice and then  worked  up for  cy tosol  and 
microsomal  f ract ions ro carry out  s tudies  for  
lipid me tabo l i sm as descr ibed earlier (10). 

Effect o f  HPBF on body and liver weights 
and hepatic enzyme activities in pair-fed 15- 
week-old female chickens. Twen ty  12-week- 
old White Leghorn  female chickens ,  weighing 
760-970 g, were divided in to  2 groups  o f  10 
birds (5 birds per  pen)  for  each treatment. The 
birds o f  this age fed the  corn-based diet  typ-  
ically consume  100 g diet  per  day and those  fed 
the HPBF diet ,  80 g per  day.  To tes t  w h e t h e r  
or n o t  this d i f ference  in diet  in take  in f luenced  
the  di f ferences  in metabol ic  activities being 

s tudied ,  each group o f  birds was fed 80 g /b i rd /  
day o f  the  i son i t rogenous  corn-  or HPBF-based 
diets (Table 2) for  3 weeks.  The diets were fed 
in small ba tches  as a wet  mash  (4:1 d ie t /wa te r )  
wi th  the  diet freshly mixed  and fed at 3 in ter-  
vals per  day to  avoid microbia l  g rowth .  Unde r  
these condi t ions ,  the  corn-fed  birds,  which 
normal ly  consumed  100 g per  bird per  day,  
were l imited to  80 g per  day,  the  a m o u n t  nor-  
mally co n s u med  by the  HPBF-fed  birds.  At the  
end  o f  the  feeding per iod ,  cytosol ic  and micro-  
somal fract ions were prepared  as descr ibed in 
expe r imen t  1. 

Effects o f  corn and HPBF on chicken body 
and liver weights and on the level o f  enzymes 
regulating the synthesis o f  cholesterol and fatty 
acid in 6-week,aM chicken livers. In this  experi-  
m e n t ,  th i r ty  six 2-week-old female chickens 
weighing ca. 95-100 g were divided in to  6 
groups  of  6 birds for  each t r ea tmen t .  Two 
groups were fed the  i son i t rogenous  diets (Table 
1) for  corn-  and barley-based diets as cont ro ls ,  
the  remaining 4 groups  were fed the  corn-based 
diet  in which 5, 10, 15 and 20% o f  the  corn 
was replaced wi th  HPBF for  4 weeks.  The rest  
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of the conditions were identical to those de- 
scribed in experiment l .  

Preparation of Chicken Liver Homogenates 

The liver homogenates were prepared in 0.1 
M potassium phosphate buffer, pH 7.4, contain- 
ing 0.004 M MgCI2, 0.001 M EDTA and 0.002 
M dithiothreitol as described earlier (10). Pro- 
tein concentration was estimated by a modifica- 
tion of the Biuret method using bovine serum 
albumin as a standard (16).  

Enzyme Assays and Cholesterol Estimation 

Assays for HMG-CoA reductase, cholesterol 
7ct-hydroxylase, acetyl-CoA carboxylase, fatty 
acid synthetase and cholesterol in liver and 
blood plasma were carded out as reported pre- 
viously (10,15).  

The activities of  malic enzyme (17),  citrate- 
cleavage enzyme (18) and fatty acid synthetase 
(19) in the 100,000 g supernatant fraction were 
assayed spectrophotometricaUy at 25 C. 

Estimation of Cholesterol and Triglycerifle in Plasma 

Cholesterol and triglyceride concentrations 
in plasma samples were estimated by using 
Worthington "Cholesterol Reagent" and "Tri- 
glycerides Reagent" obtained from Worthing- 
ton Diagnostics Division of Millipore Corpora- 
tion, Freehold, NJ. 

Expression of Data and Statistical Methods 

Statistical comparison of results was per- 
formed by one- or two-way analysis of variance. 
When the F test indicated a significant treat- 
ment effect differences between the means 
were analyzed by the protected LSD test using 
the correction for samples of  unequal size (20).  

RESULTS AND DISCUSSION 

The results of feeding diets consisting pri- 
marily of the various barley fractions to one- 
day-old female and male chickens for 4 weeks 
are summarized in Table 3. Compared to the 
corn control diet, barley was a better feed for 
the females than the male. Pearled barley, 
HPBF and pearlings produced progressively less 
growth in that order. The high level of dietary 
fiber in pearlings suggested that this was the 
primary reason for the poor growth on this 
diet. Growth on the HPBF diet was signifi- 
cantly better in both sexes than that observed 
with the pearlings, but was not commensurate 
with that obtained with intact barley contain- 
ing a similar concentration of starch. 

A determination of  the gross energy values 
of the corn and HPBF yielded values of 4340 
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and 4590 kcal/kg, respectively. The daily aver- 
age feed consumption for a pen of 5 birds for 
the 4-week experiment was 50 g of corn, barley 
or pearled barley, 40 g of HPBF and about 25 g 
of pearlings. Calculations show that the gross 
energy intake and weight gain of chicks fed the 
HPBF were 80% and 60%, respectively, those of 
the corn-fed group. These observations suggest 
that the gross energy of HPBF overestimates 
the metabolizable energy. Thus, it appeared 
that either HPBF was not being utilized for 
reasons not  apparent from its compositional 
data or its extremely fine texture was prevent- 
ing it being consumed in adequate quanti ty by 
the young chicks. In subsequent experiments, 
the latter reason was shown to explain the 
decreased consumption. 

The HMG-CoA reductase values indicated 
suppression by all the various physical fractions 
of the barley kernel (Table 3). Except for the 
pearled barley diets, the barley fractions caused 
significant (p<0.01) reductions in cholesterol 
7~-hydroxylase as well (Table 3). These altered 
enzymic activities were reflected in lowered 
plasma cholesterol concentrations ranging from 
17 to 27% below those of the birds that re- 
ceived the corn-based diet. Plasma triglyceride 
concentrations were elevated significantly over 
the controls; female birds increased by about 
100% and male birds by ca. 50%. The activities 
of HMG-CoA reductase and cholesterol 7a- 
hydroxylase were determined to establish 
which activity changed in response to the active 
principles in barley which effected a lowering 
of plasma cholesterol. 

The data in Table 3 indicate that there was 
somewhat less overall cholesterol biosynthesis 
in male as compared to female chickens, which 
is consistent with published results (12,14). The 
differences in the lipid metabolism of male and 
female chickens (12,14), rats (14,21) and 
monkeys (22) have been reported by a number  
of investigators. Mitchell et al. (21) recently 
demonstrated that female rats have consistently 
higher activities of HMG-CoA reductase and 
cholesterol 7a-hydroxylase than male rats and 
these sex-related differences were present 
throughout the diurnal cycle and also on stan- 
dard diets. It was suggested that these differ- 
ences might be mediated by estrogen (21). 

It has been established by a number  of inves- 
tigators that nutritional manipulations affect 
the activities of several lipogenic enzymes in rat 
liver (23). Fasting results in a decrease in the 
activities of fatty acid synthetase and acetyl- 
CoA carboxylase in rat liver (24-27). The nearly 
2-fold increase of triglycerides in the female 
birds under these paradigms (Table 3) was also 
reflected in the activities of lipogenic enzymes 

N. PRENTICE AND C.E. ELSON 

system, which synthesize fatty acids for trigly- 
ceride formation. These are the fatty acid syn- 
thetase complex, acetyl-CoA carboxylase, 
citrate-cleavage enzyme, and malic enzyme. 

The effect of the different fractions of the 
barley kernel showed a maximum induction by 
feeding HPBF as compared to corn or barley 
(Table 3). The maximum effect occurred with 
citrate-cleavage enzyme: up to 7-fold increases 
in male chickens and 4-fold in females. The 
increase in activity of acetyl-CoA carboxylase 
was the lowest and was independent of sex with 
any of the fractions. The increase in activity of 
fatty acid synthetase was 3-fold in females com- 
pared to 2-fold in males. These data clearly 
indicate that all of these hepatic lipogenic 
enzymes are coordinately regulated under the 
conditions employed. 

The pronounced inhibition of body and liver 
weight gain that was observed in chicks which 
were started on the barley pearlings (Table 3) 
was not  particularly surprising in view of the 
relatively low starch concentration and high 
dietary fiber of this material; however, the simi- 
larities in composition of HPBF and barley 
suggested the presence in HPBF of materials 
which one-day-old chicks were unable to uti- 
lize. As a result, a similar experiment using 2- 
week-old female chicks which had been pre- 
viously reared on a commercial  corn diet was 
carded out. The results (Table 4) closely paral- 
leled in all respects the data shown in Table 3. 
Thus, if the earlier results were indeed caused 
by some inability of the one- to 2-week-old 
chicks to assimilate HPBF components, this 
condit ion was still operative during the third 
and fourth weeks of development. 

The lower gain in body weight was only 
observed when HPBF was fed as the major 
source of protein in the diets of one-day-old, 
or 2-week-old female chickens. This was sup- 
ported by pair-feeding HPBF and corn-based 
diet to 12-week-old female chickens for 3 
weeks. The gain in weight was comparable to 
corn fed chickens with HPBF as shown in Table 
2. The inhibition or induction of cholestero- 
genesis and lipogenesis persisted even under 
these conditions (Table 2). The quantity of 
feed was determined on the basis of the con- 
sumption of HPBF-based diet, which was 20% 
less than the corn diet. Two other control 
groups fed ad libitum without water treatment 
showed higher consumption of corn-based diet 
and a more pronounced effect on the inhibi- 
tion of cholesterogenesis compared to pair-fed 
HPBF-based diet or the same period of feeding. 
These results clearly indicate that the poor gain 
in body weight with HPBF may be attributed 
to difficulty in eating this fine powder, which 
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was accumula t ed  on  the  beaks  of  y o u n g  
chickens .  

A second  possible  e x p l a n a t i o n  for  the  ob-  
served low weight  gain was the  presence  in 
HPBF of  a g r o w t h  r e t a r d a n t  wh ich  becomes  
ev iden t  when  HPBF is fed at  c o n c e n t r a t i o n s  
subs tan t ia l ly  h igher  t h a n  t h a t  ex is t ing  in the  
whole  kernel ,  i.e., 5-10%�9 To check  th is  h y p o t h -  
esis, 2-week-old female chicks,  previously  
reared on  commerc i a l  ch ick  s ta r te r  diet  w i th  
corn  as the  on ly  cereal  grain,  were fed the  corn-  
based die t  (Table  1) for  4 weeks  w i th  subs t i tu -  
t ions  o f  d i f fe ren t  c o n c e n t r a t i o n s  (5,  10, 15 and  
20%) of  HPBF for  c o m .  These  levels o f  HPBF 
caused s ignif icant  increases  in  b o d y  and  l iver 
weights  (Table  5) over  t h a t  p r o d u c e d  b y  t he  
corn-based  diet.  The  m a x i m u m  di f fe rence  in 
p ro t e in  in  t he  d ie ts  by  these  add i t i ons  o f  HPBF 
was on ly  1.4%. Signif icant  i n h i b i t i o n  of  HMG-  
CoA reduc tase  and  i n d u c t i o n  of  fa t ty  acid 
syn the t a se  pers is ted  at  10% or  h ighe r  concen-  
t r a t i on  of  HPBF. There  was a curvi l inear  re- 
sponse  o f  these  two  e n z y m e s  to the  d i f fe ren t  
c o n c e n t r a t i o n s  o f  HPBF in the  diets .  Verif ica-  
t ion  of  these  da ta  were o b t a i n e d  in 2 repea ts  o f  
the  e x p e r i m e n t .  Such dras t ic  i n h i b i t i o n  o f  cho-  
les terogenesis  c a n n o t  be a t t r i b u t e d  to  slight 
changes  in the  c o n c e n t r a t i o n  o f  p ro t e in  in  t he  
diets.  

These  resul ts  ind ica te  the  p resence  of  some  
fac to r ( s )  respons ib le  for  the  i n h i b i t i o n  of  cho-  
les terol  b iosyn thes i s  in  HPBF and  also the  pres-  
ence  of  some g rowth  fac tor (s )  n o t  ev iden t  in  
t he  i n t a c t  bar ley .  The  re la t ively  h igh  d i f ferences  
in  c o n c e n t r a t i o n s  o f  e t h e r  ex t r ac t ab l e s  (4 .7% vs 
2.2%),  p e n t o s a n s  (15 .5% vs 9.8%) and  acid 
de t e rgen t  f ibers  (8 .1% vs 6.2%) in H P B F  com-  
pared  to  the  bar ley  kerne l  suggest  several ave- 
nues  o f  a p p r o a c h  for  f u r t h e r  s t u d y  of  the  act ive 
pr inc ip les  involved .  Work  on  t h e  i so la t ion  and  
i den t i f i c a t i on  of  these  subs t ances  is in  progress.  
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Partial Purification and Characterization 
of a Ca2§ Lipoxygenase from Soybean Seeds 1 

THOMAS D. DREESEN 2, MARTHA DICKENS 2, and ROBERT B. KOCH*, Department 
of Biochemistry, Drawer BB, Mississippi State, MS 39762 

ABSTRACT 

A highly purified Ca2*-stimulated lipoxygenase was isolated from the Hill variety of soybean seeds. 
Separation of Ca2§ lipoxygenase from lipoxygenase active in the absence of Ca 2 + (lipoxy- 
genase-1) was readily obtained using a DEAE-cellulose column. Sample size applied to the ion exchange 
column was found to be critical. Both enzymes were bound to the column, although some highly 
active Ca 2 +-stimulated lipoxygenase eluted with buffer in the presence of bound lipoxygenase-1. Ca 2 +- 
stimulated lipoxygenase bound to DEAE-cellulose required the use of a NaC1 gradient for elution. 
Ca2+-stimulated lipoxygenase showed an apparent isoelectric point at pH 5.90 and optimum activity 
at pH 7.5 and at 1.1 mM calcium. Lipoxygenase-1 was inhibited over 95% in the presence of 60 #M 
methyl mercuric chloride, while Ca: +-stimulated lipoxygenase showed a maximum of only 20% inhibi- 
tion under the same conditions. 
Lipids 17:964-969, 1982. 

MATERIALS AND METHODS 

Materials 

Soybeans of the Hill variety (1978 crop) 
were obtained from the Seed Technology 
Laboratory, Mississippi State University. 
Methyl mercuric chloride was obtained from 
Alfa Products, Danvers, MA. All other chemi- 
cals were reagent grade from commercial 
sources. 

Enzyme Purification 

Soybeans were ground in a Wiley mill to pass 
a #20 standard sieve and extracted with 10 vol- 
umes of deionized distilled water at room 
temperature for 30 rain. The resulting suspen- 
sion was centrifuged at 16,000 x g for 10 min 
at 4 C. The supernatant was decanted and the 
material that precipitated between 30 and 50% 
(NH4)= SO, was dissolved in 10 mM Tris HC1, 
pH 7.0, at 2-5 mg/ml protein. One ml of  the 
30-50% (NH 4)2 SO4 fraction was applied to a 

Lipoxygenase (EC 1.13.11.12) catalyzes the 
hydroperoxidation of  cis, cis-pentadiene systems 
to the corresponding isomeric dienoic hydro- 
peroxides (1). There are  reports of at least 2 
isozymes of lipoxygenase in soybean seeds (2-6) 
and possibly 3 (7) or 4 (8). Lipoxygenase-2 
(5,9,10) has been shown to be activated by Ca 2§ 
although whether the effect was due to a Ca 2+- 
enzyme complex or a Ca2+-linoleate has not 
been conclusively determined. Ca 2§ stimula- 

1 Paper No. 4993 Mississippi Agricultural and 
Forestry Experiment Station. 

2 Present address: University of  Mississippi Medical 
School, Jackson, MS 39216. 

*Author to whom Correspondence is to be addressed. 

tions of from 2- to 6-fold of purified lipoxygen- 
ase-2 have been reported (9,10). Also, Ca 2+ 
stimulation of lipoxygenase activity(s) in crude 
water extracts of soybean seeds of from 6- to 
> 10-fold have been reported (3-5). We have 
obtained a highly purified lipoxygenase isozyme 
preparation from soybean seeds. The activity 
of the Ca2+-stimulated enzyme was reduced by 
97% when EGTA (ethylene glycol-bis- ([J- 
amino ethyl ether) N,N' tetraacetic acid) was 
added to chelate Ca ~+ in the reaction mixture. 
The Ca~+-stimulated lipoxygenase possesses 
some of the previously published characteristics 
of lipoxygenase-2(2,5,10). 
2.4 cm x 40 cm DEAE cellulose column (Selec- 
tacel, DEAE HI-FLO, James Rimver Corp., 
Berlin, NH) equilibrated with 10 mM Tris HC1, 
pH 7.0. Proteins that bound were eluted with 
400 ml of  a 0-1.0 M NaC1 buffered linear gradi- 
ent in the above buffer. Active peaks were 
collected and concentrated using an Amicon 
ultrafiltration system with a YM10 membrane. 
The concentrated fractions were applied to a 
second DEAE-cellulose column (1.5 c m x  2.5 
cm, DEAE-Sephacel ,  Sigma Chemical Co., 
St. Louis, MO) to which the lipoxygenases 
bound. The lipoxygenases were eluted with 200 
ml of a 0-0.5 M NaC1 buffered linear gradient. 
Active fractions containing Ca2+-stimulated 
lipoxygenase activity or lipoxygenase-1 activity 
were combined and concentrated, respectively, 
and thenappl ied  to a Sephacryl S-200 column 
equilibrated with 10 mM Tris HC1, pH 7.0, to 
remove contaminating proteins. 

Enzyme Assays 

Lipoxygenase activities were measured polar- 
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graphically at 25 C using a Yellow Springs 
oxygen monitor with a Clark electrode. The 
reaction mixture routinely contained 3 ml 
buffer (0.2 M borate, pH 9.0, or 0.2 M imida- 
zole, pH 7.5) containing 0.39 mM linoleic acid 
with 0.68 mM Ca 2+ or 0.68 mM EGTA. Ca ~+- 
stimulated activity is defined as activity in the 
presence of Ca ~ + minus activity in presence of 
EGTA. 

pH 7.5, at 25 C. The extent of inhibition was 
monitored enzymatically. 

Protein Determination 

Protein concentrations were measured by 
the method of Lowry et al. (15) with bovine 
serum albumin as the standard. 

RESULTS AND DISCUSSION 

Electrophoresis 

Tube gel electrophoresis was carried out in 
7.5% acrylamide, pH 8.3, by the method of 
Ornstein (11) at 4 mA per tube. After electro- 
phoresis, gels were stained for activity by the 
methods of Guss et al. (8) or DeLumen and 
Kazeniac (12) and then stained for protein with 
Coomassie blue. 

Electrofocusing was done on flat beds of 
Sephadex G-75 (13) with ampholytes (pH 
3-11). After focusing was complete, a paper 
print was made, the gel bed divided into lanes, 
gel lanes removed, and proteins eluted with 10 
mM Tris HC1, pH 7.0. 

Methyl Mercury Treatment 

Highly purified preparations oflipoxygenase- 
1 and Ca 2 +-stimulated lipoxygenase were incu- 
bated with varied concentrations of methyl 
mercuric chloride for varied time periods 
according to Spaapen et al. (14) except the 
reaction was carried out in 0.2 M imidazole, 

Enzyme Pu rification 

Since earlier reports (3,4) have shown a 10- 
fold Ca 2 +-stimulation of lipoxy~enase(s) activi- 
ty in crude soybean extracts, further studies 
were conducted to isolate and characterize the 
isozyme(s) responsible. The basic purification 
method used was similar to methods employed 
for the isolation of lipoxygenase-1 and lipoxy- 
genase-2 (2,7). The elution profile of a typical 
chromatographic separation of an aliquot of the 
30-50% (NH 4); SO 4 fraction of soybean seed 
extract on DEAE-Selectacel is shown in Figure 
1. A major portion of the Ca2+-stimulated 
lipoxygenase (as indicated by activity measure- 
ments) did not  bind to the column. Also, a 
variable amount of lipoxygenase-1 did not bind, 
depending on the amount  of protein applied. 
There was a large amount of inactive protein 
bound to the column that required high salt 
concentrations for removal. Fractions from the 
DEAE-Selectacel column that had Ca2+-stim - 
ulated activity (some of which contained 
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FIG. 1. DEAE-Selectacel chromatography of 30-50% (NH4) 2SO 4 fraction from crude extract of soybean 
seeds. A280 was measured continuously and fractions of 3 ml collected. Enzyme activities were measured as 
described in Experimental Proce6ures. 
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FIG. 2. DEAE-Sephacel chromatography of active fractions from DEAE-Selectacel 
column. See Figure 1 for other parameters. 

lipoxygenase-1 activity) were combined, con- 
centrated, and applied to a DEAE-Sephacel 
column which bound both lipoxygenase en- 
zymes present in the concentrated sample. The 
enzymes were eluted with a buffered 0-0.5 M 
NaC1 linear gradient. The Ca 2 +-stimulated en- 
zyme eluted before the lipoxygenase-1 enzyme 
(Figure 2). In neither chromatographic separa- 
tion was any activity observed that correspond- 
ed to lipoxygenase-3 (7). To remove remaining 
contaminating proteins, each activity peak 
(lipoxygenase-1 and Ca ~ +-stimulated) was con- 
centrated and applied to a Sephacryl S-200 
column. Ca ~ +-stimulated lipoxygenase was the 
first protein to be eluted. However, the yield 
of total active enzyme from the Sephacryl 
S-200 column was only 10-20% of the activity 
of the DEAE-Sephacel-separated sample. The 
specific activity of the Ca ~ +-stimulated lipoxy- 
genase from the Sephacryl S-200 column was 
42.7 tamol 05/min/mg protein, which represents 
a 3-fold increase in specific activity compared 
to the 30-50% ammonium sulfate insoluble 
fraction. 

The characteristics of the enzyme were not 
altered by the Sephacryl S-200 step so that the 
partially purified preparations from the DEAE- 
cellulose column were used in the studies dis- 
cussed below, except that electrophoresis and 
methyl mercury treatment were conducted 
with the S-200 column preparation. 

Electrophoresis 

The protein and activity stained profiles of 
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FIG. 3. Polyacrylamide gel electrophoresis of vari- 
ous preparations of lipoxygenases. Gels 1, 2, 3, and 6 
were stained for protein, gels 4 and 5 were stained for 
lipoxygenase activity with starch-Kt and o-dianisidine, 
respectively. (1) Ca 2 +-stimulated, pH 7.5 activity peak 
from DEAE column (Fig. 2); (2) Same fraction after 
Sephacryl S-200 chromatography; (3) Lipoxygenase-1 
activity peak from DEAE column (Fig. 2); (4) Starch 
KI, and (5) o-dianisidine activity stains of 3); (6) 
30-50% (NH4) 2 SO 4 fraction. 

lipoxygenases (obtained by electrophoresis 
under nondenaturing conditions at pH 8.3) 
from the various fractions are depicted in 
Figure 3. Gel 1 (Fig. 3) contained both L-1 
and Ca 2 +-stimulated LOX activities. The activity 
peak of the Ca2+-stimulated enzyme from 
Sephacryl S-200 column (Fig. 3, Gel 2) exhibit- 
ed 2 bands, neither of which was activity stain- 
able with either of the activity stains tested. 
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FIG. 5. Effect of pH on the Ca2+-stimulated 
lipoxygenase. Assays were performed as in Experimen- 
tal Procedures, except with the noted buffer changes. 

The reason why the Ca2+-stimulated enzyme 
does not activity stain is not known. The 
lipoxygenase-1 preparations, on the other hand, 
showed 2 activity bands with starch-KI (Fig. 3, 
Gel 4) but only one with o-dianisidine (Fig. 3, 

Gel 5). Whether the second activity stainable 
band on gel 4 is a separate lipoxygenase is not  
known at this time. 

Isoelectric Focusing 

Results from isoelectric focusing of the 
sample containing both enzyme activities (Gel 
1, Fig. 3) are shown in Figure 4. After electro- 
focusing, the Sephadex G-75 bed was divided 
into lanes and pH measured. Each lane was re- 
moved from the plate and extracted with 10 
mM Tris HC1 buffer, pH 7.0. Each extract was 
tested for lipoxygenase activity at pH 7.5 and 
9.0, with and without Ca 2 +. The apparent iso- 
electric points were 5.90 and 5.53 for the Ca 2 +- 
stimulated lipoxygenase and lipoxygenase-1, 
respectively. These values were in reasonably 
close agreement with published isoelectric 
points for lipoxygenase-1 which are 5.68 (7) 
and 5.65 (16). The isoelectric points for lipoxy- 
genase-2 (6.25) and -3 (6.15) as reported by 
Christopher et all (7) were only higher than the 
Ca: +-lipoxygenase (5.90) isolated in this study. 

Effect of pH and Ca 2+ Concentration 

Figure 5 shows the Ca 2 +-stimulated enzyme 
activity as a function of pH with linoleic acid 
as substrate. Maximal activity was found at pH 
7.5 in agreement with Koch and coworkers (3, 
4), and Yamamoto et al. (5). Christopher et 
al. (2) reported a pH optimum of 6.6 for 
Ca2+-stimutated lipoxygenase-2, but show in 
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FIG. 6. Effect of Ca 2+ on the Ca2+-stimulated 
lipoxygenase. Assays were performed at pH 7.5 with 
indicated final concentrations of Ca 2+. The small 
amount of activity (<3%) in the presence of EGTA 
has been subtracted. 

Figure 3 of reference (2) a pH opt imum of ca. 
7.2 for lipoxygenase-2 with linoleic acid as sub- 
strate in the presence of Ca 2 + 

The effect of  Ca 2 + on a highly purified Ca 2 +- 
stimulated lipoxygenase is shown in Figure 6. 
A definite optimum Ca 2+ concentration was 
found at 1.1 mM Ca 2+. This stimulation was 
50-fold over the activity in the presence of 
EGTA (0.68 mM). 

Methyl Mercury Treatment 

Spaapen et al. (14), by use of organic merc- 
urials, have reported that lipoxygenase-1 con- 
tains 5 free sulfhydryls and no disulfide bridges. 
They also reported that lipoxygenase-1 was in- 
hibited 80% with 0.8 mM methyl mercuric 
chloride after 1-hr preincubation of enzyme 
with the mercurial. We found that the inhibi- 
tion of lipoxygenase-1 by methyl  mercury was 
both time- and concentration-dependent. Thus, 
95% of lipoxygenase-1 activity was lost after a 
10-min preincubation with 60 uM methyl 
mercuric chloride (Fig. 7). In contrast, the 
Ca 2+-stimulated lipoxygenase was inhibited 
only 20% at 60 uM methyl mercuric chloride at 
all preincubation times (Fig. 7). The presence 
or absence of  Ca ~+ with lipoxygenase-1 or 
Ca 2 +-stimulated lipoxygenase during preincuba- 
tion with methyl  mercuric chloride had no 
effect on the inhibition patterns (data not 
shown). These results suggest that free sulfhy- 
dryls are not  important in the catalytic func- 
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FIG. 7. Effect of methyl mercury chloride on 
lipoxygenase activities. Highly purified lipoxygenase-1 
and Ca~+-stimulated lipoxygenase were incubated 
with the noted concentrations of methyl mercury 
chloride in 0.2 M imidazole buffer, pH 7.5. A, Ca 2+. 
stimulated enzyme control; a, Ca2+.stimulated 
enzyme plus 60 uM methyl mercury; % lipoxygenase-1 
control; e, lipoxygenase-1 plus 20 #M methyl mercury; 
*; lipoxygenase-1 plus 40 uM methyl mercury; = 
lipoxygenase-1 plus 60 ~M methyl mercury. Lipoxy- 
genases were assayed at the appropriate pH as in 
Experimental Procedures. 

tion of Ca 2 +-stimulated lipoxygenase. Whether 
sulfhydryls are present but protected from the 
action of  methyl  mercury is yet to be deter- 
mined. Comparison of our Ca2+-stimulated 
lipoxygenase with isozymes isolated by others 
was hampered by the variety of assay conditions 
found in the literature. For example, Tween 20 
has been used to solubilize linoleic acid in the 
assay mixture (2,7), but has been shown to 
inhibit Ca 2 +-stimulation of lipoxygenase (4,5). 
Also, the spectrophotometric assay used by 
Axelrod and coworkers (2,17) was hampered 
by turbidity upon addition of Ca 2 + and proteila. 

The Ca 2+-stimulated lipoxygenase reported 
in this work was similar to lipoxygenase-2 (2, 
5,10) with respect to elution pattern from 
DEAE cellulose, ability of Ca 2+ to stimulate 
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activity,  and specific activity.  However,  the 
Ca2+-st imulated l ipoxygenase  in our  s tudy  
differs f rom l ipoxygenase-2 repor ted  by  others  
(2 ,5,7,17)  in the a m o u n t  of  activity present  in 
the absence of  Ca 2+, pH o p t i m u m ,  and Ca 2+ 
o p t i m u m .  It may be that  the d i f ferences  ob- 
served were due to  soybean  variety d i f ferences  
used in the  d i f fe rent  laboratories .  It has been 
observed (unpubl i shed  data, RBK) that  ex t rac ts  
f rom di f ferent  varieties of  soybeans  show 
di f ferent  pa t t e rns  of  LOX and Ca 2 +-st imulated 
LOX activities. 
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Temperature Sensitivity of Cholesteryl Ester Hydrolases 
in the Rat Testis 

LUCIAN A. DURHAM, II1" and W. M, 'LEAN GROGAN, Department of  Biochemistry, 
Medical College of Virginia, Virginia Commonwealth University, Richmond, VA 23298 

ABSTRACT 

Cholesteryl ester hydrolase (CEH) (EC 3.1.1.13) activity was assayed in the 104,000 • g super- 
natant (St04) of rat and mouse testes and livers at various temperatures between 27 C and 44 C. The 
CEH activity in the testis dropped from 44 pmol [4-14C] cholesteryl oleate hydrolyzed/hr/mg protein 
to 14 pmol hydrolyzed/hr/mg protein (a 68% decrease) between testicular and abdominal temperatures 
(32 C and 37 C, respectively) in the rat. This decrease in activity is essentially a reversible phenomenon. 
CEH from the testis S104 was stabilized in 10 mM EDTA and was purified by HPLC size exclusion. 
These steps did not alter the temperature effect previously noted. The temperature effect on the 
testicular CEH w as  d e m o n s t r a t e d  in vivo by assaying the enzyme following unilateral cryptorchidism. 
The HPLC purification yielded 3 peaks of CEH activity from the testicular S104. The 28,000 MW 
peak was found to be temperature insensitive while the 70,000 and 420,000 MW peaks were tempera- 
ture labile. The liver CEH of both species remained relatively constant over the range 32-37 C. CEH is 
a potential regulator of both steroidogenesis and membrane composition in the testis and its tempera- 
ture lability may suggest a unique regulatory mechanism responsible for impaired spermatogenesis 
seen with elevated testicular temperatures. 
Lipids 17:970-975, 1982. 

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

Cholesteryl ester hydrolase (CEH) plays an 
important role in regulating the equilibrium 
between free and esterified cholesterol in the 
testis and other tissues. Cholesteryl ester (CE) 
is a storage form of androgen precursor choles- 
terol (1-3), and mobilization of  CE is appar- 
ently necessary for androgen synthesis (2) 
which is required for maintenance of sperma- 
togenesis. Bartke et al. have reported that a 
specific inhibitor of CEH, phenylmethylsul- 
fonylfluoride (PMSF), causes a decrease in the 
number of  Type A spermatogonia in the testis 
subsequent to increases in the CE pool (2). A 
number of other conditions resulting in im- 
paired spermatogenesis are accompanied by 
shifts in the free cholesterol/CE ratio (4). One 
of these conditions is cryptorchidism, which is 
generally thought to produce its degenerative 
effects by elevation of  the testicular tempera- 
ture. An elevation in the scrotal temperature 
(32 C) to abdominal temperature (37 C) has 
significant effects on metabolism of rat testis 
including pronounced inhibition of protein 
synthesis (5) and modification of lipid metabol- 
ism (6). Specific changes in the membrane 
FSH receptor of Sertoli cells have also been 
seen with temperature increases (7). Since CEH 
is a potential regulator of both steroidogenesis 
and membrane composition in the testis, we 

*Author to whom correspondence should be 
addressed. 

examined the effects of temperature on this 
enzyme as a possible mediator of  the tempera- 
ture induced impairment of  spermatogenesis. 

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

Preparation of Rat Testis for CEH Assay 

Adult male Sprague-Dawley rats (Flow 
Laboratories) were used for the experiments. 
They had free access to food and water and 
were kept at 24 C on a cycle of 12 hr light/ 
12 hr darkness. Rats weighing 100-200 g were 
sacrificed by cervical dislocation and their 
testes were removed and decapsulated. The 
decapsulated testes were weighed and rinsed in 
ice cold 0.1 M potassium-phosphate buffer, pH 
7.4. The tissue was then homogenized in a 
tissue grinder, with a loose teflon pestle, in 2.5 
ml of 0.1 m Pi buffer, pH 7.4, per gram of 
tissue. This preparation was centrifuged at 
2,000 X g for 30 min; the supernatant was 
decanted and centrifuged at 10,000 X g for 
30 rain to remove the mitochondrial frag- 
ments, with the supernatant  being decanted 
and centrifuged at 104,000 X g for 90 min 
to yield the high-speed supernatant desired 
(S104). The high-speed supernatant (S104) 
was dispersed in hexane with a loose teflon 
pestle in order to remove any endogenous 
substrate (cholesteryl ester). The phases were 
allowed to separate and the hexane layer 
containing the cholesteryl ester was discarded. 
Protein content in the aqueous layer was deter- 
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mined by the method of  Lowry et al. (8). This 
is essentially the method of Deykin and Good- 
man (9) for the isolation of liver CEH, with 
modifications by McGovern and Quackenbush 
(10). The mouse testis supernatant was ob- 
tained in the same manner as above. 

Preparation of Liver for CEH Assay 

The livers of the same Sprague-Dawley rats 
and Swiss mice used in the procedures above 
were also excised. The liver supernatant (S 104) 
was prepared in the same manner as described 
above. 

Cbolesteryl Ester Hydrolase Assay 

Cholesteryl ester hydrolase activity was 
assayed in 2.0-ml final volume containing an 
aliquot of the high-speed supernatant (100 
mg of protein) to which 200 nmol [4J4C] 
cholesteryl oleate was added in 50 #1 of ace- 
tone. This was the method of choice for the 
presentation of substrate (8). This mixture 
was then incubated at the various tempera- 
tures for 60 rain. The reaction was stopped 
by the addition of 50-ml chloroform/methanol  
(2:1, v/v). Isolation by thin layer chromatog- 
raphy of the radioactive cholesterol and choles- 
teryl ester for scintillation counting has been 
described elsewhere (10). 

Preincubation Procedure 

The high-speed supernatant was incubated 
at 32, 37 or 40 C for 60 min; it was then 
allowed to equilibrate to incubation tempera- 
tures of 32 C and 37 C (ca. 5 rain). Aliquots 
of the preincubated 8104 fraction (100 mg of 
protein) were subsequently assayed for CEH 
activity as described above. 

Procedure for Unilateral Cryptorchidism 

"The Sprague-Dawley rats were made uni- 
laterally cryptorchid by making a 1-cm midline 
abdominal incision under ether anesthesia. 
The supporting fatty tissue was withdrawn 
until the testis was drawn into the abdominal 
cavity, at which time the gubernaculum was 
severed and the testis was secured to the 
lateral abdominal wall with a suture through 
the tunica albuginea. The incision was then 
closed with surgical staples. This is a modifica- 
tion of a procedure described elsewhere (11). 
The rats were sacrificed after 24 hr and the 
S104 fraction was assayed at 32 C and 37 C 
for CEH activity. 

Stabilization of Testicular CEH 

It was found that the testicular CEH was 
both a delicate and shortqived enzyme. CEH 
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activity was lost after 12 hr regardless of 
whether the $104 was kept at room tempera- 
ture, refrigerated, or frozen. Therefore, at- 
tempts were made to stabilize the enzyme in 
the S104 fraction using 10 mM 2-mercapto- 
ethanol, 10 mM EDTA, 15% sucrose, and 15% 
glycerol in 0.1 M potassium phosphate buffer, 
pH 7.4. 

Purification of CEH in the Rat Testis by HPLC 

Three "I-series" HPLC protein columns 
(Waters Associates, Milford, MA) were con- 
nected to a Waters HPLC system consisting 
of two model 6000 pumps, UK-6 injector, and 
model 440 Absorbance detector. The "I- 
series" column setup consisted of one each 
1-250, 1-125 and 1-60 protein columns, con- 
nected i n  order of decreasing pore size. The 
elution profile was monitored at 254 nm and 
313 nm. The mobile phase consisted of 0.1 
M potassium-phosphate buffer containing 10 
mM EDTA and 0.05% sodium cholate, pH 
7.4. Aliquots of the S104 fraction were filtered 
through a 0.4 # filter, injected, and run at a 
flow rate of 1.0 ml/min (1200 psi). Fractions 
were collected and assayed for protein content 
and CEH activity. 

Chemicals 

[4 -14 C] Cholesteryl oleate (52.5 mCi/mmol) 
was obtained from New England Nuclear, 
Boston, MA. It was adjusted to give 200 nmol/  
50 /~1 acetone. The purity and specific radio- 
activity were determined by thin layer chroma- 
tography in hexane/ether/acetic acid (90:20:1,  
v/v/v). 

R ESU LTS 

Assay Parameters 

Velocity (pmol [4 -14C] cholesteryl oleate 
hydrolyzed/hr) vs protein concentration (mg/ 
ml assay volume) curves were run at 32 C and 
37 C and it was determined that 50mgprote in /  
ml assay volume yielded values well above 
control while remaining in the linear range 
of the reaction. Therefore, this concentration 
was chosen as the standard protein concentra- 
tion for the CEH assay. V vs [S] plots at 32 C 
indicated that optimum cholesteryl ester hy- 
drolysis, with 50 mg protein/ml assay volume, 
was achieved with 100/IM substrate (200 nmol 
[4 -14 C] cholesteryl oleate/2.0 ml assay volume). 

Temperature Sensitivity of Testicular CEH 

After establishing the optimum parameters 
for the CEH assay, we performed 60 min incub- 
ations at various temperatures to ascertain the 
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FIG. l .  Velocity vs incubat ion temperature  for rat 
and mouse  testicular and hepat ic  cholesteryl  ester 
hydrolase.  Samples were incubated for 1 hr  in 2.0-ml 
assay vo lume containing 100 mg prote in  and 200 nmol  
(0.025 #Ci) [4-14C] cholesteryl oleate. (A) Rat tissues. 
(B) Mouse tissues. 

t e m p e r a t u r e  s e n s i t i v i t y  o f  t h e  e n z y m e .  A n  
overa l l  d e c r e a s e  in  a c t i v i t y  was  n o t e d  b e t w e e n  
27 C a n d  4 4  C, b u t  t h e  e x t r e m e  d r o p  in  a c t i v i t y  
( 6 8 % )  b e t w e e n  32  C a n d  37  C was  o f  p a r t i c u l a r  
i n t e r e s t  as i t  r e p r e s e n t e d  a s i g n i f i c a n t  d e c r e a s e  
in  a c t i v i t y  b e t w e e n  t e s t i c u l a r  a n d  a b d o m i n a l  
t e m p e r a t u r e s  (F ig .  1A) .  T h e  e x p e r i m e n t s  we re  
r e p e a t e d  u s i n g  m o u s e  t e s t i s  t o  l o o k  a t  p o s s i b l e  
s p e c i e s  s p e c i f i c i t y  o f  t h e  t e s t i c u l a r  C E H  t e m p e r -  
a t u r e  s e n s i t i v i t y  o b s e r v e d  in  t h e  ra t .  T h e s e  
e x p e r i m e n t s  y i e l d e d  s i m i l a r  r e s u l t s  ( 5 1 %  

TABLE 1 

Summary  of  Preincubation Data a 

Preincubation 
temperature  (C) Incubat ion temperature  (C) 

32 43.3 -+ 2.9 29.1 -+ 1.5 e 
37 35.3 + 2.2 b 2 2 . 2  +- 1.5 c 
40 25.8-+ 1.1 c 11.8 +- 1.9 c 

aun i t s  are pmol  [4-14C]cholesteryl oleate hydro- 
lyzed/hr /mg protein -+ SEM (N = 12). Samples were 
preincubated for 1 hr prior to a 1 hr incubation in 
100 ttM [4 -14 C] cholesteryl oleate (0.025 #Ci). 

bsignificantly different f rom value immediately 
above at p < 0.05. 

CSignificantly different f rom value immediately 
above at p < 0.001. 

dAll values for the 37 C incubat ion were signifi- 
cantly different f rom value for 32 C incubat ion at 
p < 0.001. 

eDifferent f rom the 37 C p re incuba t i on -32  C 
incubat ion at p < 0.05. 

TABLE 2 

Effect of  Cryptorchidism 
on CEH Activity in the  Rat a 

Incubat ion temperature  
Tissue type 32 C 37 C 

Normal 36.1 -+ 0.6 b 24.5 +- 0.9 c 
Cryptorchid 21.3 -+ 1.9 21.7 +- 0.7 

aActivity expressed in pmol  [4J4C]eholes te ry l  
oleate hydro lyzed/hr /mg protein -+ SEM. 

bDifferent f rom 32 C incubated cryptorchid 
CEH activity, p < 0.01. 

CDifferent from 32 C incubated normal  CEH 
activity, p < 0.001. 

decrease in e n z y m e  activity between 32 C 
and 37 C), thus indicating that the tempera- 
ture sensitivity is no t  un ique  to rat testis 
C E H  (Fig .  1B). 

Temperature Sensitivity of Liver CEH 

O r g a n  s p e c i f i c i t y  o f  t h e  t e m p e r a t u r e  sens i -  
t i v i t y  o f  C E H  w a s  d e m o n s t r a t e d  b y  a s s a y i n g  
b o t h  ra t  a n d  m o u s e  l ivers  f o r  C E H  a c t i v i t y  
u n d e r  t h e  s a m e  t e m p e r a t u r e  c o n d i t i o n s  as f o r  
t h e  t e s t i c u l a r  e n z y m e  a n d  c o m p a r i n g  t h e  r e s u l t s  
o b t a i n e d  fo r  t h e  l ivers  w i t h  t h o s e  o f  t h e  t e s t i s .  
T h e r e  was  n o  s i g n i f i c a n t  t e m p e r a t u r e  sens i -  
t i v i t y  o b s e r v e d  f o r  t h e  l iver  C E H ,  w h i c h  sug -  
g e s t s  t h a t  t h e  t e m p e r a t u r e  l ab i l i t y  s e e n  in  t h e  
t e s t i c u l a r  C E H  is s p e c i f i c  f o r  t h e  t e s t i s  (F ig .  1). 

Effect of Preincubation on CEH Activity 

S a m p l e  g r o u p s  t h a t  we re  p r e i n c u b a t e d  a t  
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FIG. 2. Velocity (pmol [4-14C] cholesteryl oleate 
hydrolyzed/hr/mg protein) vs time (hr). CEH prep was 
kept at 4 C until designated time. Aliquots (100 mg 
protein) were then incubated for 1 hr at 32 C with 
200 nmol label (0.025 /~Ci). o -10  mM 2-mercapto- 
ethanol, control, 15% glycerol, 15% sucrose, zX-10 
mM EDTA. 

32 C (Table 1) retained normal  CEH activi ty 
when incubated  at 32 C (32 p m o l  [ 4 J 4 C ]  
chotesteryl  oleate h y d r o l y z e d / h r / m g  protein) .  
Pre incubat ion  at 37 C or 40 C resulted in pro- 
gressive decreases in act ivi ty at bo th  incuba t ion  
tempera tures  (32 C and 37 C). However ,  incu- 
ba t ion  at 32 C subsequent  to  pre incubat ion  at 
37 C resulted in greater  act ivi ty  (35 pmol  

h y d r o l y z e d / h r / m g  pro te in)  than in the  37 C in- 
cubat ion  wi thou t  any pre incubat ion  (15 pmol  
h y d r o l y z e d / h r / m g  protein)  or  wi th  32 C prein- 
cubat ion  (29 pmol  h y d r o l y z e d / h r / m g  protein) .  
In each case, incuba t ion  at 37 C resulted in a 
loss of  act ivi ty o f  ca. 14 pmol  h y d r o l y z e d / h r /  
nag protein ,  regardless of  the  pre incubat ion  
t empera tu re  when compared  to  32 C incuba- 
t ion.  However ,  p re incubat ion  at 32 C resulted 
in a significantly lower  loss o f  act ivi ty (8 pmol  
h y d r o l y z e d / h r / m g  protein)  than pre incuba t ion  
at 37 C, regardless of  incuba t ion  tempera ture .  
This indicates that  the tempera ture  lability is 
at least part ial ly reversible. 

Effect of Cryptorchidism on CEH Activity 

The CEH act ivi ty  in the c ryptorchid  testis 
remained constant ,  regardless o f  incubat ion  
t empera tu re ,  while the  normal  testis showed a 
33% decrease in act ivi ty  be tween  32 C and 37 
C (Table 2). This demonst ra tes  that  the temper-  
ature ef fec t  on the hydrolysis  of  choles teryl  
ester in the testis occurs bo th  in vi t ro  and in 
vivo. 

Effect of Stabilizing Agents on 
the Longevity of CEH Activity 

The ef fec t  of  the various stabilizing agents 
on CEH act ivi ty  is shown in Figure 2. The 15% 
glycerol,  sucrose, and 10 mM 2-mercapto-  
e thanol  had no effect  in increasing the hydro ly-  
tic l i fe t ime of  the  testicular CEH. However ,  
10 mM E D T A  increased the l i fe t ime of  the 
enzyme  significantly allowing fur ther  purifica- 
t ion a t tempts .  

Purification of Testicular CEH by HPLC 

A 75-fold pur i f ica t ion of  the CEH was 

TABLE 3 

Purification of CEH in the Rat T e s t i s  

Activity Specific activity 
Method Protein (g) (units) a (u/g) b % Yi eldc 

Homogenate 3.12 789 253 100 

Centrifugation 
2,000 X g--30 rain 2.18 739 339 94 

Centrifugation 
10,000 X g--30 min 1.11 507 458 64 

Centrifugation 
104,000 X g--90 rain 0.62 333 537 42 

HPLC "I-series" 0.02 380 19,000 d 48 

aunits = nmol [4 -14 C] cholesteryl oleate hydrolyzed/hr. 
bspecific activity = pmol hydrolyzed/hr/mg protein. 
c% Yield based on activity recovered. 
dValue given is the pool of all fractions with CEH activity. 
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achieved using a combina t ion  of  successive 
centr i fugat ions and HPLC (Table 3). The 
pellets of  the centr i fugat ion steps were assayed 
and found  to conta in  min imal  amounts  of  CEH 
activity.  Other  purif icat ion procedures,  s u c h  as 
(NH4)2SO4 fract ionat ion,  PEG precipi ta t ion,  
and hydrophob ic  co lumn chromatography  
using agarose-C0_10-NH~ series co lumns  (Miles- 
Yeda, Ltd., Kryat-Weizmann,  Rehovot ,  Israel) 
were unsuccessful,  due to  loss of  CEH activity.  
The "I-series" HPLC columns al lowed rapid 
separat ion of  the prote in  componen t s  of  S104 
and recovery of  more than 90% of  the CEH 
activity.  

Figure 3 shows the prote in  e lut ion profi le  
(254 nm absorbance) and CEH act ivi ty  of  
fractions col lected as they  eluted f rom the 
columns.  Three  major  peaks of  CEH act ivi ty  
were noted  which cor responded to molecular  
weights of  420 ,000  (420K),  70K and 28K. 
The 70K and 28K activities were comple te ly  
resolved by recycl ing that  por t ion  of  the 
ef f luent  twice through the columns,  pr ior  to 
col lect ion of  the fractions wi th  which they  
were associated. All 3 activities were assayed 
at 32 C and 37 C. Both 420K and 70K activities 
were comple te ly  abolished at 37 C, while the 
28K activity was unaf fec ted  by the higher  
tempera ture .  Recoveries  were 91% of the pro- 
tein and 94% of  the CEH activi ty.  Puri ty of  the 
CEH was determined by electrophoresis  on a 
5-20% SDS-polyacrylamide slab gel. Only 
slight impuri t ies  persisted. 

DISCUSSION 

These exper iments  demons t ra te  a direct 
t empera ture  ef fec t  on test icular  CEH act ivi ty  
which is organ specific and at least part ial ly 
reversible. The effect  was seen both in vivo and 
in vitro. Inhibi t ion of  CEH by elevat ion of  
t empera ture  to 37 C persists in the part ial ly 
purified tempera ture  sensitive enzyme  which 
can be separated f rom the t empera tu re  insen- 
sitive CEH by molecular  sizing HPLC columns 
at a high percentage of  recovery  of  bo th  pro- 
tein and enzyme  activity. The presence of  a 
tempera ture  insensitive CEH explains the 
residual CEH activity seen in the CEH tempera-  
ture assays of  the test icular  S104 (Fig. 1). 

The instabil i ty o f  the CEH hindered fur ther  
a t tempts  at purif icat ion,  but  the pur i ty  was 
suff icient  to  suggest that  t empera tu re  sensi- 
t ivity is an inherent  p rope r ty  of  the major  
testicular CEH, independen t  of  cofactors ,  
proteases,  etc. It is possible that  the 420 ,000  
MW prote in  is an aggregate of  70,000 MW sub- 
units as bo th  are tempera ture  labile and this 
type  of  association in a choles teryl  ester hydro-  
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FIG. 3. Velocity (pmol [434 C] cholesteryl oleate 
hydrolyzed/hr/mg protein) and A2s 4 vs elution volume 
(ml). Aliquots (100 ttg protein) were passed through a 
0.2 ~zm filter and were then injected into the HPLC 
running at 1.0 ml/min (1,200 psi). The samples were 
monitored at 254 nm from 0-2.0 absorbance units full 
scale (AUFS). Fractions were collected and assayed 
for CEH activity at 32 C and 37 C for 1 hr. Samples 
were incubated with 200 nmol label (0.025 ~Ci). 
- -  indicates elution profile at 254 nm. Large checked 
histogram indicates temperature sensitive CEH activity. 
Small checked histogram indicates temperature insen- 
sitive CEH activity. 

lase has been previously documen ted  (12). 
We know of no  o ther  enzyme  which is so 

exquis i te ly  sensitive to t empera tu re  in the 
immedia te  vicini ty  of  its physiological  tempera-  
ture. A temperature-sensi t ive modu la t ion  o f  
CEH could assume an impor tan t  role during 
gestat ion and postnatal  deve lopment  when 
testicular tempera tures  are subject  to dramatic 
changes. 
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Distribution of Methylene and Nonmethylene-lnterrupted 
Dienoic Fatty Acids in Polar Lipids and Triacylglycerols 
of Selected Tissues of the Hardshell Clam (Mercenaria 
mercenaria) 

J. SCOTT KLINGENSMITH, Department of  Pharmacology and Toxicology, University of  
Mississippi Medical Center, Jackson, MS 39216 

ABSTRACT 

Fatty acid profiles of polar lipids and triacylglycerols were determined for 6 tissues of the hardshell 
clam (Mercenaria mercenariaJ, namely, mantle, gill, mouth, foot, digestive tract/gonadal tissue and 
adductor muscle. The largest concentrations of nonmethylene-interrupted dienoic (NMID) fatty acids 
were found in the gill, mantle, and foot. Structural analyses were undertaken to determine the double 
bond configurations of the various NMID isomers. The major 22C NMID species were 47,13- and 
A7,15-docosadienoic acid. The major 20C NMID species were Lx7,11- and A7,13-eicosadienoic acid 
and A5,11-eicosadienoic acid. 
Lipids 17:976-981, 1982. 

INTRODUCTION 

Nonmethylene-interrupted dienoic (NMID) 
fatty acids have been described in a variety of 
plant and animal species (1-12). The reports 
concerning the presence of NMID fatty acids 
in marine organisms have primarily been 
derived from analyses of lipids either extracted 
from whole organisms or from a single tissue. 
Due to an interest in the functional significance 
of the NMID fatty acids in marine invertebrate 
lipids, the distribution of NMID fatty acids 
among tissues of the hardshell clam (Mercenaria 
mercenaria), and between the polar lipids and 
triacylglycerols of those tissues, were deter- 
mined. In addition, structural analyses were 
undertaken in an effort to determine the 
homology of structure existing between the 
two chain lengths of NMID fatty acids previously 
reported for the hardshell clam {M. mercenaria), 
the 20C and 22C isomeric species (13). 

EXPERIMENTAL PROCEDURES 

Isolation of Lipid Classes 

Mercenaria mercenaria of commercial chow- 
der size (n = 44) were collected from the local 
estuarine area of Charleston, South Carolina on 
April 11, 1977, and transported immediately to 
the laboratory. The tissues of 40 clams were 
excised, pooled, weighed, lyophilized, and 
extracted with chloroform-methanol (14). The 

lipids of tissue from 4 whole clams were also 
extracted at this time and pooled. Lipids were 
separated into individual classes using thin 
layer chromatography (TLC) and a solvent 
system containing petroleum ether/diethyl 
ether/acetic acid (50:30:05). Following develop- 
ment,  the TLC plates were sprayed with a solu- 
tion of dichlorofluorescein (Eastman Kodak, 
Rochester, NY) in ethanol (0.1% w/v) in order 
to visualize the lipid classes with ultraviolet 
(UV) light. The areas of silica gel containing 
the lipid classes of interest, namely, polar 
lipids and triacylglycerols, were scraped from 
the plate into glass tubes and extracted 3 times 
with 4 ml of chloroform/methanol (1:1) to 
which one drop of water was added. The silica 
gel was removed by centrifugation. The com- 
bined extracts were evaporated to dryness 
under a fine stream of nitrogen, weighed, 
redissolved in a minimal amount  of chloroform, 
and stored at --20C. 

Fatty Acid Methyl Esters 

Fatty acid methyl esters were prepared by 
placing an aliquot of the sample in a Teflon- 
lined screw-cap vial, adding a suitable amount 

o f  3% methanolic H2SO4 and heating for'2 hr 
at 60C. The methyl esters were recovered from 
the reaction mixture by the addition of one 
drop of water and extraction with petroleum 
ether. Fatty acid methyl esters from the polar 
lipids and triacylglycerols of each of the tissues 
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as well as from the whole organism were 
analyzed on a Hewlett-Packard 5711A gas 
chromatograph (Hewlett-Packard, Lexington, 
MA) fitted with a 50 m X 0.24 mm id wall- 
coated open tubular stainless steel column 
coated with SILAR-5CP (Perkin-Etmer Corp., 
Norwalk, CT). The gas chromatograph was 
equipped with a flame ionization detector. 
Relative peak areas were determined with a 
CRC-110 digital integrator (Columbia Scientific 
Corp., Austin, TX). Tentative identification of 
component fatty acids was achieved by plotting 
the log of the relative retention times against 
carbon number with the aid of authentic 
standard mixtures containing the following 
fatty acid methyl esters: iso-14:0, 14:0, anteiso- 
15:0, 15:0, iso-16:0, 16:0, anteiso-17:0, 18:0, 
18:1609, 18:2606 and 18:36o3 (Supelco Inc., 
Bellefonte, PA). 

NMID Isolation 

Preliminary isolation of the NMID fatty acids 
was achieved by silver-ion thin layer chromatog- 
raphy using TLC plates coated with 0.26 mm 
of Supelcosil 12A (Supelco) containing 5~ 
AgNO3. After coating, plates were heated at 
100C for 30 min. Relative humidity was an 
important variable in these silver-ion chroma- 
tographic analyses, and it was found necessary 
to expose the plates to an atmosphere con- 
taining a high relative humidity prior to their 
use. This was accomplished by placing the plates 
overnight in a large, covered aquarium in which 
a tray of water was placed. The samples were 
then applied and the plates were developed in 
chloroform at 5C until  the solvent front was 
within 1 cm of the upper edge of the TLC 
plates. The chloroform was evaporated from 
the plates, the plates were sprayed with 0.1% 
dichlorofluorescein solution and the silica gel 
containing the NMID fatty acids was scraped 
from the plates and extracted 3 times with 
4-ml chloroform/methanol (1 : 1) to which one 
drop of water was added. The silica gel was 
removed by centrifugation and the combined 
extracts were evaporated to dryness under a 
fine stream of nitrogen, taken up in petroleum 
ether and quantitatively transferred to a screw- 
cap vial. Isolation of individual NMID chain 
lengths was accomplished by preparative gas 
chromatography on a Perkin-Elmer 801 gas 
chromatograph, equipped with a flame-ioniza- 
tion detector and fitted with a 2 m X 3 mm id 
glass column packed with 10% Apiezon L on 
80/100 mesh Gas Chrom P. Confirmatory 
chromatograms were obtained for each chain 
length on a 50 m X 0.24 mm id SCOT stainless 
steel column coated with SILAR 5CP (Perkin- 

Elmer Corp., Norwalk, CT) to ensure that only 
a single chain length was present in each frac- 
tion. Each chain length was subjected to re- 
ductive ozonolysis according to the method 
of Stein and Nicolaides (15). The fatty acids 
were dissolved i n  methylene chloride (Fisher 
Scientific Co.). Ozone, generated by an ozone 
generator (Supelco), was bubbled through the 
solution for 2 min at room temperature. The 
ozonldes were reduced by adding a few crystals 
of triphenylphosphine (Supelco). The ozonoly- 
sis products were analyzed on a Beckman GC-45 
gas chromatograph (Beckman Instruments, Inc., 
Atlanta, GA) equipped with a flame ionization 
detector and fitted with a 2 m X 2 mm glass 
column packed with 8% OV101 on 80/100 
mesh Gas Chrom P. The identity of the ozon- 
olysis products was determined by subjecting 
individual authentic standard fatty acids to the 
reductive ozonolysis procedure, followed by 
gas chromatograph analysis as described above. 
All solvents utilized were ACS grade (Fisher 
Scientific Co.) and redistilled in glass. 

RESULTS 

Fatty Acid Profiles 

The fatty acid profiles of the hardshell 
clam polar lipids are shown in Table 1. The 
profile derived from the digestive tract/gonadal 
tissue bears a resemblance to that derived from 
the polar lipids of the whole organism, with 
high levels of 16:0, 18:0, 20:5603 and 22:6603, 
and a modest amount (5%) of 22C NMID. The 
profiles for the remaining tissues vary consid- 
erably in terms of levels of various fatty acids 
and degree of unsaturation. However, the most 
important characteristic of these fatty acid 
profiles is the wide range of 22C NMID levels 
present among the various tissues. Of particular 
interest are the high levels of 22C NMID in the 
mantle (15.1%), foot (13.1%) and gill (19.1%). 
The percentage composition of 22C NMID 
present in these profiles is the highest reported 
in the literature, with the exception of the 
marine sponge, Microciona prolifera (7). 

In contrast, the fatty acid profiles of the 
triacylglycerol fraction from various tissues are 
quite different from that of the polar lipids 
(Table 2). Triacylglycerol lipids generally 
possessed greater levels of 14:0 and 16:0 fatty 
acids and lower levels of 22C polyunsaturated 
fatty acids. Particularly striking are the varia- 
tions in the gill fatty acids. Among the polar 
lipid fatty acids of the gill, 16:0 and 18:0 
account for 42% of the total fatty acids, while 
polyunsaturated fatty acids account for 27% of 
the total. In the triacylglycerol lipids of the gill, 
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T A B L E  1 

P r i n c i p a l  F a t t y  A c i d s  o f  P o l a r  L i p i d s  I s o l a t e d  f r o m  
t h e  W h o l e  A n i m a l  a n d  S p e c i f i c  C l a m  T i s s u e s  

F a t t y  a c i d s  a 

W h o l e  D i g e s t i v e  
a n i m a l  t r a c t  
t i s s u e  b g o n a d s  M o u t h  A d d u c t o r  M a n t l e  F o o t  Gi l l  

1 4 : 0  3.1 +- 0 . 4  0 . 6  -+ 0 . 0  7 . 9  -+ 0 . 9  0 . 4  -+ 0 . 0  0 .5  -+ 0 .2  0 .5  -+ 0 .1  0 . 4  +- 0 .1  
1 6 : 0  33 .1  • 0 .5  2 6 . 8  -+ 1 .6  1 0 . 6  -+ 0 . 3  3 2 . 4  -+ 4 . 7  1 8 , 9  -+ 0 . 2  2 2 . 0  -+ 0 . 7  2 6 . 3  -+ 1 .4  
1 6 . 2 5 c  T d 3.1 -+ 1.1 6 . 3  -+ 0 . 6  1.1 -+ 0 .5  2 : 9  -+ 0 .5  1 .5  + 0 ,1  1 .0  -+ 0 .2  
16 :1o . )9  5 .6  -+ 0 .1  1 .8  -+ 0 . 3  1 .2  + 0 .1  2 . 2  +- 0 .5  1 .7  -+ 0 . 8  3 .5  +- 0 .1  3.1 +- 0 . 3  
1 6 : 1 o 9 7  1 .7  -+ 0 , 0  1 .6  + 0 .1  0 . 6  + 0 .1  2 , 4  -+ 0 . 4  2 .5  -+ 0 .5  1 .9  + 0 .5  1 .8  +- 0 . 4  
1 7 : 0  2 .5  +- 0 .9  1.1 -+ 0 . 4  0 . 7  +- 0 .1  2 . 4  -+ 0 . 9  4 . 2  + 0 . 4  3 .8  +- 0 , 2  5 .0  + 0 .2  
17 ,71  c 2 .1  -+ 0 .7  4 . 5  + 2 .1  3 .3  -+ 0 . 3  7 , 4  +- 1 .5  1 0 . 6  -+ 1 .5  7 .3  -+ 0 . 8  9 . 6  -+ 0 . 4  
1 8 : 0  7 . 7 " + 0 . 1  8 . 4 + 0 . 2  2 . 3 _ + 0 . 6  1 1 . 5 + _ 0 . 5  1 3 . 6 + _ 0 . 1  1 3 . 0  _+ 0 . 2  1 5 . 2 + _ 0 . 8  
18:1<-o9 2.1  -+ 0 . 0  1 .3  -+ 0 .1  5 .3  -+ 0 .1  5 .5  -+ 0 . 7  1 .5  + 0 . 3  2 . 9  -+ 0 . 9  0 . 6  +- 0 ,1  
1 8 : 1 o 9 7  4 . 9  + 0 .1  2 .5  +- 0 .1  1 .6  + 0 .1  1.1 -+ 0 . 3  0 . 7  -+ 0 . 2  1 .4  + 0 .1  0 . 9  +- 0 .1  
18 :4 ( .o3  1 .6  -+ 0 . 0  0 .7  -+ 0 .1  1.1 -+ 0 .1  0 . 7  -+ 0 . 3  0 . 8  -+ 0 . 6  0 . 3  + 0 . 0  T d 
2 0 : 1 o 9 1 3  1 .9  +- 0 . 0  2 . 0  + 0 . 0  0 . 3  -+ 0 .1  1 .4  -+ 0 . 2  4.  4 -+ 0 .1  3 . 0  +- 0 .1  7 . 8  -+ 1 . 8  
2 0 : 1 o 9 9  1.1 -+ 0 . 0  1.1 + 0 .1  2 . 8  +- 0 . 3  0 . 8  + 1 .0  1 .3  -+ 0.1 1.1 -+ 0 .1  2 . 0  +- 0 . 4  
2 0 : 1 6 o 7  2.1  -+ 0 .5  2 .1  -+ 0 . 0  0 . 8  -+ 0 .1  1 .7  +- 0 .2  2 . 6  +- 0 .1  2 . 6  -+ 0 . 0  3 .6  -+ 0 . 8  
2 0 C  N M I D  e T d T d T d T d T d T d T d 

2 0 : 2 o 9 6  1.1 -+ 0 . 0  1.1 -+ 0 . 0  1 .7  -+ 0 .1  3 .0  -+ 2 . 3  1 .0  "+ 0 . 0  0 . 8  -+ 0 . 0  1.1 -+ 0 . 3  
2 0 : 4 6 o 6  2 . 3  -+ 0 . 0  2 . 6  -+ 0 . 0  1 .2  "+ 0 . 0  1 .9  -+ 0 . 2  2 . 9  -+ 0 . 3  2 .7  -+ 0 .1  0 . 4  - 0 .1  
2 0 : 5 o 9 3  _ 1 2 . 0  -+ 0 .2  12 .2  -+ 0 . 3  4 . 4  -+ 0 .5  4 . 0  + 0 . 5  2 . 4  -+ 0 . 3  3 .4  "+ 0 .1  0 . 3  -+ 0 . 0  
2 2 C  N M I D  t 2 . 9  -+ 0 .2  5 .0  "+ 0 . 3  6 . 9  "+ 0.1  5 .2  -+ 0 . 9  15 .1  -+ 0 . 3  13.1  -+ 0 .1  19.1  -+ 0 . 6  
2 3 . 2 5  c 0 , 4  -+ 0 .1  1.1 -+ 0 .2  1 0 . 7  +- 0 . 7  0 .7  + 0 . 2  0 . 7  -+ 0 . 3  1 .0  -+ 0 . 0  0 .5  + 0 . 3  
22:4<,o6 0 . 7  -+ 0 .1  1 .3  +- 0 .1  4 . 8  -+ 1 .4  2 .5  + 0 . 3  3 .4  -+ 0 .1  3 .0  -+ 0 .1  0 . 6  -+ 0 . 2  
2 2 : 5 6 o 6  0 .2  -+ 0 .1  1 .2  -+ 0 .1  2 . 8  -+ 0 .2  1 .2  -+ 0 . 2  1 .8  -2- 0 .1  1 .7  -+ 0 . 0  0 .2  -+ 0 .1  
2 2 : 5 ( , o 3  0 . 9  -+ 0 .2  2 .2  +- 0 .1  3 .0  + 0 . 4  2 .1  + 0 . 3  1 .3  -+ 0 .1  1 ,5  -+ 0 .1  0 . 3  -+ 0 . l  
2 2 : 6 6 o 3  9 .6  -+ 0 . 3  1 6 . 3  -+ 0 .1  1 8 . 7  -+ 0 . 7  9 . 0  -+ 0 . 9  6 . 9  -+ 0 . 3  8 .7  -+ 0 .2  0 . 7  -+ 0 . 3  

a A l l  a n a l y s e s  w e r e  p e r f o r m e d  in  t r i p l i c a t e  o n  a p o o l e d  s a m p l e  o f  4 0  t i s s u e s .  V a l u e s  c i t e d  a r e  r e l a t i v e  p e r c e n t a g e  
w e i g h t  c o m p o s i t i o n s .  

~  ( 1 6 ) .  
C E C L  = e q u i v a l e n t  c h a i n  l e n g t h .  
d T r a c e .  

R e p r e s e n t s  t o t a l  o f  all  2 0 C  N M I D  i s o m e r s  p r e s e n t .  
R e p r e s e n t s  t o t a l  o f  all  2 2 C  N M I D  i s o m e r s  p r e s e n t .  

O t h e r  f a t t y  a c i d s  i d e n t i f i e d  i n c l u d e  1 2 : 0 ,  i s o - 1 4 : 0 ,  a n t e - i s o  1 5 : 0 ,  1 5 : 0 ,  i s o - 1 6 : 0 ,  a n t e - i s o  1 7 : 0 ,  1 8 : 2 o 9 6 ,  
1 8 : 3 6 o 3 ,  1 9 : 0 ,  2 0 : 0 ,  2 0 : 3 o 9 3 ,  and 2 0 : 2 6 o 6 .  A l l  o f  t h e s e  c o m p o n e n t s  w e r e  p r e s e n t  in  o n l y  t r a c e  a m o u n t s  ( >  0 . 2 % ) .  

16:0 and 18:0 comprise 61% of the total fatty and shows much less variation, with the A7,15 
acids present, while polyunsaturates account 
for only 2.8% of  the total. The NMID fat ty  
acid levels are uniformly low and similar to 
those of the whole organism. 

Structural Determinations 

Structural determinations made by reductive 
ozonolysis show that the predominant  isomer 
for the 22C NMID fatty acid is A7,15-22:2,  
with minor amounts of A7,13-22:2 (Table 3). 
This is consistent with previous identifications 
made for 22C NMID fat ty acids from marine 
species (13,17,18). The A7,15-22: 2 NMID is 
the major 22C isomer in all of the tissues, in 
both the polar lipid and triacylglycerol frac- 
tions. However, the ratio of the A7,15 and 
A7,13 isomers is different between the two 
fractions. In the polar lipids, the A7,15-22:2  
NMID fatty acid ranges anywhere from 4-20 
times the level of the A7,13-22:2 isomer. In 
the triacylglycerol fraction, this ratio is lower 

isomer averaging about 5 times that of the 
A7,13 isomer (data not  shown). 

The 20C NMID fat ty  acids were not  re- 
ported in the fat ty acid methyl  ester profiles of 
each tissue because they were always present in 
only trace amounts. Nevertheless, in hopes of 
demonstrating a degree of homology between 
other NMID fat ty acids found in the tissues, an 
a t tempt  to determine their structure was made 
using the polar lipids of the gill as the source of 
the 20C NMID fat ty  acids. 

Gas chromatographic data revealed that there 
are at least 3 isomers comprising the 20C NMID 
fat ty acids of the hardshell clam gill. The infor- 
mation derived from reductive ozonoloysis 
indicates that the major isomer is A7,13-20:2 ,  
with smaller amounts of  A7,11-20:2  and 
A5,11-20:2  (Table 3), 

DISCUSSION 

The discovery of the NMID fat ty acids in 
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TABLE 2 

Fat ty  Acids of Triacylglycerol Lipids Isolated from 
the Whole Animal  and Specific Clam Tissues 

9 7 9  

Whole Digestive 
animal tract  

Fat ty  acids a tissue b gonads Mouth Adductor  Mantle Foot Gill 

14:0 3.3 +-- 0.3 3.2 + 0.2 5.9 -+ 0.1 2.5 -+ 0.0 2.8 +- 0.1 2.7 -+ 0.0 1.5 + 0.0 
16:0 29.3 + 0.5 32.3 +- 5.9 32.9 + 0.1 35.9 -+ 0.3 32.3 -+ 0.5 30.6 + 0.4 44.9 -+ 0.2 
16:1609 6.5 -+ 0.2 7.9 +- 1.7 3.1 -+ 0.0 2.1 -+ 0.0 1.6 -+ 0.0 3.9 -+ 0.0 4.2 + 0.1 
16:1607 1.9 -+ 0.1 1.8 -+ 0.2 1.7 -+ 0.0 1.6 -+ 0.0 1.6 +-+- 0.6 1.7 -+ 0.0 2.4 -+ 0.0 
17:0 c 1.1 + 0.1 2.2 -+ 0.6 T d T d T d T d T d 
18:0 7.8 -+ 0.2 6.6 -+ 1.1 14.1 +- 0.2 13.9 + 0.9 9.1 + 0.I  7.7 + 0.1 16.3 -+ 0.1 
18:1609 1.4 + 0.0 2.1 -+ 0.1 10.8 -+ 0.0 2.2 -+ 0.0 1.9 + 0.1 1.5 +- 0.1 1.7 -+ 0.0 
18:1607 5.2 -+ 0.3 5.3 -+ 0.4 1.5 + 0.2 5.4 -+ 6.0 8.3 -+ 0.1 8 .2  +- 0.3 6.3 + 0.1 
18:4603 1.7 + 0.1 1.8 -+ 0.2 T d 0.7 -+ 0.1 0.4 -+ 0.0 0.7 +- 0.1 T d 
20:16013 1.8 -+ 0.0 1.9 + 0.1 2.5 -+ 0.1 2.8 -+ 0.1 3.4 -+ 0.1 2.6 + 0.1 2.0 -+ 0.0 
20:1609 1.8 +- 0.0 1.0 -+ 0.1 1.3 -+ 0.1 2.8 -+ 0.1 3.1 +- 0.1 2.6 + 0.2 5.5 + 0.0 
20:1607 2.9 -+ 0.6 2.2 + 0.2 2.1 -+ 0.0 4.3 -+ 0.1 5.0 +- 0.1 4.3 -+ 0.1 7.3 +- 0.0 
20C NMID e T d T d T d T d T d T d T d 
20:2606 1.2 +- 0.4 1.1 -+ 0.1 0.6 -+ 0.0 1.2 -+ 0.0 1.7 + 0.1 1.4 -+ 0.1 T d 
20:4606 3.5 -+ 0.2 1.4 • 0.2 5.4 -+ 0.1 4.2 -+ 0.1 4.2 -+ 0.3 5.2 -+ 0.1 T d 
20:5603 _ 15.6 + 0.3 12.4 +- 0.1 5.1 -+ 0.1 3.3 + 0.0 5.9 -+ 0.2 9.5 +- 0.2 T d 
22C lqMID f 2.1 -+ 0.1 1.8 +- 0.4 1.9 -+ 0.1 4.5 -+ 0.1 5.4 + 0.4 2.7 -+ 0.1 2.8 + 0.2 
23.25 c 0.4 + 0.1 0.8 +- 0.1 T d T d T d T d T d 
22:4606 0.7 -+ 0.2 0.3 -+ 0.i  0.8 -+ 0.0 1.3 -+ 0.1 0.8 -+ 0.0 0.8 + 0.0 T d 
22:5606 0.4 +- 0.6 0.3 -+ 0.1 0.6 -+ 0.0 0.5 -+ 0.1 0.4 -+ 0.0 0.7 +- 0.0 T d 
22:5603 0.6 + 0.1 0.8 -+ 0.2 0.6 -+ 0.1 0.4 + 0.1 0.6 -+ 0.1 0.7 +- 0.1 T d 
22:6r 8.9 -+ 0.4 9.5 -+ 0.8 5.4 -+ 0.1 4.7 -+ 0.2 4.4 -+ 0.3 9.4 +- 0.5 T d 

aAll analyses were performed in tr iplicate on a pooled sample of 40 tissues. Values cited are relative percentage 
weight composit ions.  

"Kl ingensmith  (16). 
CECL = equivalent chain length. 
dTrace. 
fRepresents  total  of all 20C NMID isomers present. 
Represents total  of all 22C NMID isomers present. 

Other fa t ty  acids identified include 12:0, iso-14:0, ante-iso 15:0, 15:0, iso-16:0, ante-iso 17:0, 18:2606, 
1 8:3603, 19:0, 20:0, 20:3603, and 20:2606. All of these components  were present in only trace amounts  (> 0.2%). 

t h e  t i s s u e s  o f  v a r i o u s  o r g a n i s m s  ha s  n a t u r a l l y  

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

t h a t  p e r h a p s  t h e  N M I D  f a t t y  a c i d s  i n  h i g h e r  
m a r i n e  o r g a n i s m s  are  e s s e n t i a l l y  b i o c h e m i c a l l y  
i n e r t ,  a n d  t h a t  t h e  l eve l s  r e p o r t e d  t h u s  fa r  
r e p r e s e n t  p r i m a r i l y  f o o d  w e b  e f f e c t s  ( 1 3 ) .  T h i s  
h y p o t h e s i s  is  b a s e d  o n  t h e  o c c u r r e n c e  o f  N M I D  

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

a n d  t h e  l a c k  o f  s u c h  N M I D  in  t h e  o i l s  o f  m o s t  

p e l a g i c  s p e c i e s  o f  f i sh  (13 ) .  I n  a d d i t i o n ,  t h e  
p r e s e n c e  o f  N M I D  f a t t y  a c i d s  in  t h e  l i p i d s  o f  

m o s t  m o l l u s c s  (13) ,  w h i c h  are  p r i m a r i l y  
f i l t e r  f e e d e r s ,  a n d  t h e  a b s e n c e  o f  s u i t a b l e  
p r e c u r s o r s  f o r  c h a i n  e l o n g a t i o n  t o  t h e  o b s e r v e d  

c h a i n  l e n g t h s ,  are  a l so  c i t e d  ( 1 3 ) ,  s u g g e s t i n g  
t h a t  N M I D  f a t t y  ac id s  in  m o l l u s c s  a re  d e r i v e d  

a l m o s t  e x c l u s i v e l y  f r o m  f o o d  s o u r c e s .  F u r t h e r -  

m o r e ,  s t u d i e s  b y  J o h n s  e t  al.  ( 1 7 )  d e m o n s t r a t e d  
t h a t  l eve l s  o f  N M I D  f a t t y  ac id s  in  s e ve r a l  

A u s t r a l i a n  s p e c i e s  o f  m o l l u s c s ,  e s p e c i a l l y  t h e  
l i m p e t ,  Cellana tramoseriea, s h o w  a c o r r e l a t i o n  

w i t h  t h e  l eve l s  o f  N M I D  f a t t y  a c i d s  p r e s e n t  i n  

t h e  p a r t i c u l a r  a lga l  d i e t  o f  a g i v e n  s i te .  

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

h i g h l y  v a r i a b l e  l eve l  o f  t h e  2 2 C  N M I D  f a t t y  

ac ids  in  s p e c i f i c  t i s s u e s  o f  t h e  h a r d s h e l l  c l a m ,  

as w e l l  as in  s p e c i f i c  l i p i d  c lasses .  S i m i l a r l y ,  
J o h n s  e t  al. ( 1 7 )  r e p o r t e d  an  u n e v e n  t i s s u e  

d i s t r i b u t i o n  o f  t h e  2 2 C  N M I D  in  t h e  s p o n g e ,  

Ponerplex costata, w i t h  t h e  h i g h e s t  l eve l  i n  t h e  
gi l l .  T h e s e  f i n d i n g s  i m p l y  t h a t  t h e  2 2 C  N M I D  

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

o r g a n i s m .  
C o n v e r s e l y ,  in  t h e  c o m m o n  sea  u r c h i n ,  

Strongyloeentrotus droebaehiensis, i t  h a s  b e e n  
s h o w n  b y  T a k a g i  e t  al. ( 1 9 )  t h a t ,  w h i l e  i n d i v i d -  
u a l s  d i s p l a y e d  c o n s i d e r a b l e  v a r i a t i o n  in  t o t a l  
l i p i d  a n d  l i p i d  c lasses ,  t h e r e  was  n o n e t h e l e s s  a 
c o n s i s t e n t  d i s t r i b u t i o n  o f  2 0 C  N M I D  f a t t y  

a c i d s  w i t h  5 , 6 - e t h y l e n i c  u n s a t u r a t i o n ,  r e g a r d l e s s  
o f  t h e  n u t r i t i o n a l  s t a t u s  o f  t h e  a n i m a l .  T a k a g i  
e t  al. p o i n t e d  o u t  t h a t  a l i k e l y  p r e c u r s o r  t o  t h e  

2 0 C  N M I D ,  A 5 - 2 0 : 1  is r e p o r t e d  t o  be  a b s e n t  
f r o m  l o c a l  m a r i n e  s e a w e e d s  a n d  m a r i n e  m i c r o -  

o r g a n i s m s  ( 1 9 ) ,  w h i c h  s u g g e s t s  an  e n d o g e n o u s  
o r i g i n  o f  t h e  2 0 C  N M I D  f a t t y  a c i d s  in  S. 

droebachiensis. 
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TABLE 3 

Percent Composition, ECL Values, and Ozonolysis Products of Nonmethylene-Interrupted 
Dienoic Fatty Acids From the Polar Lipid Fraction of Clam Gill Lipids 

Ozonolysis products b 
Structure ECL a Percent composition a Aldehydes Aldesters 

20:2C NMID 
A7,11-20:2 20.13 9.8 C 7 72.6 C s 12.9 
A7,13-20:2 20.17 78.6 C 9 27.4 C 7 88.0 
A 5,13-20:2 20.21 13.3 

22:2C NMID 

A7,13-22:2 22.47 4.8 C 7 95.2 C s 1.7 
A7,15-22:2 22.50 95.2 C 9 4.8 C 7 98.3 

aECL values and percent composition determined on SILAR 5CP as described in Methods. 
bMole percent. 

Indeed, direct evidence for the endogenous 
origin of an NMID fatty acid has been reported. 
Morales and Litchfield (20) have shown that 
the marine sponge, Microciona prolifera, actively 
synthesized the two 26C NMID fatty acids re- 
ported to be present in large amounts (45-52%) 
in this sponge (7). It will be interesting to see if 
similar results can be obtained from other 
marine organisms, especially molluscs. 

If the 22C NMID fatty acids are synthesized 
in the clam by a process of chain elongation, 
the origin of the major 22C NMID isomer, 
A7,15-22:2 is unclear since the only homolo- 
gous precursor of  the 22C NMID fatty acid 
isomers, namely, A5,11-20:2,  was present in 
only trace amounts. Pearce and Stillway (12) 
have suggested that biosynthesis of  the 22C 
NMID might occur via a A7 desaturase acting 
upon the corresponding monoenoate species of 
the same chain length which already possess a 
double bond distal to the A7 position. Similarly, 
Takagi et al. (19) postulate that 20C NMID 
fatty acids which possess a 5,6-ethylenic bond 
might arise from a A5 desaturase. Further work 
is needed to confirm these hypotheses. 

If a marine invertebrate such as the hard- 
shell clam can regulate tissue levels of NMID 
by such factors as rate of  synthesis, rate of 
incorporation, or intrinsic resistance of  the 
NMID fatty acid to degradation, the question 
arises as to what is the purpose of this mani- 
pulation. It has been suggested that, since such 
NMID fatty acids occur in the outer membrane 
of molluscs, their presence confers a measure of 
resistance against attack by microbial lipases 
(9). It is certainly possible that the anomalous 
NMID unsaturation pattern might prevent or 
at least impede the hydrolysis of phospholipids 
in the membrance. Lipases from a variety of  
sources have been shown to be highly specific 
relative to their substrate requirements (21). 

In addition, it has been noted that the NM1D 
components of a fatty acid profile increase 
under nonfeeding conditions, or in diets lacking 
in polyunsaturates (13). This response could be 
an obligatory one, metabolically, or it could be 
that there are actually positive advantages for 
the clam in pursuing this metabolic scheme. 

However, with such a narrow data base, one 
must be cautious in assigning broadly general- 
ized roles for nonmethylene-interrupted unsat- 
uration in marine organisms. It has been reported 
by Morales and Litchfield (20) that in sponges 
phosphatidylcholine is predominantly located 
in the surface of the outer cell membrane. 
However, the 26C NMID and NMIT are almost 
completely absent in the phosphatidylcholine 
fraction, which led the authors to suggest meta- 
bolic roles for these particular nonmethylene- 
interrupted unsaturation in the marine sponge. 
On the other hand, in the hardshell clam, high 
amounts of NMID were found in the polar 
lipids, implying a structural role for the NMID 
in the membrane. The  consistency of the 20C 
NMID distribution in S, droebachiensis, irre- 
spective of nutritional status, lead Takagi to 
suggest a basic role for these components in 
membrane function. Such a role could be 
extremely important, for the degree of unsatura- 
tion, geometric configuration, and chain length 
of fatty acids have profound effects on mem- 
brane properties such as transition temperature, 
molecular mobility and activity of membrane 
bound proteins. 

The inverse relationship between the level of 
22C NMID and the level of polyunsaturates in 
the polar lipid fraction, as shown in Figure 1, is 
particularly interesting, because it suggests that 
a competitive incorporation r a t e  may exis t  be- 
tween the 22C NMID and the two major 
polyunsaturates generally found in marine 
organisms, 20:5093 and 22:6603. However, 
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the  NMID fa t ty  acids before  their  role in the  
lipid metabo l i sm of  marine  inver tebra tes  can 
be accurately assessed. 
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FIG. 1. Inverse relationship between the amount of 
eicosapentaenoic and docosahexaenoic acids and the 
22C NMID fatty acids in the polar lipids of the hard- 
shell clam. Levels are expressed in terms of relative 
percentage by weight of total fatty acids. 

since this re la t ionship  is based on relative levels 
o f  the c o m p o n e n t s ,  one must  be careful  in 
assigning any significance to  it. Unfo r tuna t e ly ,  
the  phys iochemica l  p roper t ies  of  NMID fa t ty  
acids and their  e f fec ts  on m e m b r a n e s  are no t  
known.  It was n o t e d  in the course of  this s tudy 
tha t  the  NMID fa t ty  acids appeared  to  be more  
resis tant  to  ox ida t ion  than  o the r  po lyunsa tu-  
rates,  par t icular ly e icospen taenoic  and docosa-  
hexaeno ic  acids. This was only  a quali tat ive 
observat ion,  bu t  it suggests the  possibi l i ty tha t  
such resistance may  be i m p o r t a n t  in mul luscan 
tissues exposed  mos t  o f t en  t o  the external  
env i ronmen t  and may supply  a partial  explana-  
t ion for  the  large amoun t s  of  NMID found  in 
the lipids of  the gill, mant le ,  and foo t  o f  the  
clam. 

In conclus ion,  in this repor t ,  a dramat ic  
variat ion in levels o f  a 22C NMID fa t ty  acid 
among  tissues and wi th in  lipid classes of  the  
hardshel l  clam is demons t r a t ed .  The gill, 
mant le ,  and foo t  in par t icular  possess ex- 
t remely  high levels of  this fa t ty  acid in the  
polar  lipid fract ion.  Of  in teres t  is the apparen t  
inverse re la t ionship  be tween  degree of  normal ,  
me thy l ene - in t e r rup t ed  po lyunsa tu ra t ion  and 
the  presence  of  22C NMID. The f indings o f  this 
s tudy,  a l though suggestive o f  an endogenous  
or ig in  and perhaps  an i m p o r t a n t  role in clam 
polar  lipids for  NMID fa t ty  acids, emphas ize  
the need  for  extensive  invest igat ion in to  the  
b iosynthes is  and phys iochemica l  proper t ies  of  
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METHODS 

Synthesis of Deuterium Labeled Cholesterol 
and Steroids and Their Use for Metabolic Studies 1 

LJ. GOAD a, M.A. BREEN a, N.B. RENDELL a, M.E. ROSE a, J.N. DUNCAN b and A.P. 
WADE b, aDepar~nent of Biochemistry, University of Liverpool. PO Box 147, Liverpool. 
L693BX, United Kingdom, and bDepartment of Endocrine Pathology, Alder Hey Chil- 
drens" Hospital, Liverpool. United Kingdom 

ABSTRACT 

A simple method is described for the preparation of [6,7,7-2H 3 ] sterols and steroids. The synthesis 
starts with a dxS-sterol or steroid and involves preparation of the 6-oxo-3u,5~-eyclosteroid, base 
exchange in the presence of deuterium oxide to introduce two deuteriums at the C-7 position and 
sodium borodeuteride reduction of the 6-oxo group to introduce the third deuterium atom at C-6. 
Rea r r angemen t  o f  the  [6,7,7-2H3]6a-hydroxy-3a,5~-cyclosteroid then gives the desired 
~6,7,7-2H3~-dx 5 s terol  o r  s te ro id .  [6,7,7-2H3]Cholesterol, [6,7,7-2H3]pregnenolone and 
[6,7,7-2H3]3fl-hydroxyandrost-5-en-17-one were synthesized in this fashion and [6,7,7-2H3]pro- 
gesterone was prepared from the [6,7,7-2H3]pregnenolone. Three examples of the use of these deu- 
terium labeled compounds for metabolic studies are described. The metabolites were identified by gas 
chromatography-mass spectrometry. The chrysophyte alga, Ochromonas malhamensis, was shown to 
be capable of introducing an extra methyl or ethyl group at C-24 of the side chain of [6,7,7-2H3] cho- 
lesterol to yield brassicasterol and poriferasterol, respectively. The ovary of the echinoderm, Asterias 
rubens, was demonstrated to metabolize [6,7,7-2H3]progesterone to yield mainly the 5~-isomers of 
pregnane-3,20-dione and 3t/-hydroxypregnan-20-one. However, the 5/3-isomers of these compounds 
were also detected as minor products for the first time as progesterone metabolites in this animal. 
Isolated oocytes of the frog, Xenopus laevis, produced a number of metabolites of [6,7,7-2H3]pro - 
gesterone. In this report, two of them were shown to be 17~-hydroxy-pregn-4-en-3,20-dione and 
20~-h ydrox ypregn-4-en- 3-one. 
Lipids 17:982-991, 1982. 

Investigations on sterol and steroid h o r m o n e  
metabol i sm have conventiolaally used radio- 
actively labeled precursors. Metabolites,  or  suit- 
able derivatives, are then ident i f ied on the basis 
of  their  chromatograph ic  propert ies  and their  
cocrysta l l iza t ion with added au thent ic  carrier 
c o m p o u n d  to constant  specific activity. These 
are well established and are generally reliable 
criteria for  p roduc t  ident if icat ion.  However ,  in 
steroid research, the ident i f ica t ion  of  a radio- 
active metabol i te  by these methods  is no t  
always certain because of  problems such as co- 
c h r o m a t o g r a p h y  and cocrystal l izat ion (1). 
Ano the r  fac tor  which may,  in some circum- 
stances, h inder  steroid metabo l i t e  ident i f ica t ion  
is t he  unavailabil i ty or  high cost  of  au thent ic  
compounds  in the amount s  required for addi- 
t ion to  labeled metabol i tes  pr ior  to derivative 
f o r m a t i o n  and crystal l izat ion to  cons tant  
specific activity.  Also, some studies on human  
s t e r o i d  metabol i sm may be prevented  due to  
ethical  object ions  to the use of  carbon-14 or  
t r i t ium labeled steroids. 

Fo r  the  above reasons, we decided to investi- 

lpresented at the "Sterol Sympos ium" of  the American 
Oil Chemists' Annual  International Conference, New 
Orleans, LA, May 1981. 

gate the  use of  deu te r ium labeled sterols and 
steroids for metabol ic  studies wi th  identifica- 
t ion of  products  by gas chromatography-mass  
spec t rome t ry  (GC-MS). This technique  has 
previously been adopted  to s tudy,  for example,  
prostaglandin and drug metabol i sm (2) and its 
appl icat ion to  steroid metabol ic  studies has 
b e e n  d e s c r i b e d  (3-9). Numerous  me thods  
(7 ,10,11)  have been developed to  in t roduce  
deuter ium atoms in to  specific posit ions in the  
steroid molecule and such compounds  have 
been employed  to investigate mass spectral frag- 
men ta t ion  processes and for steroid quantif ica-  
t ion and metabol ic  studies (7). 

The me thods  described in the  l i terature for  
the deuter ium labeling of  steroids are of ten  
mul t is tep processes wi th  relatively poor  overall 
yields and somet imes  employ ing  expensive 
start ing materials  or  reagents. Our approach has 
been to develop a facile m e t h o d  for deuter ium 
labeling using readily available starting com- 
pounds  and reactions which give a reasonable 
yield of  product .  

MATERIALS AND METHODS 

Methods were generally as described pre- 
viously (12,13). Mass spectra were de termined  
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on a VG70-70F instrument coupled to a Finni- 
gan Incos data system. IH NMR spectra were 
determined at 220MHz in CDC13 solution with 
TMS as internal standard. 

Synthesis of [6,7,7-2H3]Cholesterol 

Using the methods described previously 
(12,13), cholesterol (1, 5.0g)  was converted 
i n t o  3~,5~-cyclocholestan-63-ol (2, 4.22 g), 
pure by thin layer chromatography (TLC) and 
gas liquid chromatography (GLC) and with 1H 
NMR and mass spectra in agreement with the 
literature data (13). Oxidation of 2 (2.46 g) 
with Jones reagent (13) followed by column 
chromatography on alumina, Brockman grade 
3, eluted with diethyl ether-petrol mixtures 
gave 3a,5c~-cyclocholestan-6-one (3, 1.48g), 
pure by TLC and GLC, 11-f NMR and mass 
spectra in accord with previous data (13). 

3~,50t-Cyclocholestan-6-one (3, 150 mg) was 
dissolved in 40 ml 1,4-dioxan and 400 mg 
sodium methoxide in 2 ml deuterium oxide 
was added. After refluxing for 1.5 hr, water (40 
ml) was added and the mixture was extracted 
with diethyl ether (3 x 50 ml). The ether ex- 
tract was washed with water, dried over an- 
hydrous sodium sulphate, and evaporated to 
leave [7,7-2H 2]3~,5a-cyclocholestan-6-one (4, 
150 rag). Electron impact mass spectrometry 
(E IMS)  m/z (rel  i n t ) :  3 8 6 [ M ] + ( 1 0 0 ) ,  
371[M-CH3]+(20), 358(15), 273(5), 245(6), 
232(6), 231(10), 217(4), 138(96), 231(10), 
217(4), 138(96), 123(45), 121(60). 

Sodium borodeuteride (152 mg)was  added 
to a solution of 4 (150mg) dissolved in 15 ml 
tetrahydrofuran-ethanol (1:1). After stirring for 
4 hr at room temperature, water was added and 
the product extracted into diethyl ether. Usual 
work up gave [6,7,7-2H3] 3~,5a-cyclocholes- 
tan-6a-ol (5, 141 mg). Rf 0.45; RR t 0.71; ElMS 
m/z (rel int): 389[M] + (12), 374[M-CHa] + 
(55), 371[M-H20] + (28), 356[M-CH3-H20] + 
(14) ,  334(36),  258(9), 247(11), 234(12), 
216(12). 

[ 6,7,7-2 H 3 ] 3~,5~-Cyclocholestan-6a-ol (5, 
140 rag) was dissolved in 25 mL 1,4-dioxan 
containing 25 /A cone H 2 SO 4 and the mixture 
held at 60C for 1 hr. Water (25 ml) was then 
added and the product extracted with petrol 
(3 x 50 ml). Usual workup and purification by 
chromatography on alumina, Brockman grade 
3, eluted with diethyl ether-petrol mixtures, 
gave [6,7,7-2H 3 ] cholest-5-en-3#-ol (6, 115mg). 
Rf 0.20; RR t 1.00; ElMS m/z (rel int): 
3 8 9 [ M ]  + ( 4 1 ) ,  3 7 4 [ M - C H 3 ]  + (18) ,  
371[M-H20] + (24), 356[M-H20-CH3] + (20), 
303(14), 275(59), 258(13), 234(10), 233(10), 
216(18), 215(17); 1H NMR(CDC13): 8 0.67 (s, 
H-18), 0.87 (d, H-26 and H-27), 0.90 (d, H-21), 

1.00 (s, H-19), 3.5 (brm H-3a). 

Syn~thes s of [6,7,7~2H3 ] Pregnenolone 

P r e g n e n o l o n e  (33-hydroxypregn-5-en-20 
-one, 7) was first converted by treatment with 
ethylene glycol (14) into 33-hydroxypregn-5- 
en-20-ethylene ketal (8); EIMS m/z (rel int): 
360[M] + not detected, 345 [M-CH3] + (2), 
316(6), 298(7), 283(5), 213(3), 87(100). 

3/3-Hydroxypregn-5-en-20-ethylene ketal (8, 
0.58 g) was dissolved in pyridine (10 ml) con- 
taining p-toluenesulphonyl chloride (1.25 g) 
and the mixture left at room temp for 18 hr. 
Water was added and, after diethyl ether extrac- 
tion and the usual workup procedure, 33- 
tosyl-pregn-5-en-20-ethylene ketal (0.7 g) was 
obtained. Rf 0.77; EIMS m/z (rel int): 342 (i),  
327(1), 298(1), 87(100). The 3~tosyl-pregn-5- 
en-20-ethylene ketal was rearranged without 
further purification by refluxing for 6 hr in 100 
ml acetone to which was added 5 g potassium 
acetate in 50 ml water. Diethyl ether extrac- 
tion and the usual workup followed by chroma- 
tography on alumina, Brockmann grade 3, 
eluted with diethyl ether-petrol mixtures gave 
63-hy  dr oxy-  3 a, 5 a- cyclopregnan-20-ethylene 
ketal (9, 0.35 g). Rf, 0.75; EIMS m/z (rel int) 
345(7), 298(2), 213(1.5), 87(100); IH NMR 
(CDC13): 8 0.25 and 0.50 (m's, cyclopropane), 
0.79 (s, H-18), 1.03 (s, H-19), 1.28 (s, H-21), 
3.25 (m, H-6a), 3.8-4.0 (m, ketal). 

The  63-hY d r o x y - 3  a, 5 a-cyclopregnan-20 
-ethylene ketal (9, 0.34 g) in pyridine (3.4 ml) 
was added to Sarrett reagent (0.34 g chromic 
trioxide in 3.4 ml pyridine) and the mixture 
left for 18 hr at room temperature. The re- 
action was quenched with water (30 ml) and 
extracted with diethyl ether (3 x 25 ml) fol- 
lowed by normal workup to yield 6-oxo- 
3a,5~-cyclopregnan-20-ethylene ketal (10, 0.3 
g). Rf 0.87; EIMS m/z (rel int): 358[M] + (1) 
343(5), 314(0.5), 87(100); 1H NMR (CDC13): 

0.70 (m, cyclopropane), 0.81 (s, H-18), 1.01 
(s, H-19), 1.30 (s, H-21). 

The  6-ox o-3 a, 5 ~-cyclopregnan-20-ethylene 
ketal (10, 50 rag) was refluxed for 1.5 h r in  10 
ml 1,4-dioxan containing sodium methoxide 
(100 mg) and deuterium oxide (0.5 mL). Di- 
e t h y l  ether extraction and usual workup 
y i e l d e d  [ 7 , 7 - 2 H  2 ] 6 - o x o - 3 a , 5 a -  
cyclopregnan-20-ethylene ketal (11, 49 rag). 
ElMS m/z (rel int): 345(7), 316(3) 87(100). 
The  [ 7 ,7 -2H2 ] 6-oxo-3a ,5~-cyclopregnan-  
20-ethylene ketal was reduced by stirring for 18 
hr with 50 mg sodium borodeuteride in 5 ml 
tetrahydrofuran-ethanol ( 1 : 1 ). Workup 
y i e l d e d  [ 6,7,7-2 H3 ] 6a-hydroxy-3a,5~-cyclo- 
pregnan-20-ethylene ketal (12,48 mg). Rf, 0.55; 
ElMS m/z (rel int): 348(3), 317(0.5), 87(100); 
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CIMS m/z (rel int): 364 [M+I] + (10) 346(4) 
343(4), 87(100); 1H NMR (CDC13): 6 0.60 (m, 
cyclopropane), 0.76 (s, C-18), 0-90(s, C-19), 
1.29 (s, C-21), 3.8-4.0(m, ketal). 

The  [ 6 ,7,7-2 H 3 ] 6a-hydroxy-3a,5a-cyclo- 
pregnan-20-ethylene ketal (48 mg)was  warmed 
at 60C for 1 hr with 5 m l  1,4-dioxane contain- 
ing 25 #1 H~SO 4. Addition of water and di- 
ethyl ether extraction followed by preparative 
TLC gave [6,7,7-2H3 ] 3~-hydroxypregn-5-en- 
20-one (13, 32 rag). Rf 0.55; EIMS m/z (rel 
int): 319[M] + (100), 318(34), 316(5)301(56),  
300(25), 286(55), 285(32), 258(24), 233(39), 
215(33), 205(54), 108(95); 1H NMR (CDC13): 
8 0,63 (s, H-18), 1.00 (s, H-19), 2.13 (s, H-21), 
3.55 (brm, H-3a), no olefinic proton. 

Conversion of [6 ,7 ,7 -2H 3]Pregnenolone to 
[6,7,7-2H 3] Progesterone 

[6,7,72H3]Pregnenolone (13, 1 g) was dis- 
solved in 125 m l  acetone and 0.9 ml chro- 
mium troxide reagent added (15). The mixture 
was stirred for 5 min, excess water added and 
the mixture extracted with diethyl ether to 
yield [6,7,7-2H3]pregn-5-en-3,20-dione (0.85 
g) which was dissolved in 5.0 ml methanol and 
0.1 ml of  10% hydrochloric acid added. After 
warming at 30-40C, for 10 min, water was 
added and the mixture extracted with diethyl 
ether to yield [6,7,7-2H 3] pregn-4-en-3,20-one 
(progesterone, 14) which was purified by chro- 
matography on silica gel fluted with diethyl- 
ether-petrol mixtures, fractions were monitored 
by TLC and GLC; yield of  pure material 200 
rag; Rf 0.67; UV hma x 235; ElMS m/z (rel int): 
3 1 7 [ M ]  + (68) ,  316(24), 315(1), 314(4), 
275(67), 274(29), 273(7), 272(4), 247(34), 
2 3 2 ( 5 5 ) ,  1 9 3 ( 2 4 ) ,  125(100);  1H NMR 
(CDC13): ~ 0.64 (s, H-18), 1.17 (s, H-19), 2.12 
(s, H-21), 5.70 (s, H-4). 

Synthesis of [6,7,7-2H313/~-Hydroxyandrost-5-en- 
17-one 

3#-Hydroxyandrost-5-en-17-one (15, 2.50 g). 
was converted using the literature methods 
( 12,13) into 6#-hydroxy-3a, 5a-cycloandrostan- 
17-one (16~ 2.40 g) mp 125-130C: TLC (silica 
gel, CHC13-acetone , 185: 15) Rf 0.5; EIMS m/z 
(rel int): 288 [M] + (25), 273 (80), 270(49), 
255(19), 233(100), 213(11), 123(47), 95(57). 
Oxidation of  16 (2.30 g) with Jones reagent 
(13) yielded 3a,5a-cycloandrostane-6,17-dione 
(17, 2.27 g); ElMS m/z (rel int); 285[M] + 
(100) ,  271(39), 270(27), 258(24) 243(7), 
229(11), 215(9), 149(23), 136(84), 121(59); 
1H NMR (CDC13): ~ 0.90 (s, H-18), 1.02 (s, 
H-t9). The 3a,5~-cycloandrostane-6,17-dione 
(17, 2.2 g) was dissolved in 200 ml 1,4-dioxan 
containing 25 ml deuterium oxide and 2.5 g 

sodium methoxide and the mixture refluxed for 
2.5 hr. Extraction with petrol and usual workup 
gave [ 7,7,16,16 -2 H4 ] 3oq 5a-cycloandrostane- 
6,17-dione (18, 1.5 g). EIMS m/z (rel hat): 
290[M]+(100),  289(29), 275(35), 272(18), 
262(24), 261(27), 231(8), 217(6), 138(89), 
121(55). 

Reduction of the [7,7,16,16-2H413a,5a - 
cycloandrostane-6,17-dione (18, 1.23 g ) in  200 
ml tetrahydrofuran-ethanol(1 : 1) by addition of 
sodium borodeuteride (0.5 g) with stirring for 4 
hr at room temp followed by extraction into 
methylene chloride and usual workup gave 
[ 6 , 7 ,7 ,  16, 16,17"2H 6 ] 3~,5~-cycloandrostane- 
6~,170-diol (19, 1.1 g): ElMS m/z (rel int): 296 
[ M ] + ( 7 ) ,  2 8 1 ( 1 0 0 ) ,  2 8 0 ( 4 0 ) ,  278(32), 
277(16), 263(15), 241(76), 216(8). 

The  [6 ,7 ,7 ,  16,16,17-2H 6] 3~,5a-cyclo- 
androstane-6g,17#-diol (19, 0.67 g) was re- 
arranged by refluxing for 2 hr with 5 g zinc 
acetate in 200 ml glacial acetic acid. The mix- 
ture was then diluted with water (1s and ex- 
tracted with hexane-diethyl ether (3 x 200 
ml). The combined extracts were washed with 
saturated sodium bicarbonate solution, fol- 
lowed by water, dried and evaporated to yield 
0.62 g of  product. This was chromatographed 
on an alumina, Brockmann grade 3, column 
fluted with mixtures of diethyl ether in petrol 
to  y i e l d  233 mg [6,7,7,16,16,17-2H613# - 
acetoxy-androst-5-en-17t3-ol (20) and 229 mg 
[ 6,7,7,16,16,17-2H 6 ] androst-5-ene-3#, 17#-diol 
d i a c e t a t e  (21). [6 ,7 ,7 ,16 ,16 ,17-2H613# - 
Acetoxy-androst-5-en-17~-ol, TLC (silica gel, 
CHC13-EtOH , 98:2) Rf 0.1, GLC (3% OV-17) 
RRt ! '33 (3#-hydroxyandrost-5-en-17-one, RRt 
= 1.00); ElMS m/z (rel int): 278 [ M-CH 3 COOH] + 
(100), 263(25), 245(16).  [6,7,7,16,16,17-2H6] 
Androst-5-ene-3/3,17~diol diacetate, TLC Rf 
0.4, GLC (3% OV-I 7) RR t 1.73; ElMS m/z (tel 
int): 320 [M-CH 3 COOH]* (100), 305(7), 260- 
(5), 245 (11). 

Jones reagent (10 ml) was added to 41 mg 
[ 6, 7,7,16,16,17- 2 H6 ] 3/~- acetoxy- androst - 5- 
en-17#-ol (20)in 3 ml benzene-acetone (1:2) 
and the mixture left at 4C for 20 min. Iso- 
propanol (20 ml)  was then added followed by 
diethyl ether extraction and the usual workup 
to yield 37 mg [6,7,7,16,16-2Hs]3g-acetoxy- 
androst-5-en-17-one (22) EIMS m/z (rel int): 
335[M] + (15), 334(14), 275(17), 274(10), 
43(100). 

Finally, the [6,7,7,16,16-2H 5] 3t3-acetoxy- 
androst-5-en-17-one (22, 35 rag) was dissolved 
in 8 ml methanol, 2 ml 10% aq potassium 
hydroxide solution added and the mixture re- 
fluxed for 2 hr. Extraction with methylene 
c h l o r i d e  and usual workup gave 21 mg 
[ 6 ,7 ,7 , -  2 H 3 ] 3 #-h ydroxyandrost-5-en- 17-one 
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(24);  TLC (silica gel, CHC13-EtOH , 98:2) Rf 
0. i8;  EIMS m/z (re1 int) 291[M] + (85), 
290(31), 288(8), 273(65), 258(68), 234(12), 
215(20), 205(32), 177(60). 

Incorporation of [6,7,7-2H3]Cholesterol into Por- 
iferasterol by Ochromonas malhamensis 

O. malhamensis was obtained from the 
Cambridge Culture collection and grown as 
d e s c r i b e d  p r e v i o u s l y  ( 1 2 , 1 7 )  w i t h  
[6,7,7 -2H 3 ] cholesterol (2 mg/100 ml )  added 
to the growth medium. The cells were harvested 
after 3-5 days and the sterols were isolated (12) 
and analyzed by GC-MS on a 3% OV-17 column 
at 260C. 

Incubation of [6,7,7-~ with Ovaries 
of Aster~as rubens 

The ovaries of a specimen of A. rubens, col- 
lected at Millport, Scotland in May, were re- 
moved, minced, and incubated with a mixture 
o f  [ 4 - 1 4 C ] p r o g e s t e r o n e  (1 u C i )  and  
[6,7,7-2H3]progesterone (800/2g) plus 50 u 1 
propyleneglycol in 1.0 ml of  sterile sea water. 
After  5 hr, the total lipids were extracted by 
homogenizat ion with CHC13-MeOH (2: 1). The 
CHC13 extract was subjected to TLC (silica gel, 
CHC13-acetone, 95:10) and the plate scanned 
for radioactivity. The radioactive bands with Rf 
values corresponding to marker  spots of 5a- 
pregnane-3,20-dione (band 1), progesterone 
(band 2) and 3/3-hydroxy-5a-pregnan-20-one 
(band 3) were eluted and subjected to GC-MS 
analysis on a 1% SE-30 column. MS of band 1, 
peak with R t 8.5 m/n, m/z (rel int): 319(36), 
301(2), 261(14), 249(12), 234(41), 71(100); 
peak with R t 9.5 m/n; m/z (rel int): 319(28) 
301(19), 275(9), 261(14), 249(8), 234(30), 
84(100). MS of band 3, peak with R t 7.5 m/n, 
m/z (rel inf): 321(8), 260(13), 236(4), 71(74), 
43(100);  peak with R t 9.1 m/n, m/z (rel int):  
3 2 1 ( 1 7 ) ,  303(7), 291(4), 260(5), 236(7), 
218(13), 84(65), 43(100). 

Incubation of [6,7,7-2H3] Progesterone with Oocytes 
of Xenopus laevis 

The ovary (24 g) was removed from a speci- 
men of X. laevis (192 g), washed, and cut into 
small sections (150-200 mg each). Ovary pieces, 
consisting mainly of  oocytes and their follicle 
cells (total  wt 6.0 g), were incubated in 100 ml 
M e r r i a m s  s a l i n e  m e d i u m  c o n t a i n i n g  
[ 4 - 1 4 C ] p r o g e s t e r o n e  ( 0 . 5  /~Ci) and  
[6,7,7-2H3]progesterone (200 ug). After  2 hr 
incubation at 20C, the total  l ipid was extracted 
by homogenizat ion with CHC13-MeOH (2:1). 
The total l ipid was chromatographed on a silica 
gel column (20 g) and several radioactive frac- 

tions eluted with petrol,  Et20 ,  CHCI 3 and 
acetone mixtures. These were then subjected to 
TLC on silica gel (CHC13-acetone, 90: 10) and 
radioactive bands detected by radioscanning 
and eluted for GC-MS analysis on a 3% OV-17 
column. Full details of  the analysis of all the 
metaboli tes will be presented elsewhere. 

RESULTS AND DISCUSSION 

In order to aid recognition of  deuterium 
labeled steroid metabolites by GC-MS, it is de- 
sirable to label the steroid substrates with an 
odd number  Of deuterium atoms. Thus, unless 
the metabolic reactions result in loss of a deu- 
terium atom, the metaboli tes will have odd- 
numbered molecular weights and be easily dis- 
tinguished by mass spectrometry from en- 

dogenous  steroids. Ideally, 3 or 5 deuterium 
atoms should be introduced into the steroid 
molecule.  With only one deuterium atom 
present, it may be difficult to recognize a n d  
quantify metaboli tes in the presence of  the un- 
labeled endogenous steroids, particularly if they 
are produced in low yield, because of the natu- 
ral abundance of the l aC-containing steroid 
molecules (i.e. [M+I] +) present in the en- 
dogenous steroid pool (6). More than 4 or 5 
deuterium atoms in the steroid molecule may 
result in some significant separation of the 
deuterium labeled species from the endogenous 
steroid during GLC or TLC and this may be 
undesirable or misleading in some investigations 
(6) (Scheme 1). 

We have previously described methods for 
the synthesis of sterols labeled with tr i t ium at 
either the C-6 or the C-7 positions (12,13). By a 
combinat ion of these two procedures, we have 
now developed a simple method for the intro- 
duction of  three deuterium atoms into ~xs- 
sterols and some steroid hormones. The starting 
material is a sterol or steroid with a a S-bond 
and the method can be exemplified by the 
synthesis of  [6,7,7-2H 3 ] cholesterol. 

The first step involved the conversion of 
cholesterol (1) into the i-sterol, 3a,5u-cyclo- 
cholestan-6&ol (2). Oxidation of the i-sterol (2) 
with Jones reagent produced the 6-oxo deriva- 
tive (3) into which two deuterium atoms were 
efficiently introduced at C-7 by base-catalysed 
enolization in the presence of deuterium oxide. 
The mass spectrum of the labeled compound 
(4) showed that  the exchange of the two C-7 
hydrogens of 3 for deuterium was virtually 
complete (M + at m/z 386) under  the condit ions 
employed. Reduction of the bideuterated 6- 
oxo-compound (4) using sodium borodeuteride 
restored the C-6 hydroxyl  group and also intro- 
duced a third deuterium atom at C-6 to yield 
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SCHEME 1 

the [6,7,7,-2H3]i-sterol (5). In our previous 
synthesis of tritiated sterols ( 12,13), the i-sterol 
was rearranged by reflux with acetic acid-zinc 
acetate to yield the zx s-3#-steryl acetate which 
then required alkaline hydrolysis to give the 
desired 3t/-hydroxy-zxS-sterol. For the present 
work, the rearrangement of the labeled i-sterol 
to the 3#-hydroxy-AS-sterol (6) was achieved 
e f f i c i e n t l y  in one step by warming the 
[6,7,7-2H 3 ] i-sterol (5) in 1,4-dioxan containing 
sulphuric acid. The 1H NMR spectrum of the 
recovered [6,7,7-2H3]cholesterol (6) showed 
the expected methyl proton signals, but there 
was no signal for a C-6 olefinlc proton, thus 
demonstrating that the C-6 deuterium atom of 
5 was retained at this position during the re- 
arrangement reaction. The [6,7,7-2H3]choles - 
terol showed one peak on GLC with a retention 
time the same as unlabeled cholesterol. The mass 
spectrum of 6 showed a molecular ion at m/z 
389 and other significant peaks were displaced 
by three mass units as expected. The ratio of 
the molecular ion peaks for the trideuterated, 
bideuterated and nondeuterated species, at m/z 
389, 388 and 386, respectively, was 16:4:1 
showing that trideuterated cholesterol was the 
major product of the synthesis. 

To s y n t h e s i z e  deuterium labeled C21- 
steroids, we used pregnenolone (7) as the start- 
ing material. The first requirement was to pro- 
tect the C-20 carbonyl group by formation of 
the C-20 ethylene ketal (8). This was necessary 

to prevent deuterium being introduced at C-17 
and C-21 during the base exchange step and 
reduction of the C-20 carbonyl by treatment 
with sodium borodeuteride. The introduction 
of deuterium at C-7 and C-6 then proceeded 
from 8 by the same sequence of reactions as 
o u t l i n e d  above  to  yield [6,7,7-2H316u- 
hy droxy-3a, 5a-cy clopregnan-20-ethylene ketal 
(12). Treatment of 12 with sulphuric acid- 
dioxan not only effected the restoration of the 
3#-hydroxy-zxS-system but also removed the 
protective ethylene ketal to re-establish the 
C - 2 0  c a r b o n y l  g r o u p  t h u s  p r o d u c i n g  
[6,7,7-2H3] pregnenolone (13). The 1H NMR 
spectrum and the mass spectrum again showed 
that three deuterium atoms had been intro- 
duced into the desired positions. 

The conversion of [6,7,7-2H 3 ] pregnenolone 
(13) into [6,7,7-2H3]progesterone (14) was 
achieved by acidic oxidation of 13 to yield 
[6,7,7-2H 3 ] pregn-5-en-3,20-dione followed by 
acidic (HC1)isomerization (15) of the AS-bond 
to the coniu~ated ~4-position to produce 
[6,7,7-2H 3 ] progesterone (14). Oppenauer oxi- 
dation of 13 to 14 was avoided since the C-6 
deuterium atom of 14 is labile under  alkaline 
conditions. The 1H NMR spectrum of 14 was in 
accord with that of progesterone and the mass 
spectrum had a molecular ion at m/z 317, as 
expected for trideuterated progesterone. The 
ratio of the molecular ion abundance of the 
trideuterated, bideuterated and nondeuterated 

LIPIDS, VOL. 17, NO. 12 (1982) 



METHODS 987 

species (m/z 319, 318 and 316, respectively) of 
13 was 18.6:6.3: 1, whereas the ratio for the 
corresponding molecular ions of 14 (m/z 317, 
316 and 314, respectively) was 17.7:6.2:1. This 
showed that there had been no appreciable ex- 
change of the enolizable C-6 deuterium in this 
conversion under the acidic oxidation and iso- 
merization conditions employed. 

The synthesis of C19-steroids commenced 
w i t h  33-hydroxy-andros t -5-en-17-one (15) 
which was converted to the /-steroid (16) with- 
out prior protection of the 17-oxo group. This 
allowed two deuterium atoms to be introduced 
at C-16 in addition to the two at C-7 during 
base exchange of 3a,5a-cycloandrostane-6,17- 
dione (17) with deuterium oxide to give the 
tetradeuterated compound (18). Reduction of 
18 with sodium borodeuteride introduced a 
f u r t he r  two deuterium atoms to produce 
[ 6 , 7 , 7 ,  16, 16, 1 7-2 I-~ 6 ] 3 a - cy  cl oandrostane- 
6a,173-diol (19). Although this could be re- 
arranged with sulphuric acid-dioxan, as em- 
ployed in the two previous sequences described 
above, to yield [6,7,7,16,16,17-2H 6] androst- 
5-en-33,173-diol (23), we chose to use the alter- 
native method of refluxing with acetic acid-zinc 
acetate (12,13). In this case, a mixture of the 
33-monoacetate (20) and the 33,173-diacetate 
(21) was produced and these acetates were 
readily separated by chromatography on an 
a l u m i n a  c o l u m n .  [6,7,7,7,16,16,17-2H6] 
Androst-5-en-33,173-diol (23) can then be ob- 
tained from the diacetate (21) by alkaline 
hydrolysis. 

The labeled 33-monoacetate (20) was oxi- 
dized to give [6,7,7,16,16-2Hs]33-acetoxy- 
androst-5-en-17-one (22) which was then sub- 
jected to alkaline hydrolysis which removed the 
3f-acetate group and the two enolizable deu- 
t e r i u m  a t o m s  a t  C - 1 6  t o  y i e l d  
[ 6,7,7- 2 H a ] 33 - hydroxy- androst - 5 - en - 17- one 
(24). Again, the mass spectrum showed that the 
trideuterated species was the major product. 
T h e  [ 6 ,7 ,7 -2  H 3 ] 3~hydroxy-androst-5-en- 
17-one could be used for the preparation of 
[ 6 , 7 , 7 - 2 H  3 ] androst-4-ene-3,17-dione in a 
manner similar to that described above for the 
conversion of [6,7,7-2Ha]pregnenolone into 
[ 6 , 7 , 7 - 2 H 3  ] p r o g e s t e r o n e  w h i l e  
[ 6 , 7 , 7 ,  16,16,17-2 H 6 ] androst-5-en-33,173-diol 
(23) could be used as a precursor for the 
synthesis of deuterium labeled testosterone 
(16). 

We are now using these labeled steroids for 
studies on sterol and steroid metabolism in 
algae, marine invertebrates and amphibian and 
mammalian tissues. Their use is illustrated here 
by examples of our studies with the chryso- 
phyte alga O. malhamensis, the echinoderm A. 

rubens and the amphibian X. laevis. 
O. malhamensis has been used extensively 

for our studies (12,17,18) on phytosterol bio- 
synthesis and contains poriferasterol (25) as the 
major sterol together with about 5% of brassi- 
casterol (26). The additional C-24 ethyl or 
methyl groups of 25 and 26, respectively, are 
introduced by methyl group transfer from S- 
adenosylmethionine to a precursor A24-ster~l 
(18). During investigations (19), on the utiliza- 
tion of radioactively labeled 24,25-dihydrolano- 
sterol and cholesterol ( 1 ) b y  O. malhamensis, 
evidence was obtained that these compounds 
were converted into poriferasterol (25). This 
was an unexpected result since it implies that 
the alga is capable of introducing a A24-bond 
into the saturated iso-octane side chain of 
cholesterol. To confirm this result, we cultured 
O. malhamensis in  m e d i u m  containing 
[6,7,7-2H 3 ]cholesterol. After 5 days, the cells 
were harvested and the sterolsisolated and ana- 
lyzed by GC-MS. Figure 1 shows the molecular 
ion regions of the mass spectra of the brassi- 
casterol (26) and poriferasterol (25) isolated 
from control cells and those grown in the pres- 
ence of [6,7,7-2Ha]cholesterol. In the mass 
spectrum of the control poriferasterol (M + at 
m/z 412), no peak was observed at m/z 415 
whereas, in the poriferasterol isolated from the 
culture grown with added deuterium labeled 
cholesterol, a peak at m/z 415 was clearly dis- 
tinguished. This must represent a trideuterated 
species of poriferasterol and it thus confirms 
the previous evidence (19) that this alga is cap- 
able of introducing extra carbon atoms into the 
cholesterol side chain at C-24 to produce 
poriferasterol. In the previous study (19), no 
evidence was obtained regarding the possible 
conversion of cholesterol into brassicasterol 
(26). However, comparison of the brassicasterol 
mass spectra obtained in the present work 
showed that, while the control brassicasterol 
(M + at m/z 398) showed no peak at m/z 401, 
there was a very pronounced peak for trideuter- 
ated brassicasterol in the sample obtained from 
the [6,7,7-2H3]cholesterol culture. The in- 
corpora t ion  of [6,7,7-2H 3] cholesterol into 
brassicasterol, as welt as poriferasterol, is ex: 
pected on the basis of the C-24 alkylation 
mechanisms which operate in O. malhamensis 
(18). The first transmethylation reaction trans- 
fers the methyl group of S-adenosyl methionine 
to a A24-sterol precursor to produce a 24- 
m e t h y l e n e  sterol intermediate. This latter 
compound can then act as the substrate for a 
second transmethylation reaction to lead ulti- 
mately to poriferasterol (25) or alternatively 
the 24-methylene group is reduced to yield the 
243-methyl group of brassicasterol (26). 
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FIG. 1. Molecular ion regions of the mass spectra of (a) poriferasterol (25) and (b) brassicasterol (26) produced 
by O. malhamensis grown in the presence of [6,7,7-2H3]cholesterol. Also shown are the mass spectra of the 
sterols isolated from a control culture. 

Although the mass spectral evidence demon- 
strates that cholesterol was incorporated into 
both brassicasterol and poriferasterol, we ob- 
served two unexpected results. First, the pres- 
ence of cholesterol in the growth medium re- 
duced the amount  of brassicasterol relative to 
poriferasterol present in the cells. In control 
cells, brassicasterol constituted about 6% of the 
total sterol and the ratio of poriferasterol to 
brassicasterol was about 16: 1. However, in the 
cholesterol grown cells, the sterol composition 
was brassicasterol 0.5%, cholesterol 19.4% and 
poriferasterol 80.1%, while the ra t io  of por- 
iferasterol to brassicasterol had risen to about 
160: 1. Secondly, while the [ 6,7,7 -2 H 3 ] -species 
of poriferasterol was only about 16% of the 
total poriferasterol isolated, in the case of 
brassicasterol, the trideuterated form was about 
45% of the total sterol. Similar results were ob- 
served in several other incubations of O. mal- 
hamensis with [6,7,7-2H 3 ] cholesterol. A satis- 
factory explanation for these observations is 
not apparent at the present but it seems that, 
under the conditions of these experiments, the 
pool of brassicasterol is turning over more 
rapidly than the poriferasterol pool and further 
investigation is warranted. 

In  order to identify deuterium labeled 
metabolites by GC-MS, it is often first neces- 
sary to locate and to achieve at least partial 
purification of the metabolite-containing frac- 
tions from tissue extracts prior to the GC-MS 
analysis. The location of steroid metabolites 
can be facilitated by admixture of radioactiveIy 
labeled precursor of high specific activity to the 
deuterium labeled steroid prior to tissue incu- 
bation (2). Partial purification of the metabo- 
lites from the lipid extract by TLC can then be 

monitored by radioscanning to locate labeled 
metabolites. The Rf value of the radioactive 
band will give some indication of the possible 
identity of the metabolite and appropriate 
GC-MS conditions can then be chosen for sub- 
sequent identification of the deuterium labeled 
species present in the fraction. The final identi- 
fication of a deuterated metabolite will, there- 
fore, be based upon (a) the Rf value on TLC, 
(b) the retention time on GLC, and (c) the mass 
spectrum, all of which can then be compared to 
the  corresponding data of reference com- 
pounds. 

We have already briefly described the appli- 
cation of this technique to identify the metabo- 
lites of progesterone produced by the ovaries of 
the echinoderm, A. rubens (20). We had pre- 
v i o u s l y  shown (21-23) using [4-14C]pro - 
gesterone that the main metabolites were 
5~-pregnane-3,20-dione (27) and 3#-hydroxy- 
5~-pregnan-20-one (28). To confirm this obser- 
vation, we mixed [4-14C]progesterone with 
[6,7,7-2H3]progesterone (14)and, after incu L 
bation with minced ovaries of A. rubens, the 
lipid extract was submitted to TLC separation. 
The radioactive bands with Rf values corre- 
sponding to 27 and 28 were eluted and sub- 
jected to GC-MS analysis. Figure 2 shows the 
results obtained for the analysis of the band 
corresponding to 27. The main GC peak had a 
retention time corresponding to 27 and its mass 
spectrum had a molecular ion at m/z 319 and 
f r a g m e n t  i o n s  r e v e a l i n g  i t  to  be 
[6,7,7-2H3 ]5a-pregnane-3,20-dione. A minor 
component of shorter retention time was also 
apparent on the total ion GC trace and exami- 
nation of its mass spectrum revealed that this 
compound also had a molecular ion at m/z 319. 
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FIG. 2. Mass spectrum obtained by GC-MS analysis 
of one of the metabolites of [6,7,7 -~ H s ]progesterone 
produced by incubation with ovary tissue of A. rubens. 
The metabolites had an Rf value corresponding to 
pregnane-3,20-dione in TLC. This material separated 
by GLC into two components. The mass spectrum of 
the major component is shown and it was identified as 
5a-pregnane-3,20-dione. The minor component had a 
shorter retention time but the mass spectrum was sim- 
ilar (See the Experimental). 
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From its mass spectral and chromatographic 
p rope r t i e s ,  this compound appears to be 
[6,7,7-2H3 ] 5~-pregnane-3,20-dione, which had 
hitherto gone undetected during metabolite 
identification by radioisotope methods, pre- 
sumably because of the relatively small amount 
of this metabolite produced. Similarly, GC-MS 
analysis of  the radioactive TLC band corre- 
sponding in Rf value to 28 showed (20) a major 
component  with a retention time and mass 
spectrum (M + at m/z 321) corresponding to 
[ 6,7,7 -2 H3 ] 3/3 - hydroxy - 5a- pregnan- 20-one. 
There was also a minor component  of shorter 
retention time with a molecular ion at rn/z 321 
indicating it to be [6,7,7,7-2H3] 3/~-hydroxy- 
5~-pregnan-20-one which had also been un- 
recognized previously (21, 22). 

The power of this technique to detect minor 
metabolites which may conceivably be over- 
looked using radiochemical methods is also 
illustrated by an example from our studies on 
steroid metabolism by frog ovaries. In frogs, 
progesterone produced in the ovary follicle cells 
initiates oocyte maturation by interaction with 
an oocyte outer membrane receptor (24). The 
progesterone also enters the oocyte and is 
metabolized to give several products, some of 
which have only been tentatively identified 
(24,25). In order to examine further these 
steroid metabolites, we have incubated oocytes 
with a mixture of [4-14C]progesterone and 
[6,7,7-2H 3] progesterone. Partial separation of  
the isolated total lipid into fractions and radio- 
scanning of  the thin layer chromatograms of  
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FIG. 3. Mass spectra of [6,7,7, ~H 3 ]progesterone 
(14) and two metabolites produced from this steroid 
by oocytes of X. laevis. The metabolites had an Rf 
value on TLC corresponding to 17a-hydroxyprogester- 
one (30). (a) Mass spectrum of [6,7,7-2H3]proges - 
terone; (b) GLC trace of the metabolites; (e) mass 
spectrum of peak 144 corresponding to trideuterated 
20c~-hydroxypregn-4-en-3-one -(29); (d) mass spectrum 
of peak 181 corresponding to trideuterated 17or 
hydroxyprogesterone (30). 
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t h e s e  f rac t ions  revealed several m e t a b o l i t e  
bands .  These  were  e lu ted  and  sub jec t ed  to  
GC-MS e x a m i n a t i o n .  Figure  3 shows the  resul ts  
o b t a i n e d  for  a rad ioac t ive  b a n d  wh ich  h a d  an  
R f  i n d i c a t i n g  i t  t o  be 1 7 a - h y d r o x y p r o -  
ges terone.  

In this  e x p e r i m e n t ,  a small  a m o u n t  of  un-  
labe led  p roges t e rone  was i nc luded  w i th  the  
[6 ,7 ,7-2H 3 ] p r o g e s t e r o n e  pr io r  to  i ncuba t i on .  
This  resul ted  in the  mo lecu l a r  ion  region of  the  
mass  s p e c t r u m  showing  a recognizab le  " f inger -  
p r i n t "  p a t t e r n  (Fig. 3a)  due  to  the  relat ive 
p r o p o r t i o n s  of  n o n d e u t e r a t e d  (m/z 314) ,  bi- 
d e u t e r a t e d  (m/z 3 1 6 )  and  t r i d e u t e r a t e d  (m/z 
3 1 7 )  p r o g e s t e r o n e  species  presen t .  This  
mo lecu l a r  ion  p a t t e r n  was observab le  in  the  
mass  spec t rum of  the  m a j o r  m e t a b o l i t e  (Fig. 
3c). By con t ras t ,  the  mass  s p e c t r u m  of  the  
m i n o r  c o m p o n e n t  was weak  and  the  mo lecu l a r  
ion  reg ion  did n o t  display th i s  pa t t e rn .  How- 
ever, i t  was clearly d i scernab le  in  the  f r a g m e n t  
ion  i so tope  c lus te r  a r o u n d  m/z 302-305 show- 
ing t h a t  th is  c o m p o u n d  h a d  arisen f rom the  pre- 
c u r s o r  spec ies  of  d e u t e r i u m  labe led  pro-  
ges terone.  This  t e c h n i q u e  has  b e e n  descr ibed  
previous ly  for  s tudies  on  drug m e t a b o l i s m  
(26 ,27)  and  it  serves as a va luable  aid in  the  
r ecogn i t i on  of  m e t a b o l i t e s  w h e n  reviewing the  
m a n y  mass  spec t ra  a c c u m u l a t e d  by  t he  da ta  
sys tem dur ing  GC-MS analysis.  However ,  i t  
shou ld  be  n o t e d  t h a t  e n d o g e n o u s  pools  of  the  
p r ecu r so r  a n d / o r  me tabo l i t e s ,  i f  p resen t ,  cou ld  
s igni f icant ly  a l te r  t h e  i so tope  p a t t e r n s  in  the  
mass  spectra .  

T h e  m a j o r  c o m p o n e n t  of  the  o o c y t e  
m e t a b o l i t e  f r ac t i on  s h o w n  in  Figure 3 h a d  a 
m o l e c u l a r  ion  at  m/z 319 and  i ts  f r a g m e n t a t i o n  
pa t t e rn ,  t o g e t h e r  wi th  the  GLC r e t e n t i o n  t ime  
and  Rf  value,  iden t i f i ed  it as 2 0 a - h y d r o x y -  
pregn-4-en-3-one  (29). The m i n o r  c o m p o n e n t  
h a d  a m o l e c u l a r  ion  at m/z 333 and  i ts  chro-  
m a t o g r a p h i c  p rope r t i e s  i nd i ca t ed  it  t o  be  
1 7 a -hydroxypregn -4 -en -3 ,20 -d ione  (30). 
Steroid  29 has  previous ly  b e e n  iden t i f i ed  as a 
p roges t e rone  m e t a b o l i t e  in  Pleurodeles waltlii 
oocy t e s  and  X. laevis o o c y t e  h o m o g e n a t e  (29)  
and 30 is a p r o d u c t  in  o o c y t e s  of  X. laevis 
(28 -30 )  and  Trituris alpestris (31) .  

The  resul t s  descr ibed  above  show t h a t  the  
r e a d i l y  syn thes i zed  [ 6 , 7 , 7 - 2 H a ] s t e r o l s  and  
s te ro ids  can  be  used for  m e t a b o l i c  s tudies  and  
t hey  could  also be of  value  as in te rna l  s t anda rds  
for  s te ro id  q u a n t i f i c a t i o n  work  by  GC-MS. 
A l t h o u g h  t h e  d e u t e r i u m  a t  C-6  i n  
[ 6 , 7 , 7 - 2 H a ] p r o g e s t e r o n e  (14) is at  a po ten-  
t ially labi le  pos i t i on  the  above  s tudies  w i th  A. 
rubens and  X. laevis show t h a t  th i s  s t e ro id  can 
be  ut i l ized successful ly  for  some studies.  How- 
ever, some  i ncuba t i on ,  e x t r a c t i o n  and  ana ly t ica l  

p rocedure s  may  cause  exchange  of  th i s  deu- 
t e r ium and  th is  m u s t  be  cons ide red  w h e n  using 
[6 ,7 ,7 -2H3]s t e ro id s .  In par t icu lar ,  an active 
3 -ke to -a  5-Lx4 s te ro id  i somerase  in some  t issues 
m a y  cause loss of  the  C-6 d e u t e r i u m  a t o m  p r io r  
to  m e t a b o l i s m  of  the  [6 ,7 ,7-2H 3 ] s teroids.  
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Quantitative Analysis of Lipid Classes by Liquid Chromatography 
Via a Flame Ionization Detector 

F.C. PHILLIPS, W.L. ERDAHL and O.S. P R I V E T T *  The Hormel Institute, University of 
Minnesota, Austin, MN 55912 

ABSTRACT 

A method is described for the direct quantitative analysis of the lipid classes of mammalian tissue 
lipids using high performance liquid chromatography (HPLC) with a flame ionization detector (FID). 
The lipid is extracted from the tissue with chloroform/methanol after deactivation of hydrolytic en- 
zymes and removal of nonlipid substances by extraction with hot dilute acetic acid (0.05N). Separa- 
tion of the lipid classes is performed with a column (45 cm • 0.2 cm id) of 8 tam silica (Spherisorb, 
Phase Sep, Hauppague, NY) treated with concentrated ammonium hydroxide at a solvent flow rate of 
0.5 ml/min, which requires a pressure of ca. 900 psi. Cholesteryt esters (CE) and triglycerides (TG) 
are eluted first with SkeUysolve B/methylene chloride (1:1, v/v); cholesterol (CH) is eluted with 
chloroform/methylene chloride (1:2, v/v) and the phospholipids with methanol containing 6% 
ammonium hydroxide added to the latter solvent in a linear gradient. The neutral lipids are eluted in 
ca. 12 min and the phospholipids in an additional 30 rain. The relative amount of each lipid class was 
determined from standard curves of the peak areas obtained according to response factors using erucyl 
alcohol as an internal standard. The method was applied to samples of kidney, liver and serum of 
rats. Duplicate analyses were generally within ca. 1.0% and good agreement was obtained in the analy- 
sis of  the lipid classes of Azolectin and liver mitochondria lipid compared to thin layer chromato- 
graphy (TLC) via photodensitometry of charred spots or phosphorus analysis of recovered phospho- 
lipids. 
Lipids 17:992-997, 1982. 

INTRODUCTION 

High performance liquid chromatography 
(HPLC) has had only limited application to the 
analysis of  the lipid classes for lack of  a sensitive 
universal detector (1-5). Photometric detectors 
are not ideal for the analysis of the lipid classes 
because they operate on the principle of the 
detection of specific structures that absorb light 
of particular wavelengths. Most lipids do not 
have structures that exhibit strong specific 
absorption bands in the visible, ultraviolet (UV) 
or infrared (IR) regions of the spectrum (1-5). 
UV light detectors have found some application 
with lipids by use of wavelengths at the lower 
end of the spectrum (190-210 tam) where un- 
saturated groups exhibit absorptivity (1-4,6,7). 
IR detectors have also had some use with lipids 
(8), but they severely limit the solvent systems 
that can be employed for the separation of 
lipids. Direct quantitative analysis by UV and 
IR detectors is complicated by the lack of stan- 
dards which have specific absorption bands 
without interference from the absorptivity of 
other groups (9). These detectors also impose 
limitations on the solvent systems that can be 
used for the chromatography, because lipids 
being highly heterogeneous are separated best 
by a combination of isocratic and gradient 

*Author to whom correspondence should be 
addressed. 

solvent systems (5,10). Detectors based on the 
principle of refractive index are relatively in -  
sensitive and not ideal for use with gradient 
solvent systems employed for the fractionation 
of lipids (1). Thus, quantitative analysis of the 
lipid classes by photometric detectors is gener- 
ally performed in conjunction with secondary 
analysis of recovered fractions such as phos- 
phorus for the phospholipids (2). 

Methods employing thin layer chromato- 
graphy (TLC) also provide fine separation of 
the lipid classes (11-16). Quantitative analysis 
can be made by photodensi tometry of charred 
spots (11-15), but these methods are highly 
empirical and depend on the cochromatography 
of corresponding standards. The same difficul- 
ties prevail in the use of the Iatroscan technique 
for lipid analysis because response factors are 
not reproducible (17). Thus, quantitative analy- 
sis by TLC is also performed best in conjunc- 
tion " with secondary methods of analyses 
(1,16). 

Early models of flame ionization detectors 
(FID), which in theory should be ideal for 
lipids inasmuch as they are universal for carbon 
compounds, were beset with many mechanical 
problems which made them unsatisfactory. 
Most of these difficulties have been eliminated 
in a model developed in this laboratory and it 
has enabled the fractionation of essentially the 
complete profile of the lipid classes of plant 
and animal tissue lipids by HP LC (5,10,18-21 ). 

LIPIDS, VOL. 17, NO. 12 (1982) 
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Its application to the quantitatNe analysis of 
these compounds is reported here. 

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

Standards 

Highly purified erucyl alcohol and the lipid 
class standards were available from the Lipids 
Preparation Project at The Hormel Institute. 
The identity and purity of each preparation was 
monitored by TLC. Neutral Iipids used as stan- 
dards were cholesterol (CH), cholesteryl oleate 
(CE), triolein (TG) and oleic acid (FFA). 
Phospholipid standards included rat liver phos- 
phatidylcholine (PC) and lysophosphatidyl- 
choline (LPC); beef brain phosphatidylethano- 
lamine (PE), lysophosphatidylethanolamine 
(LPE) and phosphatidylserine (PS); egg sphing- 
omyelin (SPH); soybean phosphatidylinositol 
(.PI); and beef kidney diphosphatidylglycerol 
(DPG). 

Solvents 

Solvents used in the extraction of the tissues 
as well as for HPLC, including regeneration of 
the column, must be rigorously purified. Skelly- 
solve B, methylene chloride and chloroform 
were shaken with concentrated sulfuric acid in 
a separatory funnel several times until  both 
upper and lower phases were clear. The solvents 
were then washed with water and distilled in 
a n all-glass still. Methanol was distilled in an 
all-glass still over potassium hydroxide pellets. 
Analytical grade solvents are used; there are no 
advantages in the use of solvents purified for 
photometric detectors because the same purifi- 
cation procedure described above must be per- 
formed. 

Tissues 

Blood serum, liver and kidney tissue, used as 
specimens in this work, were obtained from 
Sprague-Dawley rats fed a Lab Chow diet 
(Purina, St. Louis, MO), ad libitum. The 
animals were sacrificed by withdrawal of blood 
from the retroocular plexes; the livers and kid- 
neys were excised and used immediately. 

Tissue Extraction 

Tissues were extracted first with hot dilute 
acetic acid (0.05 N) to destroy hydrolytic 
enzymes and to remove nonlipid substances 
that contaminate chloroform/methanol 
extracts. Details of the procedure have been 
described in previous work (18,22,23). 

HPLC 

HPLC was carried out with a Spectra Physics 

Model 3500B liquid chormatograph. The lipid 
classes were separated with a 45 cm x 0.2 cm 
id column of 8 ~m diameter silica (Spherisorb, 
Phase Sep, Hauppague, NY) treated with con- 
centrated ammonium hydroxide as previously 
described (10,18). The liquid chromatograph 
was operated at a flow rate of 0.5 ml/min, 
which required a pressure of ca.  900 psi. 

Cholesteryl esters and triglycerides were 
eluted first with Skellysolve B/methylene chlor- 
ide (1 : 1, v/v). This solvent is passed through the 
column for exactly 2 rain. Then chloroform/ 
methylene chloride (1:2, v/v) is passed through 
the column. At the end of 10 min, in kvhich 
time this solvent clears the system of the first 
solvent, methanol containing 6% concentrated 
ammonium hydroxide is added in a linear 
gradient. Cholesterol is eluted first, followed by 
the phospholipids which require ca. 30 min. 
The column is regenerated by passing chloro- 
form/methylene chloride (1:2, v/v), followed 
by Skellysolve B/methylene chloride (1 : 1, v/v) 
through it for 20 rain and I0 min, respectively. 

Flame Ionization Detector 

The detector employed in this work has 
been previously described (19), a detailed 
schematic diagram is shown in Figure 1. The 
belt has a perforated structure (19,24,25) 
which has a high capacity to retain solvents-  
up to 1 ml/min with some solvents. Belts are 
available from Buckbee, Mears & Company, 
St. Paul, MN. Under normal operating condi- 
tions these belts have a lifetime of over a year 
of continuous operation. The evaporator is 
operated at 180 C with a nitrogen flow rate of 
1.5 s the speed of the belt is 1:5 cm/ 
sec. The reactor is maintained at  600 C; 
nitrogen and hydrogen, used as carrier gases, are 
passed through at 160 and 40 ml/min, respec- 
tively. Nitrogen is also used as the blocking gas 
at the external end of the reactor at a flow rate 
of 80 ml/min. Compressed air is passed through 
the chamber around the flame at 250-300 ml/ 
rain. The signal from the flame detector is 
amplified and passed into an IMSAI micro- 
processor which contains hardware and soft- 
ware for integration and subsequent printout of 
percent composition. 

RESULTS 

Separation of a profile of the lipid classes 
from the neutral lipids to LPC of the phospho- 
lipids for rat kidney, serum and liver is shown 
in Figure 2. It was found that  erucyl alcohol 
served as a good internal standard because it 
eluted in the gap in the elution pattern between 

LIPIDS, VOL. 17, NO. 12 (1982) 
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FIG. 1. Schematic diagram of the flame ionization detector. 
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FIG. 2. 1-Cholesteryl esters; 2-triglycerides; 3- 
erucyl alcohol (internal standard); 4-cholesterol; 5-free 
fatty acids; 6-diphosphatidylglycerol; 7-phosphatidyl- 
ethanolamine; 8-phosphatidylinositol; 9-phosphatidyl- 
serine; 10-phosphatidylcholine; ll-sphingomyelin; 12- 
lysophosphatidylcholine. (A) rat kidney total lipid; 
(B) rat kidney total lipid plus erucyl alcohol; (C) 
rat liver total lipid; (D) rat serum total lipid. Column 
and gradient conditions are described in text. 

t r iglycer ides  and  choles te ro l  (Fig. 2B). This  
c o m p o u n d  is general ly  absen t  in m a m m a l i a n  
t issues and  serves as a good  c o m p o u n d  to  s tan-  

LIPIDS, VOL. 17, NO. 12 (1982) 

dardize the  c o n d i t i o n s  of  the  analysis  and  
o p e r a t i o n  of  t he  sys tem.  Each  l ipid class gave a 
curvi l inear  re la t ionsh ip  b e t w e e n  the  a m o u n t  
of  sample  and  response  as i l lus t ra ted  for  PC in 
Figure 3. While the  r e l a t ionsh ip  is very  close to  
l inear i ty  over  l imi ted  ranges,  it b e c o m e s  curvi- 
l inear  over  an e x t e n d e d  range  r equ i r ed  for  the  
analysis  of  t he  large range  of  l ip id  class concen -  
t r a t ions  in  na tu ra l  lipids. Otherwise ,  t he  bes t  fi t  
l inear  re la t ionsh ip  does no t  pass t h r o u g h  zero.  
Tha t  t he  r e l a t ionsh ip  curves t o  zero  is i l lus t ra t -  
ed in the  inser t  in  Figure  3B of  the  analysis  of  
small  a m o u n t s  of  PC. Accord ing ly ,  r esponse  
fac tors  Were ca lcu la ted  for  each l ipid class 
accord ing  to  t he  fo l lowing  e q u a t i o n ,  Y = AX B, 
where  Y = the  r e sponse  in peak  area,  X = t he  
a m o u n t  of  sample  in ug, A = a cons t an t ,  and  B 
= t he  response  index  as def ined  by  Fowlis  and  
Scot t  (26)  and  e m p l o y e d  by  Scot t  and  Lawrence  
(27) .  The  response  i ndex  takes  i n to  a c c o u n t  the  
devia t ion  f rom direc t  p r o p o r t i o n a l i t y .  The  mass 
of  each c o m p o n e n t  and  p e r c e n t  c o m p o s i t i o n  is 
d e t e r m i n e d  via a mic rop roces so r  wh ich  p r in t s  
ou t  the  data  in  pe rcen tage  c o m p o s i t i o n  based  
on  t he  response  fac to rs  relat ive t o  the  response  
of  the  e rucyl  a lcohol .  The  response  fac tors  were 
h ighly  r ep roduc ib l e  and  gave recover ies  o f  100 
• 3% wi th  s t anda rd  mix tu re s  of  phospho l ip ids ;  
hence ,  i t  was n o t  necessary  to  add  the  i n t e rna l  
s t anda rd  to  every sample .  

The  r ep roduc ib i l i t y  of  the  m e t h o d  was illu- 
s t ra ted  b y  the  analysis  of  several  samples  of  
rat  se rum in Table  1 t a k e n  f r o m  a s tudy  of  the  
in f luence  of  sucrose  and  dex t rose  diets  on  f a t t y  
acid c o m p o s i t i o n  and  acyl  desa turase  act ivi t ies  
of  the  l iver m i c r o s o m e s  of  Sprague-Dawley rats  
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FIG. 3. (A) response curve of phosphatidylcholine. (B) enlargement of  low concentration 
responses of phosphatidylcholine. Dashed lines axe indicative of linear response. All points 
are the mean + SD of 3 determinations. 

TABLE 1 

HPLC Analysis of Serum Lipids of Rats Fed Diets Differing 
in Fat or Carbohydrate (28) 

Lipid Sucrose + Dextrose + Sucrose + Dextrose + Fat-free Fat-free 
class 10% HCO 10% I-leo 10% SAFF 10% SAFF sucrose dextrose 

CE 17.9• 1.3 a 17 .8•  16 .3•  17 .1•  18 .3•  25 .9•  
TG 36 .6•  35.7• 1.1 50.2•  46 .7•  40 .0 •  33 .1 •  
DPG 1.5•  2 .3•  1 .9•  2 .8 •  1 .4•  2 .9 •  
FFA 5 .4 •  6.0~ 1.0 3 .4 •  3 .4•  2 .6•  4 .1•  
PI 3 .8 •  3 .0 •  2 .5 •  3 .0 •  3 .2•  3 .9 •  
PC 25 .7•  26 .7 •  17 .7•  17 .6•  24 .4 •  20 .4•  
SpH 2 .2•  2 . 0 •  1 .0•  2 .0 •  2 . 0 •  1 . 9 •  
LPC 6 .9 •  6 .3 •  6 .3 •  7 .1 •  7 .6 •  7 .8 •  

aRange of values of duplicate determinations. CE = cholesteryl esters, TG = triglycerides, DPG = diphospha- 
tidylglycerol, FFA = free fatty acids, PI = phosphatidylinositol, PC = phosphatidylcholine, SpH = sphingomyelin, 
LPC = lysophosphatidylcholine. 

(28) .  These  resu l t s  show tha t  the  var ia t ion  be- 
tween  dupl ica te  ana lyses  was genera l ly  less t h a n  
1.0%. 

Table  2 s h o w s  the  c o m p a r i s o n  o f  the  
analys is  o f  the  lipid classes o f  Azo lec t in  by  our  
m e t h o d  and  by  TLC us ing  c h a r r i n g - d e n s i t o m e t r y  
wh ich  was p e r f o r m e d  on the  s ame  sample  
earlier in our  l a b o r a t o r y  (20).  These  ana lyses  
agreed r ea sonab ly  well cons ider ing  t h e y  were 
p e r f o r m e d  m a n y  m o n t h s  apar t  and  by com-  
p le te ly  d i f f e ren t  t e chn iques .  

Table  3 sh o ws  a c o m p a r i s o n  wi th  our  
m e t h o d  of  t h e  analys is  of  the  p h o s p h o l i p i d s  of  

th ree  s amples  o f  ra t  liver m i t o c h o n d r i a  lipid by  
TLC via the  m e t h o d  of  R o u s e r  et al. (16)  and  
s u b s e q u e n t  p h o s p h o r u s  analys is  by  the  m e t h o d  
of  Bar t l e t t  (29) ,  o f  r ecovered  spo t s  for  quant i f i -  
ca t ion .  The  a g r e e m e n t  be tw e e n  the  tw o  
m e t h o d s  l ikewise was very  good.  

DISCUSSION 

The  use  of  HPLC in c o n j u n c t i o n  wi th  a 
f lame ion iza t ion  de t e c to r  for  the  quan t i t a t i ve  
analysis  o f  the  lipid classes is well d e m o n s t r a t -  
ed in the  p r e se n t  work .  A l t h o u g h  indiv idual  

LIPIDS, VOL. 17, NO. 12 (1982) 
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TABLE 2 

Analyses of  Azolectin 

Lipid % Composi t ion 

class HPLC HPLC a TLC (20) 

TG 2.10 +- 0.29 1.78 -+ 0.14 2.26 -2- 0.33 
ST 0.62 -+ 0.32 0.12 -+ 0.02 0.25 -+ 0.08 
FFA 0.27 -+ 0.27 0.20 -+ 0.01 0.13 -+ 0.02 

ESG 8.20 -+ 0.40 9.01 • 0 .21  7.00 -+ 0.33 
DGDG 2.13 +- 0.03 2.00 • 0.18 1.92 -+ 0.33 
SG 4.50 • 0.02 4.98 + 0.48 4.18 -+ 0.77 

PE 27~62 -+ 0.26 27.34 • 0.27 26.54 -+ 0.77 
PI 16.94 -+ 0.24 16.54 -+ 0.23 17.05 • 0.88 
PA 6.82 • 0.10 6.28 -+ 0.44 7.91 -+ 0.88 
PC 30.85 +- 0.55 31.77 -+ 0.69 32.75 +- 2.31 

TG = triglyceride, ST = sterols, FFA = free fat ty  acids, ESG = esterified sterol glucoside, 
DGDG = digalaetosyldiglyceride, SG = sterol glucoside, PE = phosphat idyle thanolamine,  PI 
= phosphat idyl inosi tol ,  PA = phosphat idic  acid, PC = phosphat idylcholine.  

aAnalysis of  same Azoleetin sample 5 mon t hs  later. 

TABLE 3 

Analyses Of Three Different Samples of  Rat Liver Mitochondria 
Phospholipid Classes by HPLC and TLC 

% Composi t ion 

Phospholipid Sample 1 Sample 2 Sample 3 

class HPLC TLC a HPLC TLC HPLC TLC 

DPG 14.4 15.4 13.4 12.5 4.5 4.9 
PE 37.5 35.4 36.1 35.7 37.9 41.0 
LPE Tr 0.5 1.2 2.0 1.4 2.1 
PI 2.8 2.6 5.4 7.1 1.3 3.0 
PC 43.8 43.4 44.0 41.7 54.9 48.2 
SpH 1.5 0.8 Tr 0.5 Tr 0.6 

aTLC: 2-dimensional TLC, followed by phosphorus  analyses (16,29).  DPG = diphosPha- 
tidylglycerol, PE = phosphat idyle thanolamine,  LPE = lysophosphat idyle thanolamine,  PI = 
phosphatidylinosi tol ,  PC = phosphat idylcholine,  SpH = sphingomyelin .  

m o l e c u l a r  s p e c i e s  o f  t h e  l ip id  c l a s ses  g ive  d i f f e r -  
e n t  r e s p o n s e s  in  t h e  f l a m e  d e t e c t o r ,  t h e  d i f f e r -  
e n c e s  a re  r e l a t i ve ly  s m a l l  in  m o s t  cases ,  p r o b a b l y  
b e c a u s e  all  c o m p o u n d s  a re  c o n v e r t e d  t o  h y d r o -  
c a r b o n s  in  t h e  r e a c t o r  ( 19 ) .  H e n c e ,  l ip id  c l a s ses  
i s o l a t e d  f r o m  n a t u r a l  l ip ids  o r  e s t e r s  o f  o l e a t e  
se rve  v e r y  wel l  as s t a n d a r d s  f o r  t h e  a n a l y s i s  o f  
n a t u r a l  o c c u r r i n g  m i x t u r e s  o f  t h e s e  c o m p o u n d s .  
O n e  c o l u m n  c a n  be  r e g e n e r a t e d  wh i l e  a n o t h e r  
is in  u s e ,  t h u s ,  t h e  m e t h o d  c a n  b e  o p e r a t e d  
v i r t u a l l y  c o n t i n u o u s l y  (18 ) .  B e c a u s e  o f  t h e  
l a rge  d i f f e r e n c e  in  p o l a r i t y ,  a n d  a c c o r d i n g l y ,  
d i f f e r e n c e  in  c o m p o s i t i o n  o f  t h e  e l u t i n g  sol-  
v e n t s ,  t h e  n e u t r a l  l ip ids  c a n  be  a n a l y z e d  s epa -  
r a t e l y  f r o m  t h e  p h o s p h o l i p i d s .  L i k e w i s e ,  t h e  
m e t h o d  c a n  be  u s e d  f o r  t h e  i n d e p e n d e n t  a n a l y -  
sis o f  t h e  p h o s p h o l i p i d s  b e c a u s e  t h e  g r a d i e n t  

s y s t e m  u s e d  t o  s e p a r a t e  t h e s e  c o m p o u n d s  e l u t e s  
t h e  n e u t r a l  l ip ids  w i t h  t h e  s o l v e n t  f r o n t .  

R e l a t i v e l y  l a rge  s a m p l e s  w e r e  u s e d  in  t h e  
p r e s e n t  w o r k ,  f r o m  a p r a c t i c a l  s t a n d p o i n t ,  t o  
p e r m i t  t h e  a n a l y s i s  o f  m i n o r  ( <  1 .0%) as wel l  
as m a j o r  c o m p o n e n t s  o f  n a t u r a l  l ip ids .  H o w e v e r ,  
b e c a u s e  v i r t u a l l y  b a s e l i n e  s e p a r a t i o n s  a re  
a c h i e v e d  w i t h  r e l a t i v e l y  l a rge  s a m p l e  l oads ,  i t  is 
e v i d e n t  t h a t  b y  t a k i n g  a d v a n t a g e  o f  m o d e m  
c o l u m n  t e c h n o l o g y ,  t h e  s p e e d  o f  t h e  f r a c t i o n a -  
t i o n  c a n  be  i n c r e a s e d  w i t h o u t  loss  o f  r e s o l u t i o n  
a n d  w i t h  m u c h  s m a l l e r  s a m p l e s  in  m a n y  cases .  
T h u s ,  i t  s h o u l d  be  p o s s i b l e  t o  i n c r e a s e  t h e  sen -  
s i t i v i ty  o f  t h e  m e t h o d  b y  m o d i f i c a t i o n  o f  t h e  
c o l u m n  p a r a m e t e r s  i n a s m u c h  as t h e  d e t e c t o r  
is c a p a b l e  o f  t h e  d e t e c t i o n  o f  n a n o g r a m  a m o u n t s  
o f  t h e  l ip id  c l a s ses  ( 19 ) .  W o r k  is c u r r e n t l y  in  
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p r o g r e s s  o n  th i s  a s p e c t  o f  t h e  m e t h o d .  
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A High-Yield Saponification 
of Galactosylceramide 13-Sulfate 
K.M. KOSHY and J.M. BOGGS*, Research Institute, The Hospital for Sick Children, 
Toronto, Ontario, Canada M5G 1)(8 

ABSTRACT 

A method for the deacylation of galactosylceramide I3-sulphate using aqueous methanolic KOH is 
described. The combination of a relatively low concentration of the alkali (0.3 M) and a moderate 
reaction temperature (reflux point of 90% methanol) results in the formation of galactosylsphingosine 
13-sulphate in consistently high yields (61%) with a minimum of side reactions. The product was puri- 
fied by column chromatography and its identity established by thin layer chromatography, infrared 
spectroscopy, determination of galactose content and organic sulphate assay using established methods 
or their modifications. 
Lipids 17:998-1000, 1982. 

Although galactosylceramides (cerebrosides) 
can be hydrolyzed with n-butanolic KOH to 
galactosylsphingosine in high yield (1), the 
applications of similar methods for the deacyl- 
ation of galactosylceramide I3-sulphate ~I) 
(cerebroside sulphate, also called sulphat ide)-  
another important lipid in myel in-has  proved 
to be unsatisfactory (2). 

The saponification of I with n-butanolic 
KOH results in side reactions other than the 
cleavage of the amide linkage and the yield of 
galactosylsphingosine I3-sulphate (II) is very 
low (2). We describe here a procedure for the 
deacylation of I which minimizes the loss of the 
material to other side reactions. 

E X P E R I M E N T A L  M E T H O D  A N D  RESULTS 

'Bovine brain sulphatides', cerebrosides, and 
ceramides, purchased from Supelco Inc., Belle- 
fonte, PA, were used without further purifica- 
tion. All solvents used were reagent grade. Silica 
gel 100 (70-230 mesh, E. Merck) was used for 
column chromatography and silica gel 60 (E. 
Merck) precoated plates were used for thin 
layer chromatography (TLC). Infrared (IR) 
spectra were recorded on a Beckman IR spec- 
trophotometer and colorimetric measurements 
were made on a Beckman Acta MVI spectro- 
photometer. 

One hundred mg of bovine brain sulphatides 
were placed in a 200-ml round bottomed flask, 
together with a magnetic stirring bar. One 
hundred ml of 0.3 M KOH in methanol/water 
(90:10, v/v) were added. The flask was fitted 
with a reflux water condenser provided with a 
guard tube containing KOH pellets. The flask 

*Author to whom correspondence should be 
addre~ed. 

was heated in an oil bath maintained at 80 C 
and the contents were kept gently refluxing for 
a period of 6 days. Most of the methanol was 
then distilled off under reduced pressure using a 
rotary evaporator (50 C). After cooling to room 
temperature, 1 N HCI was added carefuUy with 
stirring until the apparent pH of the solution 
was between 7 and 8. After removing any meth- 
anol remaining using the rotary evaporator, the 
residual material was lyophilized. The solid left 
behind was suspended in 10 ml of water and 
extracted with three 10-ml portions of tetra~ 
hydrofuran (THF). The combined THF extracts 
were evaporated to dryness, the residue resus- 
pended in 4 ml of chloroform/methanol (2:1, 
v/v) and centrifuged. "l~te supernatant solution 
was applied to a chromatographic column pre- 
pared with 20 g of silica gel 100 and washed 
with 75 ml of chloroform/methanol/concen- 
trated ammonium hydroxide (65:25:4, v/v/v). 
The column was eluted with 350 ml of the 
same solvent mixture. The fractions of 5 ml 
each were monitored by TLC on silica gel 60 
plates using the solvent system mentioned 
above. The last component eluted was identi- 
fied as II as described below. The fractions con- 
taining this component were pooled and evap- 
orated to dryness; the product weighed 36 rag. 

The component identified as II was the only 
ninhydrin positive spot observed by TLC of the 
hydrolysis products in chloroform/methanol] 
ammonium hydroxide (65:25:4,  v/v/v), and 
had an Rf = 0.24 in agreement with the value 
reported in the literature (2). The IR spectrum 
of this product (Fig. 1) showed bands at 810 
and 1240 cm -1 characteristic of the sulphate 
group and is identical in every other respect 
with that obtained for lysosulphatide by 
Nonaka and coworkers. Determinations of the 
galactose (3) and organic sulphate content (4) 
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FIG. 1. Infrared spectrum of galactosylsphingosine I3-sulphate (KBr pellet). 

were in agreement with the corresponding 
values calculated for galactosylsphingosine 
I3-sulphate: galactose found 33.2%, calculated 
33.3%; sulphate found 17.4%, calculated 
17.74%. Taking into account the presence of 
the free amino group in II, the procedure of 
Kean for sulphate analysis (4) was modified as 
follows: after evaporating to dryness, an aliquot 
(containing .0065 /amol) of a solution of II in 
chloroform/methanol (2:1, v/v), 200 /al of 
pyridine and 10 /al of acetic anhydride were 
added and the mixture was heated at 50 C for 
30 min. The pyridine was then evaporated and 
the residue dried under vacuum. The rest of the 
procedure was unchanged. 

Thin layer chromatographic examination 
(chloroform/methanol/water, 70: 30:5, v/v/v) 
of the remaining fractions after removal of the 
lysosulphatide present in the hydrolysate, 
showed three major components besides the 
fatty acids. Two of these comigrated with the 
major component of natural ceramides and the 
nonhydroxy fatty acid containing portion of 
bovine brain sulphatides, respectively. The 
behavior of the third component  on TLC was 
different from that of natural cerebrosides, 
ceramides, or sulphatides; therefore, it was 
inferred to be a product formed by degradation 
or rearrangement of I, other than a straight loss 
of sulphate group by SN 2 displacement. This 
observation is in perfect agreement with the 
remarkable stability to bases of the sulphate 
group in sulphatides as reported in the litera- 
ture (5). Attempts to hydrolyse the recovered 
sulphatides under the same 'cond i t ions  de- 
scribed above gave. only a further 1 mg of II, 
indicating that this is a component of the orig- 
inal sulphatides which are not deacylated 
readily. The absence of any a-hydroxy fatty 
acid containing I in this fraction as indicated 

above can be understood in the light of the ex- 
pected faster rate of hydrolysis of the amides 
of a-hydroxy fatty acids. 

The well known sluggish rate of hydrolysis 
of fatty acid amides (6) together with the tend- 
ency of I to form breakdown products under 
severe reaction conditions warrants careful 
selection of conditions to optimize the forma- 
tion of II. We have found that the combination 
of a relatively low concentration of alkali (0.3 
M) and the reflux temperature of 90% meth- 
anol (68.5 C) favor high yields of II. With 
various batches of bovine brain sulphatides, we 
have been able to obtain consistently, yields not  
less than 61% (based on an average MW of 894 
for I) in comparison with a yield of 10% re- 
ported by Nonaka and coworkers (2). 

Attempts to shorten the reaction time by 
raising the temperature to 100 C (sealed am- 
pule) or employing polar aprotic solvents such 
as acetone resulted in the formation of signifi- 
cant amounts of breakdown products. 

To keep the lipid completely in solution in 
the hydrolysis medium, it was necessary to use 
a ratio of 1 ml of the alkali solution for every 
milligram of the lipid. Extraction of the hydrol- 
ysis product with tetrahydrofuran was found to 
be much more convenient than using chloro- 
form/methanol, especially in view of the 
'soapy' nature of the aqueous suspensions of 
sulphatides and their hydrolysis products. 
Tetrahydrofuran is miscible with pure water, 
but the presence of dissolved salts in water 
causes separation into two distinct layers, THF 
forming the top layer. The solubility of the 
lipid products in dry THF is limited, but the 
small amounts of water extracted into it from 
the aqueous layer considerably increases its 
solvent power. Three extractions with the 
solvent almost completely removes all the lipid 
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products. 
In our laboratory, we have applied this 

method to the hydrolysis of cerebroside sul- 
phate ranging in quantity from 20 mg to 500 
mg with reproducible results and we consider it 
as a definite improvement over the existing 
methods. 
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Anesthetics May Restructure the Hydrogen Belts of Membranes 

H. BROCKERHOFF, Institute for Basic Research in Developmental Disabilities, 1050 
Forest Hill Road, Staten Island, NY 10314 

ABSTRACT 

Anesthetic molecules can form hydrogen bonds or organize hydrogen-bond networks. It is argued 
that they affect the neuronal cell membrane not by an amorphous fluidization of the hyprophobic 
c o r e  of the lipid bilayer but by a restructuring of its hydrogen belts, i.e., the regions occupied by the 
CO and OH groups of the membrane lipids. The structured disturbance of the hydrogen-bond network 
is translated latitudinally to hydrogen-bonding sites of the proteins of the membrane, causing allosteric 
changes of ion channels that result in neuronal blocking. 
Lipids 17:1001-1003, 1982. 

Numerous chemicals, with varied and un- 
related structures, can serve as general anesthe- 
tics (and many as hypnotics, or anticonvul- 
sants) (1-3). Because of this lack of specificity, 
and because the anesthetic potency of a drug 
correlates with its solubility in lipid, anesthe- 
tics are considered to act in an unspecific man- 
ner in and on the lipid bilayer of the neuronal 
membrane, by creating a disturbance which is 
then transferred to the proteins of the mem- 
brane. Consequently, the sodium channel pro- 
teins in particular lose their proper conforma- 
tions, and neuronal conductance stops. In 
recent theories, anesthetics have been though to 
expand the lipid bilayer (1) cause it to thicken 
(4,5), increase the "molten" portion of the bi- 
layer (6,7), or melt a lipid annulus t ha t su r -  
rounds the protein (8). These effects are taken 
to be consequences of the "fluidization" of the 
membrane by anesthetics (1-3). Explanations 
invoking hydrogen bonding as mechanism of 
anesthesia (9-1.1) are not  popular at present. 

Fluidization looms large in all recent discus- 
sions of membranes, but I believe that too 
much is made of it: that, in the case of ane- 
sthesia, if it occurs at all, it is an accidental 
event without much consequence; a similar 
view is held by others (12). Fluidization, i.e., 
the increase of molecular (or segmental molecu- 
lar) movement in the bilayer, can be assessed 
by various methods, such as fluorescence (6, 
13), electron spin resonance (7,14,15), or 
nuclear magnetic resonance (16). Applied to 
anesthetics in membranes, such methods 
variously show that fluidization only occurs at 
drug concentrations higher than those clinically 
required (1,3) or barely appears at such drug 
levels (3). Some anesthetics even suppress mem- 
brane fluidity (12,15,17). But even if we accept 

fluidization as real, we still find that the effect 
at clinical drug concentrations would be very 
small, with membrane order parameters 
changing by a few percent only (3,14). 

Why should a small increase in fluidity, i.e. 
a small decrease in the viscosity of the solvent- 
like lipid core, have any effect on the 
conformation of membrane proteins? A raise 
in temperature also reduces solvent viscosity, 
but a fever does not cause anesthesia; on the 
contrary, cooling does (12). Membrane fluidiza- 
tion is an unstructured phenomenon,  a weaken- 
ing of intermolecular hydrophobic (van der 
Waals) forces, without direction. It is an amor- 
phous event that offers no explanation for a 
phenomenon that is the skeleton in the closet 
of all "unified" theories of anesthesia, namely, 
the great diversity of clinical as well as in vitro 
effects of different anesthetics (1-3,17). 

Lipid brayers are usually treated as consist- 
ing of a hydrophobic core sandwiched by two 
hydrophilic polar zones. In Figure I, attention 
is also given to the region which I call hydrogen 
belt because it is neither polar nor hydrophobic 
but  contains hydrogen bond acceptors (CO of 
phospho- and sphingolipids) and hydrogen- 
bond donors (OH of cholesterol, sphingosine, 
water (18,19)). The hydrogen belt is structured 
because hydrogen bonds are vectorial, in con- 
trast to the nondirected van der Waals forces of 
the hydrophobic core. Hydrogen bonding is 
also highly cooperative, i.e., it is translated 
intermolecularly, as exemplified by the "ice- 
berg" formation in fluid water. Manipulation of 
the composition of the hydrogen belt changes 
the structure of the hydrogen-bond network. 
This is demonstrated in experiments (20,21) 
measuring the permeation of the same molecule, 
glycerol, through various bilayers differing in 
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Hydrophobic Core 

FIG. 1. Stratification of a biological membrane. One half of the membrane shown. 
Zigzag lines represent aliphatic chains; the shaded rectangle is cholesterol; the coil, a mem- 
brane protein; + and - are charged phospholipid heads; C is carbohydrate; and O atoms are 
supplied by the carbonyl groups of phospho- and sphingolipids; NH from sphingolipids and 
proteins; OH from cholesterol, sphingosin, water, and protein. 

their hydrogen belt composition. The entropy 
of activation for the process is twice as large for 
a phosphatidylcholine-cholesterol bilayer as for 
a sphingomyelin-cholesterol bilayer, and twice 
as large again in a lysophosphatidylcholine- 
cholesterol bilayer. As argued elsewhere (20, 
21), these results show that the hydrogen belts 
o f  different bilayers have different degrees of 
order. In Figure 1, it is suggested that the pro- 
teins of the membrane (represented by the 
helix) participate in the hydrogen-bond 
network. This participation is restructured 
when the hydrogen belt is modified by the in- 
corporation of anesthetic molecules. Anesthe- 
tics, being amphiphatic molecules, are all likely 
to seek residence in the hydrogen belt, if trans- 
iently, with at least part of their molecule. 
Those which cannot form hydrogen bonds, e.g. 
rare gases and small alkanes, can organize the 
hydrogen bonds around them (as clathrates) 
(9,10). Hydrogen bonds are formed, or broken, 
or redirected, and the conformation of the pro- 
tein is thereby changed. The proteins of the 
membrane must be regarded as allosteric struc- 
tures in which hydrogen-bonding sites are the 
allosteric sites and lipids, water, or drugs are the 
effectors. 

Evidence of lipid-protein bonding via hydro- 
gen bonds has been found for phospholipid 
transfer proteins (22), but interaction of a 
membrane protein proper with the hydrogen 
belt has not yet  been demonstrated. The argu- 
ment for such interaction is nevertheless corn- 

pelling: given the fact that membrane proteins 
are encircled by hydrogen belts, it would be 
unreasonable to assume that readjustment of 
such a girdle would n o t  have an effect on pro- 
tein conformation. 

It is now easy to see how different anesthe- 
tics can have different effects on a neuron. As 
an example, in the membrane, the aliphatic 
isopentyl group of pentobarbital (a hypnotic) 
will be more strongly drawn toward the core 
than the phenyl group of phenobarbital (an 
anticonvulsant), conferring a different location 
and orientation on the barbituric ring. Similarly, 
the "anesthetic cut-off",  i.e., the disappearance 
of potency when the chain of an aliphatic 
alcohol is lengthened to 14 carbons (23), may 
be explained: the O-H vector changes as the 
molecular chain is drawn more deeply into the 
hydrophobic membrane core. Even the possibil- 
ity of stereospecific anesthetic action is opened: 
it is conceivable that the D and L species of a 
lipophilic drug will align differently between 
the stereospecific phospholipid and cholesterol 
molecules of the bilayer and form differently 
oriented hydrogen bonds in the hydrogen belt. 
The hypothesis also offers an explanation why 
the cationic local anesthetics are active only at 
concentrations 10 or 20 times higher than those 
required of general anesthetics (1). These drugs 
may bind to the negative head groups of phos- 
pholipids, so remote (several bond lengths) 
from the hydrogen belt that a massive dose is 
needed before any restructuring of the belt is 
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induced. That high pressure influences anesthesia 
(1-3) (it is generally antagonistic) becomes un- 
derstandable if it is realized that hydrogen 
bondi/lg (and not fluidity only) responds to 
pressure (24). 

The hypothesis of hydrogen-belt restructur- 
ing allows the possibi l i ty tha t  a drug may  
hyd rogen -bond  immedia te ly  to  a p ro te in ,  
w i thou t  in terca la t ion  of  lipid or water ,  in the  
hydrogen-be l t  region. It does no t  collide wi th  
the  Meyer-Over ton rule which states tha t  
anesthesia  c o m m e n c e s  when  any chemical  sub- 
stance has reached  a cer ta in  concen t r a t i on  in 
the  l ipid bi layer  (1), and it does  n o t  demand  
tha t  every h y d r o g e n - b o n d i n g  chemical  mus t  up-  
set the  hydrogen-be l t  a rchi tec ture  in such man-  
ner  as to  cause anesthesia.  Since no  t w o  chem-  
icals will have exact ly  the  same e f fec t  on the  
hydrogen  belt ,  no simple rule l inking the  struc- 
ture of  a chemical  with its anes the t ic  act ivi ty 
can be expec ted .  Still, the  hypo thes i s  may be 
useful  as a guiding principle in the  search,  no t  
only  for  new anesthet ics ,  bu t  for  m e m b r a n e -  
anchored  drugs in general.  Such drugs might  
have the general s t ruc ture  o f  hyd rogen -bond ing  
molecules  provided  wi th  anchoring,  l ipophil ic  
tails. 
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