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ABSTRACT 

Cells and mitocbondria were isolated 
from brown adipose tissue of the adult 
hamster. Isolated mitochondria did not 
show respiratory control. Reversed elec- 
tron transport was demonstrated and the 
oxidation rates of various substrates were 
compared, a-Glyccrophosphatc gave the 
highest oxidative rate with isolated 
mitochondria. The low basal respira- 
tion of isolated brown fat cells could 
be stimulated by catecholamines, oleate, 
succinate, a-glycerol phosphate and un- 
coupling agents. Only norepinephrine or 
oleate induced respfi'ation was sensitive to 
inhibition by oligomycin, but this inhibi- 
tion could not be released by uncoupling 
agents. Neither atractyloside nor (+) deca- 
noylcarnitine were found to affect respi- 
r a t i o n ,  suggesting that mitochondrial 
nucleotide exchange is slow and that fat- 
ty acid oxidation might be carnitine inde- 
pendent. In resting brown fat cells, ATP 
amounts to 75% of the total adenine nu- 
cleotides. NE or oleate caused a small de- 
crease of ATP and a corresponding in- 
crease of ADP. Oligomycin caused a par- 
t i a l  depletion of ATP content, but 
subsequent NE addition increased ATP 
back to control values. This effect was 
abolished by arsenite. Similarly, uncou- 
pling agents diminished the ATP level 
which was increased only slightly by NE. 
Arsenite alone decreased ATP levels to a 
small extent but a rapid depletion, oc- 
curred upon subsequent NE addition 
while respiration was inhibited. Thus, 
substrate level phosphorylation may be 
the major energy producing reaction for 
the generation of ATP and GTP for the 
activation of fatty acids. Norepinephrine 
addition to brown fat cells caused an oxi- 
dation of pyridine nucleotides, a reduc- 
tion of flavoproteins and an oxidation of 
cytochrome b. In contrast, succinate pro- 
duced a reduction of all the components 
of the respiratory chain. The bioenergctic 
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basis of thermogenesis in brown fat is its 
high respiratory rate. The rapid respira- 
tion induced by norepinephrine or fatty 
acids appears to be characterized by a low 
yield of ATP from oxidative phosphoryla- 
tion and may be controlled by fatty acid 
mediated release of energy coupling, pos- 
sibly by an indirect mechanism. 

INTRODUCTION 

In a previous paper (1), in vivo measure- 
ments were made of the oxygen tension, tem- 
perature and the fluorescence attributable to 
reduced pyridine nucleotides, using the inter- 
scapular brown fat of the hamster. Brief periods 
of anoxia produced an increase of fluorescence 
and a decrease of the brown fat temperature, 
while infusion of norepinephrine increased the 
respiration and temperature of the tissue and 
caused a decrease of the tissue fluorescence. 
This fluorescence change was interpreted as 
indicating an oxidation of mitochondrial 
pyridine nucleotides in the tissue. Chance and 
Fain (unpublished observations) in experiments 
with isolated brown fat cells found that nor- 
epinephrine produced an oxidation of cyto- 
chrome b. Norepinephrine is known to promote 
the release of free fatty acids from triglycerides 
through the mediation of cyclic AMP (2). It is 
generally accepted that during conditions of 
stimulated thernmgenesis, free fatty acids pro- 
vide the substrate necessary to support the 
increased respiratory activity. If electron trans- 
port is uncoupled from phosphorylation, as sug- 
gested by Lindberg et al (3), then a change in 
the redox state of the respiratory chain com- 
ponents towards reduction would be expected 
with an increased supply of substrate. The fact 
that the opposite change occurs after stimu- 
lation of respiration with norepinephrine sug- 
gests that respiration in brown fat is subject to 
respiratory control, but may become uncoupled 
either directly by the released fatty acids, or by 
stimulation of an energy consuming ion 
pumping mechanism ( 1 ). 

Further experinaents with isolated brown fat 
cells are reported in this paper which attempt 
to answer the basic questions: What is the 
chemical mechanism for heat production in 
brown fat. and how is it controlled'? As we shall 
see, only a partial answer to this question is 
available at the present time, but we hope that 
this presentation will clarify some guidelines for 
further experiments. 
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TABLE I 

Heat Production During Substrate Oxidation 

Enthalpy change 

ATP Uncoupled Coupled 
Reaction yield Kcal/mole 

ATP ---~ ADP + Pi 
NADH + H + + O ~ 

NAD + + H20 
Succinate 

fumarate 
Acetate --~ 

CO 2 + H2�9 
Palmitate -+ 

CO 2 + H20 

4.7 
3 61.6 47.5 

2 36.2 26.8 

12 209 153 

130 2400 1790 

METHODS 

Brown Fat Cells 

Brown fat ceils were prepared by collagenase 
treatment of minced brown fat from 48 hr 
fasted male hamsters (120-180 g) using a slight 
modification of the method described by Fain 
et al. (4). The layer of triglyceride which 
formed above the layer of unbroken cells 
during the centrifugation procedure was re- 
moved by suction. The free triglyceride content 
of the cells was greatly reduced by repeatedly 
washing the ceils with Krebs Ringer phosphate, 
pH 7.4 (5) containing 4% bovine serum albumin 
(Pentex Inc.). The cells were suspended in 6 vol 
of Krebs Ringer phosphate, pH 7.4, containing 
4% albumin, and kept at room temperature 
with gentle rotary shaking. 

Respiration Studies 

Brown fat cells were suspended in 4 to 13 
vol of Krebs Bicarbonate Ringer containing 20 
mM Tris, pH 7.2 (final albumin concentration, 
3 to 10 mg/ml). Upon equilibration of the buf- 
fer with gas mixtures containing oxygen and 5% 
CO2, the pH of the buffer stabilized at 7.2. The 
oxygen consumption of the cells was measured 
with a Clark electrode (Yellow Springs Instru- 
ment Co.) at 28 C in a chamber with a total 
volume of 0.6 to 4 ml. The oxygen electrode 
was fitted with a double membrane of cello- 
phane and teflon to improve its stability (6). A 
polarization voltage of -0.6 v was applied to the 
combination electrode and the current was re- 
corded on a 10 in. Beckman linear-log recorder. 
Additionally, the rate of oxygen consumption 
was recorded directly by differentiating the 
output of the oxygen electrode using a modifi- 
cation of the circuit described by Chappell and 
Crofts (7). 

Analytical 

Samples of diluted cells (0.2 to 0.5 ml) from 
the oxygen electrode chamber were rapidly 
pipetted into 5 vol of 12% perchloric acid, and 
an aliquot of the supernatant after centrifuga- 
tion for 10 min at 25,000 g was neutralized 
with 3 N K2CO 3 containing 0.5 M triethanol- 
amine. Adenine nucleotides were measured by 
specific enzyme methods using fluorometric 
techniques as described by Williamson and 
Corkey (8). Enzyme activities were measured 
by following the techniques of Bucher et al. (9) 
after suitable modification for fluorometric 
assays. Lipid fractions were separated by thin 
layer chromatography (10) and fatty acids re- 
leased by saponification were determined by 
gas chromatography as the methyl derivatives 
(11). 

Mitochondria 

Mitochondria were prepared from brown fat 
obtained from hamsters which had been kept at 
4 to 10 C for at least one month. Preparative 
techniques were similar to those described by 
Hohorst and Rafael (12). 

RESULTS AND DISCUSSION 

General Properties of Brown Fat 
Cells and Mitochondria 

Heat production is undoubtedly linked to 
the rate of respiratory activity. Unlike other 
organs, such as the heart or kidney which also 
have a high rate of oxygen utilization, brown 
fat appears to be poorly endowed with mecha- 
nisms for the transduction of metabolic energy 
into physiologically useful forms of work. Its 
main function is to serve as a specialized site of 
thermogenesis in animals during arousal from 
hibernation, adaptation to cold, and in the new- 
born of some species (13-19). For this purpose, 
the distribution of brown fat around vital 
organs and the special arrangement of the vas- 
cular network is of particular significance (15). 

The question as to whether brown fat mito- 
chondria in the intact tissue are coupled or un- 
coupled to respiratory chain phosphorylation is 
of fundamental importance in connection with 
the nature of the chemical processes responsible 
for the continuous supply of phosphate ac- 
ceptor to the respiratory chain, but is of less 
importance in relation to the total heat produc- 
tion for a given respiratory rate. This point is 
illustrated in Table I, which shows the heat 
production for the oxidation of a number of 
compounds. Since the heat production (as dis- 
tinct from the free energy change) for the 
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T A B L E  II  

Fa t ty  Acid  Charac te r i za t ion  o f  H a m s t e r  Brown Fat  a 

Lipid Myrist ic  Palmitic Palmi to le ic  Stearic  Oleic Linoleic  Linolenic  
14:0  16:0  16:1 18;0  18:1 18:2  18:3 

Tr ig lycer ide  2.5 33.0 8.3 9.9 61.7 54.5 3.1 
Phosphol ip id  0.01 0 .16  0 .04  0 .40  0.36 0.67 .... 
Cholesterol  

esters 0 .007  0 .06  0.01 0.02 0 .08  0 .08  .... 
Free f a t ty  acid 

acid 0 .007 0 .08  0 .03  0 .03  0.02 0 .17  .... 

ab~moles/lO0 mg  flesh weight .  

hydrolysis of ATP to ADP and inorganic phos- 
phate is relatively low (20), there is only about 
a 25% increment of heat production in the un- 
coupled versus the coupled state. However, it is 
necessary to resolve the issue of energy con- 
servation in the intact tissue in order to define 
the control properties of the system. Thus, if 
net oxidative phosphorylat ion does not  occur, 
e.g., due to the presence of  a highly active 
adenosine tr iphosphatase,  respiration may be 
controlled primarily by substrate availability. 
However, when fa t ty  acids provide the major 
fuel, a source of  ATP is required to activate the 
fat ty  acids to the acyl CoA derivatives. If, on 
the other hand, electron transport  through the 
respiratory chain is coupled to phosphoryl-  
ation, respiration may be controlled by ADP. In 
this case, a mechanism for the regeneration of 
ADP is required, such as that  proposed by Ball 
and Jungas (22) for white adipose tissue. Before 
an evaluation is made of these alternative possi- 
bilities some general biochemical properties of  
brown fat cells and mitochondria will be de- 
scribed. 

An analysis of the lipid content  of brown fat 
from fed hamsters (Table II) shows that tri- 
glyceride accounts for over 99% of the total  
lipid. The major fat ty  acids present in the tri- 
glyceride are palmitic, oleic and linoleic. The 
triglyceride content of brown fat decreases 
greatly, relative to the cytochrome c content,  if 
the animals are fasted for several days or if they 
are kept in the cold for a number of weeks. 

A preliminary investigation of the enzyme 
contents of  brown fat shows that  it contains all 
the glycolytic enzymes, and that the constant 
proport ion group of enzymes is similar to that  
found in other tissues (23). Figure 1 compares 
the relative activities of a number of enzymes in 
brown fat with corresponding activities in rat 
cerebral cortex. It is noteworthy that the hexo- 
kinase content of brown fat is very low relative 
to the constant proport ion enzymes, whereas 
t h a t  o f  a-glycerophosphate dehydrogenase, 
a-glycerophosphate oxidase and succinate de- 

hydrogenase is very high. Other studies have 
shown that  the contents of glutamate oxal- 
acetate transaminase and glutamate dehydro- 
genase are very low in brown fat compared with 
NAD § and NADP+-linked isocitrate dehydro- 
genase, succinate dehydrogenase, fumarase and 
malate dehydrogenase. These results are in 
accordance with the generally accepted pro- 
posal that brown fat has a low glycolytic capac- 
i ty  but  a high citric acid cycle capacity. The 
significance of the high activities of a-glycero- 
phosphate dehydrogenase and oxidase, which 
are key enzymes of the a-glycerophosphate 
shuttle (24) is not  clear at present. One possi- 
bi l i ty is that  extensive re-esterification of the 
fa t ty  acids liberated by the hydrolysis of tri- 
glyceride is prevented by removal of a-glycero- 
phosphate. This would ensure the availability of 
fa t ty  acids for oxidation.  

a-Glycerophosphate oxidase is a mitochon- 
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FIG. 1. Enzyme profile patterns of hamster brown 
fat and rat cerebral cortex (23). 
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TABLE III 

Substrate Respiration Rates in Mitochondria of 
Brown Fat From Cold-adapted Hamstersa, b 

8ubstrate 0 2 Uptake 

0t-Glycerophosphate 300 
Succinate + rotenone 148 
Palmityl carnitine + malate 109 
Pyruvate + malate 88 
0t-Ketoglutarate + malonate 64 
Pyruvate 28 
Malate 11 

aCytochrome c = 0.81 //moles]mg protein; cyto- 
chrome a = 0.34 /dmoles/mg protein. 

b/datoms/min per milligram of protein. 

drial flavin-rinked enzyme, and preliminary 
studies with isolated brown fat mitochondria 
(Table III) show that a-glycerophosphate is oxi- 
dized more rapidly than other substrates. The 
mitochondria showed no respiratory control. 
However, preparation of brown fat mitochon- 
dria with respiratory control has been achieved 
either by the use of high albumin concentra- 
tions (25~27) or by ATP and carnitine (28). In 
the present experiments with brown fat from 
adult hamsters, these techniques were not suc- 
cessful for producing mitochondria with cou- 
pled respiration. With a-glycerophosphate as 
substrate, the cytochrome c turnover is 12 
sec-1. This value is considerably smaller than 
the cytochrome c turnover of about 120 sec-1 
observed with isolated cells stimulated by nor- 
epinephrine, suggesting that the respiration of 
the isolated mitochondria is grossly inhibited 
compared with respiration in their natural state. 
In the presence of malate, malonate and fluoro- 
citrate (29), palmityl carnitine is oxidized sto- 
ichiometrically to citrate. Palmityl CoA plus 
carnitine is oxidized at comparable rates to 
palmityl carnitine, and fatty acids are also oxi- 
dized under suitable conditions if ATP is sup- 
pried to increase the intramitochondrial ATP 
level. 

Brown fat mitochondria possess the ability to 
reduce NAD + by an energy-rinked reversal of 
electron transport from succinate (Fig. 2A). 
Also shown is the malonate requirement for re- 
duction of NAD + by a-ketoglutarate (Fig. 2B). 
However, aspartate, even in the presence of 
glutamate (30), was unable to provide enough 
oxalacetate by transamination to oxidize the 
NADH. Reduction of NAD + by citrate or pyru- 
vate required the presence of malate~.(Fig. 
2C,D). Malate alone at the concentration used 
was unable to reduce the intramitochondrial 
NAD +. These studies indicate that brown fat 
mitochondria in common with river or heart 
mitochondria, possess several of the specific 

Brown Fat Mitochondria 

! ~ .... A . . . . .  b ic L~el ] L . . . . . . .  G'ut~ma e 
ATP --- J LL~ Malonate 05mM 

OGmM ! 0.6mM | 

BFMo ~ f /  ,2mM f /  t 
0 4mg/ml BFMr I 2raM j.n, , ! O"r'":"t l/"'""" 

F~eductlon [_ - ~  I rnm~ 

Molote ' 06 mM 
/ Ci,rotZ ~ mM Pyruvote j / ~  

~176176 ' I o .... I , ; ' " '  

FIG. 2. Properties of brown fat mitochondria 
(BFMc). Pyridine nucleotide changes were measured in 
an Eppendorf fluorometer. 

anion transport systems which impose perme- 
ability restrictions on intermediates of the citric 
acid cycle. The apparent failure of aspartate to 
be metabolized by brown fat mitochondria is in 
accordance with the low activity of glutamate 
oxalacetate transaminase in the tissue. 

Returning to the properties of isolated 
brown fat cells, we have found that the endo- 
genous respiration is normally very low and is 
capable of being stimulated by very few sub- 
strates. Thus, contrary to reports of studies 
with brown fat fragments (3), a-ketoglutarate 
and pyruvate plus malate did not stimulate 
endogenous respiration appreciably. Presuma- 
bly a permeability restriction prevents the oxi- 
dation of these intermediates in the intact cells. 
Ep inephr ine ,  norepinephrine and dibutyryl 
cyclic AMP, after a characteristic delay (31), 
stimulated respiration of isolated brown fat 
cells 30- to 40-fold (Fig. 3). In these studies, 
the rate of respiration started to decrease when 
the oxygen concentration fell below about 25 
/aM. Dose-response relationships with norepi- 
nephrine showed that a half maximum effect 
was obtained with 0.02 #g/ml. Oleate also in- 
duced a large increase of the respiratory rate 
(Fig. 3D), whereas a-glycerophosphate and suc- 
cinate were much less effective. The respiratory 
response to oleate in this experiment was sub- 
maximal compared with the norepinephrine re- 
Sponse, and the effects of a-glycerophosphate, 
succinate and oleate were additive. Other ex- 
periments showed that the concentration of 
oleate required f o r  a maximum effect was 
raised by an increase of the albumin concentra- 
tion. At low albumin concentrations (e.g., 3 
mg/ml), supra-maximal concentrations of oleic 
acid were inhibitory. 

A comparison of the respiratory stimulation 
induced by norepinephrine between Krebs Bi- 
carbonate Ringer and Krebs Phosphate Ringer, 
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FIG. 3. Effect of different substrates and hormones on the rate of oxygen uptake by isolated 
brown fat cells. 

at pH 7.2, showed that a higher rate of oxygen 
consumption was obtained with the bicarbon- 
ate buffer when a maximal norepinephrine con- 
centration was used (Fig. 4). Succinate and 
a-gtycerophosphate added together with the 
norepinephrine did not increase the maximum 
respiratory rate induced by norepinephrine 
alone with the bicarbonate buffer, but an extra 
response was obtained with the phosphate buf- 
fer. These results show that under suitable con- 
ditions, the norepinephrine induced respiration 
is able to saturate the respiratory chain. 

Aden ine  Nucleot ide  Measurements 

in Brown Fat  Cells 

In order to elucidate the mechanism by 
which norepinephrine and fatty acids stimulate 
respiration, we attempted to answer the follow- 
ing questions: (a) What are the rate controlling 
steps for the oxidation of different substrates? 
(b) What is the evidence that the respiratory 
chain is coupled to phosphorylation in intact 
cells? (c) What are the major energy forming 
and utilizing steps when the respiration of the 
tissue is stimulated? 

Two independent experimental approaches 
were used to answer these questions. The first 
was to measure the adenine nucleotide content 
of isolated cells under different metabolic con- 
ditions, and the second was to follow the redox 
changes of the respiratory carriers after addi- 
tion of suitable substrates and inhibitors. 

Figure 5 shows the changes of ATP and ADP 
in brown fat cells stimulated with norepi- 
nephrine. The rate of oxygen utilization by the 
cells is shown on the left hand side of the Fig- 
ure along with the changes of the ATP/ADP 

ratio. Norepinephrine (0.1 pg) was added after 
2 min of incubation and there was a distinct lag 
before oxygen consumption increased, whereas 
the ATP/ADP ratio fell immediately after nor- 
epinephrine addition. In the resting cells, ATP 
accounted for about 75% of the total adenine 
nucleotides and ADP for about 12%. Perhaps 
the most striking facet of this experiment is the 
relatively small change of the nucleotides in re- 
lation to the 20-fold increase of respiratory 
activity. If it is assumed that respiration is cou- 
pled to phosphorylation with an average P/O 
ratio of 3, the terminal phosphate turnover rate 
of ATP is calculated to be 4 per second. This 
figure may be compared with values of 0.13 
and 0.09 for rat heart and liver, respectively, 
which are calculated from the respiratory rates 
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OOSml 75raM eGP 
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Krebs PhosphGte Ringer , pH Z2 
O05ml j 15mM S u c ~  

<%U \ 
FIG. 4. Effect of different buffers on the stimula- 

tion of respiration induced by norepinephrine in iso- 
lated brown fat cells. 
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FIG. 5. Changes of the adenine nucleotide content 
of brown fat cells during stimulation by norepine- 
phrine. 

and ATP contents of these tissues (32-34). A 
high turnover rate of ATP in brown fat implies 
either a very active ATP utilization step in the 
tissue, or, on the other hand, that the basis for 
the calculation is invalid, and that the net phos- 
phorylation yield per atom of oxygen con- 
sumed is very small. The latter explanation is 
probably correct. 

Addition of oleate (Fig. 6) produced changes 
of the adenine nucleotides which were similar 
t o  those elicited by norepinephrine. Thus, in- 
itially ATP fell, while ADP increased as the rate 
of respiration increased, but subsequently the 
nucleotides tended to cycle back towards con- 
trol levels. In this experiment, 1.6 mM oleate 
increased the rate of oxygen consumption by 
about the same amount as norepinephrine. 
Antimycin A rapidly inhibited respiration and 
decreased ATP levels to 10% of the total nucle- 
otides, while the proportion of the total nucle- 
otides, as AMP, increased from about 10% to 
50%. 

The basic function of brown fat as a heat 
generating organ is not inconsistent with a full 
oxidative phosphorylation capacity of the mito- 
chondria provided that sufficiently active meta- 
bolic processes occur to regenerate phosphate 
and ADP. Indeed, the rise of ADP upon addi- 

tion of norepinephrine to brown fat cells is not 
unlike that observed in the perfused rat heart 
with epinephrine (35), where the response was 
interpreted as a change in the metabolic state 
towards the more active, ADP-controlled, state 
3 (36). 

The fuel for the norepinephrine mediated in- 
crease of respiration in brown fat is undoubt-  
edly fatty acids. Taking palmitate as an exam- 
ple, it may be calculated that one mole of 
palmitate consumes 14 g atoms of oxygen dur- 
ing its ~-oxidation to 8 moles of acetyl CoA and 
produces a maximum of 35 moles of ATP. Each 
mole of acetyl CoA uses 4 g atoms oxygen for 
oxidation in the citric acid cycle and produces 
12 moles of ATP. Thus, the total yield of ATP 
is 131 moles per mole of palmitate oxidized, 
with the consumption of 46 g atoms of oxygen. 
Of the total ATP yield, 1 to 2 moles are re- 
quired to activate palmitate to palmityl CoA 
(depending on the enzyme system used), while 
8 moles are formed from GTP produced by sub- 
strate level phosphorylation. It is clear, there- 
fore, that the net high energy phosphate yield 
per mole of palmitate oxidized ranges from a 
minimum of 6 in the fully uncoupled state to a 
maximum of 130 with theoretical yields for 
oxidative phosphorylation. 

In most tissues the major ATP-utilizing steps 
are extra-mitochondrial, and ATP produced in 
the mitochondria is exchanged for cytoplasmic 
ADP in a reaction which is inhibited by atracty- 
loside (37,38). This process is shown schematic- 
ally in Figure 7. The necessity of an adenine 
nucleotide exchange reaction arises from the 
fact that the inner mitochondrial membrane is 
not directly permeable to nucleotides (39). It 
follows, therefore, that if respiration in brown 
fat is accompanied by a high yield of phospho- 
rylation, there should be a high rate of trans- 
port of nucleotides through the atractyloside 
sensitive barrier. However, addition of atracty- 
loside up to concentration of 15 mM, which is 
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FIG. 6. Changes of the adenine nucleotide content FIG. 7. Schemes showing the site of action of 
of brown fat ceils during stimulation by oleic acid. atractyloside. 
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two orders of magnitude greater than the con- 
cen t ra t ion  required to fully inhibit ADP- 
stimulated respiration in mitochondria, failed 
to affect the increase of respiration induced by 
norepinephrine in brown fat cells (Fig. 8). Un- 
fortunately, this experiment does not provide a 
definitive answer to the question whether nu- 
cleotide translocation across the mitochondrial 
membrane is occurring since there is no inde- 
pendent assessment that the inhibitor is 
reaching its postulated site of action. It may be 
noted, however, that an inhibition of respira- 
tion with 1 to 2 mM atractyloside has been 
obtained in rat diaphragm (40) as well as in 
other tissues (41). 

Classical studies of the relationship between 
the electron transport chain and the energy 
transfer pathway (42,43) have led to the postu- 
lation of energized intermediates whereby part 
of the free energy change at three of the oxido- 
reduction steps of the respiratory chain is trans- 
ferred to a phosphorylated intermediate which 
donates its phosphate to ADP. This hypotheti- 
cal scheme is shown in Figure 9, where A and B 
represent components of the electron transport 
chain. Studies with isolated mitochondria and 
sub-mitochondrial particles have shown that 
ATP formation by the energy transfer pathway 
is inhibited by oligomycin. In the coupled state, 
respiration is inhibited to an extent dependent 
on the rate of dischange of an energized inter- 
mediate which is depicted in Figure 9 as X ~ I. 
Uncoupling agents will normally release oligo- 
mycin inhibited respiration. In Figure 9, this 
effect is depicted as a stimulation of the re- 
action X ~ I to X + I. Oligomycin and uncoup- 
ling agents may, therefore, be used as diagnostic 
tools to reveal whether high energy phosphate 
formation is occurring in respiring systems. 

Figure 10 shows the respiratory response of 
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FIG. 8. Effect of atractyloside on the response of 
isolated brown fat cells to norepinephrine. 
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Oligomycin . . . .  ~ [  - +Pi 
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ATP + X 

@ 
, • + I 

\ 
\ 

\ 
Uncoupler 

FIG. 9. Scheme showing the postulated site of 
action of oligomycin and uncouplers in the energy 
transfer pathway of oxidative phosphorylation. 

brown fat cells to norepinephrine in the pres- 
ence of the uncoupling agent dicumarol (Fig. 
10B), and oligomycin (Fig. 10C). Dicumarol 
stimulated endogenous respiration, but sub- 
sequent addition of norepinephrine caused a 
much smaller increase of the respiratory rate 
than the control response shown in Figure 10A. 
Likewise, the response to norepinephrine was 
inhibited after prior addition of oligonaycin, 
and further addition of dicumarol was found to 
have no effect on the respiratory rate. Rote- 
none completely inhibited the effect of both 
dicumarol and norepinephrine. The fact that 
endogenous respiration is stimulated by un- 
coupling agents indicates that the low rate of 
metabolism in the resting cells is not caused by 
substrate deficiency, but by respiratory inhibi- 
tion by lack of phosphate acceptor. Similarly, 
inhibition by oligomycin of the norepinephrine 
effect may be interpreted as evidence in favor 
of coupled respiration. However, it should be 
pointed out that the oligomycin induced inhibi- 
tion of respiration is atypical of that seen with 
isolated mitochondria in that it is not relieved 
by uncoupling agents. Since both oligomycin 
and uncouplers interfere with the formation of 

1.6 
1.2 

~ t  minl~-- 

O,2/~g 
Nor-Epi 

C 

150/AM 
Dicurnotol 

FIG. 10. Effects of dicumarol and oligomycin on 
the rate of oxygen uptake of isolated brown fat cells 
and their effects on the response of the cells to norepi- 
nephrine. 
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FIG. 11. Effects of oligomycin and norepinephrine 
on the ATP content of isolated brown fat cells. 

3o~ Rate Of Oxygen --~ I 
251 Uptake / S  I . ] 

(~ I / L 4,1~ FCCP ] 
2 0  t I +Nor-Ep* 

l ]  FCC P Nor-Epl '1 I 
' ~  " I : : i 

' / FCCP I 

~ o ~ T - - 7 " - : - c ~ 1 7 6  I 

U l \  Control Leve Is ] 

~ ~ FCCP o_ 30-- ~ ' ~ - ~  ~I ~ +Nor-Epi 

20- 25}LMFccP " ~ "  k i 

 ,01 I 
No'-Epi 

0 I 2 3 ', 5 6 7 
Minutes 

FIG. 12. Effects of FCCP and norepinephrine in 
the oxygen uptake and ATP content of isolated brown 
fat cells. 

ATP by oxidative phosphorylation, it may be 
anticipated that their inhibitory effects on the 
norepinephrine response are partly mediated by 
a lack of ATP, which is required for the acti- 
vation of fatty acids. 

Measurements of the ATP content of brown 
fat cells after addition of oligomycin (Fig 11), 
showed only a moderate drop of ATP. However, 
subsequent addition of norepinephrine caused 
the ATP level to increase almost up to the con- 
trol levels. Further experiments showed that this 
rise of ATP was abolished by arsenite, thereby 
proving that ATP was produced by substrate 
level phosphorylation during the conversion of 
succinyl CoA to succinate. Although GTP is the 
immediate product of this reaction, ATP is 
readily formed through the mediation of nucle- 
otide diphosphate kinase. A similar increase of 
ATP after addition of oleate in the presence of 
oligomycin, which was arsenite sensitive, has 
been observed by Rossi et al. (44) with rat 
kidney mitochondria. 

The role of substrate level phosphorylation 
in the maintenance of the cellular ATP level 
was investigated further by measuring ATP 
levels in the presence of the uncoupling agent 
FCCP ( (p-trifluoromethoxyphenyl hydrazone 
of carbonyl cyanide)(Fig. 12). Unlike dicuma- 
rol, FCCP produced an initial burst of respira- 
tion before the respiration reached a constant 
rate which was about twofold higher than that 
of the control. The ATP content of the cells fell 
rapidly after addition of the uncoupler and 
leveled off at values about 60% lower than the 
controls. In this experiment, the maximum 
norepinephrine induced respiration was inhib- 

ited about 30% by FCCP. Under these condi- 
tions, norepinephrine induced a small but defi- 
nite increase of the ATP content above the 
FCCP-inhibited level (Fig. 12). This relative in- 
crease of ATP during stimulation of respiration 
by norepinephrine is probably caused by a sub- 
strate level phosphorylation, and its small ex- 
tent compared with the larger rise shown in 
Figure 11 may be a reflection of increased 
adenosine triphosphatase activity in the pres- 
ence of uncoupler which will tend to deplete 
the ATP level even though it is supported by 
uncoupler insensitive substrate level phospho- 
rylation. 

Figure 13 shows that addition of arsenite to 
resting cells caused only a small depletion of 
the ATP content, but subsequent addition of 
norepinephrine produced a rapid fall of ATP, 
and greatly inhibited the respiratory response. 
Addition of succinate at this point had a very 
interesting effect (Fig. 13). The respiratory rate 
increased immediately by a small amount, 
which is the normal response to succinate (cf. 
Fig. 3), but subsequently a large increase of res- 
piration occurred characteristic of a normal 
norepinephr ine  response. Furthermore, the 
ATP level increased significantly. This experi- 
ment confirms that Krebs cycle substrate level 
phosphorylation is the major energy producing 
reaction responsible for the maintenance of 
ATP levels in isolated brown fat cells. When this 
reaction is inhibited by arsenite, ATP levels are 
rapidly depleted by the energy requirements for 
fatty acid activation, and the respiration in- 
duced by norepinephrine becomes inhibited as 
shown in Figure 13. Other experiments have 
shown that the more complete the arsenite 
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FIG. 13. Effects of arsenite and norepinephrine on 
the oxygen uptake and ATP content of isolated brown 
fat cells. 

block, the faster is the onset of respiratory 
inhibition after norepinephrine addition. The 
small rise of ATP and the large increase of respi- 
ration which occurred some minutes after suc- 
cinate addition (Fig. 13) suggests that a small 
amount of oxidative phosphorylation is occur- 
ring during succinate respiration, and that 
enough ATP is produced to allow activation 
and further respiration of fatty acids. However, 
an alternative explanation is that the arsenite- 
inhibited system is deficient in oxalacetate as 
well as ATP, and that succinate oxidation to 
malate is able to spark fatty acid oxidation by 
supplying the acceptor for acetyl CoA since 
brown fat, unlike liver, has a poor capability for 
ketone formation. This latter explanation may 
be the more probable one since the succinate- 
induced respiration in brown fat cells is oligo- 
mycin insensitive, and is unaffected by uncou- 
plers in the presence of rotenone. 

It is clear from the above results that inter- 
pretations based on respiration data alone may 
not be valid in the  absence of knowledge con- 
cerning the cellular ATP levels. Specifically, it 
appears that ATP deficiency is not responsible 
for the norepinephrine-induced inhibition of res- 
piration in the presence of oligomycin or un- 
couplers unless a small specific pool of ATPis  
utilized for fatty acid activation. Further exper- 
iments are required before a final assessment of 
the implications of these findings can be made 
in relation to the extent of coupled oxidative 
phosphorylation in intact brown fat tissue. The 
possibility should not be ignored that part of 
the effects obseryed with oligomycin and un- 
couplers might be mediated by secondary ef- 
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FIG. 14. Scheme of the electron transport chain. 

fects resulting from an altered redistribution of 
cations in the cell. At present, there is little 
exper imental  evidence to substantiate this 
hypothesis. 

Redox Changes in Brown Fat Cells 

A schematic representation of the respira- 
tory chain showing the location of the three 
coupling sites is shown in Figure 14. The 
sequence of the flavin intermediates and the 
terminology is based on the work of Chance et 
al. (45) and Garland et al. (46). These authors 
showed that in rat liver and beef heart mito- 
chondria the flavin complex denoted by FpD 1 
had a higher fluorescence yield relative to its 
absorption than the other flavin pools. If the 
rate of electron transfer through the respiratory 
chain is limited by energy coupling at the con- 
servation sites, removal of this limitation will 
result in an increase of flux, and according to 
the Crossover Theorem (47) the dominant con- 
trol site may appear as a forward crossover; that 
is the respiratory component on the substrate 
side of the energy conservation site will become 
more oxidized while that on the oxygen side 
will become more reduced. In practice, how- 
ever, as a consequence of the multi-site inter- 
actions in the electron transport chain, the 
changes of some of the components may be 
very small. 

As previously noted (1), norepinephrine pro- 
duced a decrease of the tissue fluorescence 
attributable to pyridine nucleotides in brown 
fat of the hamster in vivo. That this change was 
at least partly caused by an oxidation of pyri- 
dine nucleotides in the cytoplasmic compart- 
ment is seen from the results shown in Figure 
15. Addition of norepinephrine to isolated 
brown fat cells produced a decrease in the ratio 
of lactate to pyruvate, which corresponds to a 
decrease of the NADH/NAD + ratio provided 
that the lactate dehydrogenase equilibrium does 
not change. The shift in the ratio was caused 
primarily b y  a rise of pyruvate, while lactate 
levels (not shown) did not change appreciably. 
The observed increase of pyruvate is probably a 
result of its inhibited entry into the citric acid 
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FIG. 15. Effect of norepinephrine on the level of 
pyruvate and on the lactate-pyruvate ratio in isolated 
brown fat cells. 
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FIG. 16. Responses of the pyfidine nucleotides and 
flavins of isolated brown fat cells to norepinephrine, 
succinate and rotenone. Reduction of pyridine nucleo- 
tides corresponded to an increase of fluorescence using 
an excitation wave length of 366 m//and a measuring 
wave length of 450 m/l. Reduction of flavins corres- 
ponded to a decrease of fluorescence measured at 570 
m//with an excitation wave length of 436 rap_ 

cycle when acetyl CoA formation from fatty 
acids is augmented. 

Direct optical measurements of pyridine 
nucleotide changes in isolated brown fat cells 
by fluorescent techniques gave rather unsatis- 
factory responses, but changes of flavin fluores- 
cence were considerably larger (Fig. 16). Nore- 
pinephrine produced a slow oxidation of pyri- 
dine nucleotides but a faster reduction of flavin 
pigments. Subsequent addition of succinate 
caused a small reduction of pyridine nucleo- 
tides and a further small flavin reduction. Rote- 
none increased the reduction state of the pyri- 
dine nucleotide pool, but did not affect the 
flavin pool. The lack of effect of rotenone on 
the flavin fluorescence suggests that most of the 
signal is derived from highly fluorescent flavins 
located prior to the first phosphorylation site 
(i.e., lipoyl dehydrogenase). 

This point is illustrated further by an exam- 
ple of some results obtained with isolated 
brown fat mitochondria (Fig. 17). In this exper- 
iment both flavin fluorescence (upper trace) 
and flavin absorption (lower trace) were meas- 
ured. Prior to the start of the recording, the 
mitochondria were uncoupled and incubated 
for 3 min with arsenite and antimycin A. Addi- 
tion of 10 pM (-)palmityl carnitine caused a 
large reduction of flavin as measured both by 
fluorescence and absorption. Malate further en- 
hanced the fluorescence response but had no 
effect on the absorption response. Since/~-oxi- 
dation provides reducing equivalents both at 
the level of NADH and flavin (FpA and 
FpETF) , addition of palmityl carnitine serves 
to reduce most of the flavin pool in the mito- 
chondria. Rotenone diminished the flavin fluor- 

escence response slightly, but caused a large 
diminution of flavin absorbance. These changes 
may be interpreted with reference to Figure 14, 
where it is seen that as electrons leak through 
the antimycin A block, the highly fluorescent 
FpD1, which is before the rotenone site stays 
reduced, while the flavins of lower fluorescent 
yield, which are after the rotenone site, become 
oxidized. Subsequent addition of succinate and 
then a-glycerophosphate (Fig. 17)reduces  the 
flavin components associated with succinate 
dehydrogenase and a-glycerophosphate oxidase, 
and it is seen that these flavins have a relatively 
low fluorescence yield. 

Cytochrome b measurements were made in 
suspensions of brown fat cells to follow redox 
changes after the first phosphorylation site. 
A b s o r b a n c e  difference measurements were 
made in tbe Soret region in a double beam spec- 
t rophotometer  using the wave length pair 
410-430 m#. An increase of absorbance at 430 
m/l corresponds to a reduction of cytochrome 
b. The top trace of Figure 18 shows that nor- 
epinephrine caused an oxidation of cytochrome 
b. The onset of the response occurred almost 
immediately after addition of norepinephfine 
and prior to the onset of the increased oxygen 
uptake. It will be remembered that ADP also 
increased prior to the increase of respiration 
after norepinephrine addition (see Fig. 5). 
Apparently, norepinephrine induced complete 
oxidation of cytochrome b since subsequent 
addition of dicumarol did not cause a further 
oxidation. The bot tom trace of Figure 18 
shows that dicumarol oxidized cytochrome b 
fully, and that subsequent norepinephrine addi- 
tion had no further effect. Antimycin A caused 
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FIG. 17. Flavin responses of brown fat mito- 
chondria. Flavin reduction corresponded to a decrease 
of fluorescence measured at 570 mLt with an 
excitation wave length of 436 mLt and to a decrease of 
absorption using the wave length pair 475 and 510 
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a partial reduction of cytochrome b, which was 
enhanced by the subsequent addition of suc- 
cinate. Other experiments showed that suc- 
cinate would also reduce cytochrome b in the 
absence of antimycin A. Further studies 
showed that norepinephrine produced a 
reduction of cytochrome c (absorbance dif- 
ference using wave lengths of 540 and 550 m#), 
thus locating a forward crossover at the second 
conservation site, namely between cytochrome 
b and c. 

Although the data from the spectroscopic 
and fluorometric measurements cannot be con- 
sidered conclusive, they suggest that endoge- 
nous respiration in the isolated cells is indeed 
maintained at a low level by phosphate 
acceptor control. The primary effect of nor- 
epinephrine on the respiratory chain appears to 
be the release of phosphate acceptor control 
which results in an oxidation of cytochrome b. 
This effect may even precede the delivery of 
fatty acids since the onset of respiratory stimu- 
lation is delayed af ter  norepinephrine addition, 
and free fatty acids do not accumulate. Pre- 
sumably  the florin reduction represents 
increased substrate delivery to the respiratory 
chain, and Figure 16 shows that the onset of 
rapid flavin reduction was somewhat delayed. 
The similarity of the cytochrome b response to 
uncouplers and norepinephrine suggests that 
fatty acids may be releasing phosphate acceptor 
control directly, or indirectly, by a change of 
the intramitochondrial ionic environment (e.g., 
of K + or Ca ++ ions). 

0 4 5 / x g / m l . ~  25 /~M 7 - ~ ,  
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o 4'5.0 , '  
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FIG. 18. Cytochrome b responses of isolated 
brown fat cells. Reduction of cytochrome b corres- 
ponded to an increase of absorption at 430 m/~ relative 
to 410 nap. 

Site of Fatty Acid Activations 

Brief mention should be made of the pos- 
sible sites of fatty acid activation and the carni- 
t ine  dependence for fatty acid oxidation. 
Studies, mainly with rat liver, have established 
that there are at least four separate fatty acyl 
CoA synthetase enzymes, which differ in their 
cellular location, nucleotide requirement and 
sensitivity to inhibitors (44,48-52). The first is 
the classical microsomal enzyme described by 
Kornberg and Pricer (53) which uses extra- 
mitochondrial CoA and ATP and forms fatty 
acyl CoA in the cytosol. The second is located 
on the outer surface of the inner mitochondrial 
membrane and also uses extramitochondrial 
CoA and ATP. The third is located in the mito- 
chondria and uses intramitochondrial CoA and 
ATP, while the fourth enzyme, also intramito- 
chondrial, uses internal CoA and GTP and is 
inhibited by phosphate, arsenite and arsenate. 
When fatty acyl CoA is synthesized outside the 
mitochondria it must be converted to the carni- 
tine ester for acyl transport through the carni- 
tine barrier of the inner mitochondrial mem- 
brane, this being impermeable to CoA and its 
derivatives. 

A schematic representation of the carnitine 
carrier mechanism is shown in Figure 19. Extra- 
mitochondrial fatty acyl CoA is converted to 
the acyl carnitine ester by an outer palmityl 
carnitine transferase (El) .  The acyl carnitine 
reacts with a second palmityl carnitine trans- 
ferase (E2) in the inner membrane, which 
utilizes intramitochondrial CoA, and forms 
intramitochondrial fatty acyl CoA, which then 
undergoes ~-oxidation to acetyl CoA. Both 
palmityl carnitine transferase enzymes E 1 and 
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oxygen uptake of isolated brown fat cells upon addi- 
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FIG. 19. Scheme showing the camitine carrier 
mechanism for the transport of acyl groups into the 
mitochondria, and the site of action of (+)decanyl 
carnitine (Dec. Cn). 

E 2 are inhibited by the unnatural analogue 
(+)decanyl carnitine (54,55). On this basis, if 
fatty acids are activated by either of the first 
two acyl CoA synthetase systems, their oxi- 
dation will be carnitine dependent, while if the 
third or fourth types of acyl CoA synthetase 
systems are used, fatty acid oxidation will be 
carnitine independent. However, it may be 
pointed out that there is some controversy as to 
whether the GTP-dependent synthetase is 
carnitine dependent (48,50) or independent 
(51,52) for fatty acid oxidation in rat liver 
mitochondria. To date, each of the four acyl 
CoA synthetizing systems have not been well 
characterized in brown fat. We have found that 
in brown fat, the microsomal synthetase is con- 
siderably less active than the soluble fatty acyl 
CoA hydrolase or the mitochondrial synthe- 
tases. 
We have found that in brown fat, the micro- 
somal synthetase is considerably less active than 
the soluble fatty acyl CoA hydrotase or the 
mitochondrial synthetases. 

Figure 20 shows that the norepinephrine 
induced respiration in brown fat cells was not 
inhibited by up to 3 mM (+)decanyl carnitine. 
Succinate produced the same increment of res- 
piration in the presence and absence of the in- 
hibitor. Other experiments show that oleic acid 
induced respiration in brown fat ceils was like- 
wise unaffected by (+)decanyl carnitine. Al- 
though these experiments are not conclusive, 
they suggest that in brown fat, fatty acids are 
oxidized by carnitine independent pathways. 
This proposal is in accordance with the lack of 
atractyloside inhibition of respiration in the 
ceils (see Fig. 8), since activation of fatty acids 
to the CoA esters by the Carnitine independent 
pathways requires the use of intramitochondrial 
ATP or ~TP. However, it is clear from the work 

of Kornacker and Ball (56) with homogenates 
of brown fat that the tissue possesses the capa- 
bility of oxidizing fatty acids by carnitine de- 
pendent pathways. Further work is needed in 
this area before any firm conclusions can be 
drawn concerning the quantitative aspects of 
which pathway is used for activation of fatty 
acids. Contrary to the reports quoted by 
Kornacker and Ball (56), we have found a very 
low level of free carnitine in brown fat cells, 
indicating that it may be a limiting component 
for the carnitine dependent pathways of fatty 
acid oxidation. 

In summary, it appears that the basis for the 
heat generating capacity of brown fat is its high 
respiratory rate. Fatty acids provide the major 
respiratory fuel in the intact tissue, and are lib- 
erated from trig!yceride stores through the 
mediation of norepinephrine, which triggers the 
formation of cyclic AMP; a specific activator of 
an intracellular triglyceride lipase. The low 
endogenous respiration of isolated brown fat 
cells is stimulated additively by oleate, succin- 
ate or a-glycerophosphate, suggesting that the 
respiratory rate is largely controlled by the 
availability of oxidizable substrate. Norepine- 
phrine or oleate induced respiration is sensitive 
to inhibition by oligomycin, but this inhibition 
cannot be released by uncoupling agents. Suc- 
cinate and a-glycerophosphate induced respira- 
tions are insensitive to oligomycin. Uncoupling 
agents stimulate the endogenous respiration of 
brown fat cells and inhibit the norepinephrine 
response. Although there is some evidence for 
energy coupling at the first phosphorylation 
site of the electron transport chain, the high 
respiratory rate of brown fat induced by nor- 
epinephrine or fatty acids appears to be char- 
acterized by a very low yield of ATP by oxida- 
tive phosphorylation. Substrate level phosphor- 
ylation in the Krebs cycle is the major energy 
producing reaction for the generation of ATP 
and GTP required for fatty acid activation. 
Since mitochondria can be prepared from 
brown fat with normal respiratory control and 
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o t h e r  p r o p e r t i e s ,  it is un l ike ly  t ha t  t h e y  are de- 
f ic ien t  in a n y  o f  t he  coup l ing  f ac t o r s  r e q u i r e d  
f o r  ox ida t ive  p h o s p h o r y l a t i o n .  F a t t y  acids,  
e i t he r  d i rec t ly  or  ind i rec t ly ,  m a y  be invo lved  in 
re leas ing  the  r e s p i r a t o r y  chain  f r o m  c o n t r o l  by  
ene rgy  coup l ing  a n d  t r a n s f e r  r eac t ions .  T h u s ,  
c o n t r o l  m a y  be  re leased  at t he  same  t i m e  as 
s u b s t r a t e  is del ivered to  the  r e s p i r a t o r y  chain .  
T h e  o l i g o m y c i n  sens i t iv i ty  of  f a t t y  acid respi ra-  
t i o n  sugges t s  t h a t  ene rgy  dr iven ion  t r ans loca -  
t i o n  c a n n o t  a c c o u n t  fo r  t he  neces sa ry  ene rgy  
d i s s ipa t i on  w i th  a fu l ly  c o u p l e d  e l ec t ron  t r ans -  
p o r t  s y s t e m .  I t  a p p e a r s  t ha t  a f inal  a n s w e r  to  
t he  q u e s t i o n  o f  w h a t  is t he  chemica l  m e c h a n i s m  
fo r  hea t  p r o d u c t i o n  in b r o w n  fat  will be p ro -  
vided o n l y  a f te r  t he  n a t u r e  o f  t he  ene rgy  t r ans -  
fer  m e c h a n i s m s  o f  t he  r e s p i r a t o r y  cha in  have  
b e e n  e luc ida ted .  
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The Comparative Oxidation of Palmitic, Oleic and 
Succinic Acids by Rat and Bat Brown Adipose Tissue 
Homogenates as a Function of Temperature 1 

ROBERT L. DRYER, JOHN R. PAULSRUD 2, DONALD J. BROWN and KAROL MAVIS, 
Department of Biochemistry, University of Iowa, Iowa City, Iowa 52240 

ABSTRACT 

The o x i d a t i o n  of 1-]4C-palmitic, 
1-14C-oleic and 2-14C-succinic acids to 
14CO 2 by homogenates of brown adipose 
tissue (BAT) from rat and bat was studied 
as a function of temperature. In all cases 
bat BAT gave a greater conversion of 
added fatty acids ~0 14CO 2 than did rat 
BAT. The conversion of labeled succinate 
to 14CO z is greater in the bat than in the 
rat only at low temperatures. In all paired 
observations below 30 C the energy of 
activation (EA) of the bat preparations 
are lower than the rat. This indicates a 
greater thermal efficiency for the oxi- 
dation of the indicated substrates, The 
bat BAT homogenates show a greater effi- 
ciency than rat hom0genates in the 
amount of succinate oxidation associated 
with the oxidation of long chain fatty 
acids to CO 2. The significance of these 
findings to thermogenesis by BAT in 
hibernation and cold adaptation is dis- 
cussed. 

Considerable evidence has been gathered 
linking BAT to heat production and thermore- 
gulation in both hibernating and non-hiber- 
nating mammals (6-11). Marquis and Fritz (12) 
have stated that BAT from rat has a high ca- 
pacity to oxidize palmitic acid. It also has a 
high level of carnitine and carnitine acetyl 
transferase which is a characteristic of tissues 
having a high fatty acid oxidizing capacity. 
Electron micrographs of BAT ceils from two 
species of bats clearly demonstrate the high per- 
centage of the cell volume occupied by mito- 
chondria (13,14). The cristae are tightly packed 
and highly developed, also indicative of great 
oxidative capacity. 

The unique thermogenic behavior and great 
oxidative capacity of BAT makes it an obvious 
choice for comparative biochemical exami- 
nation at the particulate and enzymatic level. 
The data from the experiments to follow 
demonstrate basic quantitative and qualitative 
differences in the enzymology of a hibernator 
(big brown bat, Eptesicus fuseus) and a non- 
hibernator (albino rat). 

INTRODUCTION 

A working definition of hibernation is "that 
slowed state of life, characterized by periods of 
naturally induced hypothermia, which occurs 
during winter in the colder regions of the tem- 
perate zone" (1-3). It has been stated that 
brown adipose tissue (BAT) is a characteristic 
of all mammalian hibernators thus far examined 
(4); in addition, BAT is found in many mam- 
malian species which do not hibernate. Mam- 
malian non-hibernators cannot withstand arti- 
ficially-induced deep hypothermia, below 15 C 
for prolonged periods (5). In contrast, non- 
mammalian hibernators are not noted for BAT 
deposits but can withstand extended periods of 
hypothermia (1). Thus the relationship of BAT 
as an essential adjunct to hibernation is not 
altogether clear. 

1One of nine papers to be published from the 
Symposium "Brown Adipose Tissue," presented at the 
AOCS-AACC Joint Meeting, Washington D.C. March, 
1968. 

2present Address: The Hormel Institute, Austin, 
Minnesota, 

MATERIALS AND METHODS 

Experimental Animals 

Male albino rats (Holtzman, Madison, Wis,) 
were cold-adapted at 5 C for a minimum of six 
weeks prior to killing. Bats of either sex were 
collected and maintained in the cold, 5 C, as 
described elsewhere (15). Preliminary investi- 
gations showed no sex difference in the bat 
with regard to fatty acid and succinate oxi- 
dation. 

Homogenate Preparation 

Animals were killed by decapitation. Rats 
and bats were killed promptly after removal 
from the cold-room, and were handled so as to 
minimize agitation or trauma. The BAT was 
rapidly excised, freed from any adherent white 
adipose tissue, and placed immediately in ice- 
cold sucrose-EDTA (0.25 M and 10-3 M, 
respectively) solution adjusted to pH 7.4 with 
HC1. The BAT was then homogenized in fresh 
ice-cold sucrose-EDTA solution by means of a 
Potter-Elvehjem type homogenizer; the crude 
homogenate was centrifuged at 300 x g for 10 
min. After centrifugation the floating fat was 
a s p i r a t e d  and  the  supernatant  carefully 

15 
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T A B L E  I 

C o m p a r i s o n  o f  R a t  a n d  Ba t  O x i d a t i v e  C a p a c i t i e s  a 

T e m p e r a t u r e  (C)  5 l 0 15 20  25 30 37 
( 1 / T  x 10 -3)  ( 1 / ~  ( 3 . 6 0 )  ( 3 . 5 3 )  ( 3 . 4 7 )  ( 3 . 4 1 )  ( 3 . 3 6 )  ( 3 . 3 0 )  ( 3 . 2 3 )  

1 - 1 4 C _ p a h n i t  a t e  
+ S u c c i n a t e  10.5 8 .3  6 .9  7 .9  5 .9  3 .7  2 . 4  
- S u c c i n a t e  16 .8  11.2  7 .9  6 .2  5 .8  4 . 6  2 .5  

1 - 1 4 C - o l e a t e  
+ S u c c i n a t e  I 5 .0  8 ,6  5 .4  6 .3  4 .7  2 .9  1.8 
- S u c c i n a t e  16.2  10.1 7 .7  4 . 6  4 .3  3 .8  1 .9  

2 - 1 4 C - s u c c i n a t e  
+ P a h n i t a t e  

1.8 1 .3  1.0 0 . 7 8  0 . 6 0  0 . 4 6  0 . 3 4  
+ C a r n i t i n e  

+ P a l m i t a t e  
3 .6  2.2 1.4 1 ,0  0 . 6 6  0 . 3 4  

- C a r n i t i n e  

+ O l e a t e  
1.3 1 .0  0 . 7 4  0 . 5 8  0 . 4 7  0 . 3 7  0 . 1 7  

+ C a r n i t i n e  

+ O l e a t e  
2 .7  1.7 1.0 0 . 7 4  0 . 5 2  0 . 3 4  

- C a r n i t i n e  

Bat  1 4 C O 2 / m g - h r  
a T a b u l a r  v a l u e s  =- - 

R a t  1 4 C O 2 / m g - h r  

decanted so as not to disturb the pelleted 
debris. Protein concentration of the super- 
natant was normally 1.0 -+ 0.3 mg/ml as deter- 
mined by the method of Lowry et al. (16). This 
p a r t i a l l y  r e so lved  homogenate was used 
throughout all of the experiments described. 

Incubation Medium 

The fatty acid oxidation medium contained, 
in a final volume of 2.5 ml; 1 mM MgC1, 1 mM 
adenosine triphosphate (ATP), 80 mM KC1, 8 
mM Na2HPO 4, 0.04 mM coenzyme A, 0.12 
mM 1-14C-palmitic or 1-14C-oleic acid (as the 
potassium salt), 0.5 mM DL-carnitine-chloride, 
100 mM sucrose, and 0.4 mM EDTA. Final pH 
of the medium was 7.4. In those experiments 
where succinate was added, a final concen- 
tration of 0.12 mM was employed. 

The 2-14C-succinic acid oxidation medium 
differs from the above in two ways. Unlabeled 
fatty acid was substituted for the labeled 
material, and in some experiments carnitine was 
deleted. 

Fatty Acid-Albumin Complex 

Unlabeled succinic acid was purchased from 
Sigma Chemical Co. (St. Louis, Mo.) and pal- 
mitic and oleic acids from Applied Science 
Laboratories (State College, Pa.). Radio-labeled 
mate r ia l s ,  1-14C-palmitic, 1-14C-oleic, and 
2A4C-succinic acids were used as obtained 
f rom T r a c e r l a b ,  Inc .  (Waltham, Mass.). 
Requisite amounts of the fatty acids were dis- 
solved in a slight excess of KOH, added to 
crystallized bovine serum albumin (Pentex, 
Kankakee, Ill.) and adjusted to a final pH of 7.4 

L I P I D S ,  V O L .  5, N O .  1 

with He1. The concentration of the stock solu- 
tion of the fatty acid-albumin complex was 0.6 
mM in acid and 0.075 mM in albumin. In the 
experiments involving the addition of succinic 
acid, it was added directly to the fatty acid- 
albumin complex at the same molarity as the 
fatty acid. 

Incubation Procedure 

I n c u b a t i o n s  were performed in Kontes 
r e a c t i o n  vessels fitted with polypropylene 
center wells (Kontes Glass Co., Vineland, N.J.). 
The center wells contained 0.2 ml of hyamine 
hydroxide (Packard Instr. Co., Downer's Grove, 
I11.) pipetted onto a small folded piece of filter 
paper. Trapping efficiency for 14CO 2 was 
better than 99% as determined with standard 
s o l u t i o n s  of 14C-sodium bicarbonate. All 
measurements of 14CO 2 were made by clipping 
the plastic center well from its stem and adding 
the entire assembly to 15 ml of toluene-PPO- 
POPOP scintillation fluid. Radioactivity was 
measured in a Packard Tri-Carb scintillation 
spectrometer. 

Aliquots of the fatty acid-albumin complex 
(0.5 ml) and incubation medium (1.0 ml) were 
pre-incubated to insure thermal equilibrium in 
each of a series of Eberbach metabolic shakers 
(Eberbach Corp., Ann Arbor, Mich.) thermo- 
statted to + 0.5 C at approximately 5 degree 
intervals from 5 to 40 C. The reaction was 
initiated by addition of homogenate (1.0 ml) in 
a sequential order with respect to the thermo- 
started baths. Triplicate flasks were used at 
each temperature, and the entire experimental 
protocol was repeated. Oxidation of 2-14C- 
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FIG. 1. Per cent conversion of 1-14C-fatty acids to 
14CO2 in the absence of succinic acid. For clarity, 
only the end points of the line segments are shown. 
Abbreviations: EA, activation energy in k cal/mole; r, 
the correlation coefficient; F, the variance ratio; n, 
number of observations; and O, the standard deviation. 
See text for further details. 
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FIG. 2. Per cent conversion of 1-14C-fatty acids to 
14CO 2 in the presence of succinic acid. The symbols 
have the same meaning as in Figure 1. See text for 
further details. 

succinate was always performed in the presence 
of either unlabeled palmitate or oleate in order 
that their effect on the conversion of labeled 
succinate to  1 4 C O  2 could be observed. 

Statistical Analysis 

Statistical analysis of the data was per- 
formed by an IBM 7044/1401 computer sup- 
plied with a multiple regression analysis "can" 
program (University of Iowa Computer Center 
REGAN-1, Iowa City, Ia.). 

RESULTS 

The data for the oxidation of the indicated 
substrates by rat or bat BAT are reported in the 
form of Arrhenius plots in Figures 1-4. The 
ordinate represents the log of the per cent of 
total added label converted to 14CO 2 per mil- 
ligram of protein per hour. The slopes of the 
lines were obtained directly from the computer 
analysis of the primary data. The indicated sta- 
tistical parameters were similarly obtained, 
except for the values of E A (energy of acti- 
vation) which were obtained by multiplying the 
computer-derived slopes of the bracketed line 
segments by 2.303 R (R = 1.986 calories per 
mole). The data tables were derived from the 
compu te r - ca l cu l a t ed  values by taking the 
antilog of the differences in the log rates of the 
paired conditions indicated in the legends and 
at the same temperature. In this way, c o m -  

parisons of rat and bat oxidative capacities, suc- 
cinate stimulation of fatty acid oxidation 
(FAO), carnitine stimulation of succinic acid 
oxidation (SAO), and succinate-fatty acid uti- 
lization ratios could be more easily visualized, 
For convenience, only the end points of com- 
puter-derived line segments are shown in the 
figures. 

Figure 1 shows the Arrhenius plot for the 
conversion of 1A4C-labeled fatty acid to 
1 4 C O  2 in the absence of added succinate. It is 
quite evident that the bat exhibits a much 
greater oxidative capacity for palmitate and 
oleate than does the rat, Table I illustrates the 
magnitude of these differences. The degree to 
which the bat BAT FAO exceeds that of the rat 
is clearly temperature-dependent. The largest 
differences occur at the lower temperatures. 
The same is true for FAO in the presence of 
added succinate as is shown in Figure 2 and 
Table I. 

Figures 3 and 4 are Arrhenius plots of the 
conversion of 2J4C-succinate to 14CO 2 by rat 
and bat BAT homogenates. Obviously the 
results are quite different from those for FAO. 
The bat oxidation of succinate exceeds that of 
rat only at the lower temperatures; at the 
higher temperatures the rat has a higher capa- 
city for SAO. The crossover point is influenced 
by the fatty acid present in the medium. Table 
I gives the values for these differences. Values 
greater than unity are indicative of a greater 
oxidative capacity by bat BAT than rat. 

LIPIDS, VOL. 5, NO. 1 
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FIG. 3. Per cent conversion of 2-t4C-succinic acid 
to 14C02 in the presence of palmitic acid. The 
symbols have the same meaning as in Figure 1. See 
text for further details. 

FIG. 4. Per cent conversion of 2-14C-succinic acid 
to 14CO2 in the presence of oleic acid. The symbols 
have the same meaning as in Figure 1. See text for 
further details. 

A distinct feature of  Figure 1 are the breaks 
in the Arrhenius plots for rat and bat FAO.  
B o t h  rat and bat show clear thermal op t ima for 
FAO;  the rat BAT at 35 C and bat near 28 C to 
30 C. Fur thermore ,  the rat FAO gives a change 
in slope at 18 C to 20 C. Figure 2 is qual i tat ively 
similar to Figure t in most  respects. Notable  
differences are the effect  of  succinate on the 
bat FAO op t imum and the unusual nature of  
the thermal  break in the rat FAO between 15 
and 20 C. Addi t ion  of  succinate to bat prepa- 
rations caused a nearly flat thermal  response of  
F A O  from near 20 C to 40 C. The unusual 
break in F A O  by rat BAT between 15 and 20 C 
prompted  a compute r  solut ion of  the entire 
range of  5 C to 35 C. The resultant  statistical 
data showed conclusively that  the best treat-  
ment  is that  shown in Figure 2, i.e., two sepa- 
rate line segments. The same conclusion was 
reached upon re-examinat ion of  the rat data in 
Figure I. 

In contrast  to the F A O  data, SAO shows a 
linear response to tempera ture .  Rat SAO with- 
out  added carnitine does show an oxidat ive 
plateau be tween 30 C and 37 C (this data does 
not  appear on the Arrhenius plots for the sake 
of  clarity of  data presentat ion) .  

In the previous discussion it was ment ioned  
that breaks or  changes in slope occur  in the 
plots of  both  rat and bat FAO.  In the rat these 
breaks occur  at the threshold of  the hypo-  
thermic  range. Since the rat is unable to with-  
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stand hypo the rmia  for ex tended periods of  
t ime,  this thermal  range is of  great comparat ive 
interest.  A consistent feature of Figures 1 
through 4 is the higher E A values for rat BAT 
oxidat ions  of  the indicated substrates. Below 
1 5 C  the average E A for rat FAO is 20.2 k 
ca l /mole  in the absence of  added succinate and 
27.2 k ca l /mole  in the presence of added suc- 
cinate. Corresponding values for the bat are 8.2 
k ca l /mole  and 15.6 k ca l /mole  respectively.  
The E A values f rom 2 0 C  to 3 5 C  are much  
higher for rat than bat, but  the dramatic 
changes in bat FAO makes any comparison at 
these tempera tures  difficult  to assess. 

The E A values for succinate oxidat ion (Fig. 
3 and 4) are similar to those for FAO.  E A for 
rat BAT SAO averages 22.8 k cal /mole in the 
presence of  added carnitine and 23.6 k ea l /mole  
in the absence of  added carnitine. Corre- 
sponding values for the bat are 13.9 k ca l /mole  
and t0 .0 k cal/mole, respectively.  

S u c c i n a t e  s t imulat ion of  FAO in the 
presence of  added carnitine (Table II) and 
carnitine s t imulat ion of  SAO in the presence of  
added fa t ty  acid (Table III)  give remarkably  
similar s t imulat ion values. In the bat the values 
for bo th  parameters are at a min imum at the 
l o w e s t  t empera tures  and maximal  at the 
highest. Carnit ine s t imulat ion of  SAO in BAT 
from rat is a rather constant  twofold  increase, 
regardless of  which fat ty  acid is present. Suc- 
cinate s t imulat ion of  F A O  in rat BAT prepa- 



B R O W N  A I ) I I ' O S I ' ;  TISSUE METABOLSIM 19 

IABLE 11 

Succinatc Stimulation of Fatly Acid Oxidation (I:AO) a 

Temperature (o(6") 5 10 I 5 20 25 30 35 4(1 
(1/'I x 10-3)(I/  A) (3.60) (3.53) (3.47) ( . '+.41) (3.36) (3.30) (3.25) (3.20) 

Bat 
Pahnitate 1.2 I.S 2.0 2.3 2.0 1.9 2.5 3.3 
Oleate 1.0 1.3 1.6 2.0 1.8 1.6 2.3 3.3 

Rat 
Palmitate 1.9 2. I 2.3 1.8 2.0 2.4 2.8 3.0 
()leate 1.2 1.6 2.0 I .4 1.6 2.(1 2.5 3.2 

aRatio = FAO with succinate 
FAO without succinate 

ra t ions  gives slightly lower  values with oleate  as 
the  subs t ra te  than  wi th  palnl i ta te .  Succ ina te  
provides  up to a th ree fo ld  increase in FAO in 
b o t h  rat  and  bat  BAT homogcna tcs .  

The  e x p e r i m e n t s  in Figures  2, 3 and 4 were 
p e r f o r m e d  unde r  ident ical  cond i t i ons  excep t  
tha t  the  fa t ty  acids were labeled in the  experi-  
m e n t s  shown in Figure 2 and succinate  was 
labeled in the  e x p e r i m c n t s  shown in Figures 3 
and 4. This al lows one  to comparc  the  n u m b e r  
of  fa t ty  acid ca rbons  oxid ized  for each ca rbon  
of succinate .  Impl ic i t  in this  ca lcula t ion  are two  
assumpt ions .  One,  14CO2 released f rom the  
fa t ty  acid,  r epresen t s  to ta l  c o m b u s t i o n  of tha t  
acid. Tha t  is, as the  fa t ty  acid passes t h r o u g h  
the  j3-oxidation scheme,  the labeled ace ta te  
fo rmed  is represen ta t ive  of  the  ent i re ,  fa t ty  
acid-derived ace ta te  pool,  which is then  oxi- 
dized to CO 2 wi th in  t h e  Krebs cycle. The 
second a s sumpt ion  is tha t  the 14CO2 derived 
f rom succinate  represen t s  ox ida t ion  of the  
en t i re  succinate  molcculc .  The rat io  of  label to  
to ta l  ca rbon  is 1:4 in succinate ,  1:16 in pal- 
mi ta te  and  1:18 in oleate.  On this  basis the  
values ob ta ined  for  the  succ ina te - fa t ty  acid 
o x i d a t i o n  ra t io  mus t  be cor rec ted  for  the  ra t io  
of  label f r equency  (4 .0  for  pahn i t a t c  and 4.5 
for  oleate) .  Table  IV is the  result  of  these  com- 
par isons.  F r o m  this  table  it is obv ious  tha t  the  
b a t  can oxidize  far more  fa t ty  acid per  
molecule  of  succinate  than  the rat. The  values 
are t e m p e r a t u r e - d e p e n d e n t .  The  most  eff ic ient  
u t i l i za t ion  of succ ina te  occurs  below 25 C for  
b o t h  B A T  p r e p a r a t i o n s .  T h e  po ten t i a l  
i m p o r t a n c e  of  this  obse rva t ion  will be discussed 
in the  sect ion to fol low.  

In  a n  e a r l i e r  c o m m u n i c a t i o n  (15)  we 
r epo r t ed  tha t  h o m o g e n a t e  p repa ra t ions  of  bat  
BAT oxidize  oleate  less well t han  pa lmi ta te .  At  
i n c u b a t i o n  t e m p e r a t u r e s  less than  20 C the  
same is t rue of  BAT for rat.  At higher  t empera -  
tures  oleate  is more  rapidly ox id ized  by rat  
BAT than  pa lmi ta te .  An addi t iona l  fac to r  evi- 
den t  in Figures 1 and  2 is the  higher  E A values 
for  o lea te  ox ida t ion  t han  for pa lmi ta te .  This  

la t te r  observa t ion  is of  par t icular  in teres t  in 
view of  a recent  c o m m u n i c a t i o n  by Pande  and 
Mead (17)  suggesting the  presence of  two dif- 
fe rent  ac t iva t ing  e n z y m e s  for fa t ty  acyl CoA 
for?na t ion ;  one  for  sa tu ra ted  acids and  a n o t h e r  
for  unsa tu r a t ed  fa t ty  acids. The d i f fe rence  in 
E A for  the  ox ida t ion  of  pa lmi ta te  and oleate  
seen in the  rat BAT sys tem may be the  rcsult  of 
a d i f ference  in the  E A of  the  two act ivat ing 
enzymes .  This  possibi l i ty  is cur ren t ly  unde r  
inves t iga t ion  in our  l abora to ry .  

DISCUSSION 

The the rmogen ic  capabi l i ty  of  BAT has been 
the subject  of  cons iderable  invest igat ion in 
r e c e n t  y e a r s ,  a n d  s e v e r a l  b i o c h e m i c a l  
m e c h a n i s m s  have been proposed  to  expla in  this  
p h e n o m e n o n  (18-20) .  No general  ag reement  
exists  as to  which  mechan i sm,  if any,  is correct .  
One of  the p rob lems  could s tem from the  use 
of  BAT from di f fe rent  species of  mammals .  The  
s imilar i ty  of  BAT as a t he rmogen i c  t issue not -  
wi ths tand ing ,  the f u n d a m e n t a l  mechan i sm(s )  
may no t  be the  same in all cases. 

The  two  examples  of  BAT used in these 
e x p e r i m e n t s  clearly show di f ferences  in the  oxi- 
da t ion  of  the  subs t ra tes  tes ted.  The  d i f ferences  
arc not  on ly  those  of quan t i t a t i ve  capaci t ies  bu t  
of  qual i ta t ive  the rmal  react ivi t ies  as well. If  the  
la t te r  is due to a species-specific change  in the  
E A of  a cer tain s tep,  a d i f ference  in excess of 7 
k ca l /molc  would  bc necessary in some cases. 
We do no t  suggest tha t  this  is imposs ib le ,  since 
work  recent ly  conc luded  in our  l abo ra to ry  
d e m o n s t r a t e d  tha t  d i f fe rences  of  th is  magni-  
tude  do occur  (Pauls rud  et al., in p r epa ra t i on ) ;  
however ,  an a l te rna t ive  i n t e rp r e t a t i on  is possi- 
ble. A ra te- l imi t ing s tep in one  BAT may be 
replaced by a n o t h e r  in the  BAT f rom a differ- 
en t  species. 

Compar i son  of  bat  FAO in Figures  1 a n d  2 
and  SAO in Figures 3 and  4 shows  tha t  the  E A 
values and  rates of  ox ida t i on  change  when  
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T A B L E  III 

Ca rn i t i ne  S t i m u l a t i o n  o f  S u c c i n a t e  O x i d a t i o n  ( S A O )  a 

T e m p e r a t u r e  (C) 5 10 15 20  25 30 37 
(1 /T  x 10 "3) ( I / ~  ( 3 . 6 0 )  ( 3 . 5 3 )  (3 .47 )  (3 .41 )  (3 .36)  (3 .30 )  (3 .23)  

Bat  
Pa lmi t a t e  1.0 1.2 1.3 1.5 1.7 2 . 0  2 .2  
Olea te  1.0 1.1 1.3 1.4 1.6 1.7 2 .0  

R a t  
Pa lmi t a t e  2 .0  2 .0  1.9 1.9 1.8 1.8 3.7 
Olea te  2.1 2 .0  1.9 1.8 1.7 1.7 3.4 

a R a t i o  = S A O  w i t h  ca rn i t i ne  
S A O  w i t h o u t  ca rn i t i ne  

either succinate or carnitine was removed from 
the system�9 This stroflgly suggests the establish- 
ment of a new rate-limiting enzymatic step with 
a lower E A. Deletion of the same components 
from an identical system using rat BAT results 
in a lower level of oxidation. The low tempera- 
ture E A values are virtually unchanged for rat 
SAO in contrast to the 4 k cal/mole shift seen 
in bat SAO. The E A for rat FAO shifted to 
l ower  values in the deletion experiments, 
especially those values for the oxidation of 
oleate. Despite the shift, indicative of the 
establishment of a new rate-limiting step, even 
the lower rat E A values are in excess of the 
highest comparable bat E A. Regardless of the 
cause for the gross differences in E A values, the 
main feature of these data is that the bat 
exhibits a far greater capacity and efficiency for 
FAO and SAO at low temperatures than does 
the rat. 

Johnson et al. (21), summarizing earlier 
theories of Crozier and Blackman and Putter, 
stated the following regarding the thermal 
reactivity of biological systems: "(a) a catenary 
series of reactions, each with a definite/a value.  
�9 . underlies every physiological process; (b) the 
overall process is limited, within definite ranges 
of temperature, by a slowest step or master 
reaction; (c) at a certain critical temperature a 
different master reaction may assume control, 
and a sharp "break" will be apparent in the 
slopes of lines in an Arrhenius plot of the data; 
and (d) it might be possible to identify corre- 
sponding master reactions in different . . . 
processes . by correspondence in their 
measured micro values." The /a referred to is 
identical to E A used above. The notion of sharp 
breaks occurring in plots of complex systems 
has a well-established counterpart in Arrhenius 
plots of purified enzymes (22). Thus it is not 
without precedent that we report sharp breaks 
in Figures 1 and 2. 

Whether or not the E A of a complex bio- 
logical system reflects the E A of a single rate- 
limiting enzymatic step is not yet firmly 
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established. It is tempting to speculate that 
such is the case. Such speculation, based on 
Part 4 of the Crozier hypothesis and on litera- 
ture values for the E A of some of the enzymes 
involved in FAO and SAO, would lead one to 
the suspicion that the rat E A values are deter- 
mined by succinic dehydrogenase (23) or 
DPNH cytochrome c reductase (24) whose E A 
values bracket those for rat FAO and SAO. 
Extending such speculation to the bat, malic 
dehydrogenase (Paulsrud et al., in preparation) 
matches the higher values; fumarase (22), the 
lower. Until the rate-limiting enzyme(s) for 
these processes are determined, and their E A 
values measured for each animal, the entire 
question remains speculative. Studies involving 
BAT, such as were performed by Williamson 
(25) and Lardy's group (26) for other tissues 
and pathways, will likely result in the discovery 
of which enzymes are rate-controlling. 

The high E A values and lower oxidative 
capacity exhibited by rat preparations might 
account for the rat's inability to withstand 
hypothermic body temperatures. The sharp 
decline in oxidative capacity may well result in 
the operation of some systems below a level 
necessary to the maintenance of life. Perhaps 
the key physiological observation explaining 
the inability of a non-hibernator to survive 
hypothermia is that severe cardiac malfunctions 
occur at body temperatures below 20 C (27). It 
is interesting that the abrupt breaks we report 
in Arrhenius plots of rat FAO occur near this 
temperature. The slopes of the FAO plots 
below 20 C indicate a much lower thermal 
efficiency than above 20 C. Comparison of our 
rat BAT data with that of Fritz (28) for rat 
heart homogenates shows that the heart prepa- 
rations have an even greater FAO capacity. If 
FAO in the rat heart is essential and thermally 
similar to rat BAT, it may be that the observed 
decrease in thermal efficiency of FAO is 
responsible for the cardiac crisis in the hypo- 
thermic non-hibernator. In contrast, a charac- 
teristic of the hibernator heart is the ability to 
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T A B L E  IV 

Succinate:  Vatty Acid Uti l izat ion Ratio a 

21 

T e m p e r a t u r e  (C) 5 10 I 5 20 25 30 37 
(1 /T  x 10 -3 ) ( 1 / ~  (3 .60)  (3 .53)  (3 .47)  (3 .41)  (3 .36)  (3 .30)  (3 .23)  

Bat 
Palmita te  

Oleate 
Rat 

Palmita te  
Oleate  

51 55 57 54 39 26 17 
42 45 49 53 42 28 22 

8.4 8.3 3.0 4.9 3.9 3.2 2.4 
3.5 4.9 6.6 4.7 4.1 3.8 3.1 

FAO aRati o - 
SAO 

beat at temperatures near 0 C (29). Thus the 
data we report for FAO and SAO would seem 
consistent with certain observations at the 
physiological level. 

Succinate oxidation in the rat and bat BAT 
preparations showed the same thermal relation- 
ships observed for FAO below 15 C; however, 
SAO maintained that relationship throughout 
the entire range of temperatures examined. The 
fact that E A values for FAO and SAO are very 
similar under equivalent incubation conditions 
suggests that both processes are controlled by 
the same step at the low thermal range. It there- 
fore seems possible that both are controlled by 
a step within the Krebs cycle or the electron 
transport chain associated with it. 

The release of 14CO2 from 2A4C-succinate 
by bat preparations exceeds that of the rat only 
at the lower temperatures (Table I), which is in 
direct contrast to the case for FAO. This does 
not mean that oxidation of succinate in the 
Krebs cycle occurs at a lower rat in bat BAT. 
On the contrary, since CO2 from fatty acid- 
derived acetyl groups arises almost entirely 
within the Krebs cycle, there must be a greater 
net oxidation of succinate by bat BAT. What 
was measured was the amount of radio-labeled 
CO 2 released from succinate, not the activity 
level of succinic dehydrogenase. Theoretically 
the cycle can operate with only catalytic 
amounts of dicarboxylic acids as "sparking" 
agents for the oxidation of acetyl groups. How- 
ever, the processes of diffusion and or trans- 
port, transamination and decarboxylation of 
oxaloacetate and malate to form phospho- 
enolpyruvate (PEP) and pyruvate may result in 
the loss of intermediates necessary to the con- 
tinued operation of the cycle. A loss by any of 
these means would require replacement from 
the added extramitochondrial pool of 2-14C - 
succinate. The result of such replacement in the 
face of active FAO would be to increase the 
specific activity of the mitochondrial succinate 
pool,  thereby increasing the yield of succinate- 
derived 14CO2. 

Regardless of the mechanism, the bat uses 
less succinate to oxidize fatty acid than the rat. 
Such a situation would be extremely beneficial 
since the bat, as a hibernator, is faced with the 
problems of surviving for six months with 
virtually no food intake. During this time, the 
bat occasionally arouses to an active state to 
seek better shelter or obtain water. Data 
obtained by Stones and Wiebers (31) indicate 
that the bat undergoes daily bursts of metabolic 
activity during hibernation resulting in an 
increased body temperature. To be sure, not all 
of these bursts result in complete thermal 
a r o u s a l  bu t  nonetheless create additional 
metabolic demands. Therefore, any mechanism 
which would conserve metabolites derived from 
carbohydrate or amino acids and not from the 
stores of body fat would help to bridge the gap 
between the times of food availability. On the 
other hand, the rat apparently lacks such a con- 
servative mechanism and has to have a constant 
food supply in order to survive. 

S ince  the  bat BAT has a great low- 
temperature efficiency and capacity, one might 
well ask what controls exist to prevent the bat 
from using up its energy reserves long before 
the end of hibernation. Reports in the literature 
and observations from our laboratories point to 
a very straightforward mechanism for the con- 
trol and release of this metabolic capability. 
Joel (31) and others (32,33) have shown that 
BAT is very responsive to stimulation by 
lipolytic hormones. Microscopic examination of 
BAT revealed a high degree of innervation 
largely adrenergic in nature (34). In an earlier 
publication we reported that the ATP levels in 
bat BAT are maximal during the torpid state, 
but as arousal from hibernation progressed (as 
measured by body temperature) the levels fell 
rapidly (35). Observations in our artificial cave 
and in the natural caves where the animals were 
captured reveal that the bat responds almost 
instantly to the slightest disturbance with an 
increase in respiration and heart rate. Such a 
response is obviously the result of a nervous 
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s y s t e m  w h i c h  is h i g h l y  i r r i t ab le  e v e n  at  b o d y  
t e m p e r a t u r e s  less  t h a n  5 C. O f t e n  a b a t  dis-  
t u r b e d  in  t h i s  m a n n e r  wil l  a r o u s e  c o m p l e t e l y .  
I n  s u m m a r y ,  B A T  is a t i s s u e  wel l  s u p p l i e d  w i t h  
n e r v e  e n d i n g s  c a p a b l e  o f  r e l e a s i ng  no r -  
e p i n e p h r i n e  w h i c h  s t i m u l a t e s  l ipo lys i s ,  h i gh  
levels  o f  A T P  fo r  t h e  a c t i v a t i o n  o f  f a t t y  ac ids ,  
a n d  h i g h  m e t a b o l i c  c a p a c i t y  to  o x i d i z e  f a t t y  
ac id .  T h e  B A T  o x i d a t i v e  c a p a c i t y  a t  l o w  t e m -  
p e r a t u r e s  c o u l d  be  c o n t r o l l e d  b y  t h e  r e l ea se  o f  
f a t t y  ac id .  S ince  t h e  b a t  h a s  a h i g h  deg ree  o f  
i r r i t ab i l i t y  at  l ow  b o d y  t e m p e r a t u r e s ,  a n y  
s t i m u l u s  r e s u l t i n g  in  t h e  r e l ease  o f  c a t a c h o l -  
a m i n e s  i n t o  B A T  w o u l d  r eve r se  t h e  c o n t r o l  a n d  
ass i s t  in  t h e  p r o c e s s  o f  a rousa l .  U n f o r t u n a t e l y  it  
is s t i l l  n o t  k n o w n  h o w  t h e  b a t  is ab le  to  r e d u c e  
i t s  m e t a b o l i s m  a n d  b e c o m e  h y p o t h e r m i c .  

T h e  t h e o r i e s  o n  t h e  m e c h a n i s m  o f  t h e r m o -  
g e n e s i s  a re  all c o n c e r n e d  in  pa r t  w i t h  t h e  m e a n s  
b y  w h i c h  large  a m o u n t s  o f  r e d u c e d  p y r i d i n e  
a n d  f l av in  n u c l e o t i d e s  a re  r e o x i d i z e d  in  o r d e r  t o  
be  ab le  t o  c o n t i n u e  F A O .  T h e  i n a b i l i t y  to  
o b t a i n  h i g h  P / O  r a t i o s  in B A T  u n d e r  c o n d i t i o n s  
w h i c h  give P / O  r a t i o s  o f  n e a r l y  3 fo r  l iver m i t o -  
c h o n d r i a  s u g g e s t s  a p o o r l y  c o u p l e d  e l e c t r o n  
t r a n s p o r t  s y s t e m  (36 ) .  I f  t h i s  is a c h a r a c t e r i s t i c  
o f  t h e  B A T  m i t o c h o n d r i a ,  t h e  r e d u c t i o n  o f  
m o l e c u l a r  o x y g e n  t o  w a t e r  w i t h o u t  c o n -  
c o m i t a n t  p h o s p h o r y l a t i o n  w o u l d  y i e l d  s ignif i -  
c a n t  a m o u n t s  o f  h e a t .  T h e r e  is a m p l e  e v i d e n c e  
in  t h e  l i t e r a t u r e  s h o w i n g  t h e  e l e c t r o n  t r a n s p o r t  
c h a i n  is u n c o u p l e d  b y  a h i g h  level  o f  f a t t y  ac id  
(37 ) .  S u c h  a level  m i g h t  arise d u r i n g  t h e  
l i p o l y s i s  a s s o c i a t e d  w i t h  a r o u s a l  f r o m  h i be r -  
n a t i o n .  

N o w  t h a t  f u n d a m e n t a l  d i f f e r e n c e s  b e t w e e n  
t h e  r a t  a n d  ba t  B A T  m e t a b o l i s m  have  b e e n  
e s t a b l i s h e d  it  s h o u l d  be  p o s s i b l e  to  f u r t h e r  
d e f i n e  t h e  t h e r m o g e n i c  m e c h a n i s m s ,  w i t h  fu l l  
r e a l i z a t i o n  t h a t  t h e  m e c h a n i s m s  m a y  n o t  be  t h e  
s a m e  in d i f f e r e n t  spec ies .  

ACKNOWLEDGMENT 

Bill Snider and Mrs. Clara Augustine gave assistance 
in the computer  analysis of  the primary data. Supported 
in part by grants from the National Inst i tutes of  Health 
(AM 08476) and the American Cancer Society. 

REFERENCES 

1. Kayser, C., "The Physiology of  Natural Hiber- 
nat ion" ,  Permagon Press, New York, 1961. 

2. E i s e n t r a u t ,  M., in "Mammalian Hibernation- 
B u l l e t i n  o f  t h e  M u s e u m  o f  Comparative 
Zoology,"  Vol. 124, Edited by C. P. Lyman and 
A. R. Dawe, Cambridge, 1960, p. 31. 

3. Pengelley, E. T., in "Mammalian Hibernation III," 
Edited by K. C. Fisher, A. R. Dawe, C. P. Lyman,  
E. Schonbaum and F. E. South,  Oliver and Boyd, 
Edinburgh,  1967, p. 1-3. 

4. J o h a n s s o n ,  G., in "Mammalian Hibernation- 
B u l l e t i n  o f  t h e  M u s e u m  o f  Comparative 
Zoology,"  Vot. 124, Edited by C. P. Lyman and 
A. R. Dawe, Cambridge, 1960, p. 239. 

5. Popovic, V. P., and K. M. Kent, Am. J. Physiol. 
209, 1069-74 (1965). 

6. Smalley, R. L., and R. L. Dryer, Science 140, 
1333 (1963). 

7. Smith,  R. E., and R. J. Hock, Ibid. 140, 199 
(1963). 

8. Donhoffer ,  S., F. Sardy and G. Szegvari, Nature 
203, 766 (1964). 

9. Smith,  R. E., and J. C. Roberts,  Am. J. Physiol. 
206, 143 (1964). 

10. Dawkins, M. J. R., and D. Hull, J. Physiol., 
London 172, 216 (1964). 

11. Silverman, W. A., A. Zamelis, J. C. Sinclair and F. 
J. Agate, Pediatrics 33, 984 (1964). 

12. Marquis, N. R., and I. B. Fritz, J. Biol. Chem. 
240, 2193-96 (1965). 

13. Fawcett ,  D. W., in "An Atlas of  Fine Structure: 
The Cell," Edited by D. W. Fawcett,  W. B. 
Saunders Company,  Philadelphia, 1966, p. 68-71. 

14. Hayward, J. S., and C. P. Lyman,  in "Mammalian 
Hibernation III," Edited by K. C. Fisher, A. R. 
Dawe, C. P. Lyman,  E. Schonbaum and F. E. 
South,  0liver and Boyd, Edinburgh, 1967, p. 
352A. 

15. Paulsrud, J. R., and R. L. Dryer, in press. 
16. Lowry, O. H., N. J. Rosebrough,  A. Lewis Farr 

and Rose J. Randall, J. Biol. Chem. 193, 265 
(1951). 

17. Pande, S. V., and J. F. Mead, J. Biol. Chem. 243, 
352-61 (1968). 

18. Ball, E. G., and R. L. Jungas, Proc. Natl. Acad. 
Sci. U.S. 47, 932 (1961). 

19. Chaffee, R. R. J., J. R. Allen, Y. Cassuto and R. 
E. Smith,  Am. J. Physiol. 207, 1211 (1964). 

20. Masoro, E. J., Physiol. Rev. 46, 67-101 (1966). 
21. Johnson,  F. H., H. Eyring and M. J. Polissar, "The 

Kinetic Basis of  Molecular Biology," John Wiley 
and Sons, Inc., New York, 1954, p. 200-213. 

22. D i x o n ,  M., a n d  E. C. Webb, "Enzymes , "  
A c a d e m i c  Press, Inc., New York, 1964, p. 
158-166. 

23. Kearney, Edna B., J. Biol. Chem. 229, 363-75 
(1957).  

24. Slater, E. C., Biochem. J. 46,484-499 (1950). 
25. Williamson, J. R., J. Biol. Chem. 240, 2308-2321 

(1965).  
26. Paetkau, Walter, Paul, Verner and Henry A. 

Lardy, Ibid. 241, 2523-32 (1966). 
27. Popovic, V. P., Ann. N.Y. Acad. Sci. 80, 320-31 

(1959). 
28. Fritz, I. B., Am. J. Physiol. 206, 1217-1222 

(1964). 
29. Michael, C. R., and M. Menaker, J. Cell. Comp. 

Physiol. 62, 355-58 (1963). 
30. Stones,  R. C., and J. E. Wiebers, Experientia 22, 

101-103 (1965). 
31. Joel, C. D., J. Biol. Chem. 241, 814-21 (1966). 
32. Fain, J. N., Nora Reed and R. Saperstein, Ibid. 

242, 1887-94 (1967). 
33. Cockburn,  F., D. Hull and I. Walton, British J. 

Pharmac. Chemother.  31, 568-77 (1968). 
34. Smalley, R. L., and R. L. Dryer, in "Mammalian 

Hibernation III," Edited by K. C. Fisher, A. R. 
Dawe, C. P. Lyman,  E. Schonbaum and F. E. 
South,  Oliver and Boyd, Edinburgh, 1967, p. 
325-345. 

35. Dryer, R. L., and J. R. Paulsrud, Fed. Proc. 2.5, 
1293-96 (1966). 

36. Guillory, R. J., and E. Racker, Biochim. Biophys. 
Acta 1.53, 490-493 (1968). 37. 

37. Pressman, B. C., and H. A. Lardy, Ibid. 21,458-66 
(1956).  

[ R e c e i v e d  Apr i l  28 ,  1969  ] 

LIPIDS, VOL. 5, NO. 1 



Comparative Effects of Temperature Exposure on Mass 
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I nsectivores, Tupaiads and Primates 1 

R. R. J. CHAFFEE and J. C. ROBERTS, University of California, Santa Barbara, California, 
C. H. CONAWAY and M. W. SORENSON, Department of Zoology and Space Sciences 
Research Center, University of Missouri, Columbia, Missouri, and W. C. KAUFMAN,  
Aerornedical Research Laboratory, Air Force Missile Development Center, Hollornan Air Force Base, 
New Mexico 

ABSTRACT 

A study has been made to see if hyper- 
plastic and biochemical responses similar 
to those which occur in temperature- 
exposed rodents also occur in insect- 
ivores, p r o t o p r i m a t e s  and primates. 
Representative insectivores included the 
shrews Suncus murinus and Cryptotis 
parva. The representative protoprimate 
was Tupaia chinensis. The representative 
primate was Macaca rnulatta. Both shrews 
show a striking thermogenic response in 
the brown fat with respect to increased 
specific activity of c~-glycerophosphate 
oxidase and succinoxidase. Suncus also 
showed an increase in brown fat mass 
following cold exposure. In both shrews 
cold caused the brown fat to become 
darker in color. Cryptotis did not show a 
significant increase in brown fat mass, but 
this may be due to the fact that the cold 
exposure period was only four days. Thus 
the shrews appear to be rodent-like with 
respect to effects of cold on brown fat. In 
the Tupaiads the ratio of brown fat to 
body weight is not nearly as high as in 
rodents nor is there a striking hyperplasia 
with cold exposure. Thus the brown fat 
would seem to be of less importance to 
the Tupaiads than to rodents and shrews 
and the Tupaiads appear to be inter- 
mediate in this respect between the 
insectivores and the true primates. Adult 
Macaca, in spite of eight months of cold 
exposure at about 4-6 C, showed no 
hyperplasia of the brown fat and no in- 
crease in oxidative enzyme levels. Thus in 
adult primates so far studied, the evi- 
dence indicates that brown fat does not 
play an important role in homeothermy 
a s  it does in rodents. 

1One of nine papers to be published from the 
Symposium "Brown Adipose Tissue," presented at the 
AOCS-AACC Joint Meeting, Washington D. C. March, 
1968. 

INTRODUCTION 

As part of an extensive study on biochemical 
thermoregulation in representative insectivores, 
protoprimates and primates, oxidative enzyme 
levels have been examined in the brown fat of 
the true shrews, Suncus murinus and Cryptotis 
parva, the protoprimate, Tupaia chinensis and 
the  o ld  world monkey, Macaca mulatta. 
Although this is not an exhaustive study of the 
b i o c h e m i c a l  acclimation characteristics of 
brown adipose tissue of these species, it is 
unique in providing the only such data available 
on these critically important phylogenetic 
groups. 

The thermogenic role of brown fat has been 
well established in a number of adult mam- 
malian species, especially rodents (1-7) and 
hibernators (3,8-14). However, earlier work on 
the squirrel monkey, Saimiri sciurea (15,16) in- 
dicates that biochemical changes seen in tem- 
perature acclimated rodents cannot be extra- 
polated in toto to other mammalian species 
such as primates. Thus the question which 
arises here is, does brown fat play a significant 
thermogenic role in other mammalian groups as 
it apparently does in rodents. In other words, 
upon exposure of an animal to cold does the 
brown fat increase in mass, distribution, oxi- 
dative enzyme levels and, therefore, potential 
heat production to such an extent that it could 
contribute significantly to maintaining the core 
temperature of the animal. 

The choice of animals for this study was 
based on their phylogenetic relationships, the 
purpose being to determine the extent to which 
induction of tissue biochemical changes take 
place during temperature acclimation. Only 
brown fat will be considered in this communi- 
cation. Furthermore, it was hoped that within 
the species selected there would emerge pat- 
terns of biochemical adaptation, intermediate 
between those seen in rodents and those seen in 
the squirrel monkey, which are related to their 
phylogenetic position. 

The shrew chosen as a representative insect- 
ivore is Suncus murinus. This species is as large 
as a white mouse and thus not subject to 
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extreme heat loss due to a large surface area to 
body mass ratio. Cryptotis parva, the least 
shrew, was studied because of its extremely 
small size and to see if brown fat development 
would be exaggerated in such an animal. 

The Tupaiads were chosen as representative 
of primate-insectivore intermediate. Tupaia are 
considered by many taxonomists to be as close 
to the stem primate line as any animal living 
today (17). These animals are intermediate in 
size between a hamster and a white rat. 

Since we have completed a study on a true 
primate representative of new world monkeys, 
Saimiri sciurea (15,16,18), the Rhesus was 
chosen as a representative of the old world 
monkeys. Studies on the latter species are pre- 
liminary in nature. 

The level of a-glycerophosphate oxidase was 
determined because a-glycerophosphate might 
be derived from glycerol which may accumulate 
in lipolysis. Its possible role in the entrance of 
hydrogen from extramitochondrial reduced 
NAD and the dihydroxyacetone phosphate 
cycle have been considered in detail elsewhere 
(19,20). Succinoxidase was chosen as a flavo- 
protein-linked tricarboxylic acid-electron trans- 
p o r t  sys tem (TCA-ETS) enzyme, whereas 
a-ketoglutarate oxidase was chosen as a repre- 
sentative of a NAD-linked TCA-ETS enzyme 
system. 

MATERIALS AND METHODS 

The acclimation regimen and the details of 
laboratory care varied considerably for the dif- 
ferent species studied and will therefore be con- 
sidered separately for each species. 

Shrews 

Cryptotis and Suncus were obtained from 
the colonies maintained at the University of 
Missouri by Professor Conaway. Adult animals 
of both sexes were used. The laboratory con- 
d i t i ons ,  feeding and care of the control 
Cryptotis have been described elsewhere (21), 
with the exception that for this study all ani- 
mals were caged singly. The lowest temperature 
which Cryptotis and Suncus could survive was 
about 6 C at a relative humidity of about 65%. 
Controls were maintained at 26-30 C. The ani- 
mals were provided with a wooden box shelter 
in their cages and were exposed to 12 hr of 
light per day. Cold-exposed Cryptotis were kept 
at 6-8 C for four days. Because of their 
extremely small size (3.5-5.5 g) and con- 
sequently large surface to volume ratio, and 
because of their rapid metabolic rate, this was 
considered sufficient time to elicit a cold- 
acclimation response. 

Suncus were maintained under conditions 

similar to those described for Cryptotis, but 
because of their larger size (20-35 g) they were 
cold-exposed (6-10 C) for five to eight weeks. 

Tupaiads 

A d u l t  t r e e  shrews (Tupaia chinensis), 
weighing from 120 to 250 g were obtained 
from Borneo through the Rider Animal Co., 
Brooksville, Florida. After arrival in Missouri 
they were quarantined for three weeks and 
checked for external injuries. Standard veteri- 
nary checks were made to insure reasonable 
health of the animals. The colony conditions 
and laboratory care of these have been de- 
scribed elsewhere (17,22). 

Preliminary heat and cold tolerance tests 
were made on 20 animals. Ten were subjected 
to an increase of 2 C per day and 10 to a de- 
crease of 2 C per day. These studies revealed 
that the temperature tolerance extremes for 
this species are 35 C and 12 C respectively. 
After four weeks at these temperatures, 8 of 10 
animals survived in the cold, and 9 of 10 in the 
heat. Subsequently 90 animals were divided 
into three equal groups and caged individually 
in 20 x 20 x 18 in. cages. One group was placed 
at room temperature (24 C), another at 12.5 C 
and a third at 35 C. The elaborate diet required 
by various species of Tupaiads has been de- 
scribed elsewhere (17). At the end of two 
months of temperature acclimation, three ani- 
mals (one from each group) were used per day 
for the enzymatic studies. 

Monkeys 

The conditions of acclimation of the squirrel 
monkeys (Saimiri sciurea) have been described 
elsewhere (15). They were found to be very 
sensitive to cold and therefore were kept at 
14-15 C for cold acclimation and at 36-39 C for 
heat acclimation; the controls were maintained 
at 24 C. 

Adult rhesus monkeys were acclimated by 
W. C. Kaufman (Holloman Air Force Base) at 
4-6 C and left at that temperature for eight 
months. Controls were maintained at 22-28 C. 
Standard laboratory care was provided. Water 
and Purina monkey pellets were provided ad 
lib. and supplemented daily with fresh fruit. 

Enzymatic Assays 

At the end of the respective acclimation 
periods for each of the above species, one con- 
trol and one acclimated animal per day were 
killed by decapitation or bleeding. The extent 
and distribution of the brown fat in the control 
and experimental animals were determined by 
exploratory dissection. 

For enzymatic assays, brown fat was ex- 
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FIG. 1. Comparison of brown fat per cent of body weight in some representative rodents, insecti- 
vores, stem primates and primates. Data oll hibernating marmot from Roberts et al. (unpublished 
data), hibernating ground squirrel (9), rat (4,7), Peromyscus (26). 

tirpated and chilled on iced aluminum foil. The 
tissue was trimmed clean of associated white 
fat, muscle, connective tissue and, in the case of 
the monkeys, axillary nodes, and weighed to 
the nearest milligram. Homogenates of brown 
fat (10%) were prepared in 0.1 M phosphate 
buffer, pH 7.3. Succinoxidase activity was 
assayed polarographically by the method of 
Schneider and Potter (23) as modified by 
Chaffee et al. (15). Activities of other oxidative 
enzymes  were assayed using modifications 
(8,15) of the methods of Copenhaver and 
Lardy (24). 

RESULTS AND DISCUSSION 

Quantity and Distribution of Brown Fat 

A major portion of the brown fat of 
Cryptotis is found in two large pads which 
cover the whole dorsal and lateral aspect of the 
scapulae and rib cage from the mid-dorsal line 
and extend into the axillary region. Caudad 
they extend somewhat beyond the rib cage. If 
one were to cut across the mid-thoracic region, 
the combined cross sectional area of the brown 
fat at this level would probably exceed that of 
the thoracic cavity. Traces of brown fat are also 
found in the cervical region, but there appears 
to be little, if any, present along the dorsal 
aorta or in the thorax and no discernable 

amounts in the renal area. Brown fat in these 
animals is generally infiltrated with white fat. 

In the cold-exposed Cryptotis the brown fat 
becomes darker, but by the fourth day there is 
still no significant increase in mass. In our dis- 
sections we were unable to remove all of the 
brown fat, thus the figures given in Table I are 
probably somewhat low. The brown fat to 
body weight ratio of these animals is con- 
siderably higher than that found in non-hi- 
bernating rodents and is as high as that found in 
the hibernating marmot (Roberts et al., un- 
published data) and ground squirrel (9) (Fig. 1). 

In Suncus murinus, as in Cryptotis, the 
brown fat is found in the axillary region and 
covering the dorsal scapular region. However, it 
does not extend as far laterally. In the inter- 
scapular region the bilateral fat pads make con- 
nections with a layer of infrascapular brown 
fat. A small isthmus, reminiscent of the wider 
membranous isthmus connecting the two lobes 
of the interscapular brown fat in rodents, con- 
nec ts  the dorsal brown fat lobes. As in 
Cryptotis, there is apparently no aortic brown 
fat and little if any renal brown fat. Only traces 
are seen around the heart. Small depots of 
brown fat are found in the dorsal cervical 
musculature. The brown fat of Suncus appears 
to be less infiltrated with white fat than that of 
Cryptotis. 
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T A B L E  I 

B r o w n  Fa t  Weigh t  Rela t ive  to  B o d y  W e i g h t  in C o n t r o l ,  Co ld-  a n d  
H e a t - a c c l i m a t e d  Insec t ivores ,  T u p a i a d s  a n d  P r ima te s  

B o d y  Weigh t ,  g B r o w n  Fa t ,  b o d y  w t  P V a l u e s  
for  B r o w n  Fa t ,  

Species  Co ld  C o n t r o l  H o t  Co ld  C o n t r o l  H o t  % B o d y  Wt 

C r y p t o t i s  3 .73  4 .17  --- 3 .35  (4)  a 2 . 7 0  (8)  - -  b 

S u n c u s  3 3 . 3 5  3 2 . 5 5  --- 1 .29  (18)  0 . 6 3  (18)  --- ~ 0 . 0 5  

Tupaia 1 6 6 . 6  1 6 4 . 6  170 .1  0 . 2 4  (30)  0 .22  (30)  0 . 1 6  (30)  b 

Saimir i  c 8 0 6 . 0  8 0 1 . 4  8 5 5 . 0  b 

Macaca 4 1 6 9 . 0  4 4 3 0 . 0  --- 0 .21  (2)  0 .22  (2)  --- b 

a ln  p a r e n t h e s e s ,  n u m b e r  o f  an ima l s .  

b N o  s ign i f i can t  d i f f e r ences .  

CData  f r o m  C h a f f e e  et  al. (15) .  

As in Cryptotis, in our dissections of Suncus 
we did not remove 100% of the brown fat. In 
control Suncus the brown fat represented 
0.63% of the body weight. This ratio increased 
to 1.29% of the body weight following cold 
acclimation. These values agree well with values 
o f  0.65%-1.5% found by Buchalczyk and 
Korybska (25) for the shrew, Sorex araneus, 
studied at different times of the year. 

In one Suncus exposed to cold for eight 
months, the final body weight was 35.5 g. Its 
brown fat, obtained from the combined dorsal 
interscapular and axillary regions was 0.9626 g. 
In a comparable animal kept in the cold for 34 
days the brown fat weight was 0.3864 g and in 
a control of the same size the brown fat 
weighed 0.2087 g. In addition to the increased 
mass of axillary and interscapular brown fat in 
the long-term cold-acclimated Suncus, brown 
fat was also found in the inguinal region. Thus 
prolonged cold exposure seems to stimulate 
continued brown fat hyperplasia. 

In the Tupaiads, brown fat is confined pri- 
marily to the axillary region although there is a 
thin layer of white fat over the dorsal region of 
the thorax and scapulae in which traces of pale 
brown fat appear. There are traces of perirenal 
brown fat, but here, as in the monkeys, there is 
a predominance of yellow fat. There is little, if 
any, aortic or mediastinal brown fat. There are 
some deposits of brown fat in the cervical 
region including traces in the perijugular region 
and subtrapezoid region. The distribution of 
brown fat in this species is more similar to that 
of the squirrel monkeys and rhesus monkeys 
than it is to that seen in the true shrews, Suncus 
or Cryptotis. The ratio of brown fat to body 
weight is much lower than that found in shrews 
(Table I) or than that previously reported in 
rats (4,7) or deer mice (26) (Fig. 1) and does 
not increase significantly when the animals are 
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exposed to prolonged cold. During cold ex- 
posure, however, the amount of yellow fat in- 
creases and is found, among other places, in the 
interscapular region. In heat-acclimated ani- 
mals, there is a decrease in the mass of both 
brown and yellow fat and both are paler than in 
the controls. 

In the squirrel monkey, Saimiri sciurea, the 
brown fat is almost all axillary and surrounds 
the axillary nodes. There are traces of it in the 
perirenal area and in the cervical region around 
the jugular veins and the thyroid. In the cold 
the brown fat does not increase in mass, but 
becomes richer in protein content by about 
40% (15) and becomes darker in color as is seen 
in the Tupaiads and rodents. In the heat- 
acclimated animals, on the other hand; the pro- 
tein content decreases by about 50% and the 
tissue becomes pale in color (15). As in the 
Tupaiads, there are large quantities of yellow 
fat widely distributed in these animals. It seems 
to increase in quantity during cold-acclimation 
and to decrease or be converted to white fat in 
heat acclimation. 

In Macaca, as in the squirrel monkey, the 
brown fat is primarily axillary; it surrounds and 
is intimately associated with the axillary nodes. 
There is also a large mass in the perijugular cer- 
vical region around the thyroid. No inter- 
scapular fat pads were evident in these animals. 
This distribution is similar to that described by 
Itoh and Hiroshige (27) in Macaca fuscata. Pro- 
longed cold exposure did not cause an increase 
in the brown fat mass, nor was the brown fat 
consistently darker in the cold-acclimated com- 
pared to the control animals. In addition to 
b r o w n  fat, rhesus monkeys possess large 
amounts of yellow fat which increases con- 
siderably in the cold. Whether or not this tissue 
has a thermogenic role in these monkeys re- 
mains to be determined, but it no doubt has 
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some insulative value. 
In comparing the brown fat to body weight 

data (Table I), it is of interest that in the 
Tupaia, the squirrel monkey and Macaca there 
is relatively less brown adipose tissue than in 
shrews or rodents, and there appears to be 
much less stimulation of growth in this tissue in 
response to cold. 

An interesting possibility which bears inves- 
tigation and apparently has hitherto not been 
examined is the question of the possible rela- 
tionship of brown fat metabolism and the 
lymphatic system. The fact that in many 
species and especially in the primates and 
Tupaia, the brown fat is imtimately associated 
with the axillary nodes of the lymphatic system 
introduces the possibility of lacteal-lymphatic 
carriage of neutral fats directly from the intes- 
tine to the axillary brown fat. If such a system 
were functional, the size of the brown fat 
would not be as important as its metabolic out- 
put. 

Enzymatic Results 

In the cold-exposed shrews there are striking 
increases in oxidative enzyme levels per gram 
wet weight of brown fat (Table II) equal to or 
greater than those seen in rodents (4,8,26). In 
Suncus, the degree of brown fat hyperplasia fol- 
lowing cold acclimation is about the same as it 
is in cold-acclimated rodents (Fig. 1) We have 
not as yet attempted to acclimate Cryptotis for 
a sufficiently long time to make this type of 
comparison. Thus in Suncus the increase in 
brown fat heat production potential following 
cold-exposure is of the same order of magni- 
tude as that of rodents. The increase in oxi- 
dative enzyme levels seen in the brown fat of 
cold-exposed Cryptotis is as great or greater 
than that of non-hibernating rodents and is 
more like the increases seen in cold-exposed 
hamsters (8) or hibernating ground squirrels 
(9). Of particular interest is the large increase in 
a-glycerophosphate oxidase activity relative to 
the increase in succinoxidase upon cold-ex- 
posure. This relationship also occurs in hiber- 
nating rodents (8,9), but the reverse is true in a 
non-hibernating animal, such as the rat 
(Roberts et al., unpublished data). Since small 
decreases in ambient temperature demand 
relatively large amounts of compensatory heat 
production in an animal as small as Cryptotis 
and since in hibernators, arousal also requires a 
high rate of heat production, it may be signifi- 
cant that, in these species, the potentially 
calorigenic a-~ycerophosphate oxidase system 
(19,20) is particularly enhanced. 

In Tupaia exposed to cold the brown fat 
weight does not increase, but its specific 

activity with respect to succinoxidase and 
a-glycerophosphate oxidase does. Although the 
oxidative enzyme levels increase in the cold, the 
low relative brown fat weight and the failure of 
this to increase in the cold suggest that the 
brown fat of Tupaia may not have as great a 
thermogenic potential as that of the rat. It is 
also of interest that Tupaia cannot stand nearly 
as severe a cold stress as the rat. The fact that 
Tupaia is smaller than the rat, but shows much 
less brown fat hyperplasia in the cold seems to 
negate any hypothesis of an inverse relationship 
between per cent brown fat hypertrophy and 
animal size. 

The evidence gained on studies of brown fat 
in heat-acclimated animals further implicates 
the relationship between environmental temper- 
ature and brown fat enzyme levels. In Tupaiads 
both succinoxidase and 0~-glycerophosphate oxi- 
dase activities are decreased to near zero values 
(Table II). This is similar to our findings in the 
squirrel monkey (15,16) and the heat-exposed 
hamster (28). 

In adult Macaca, strangely enough, pro- 
longed cold-exposure resulted in no measurable 
increase, and possibly a decrease, in the specific 
activity of the oxidative enzymes we studied 
(Table II). Since, in addition, there was no in- 
crease in brown fat mass, this would seem to 
indicate no change or possibly a decline in oxi- 
dative enzymatic potential in the brown fat of 
these animals. The lack of a change in brown 
fat mass is somewhat different from the results 
of Itoh and Hiroshige (27) who found that 
there was considerable brown fat in Macaca 
fuscata, exposed to the cold in northern Japan, 
while wild Macaca cynomolgus from the tropics 
had none. However, they were not comparing 
the effects of cold on the same species under 
laboratory conditions so it is difficult to corre- 
late their very interesting findings with ours. 

In the case of adult Macaca it would appear 
from our preliminary studies that brown fat is 
not playing a significant role in thermogenesis 
during cold-exposure and that other mech- 
anisms make possible its survival in extreme 
cold. It may be that biochemical changes in 
other tissues account for at least part of the 
extra heat production required in the cold and 
coupled with purely physical thermoregulatory 
mechanisms, such as pelage changes and vaso- 
constriction, contribute to the maintenance of 
homeothermy. On the other hand, there is also 
the possibility that the Macaca is pre-adapted to 
co ld  w i th  r e s p e c t  to the quantity and 
enzymatic content of brown fat, and that all 
that is required is catecholamine modulation 
(1,29,30) for the maintenance of homeo- 
thermy. 
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APPENDIX 

Since  p r e s e n t a t i o n  o f  t h e  a b o v e  p a p e r ,  we 
h a v e  c o m p l e t e d  a d d i t i o n a l  s t u d i e s  in  R h e s u s  
m o n k e y s  u s i n g  sma l l e r ,  y o u n g e r  a n i m a l s  
w e i g h i n g  an  ave rage  o f  2 .5  kg.  C o n t r o l s  ( n  = 3) 
h a d  m o r e  b r o w n  f a t  pe r  g r a m  b o d y  w e i g h t  
( 0 . 4 5 %  b o d y  w e i g h t )  t h a n  d id  t h e  la rger  a d u l t  
Macaca ( T a b l e  I) a n d  t h i s  i n c r e a s e d  s i g n i f i c a n t l y  
(p  < 0 . 0 1 )  in  t h e  co ld  ( 0 . 7 6 %  b o d y  w e i g h t )  a n d  
was  a p p a r e n t l y  r e p l a c e d  by  y e l l o w  fa t  in t h e  
hea t .  As  in t h e  a d u l t  Macaca, b r o w n  fa t  s u c c i n -  
o x i d a s e  a n d  a - k e t o g l u t a r a t e  o x i d a s e  d id  n o t  
c h a n g e  s i g n i f i c a n t l y  in  t h e  c o l d - a c c l i m a t e d  
s m a l l e r  Macaca. H o w e v e r ,  b r o w n  fa t  c~-glycero- 
p h o s p h a t e  o x i d a s e  a c t i v i t y  i n c r e a s e d  s igni f i -  
c a n t l y  (p  K 0 . 0 5 )  in  s m a l l e r  c o l d - a c c l i m a t e d  
a n i m a l s  ( 1 1 . 9 7  /~1 O 2 / m g  we t  w e i g h t  t i s sue  p e r  
h o u r )  c o m p a r e d  w i t h  c o n t r o l s  (5 .40 /~1  O 2 / m g  
w e t  w e i g h t  t i s s u e  pe r  h o u r ) ;  a c h a n g e  w h i c h  d id  
n o t  o c c u r  in t h e  l a rge r  a d u l t  Macaca ( T a b l e  II).  
I t  h a s  b e e n  s h o w n  in  a n u m b e r  o f  n o n - h i b e r -  
n a t i n g  m a m m a l i a n  spec ies ,  i n c l u d i n g  g u i n e a  p igs  
(31 ) ,  r a t s  (32 ) ,  m i c e  (32) ,  r a b b i t s  ( 3 3 )  a n d  
h u m a n s  (34 )  t h a t  t h e  re la t ive  a m o u n t  o f  b r o w n  
f a t  ( w h i c h  m a y  be  q u i t e  h i g h  in  t h e  n e w b o r n )  
e i t h e r  d e c r e a s e s  w i t h  age o r  b e c o m e s  h i g h l y  
i n f i l t r a t e d  w i t h  w h i t e  fa t .  I t  is, t h e r e f o r e ,  n o t  
s u r p r i s i n g  t h a t  t h i s  p h e n o m e n o n  is a lso s e e n  in 
Macaca. T h e  f a c t  t h a t  a d u l t  Macaca a p p e a r  t o  
s h o w  n e i t h e r  a b r o w n  fa t  h y p e r t r o p h y  n o r  an  
i n c r e a s e  in o x i d a t i v e  e n z y m e  levels  w h e n  
e x p o s e d  to  co ld ,  w h e r e a s  y o u n g  Macaca s h o w  
b o t h  o f  t h e s e  r e s p o n s e s ,  i n d i c a t e s  t h a t  in  
s t u d y i n g  t h i s  t i s s u e  o n e  m u s t  c o n s i d e r  n o t  o n l y  
t h e  spec i e s  i n v o l v e d  b u t  a lso i ts  age.  
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ABSTRACT 

Examination of the effect of 2,4-di- 
ni trophenol (DNP) in vivo on the brown 
adipose tissue of cold-exposed rats as well 
as the effect of DNP and dicumarol in 
vitro, indicates that  brown fat does pos- 
sess  a functional  electron transport- 
coupled phosphorylating system. More- 
over, the fact that a norepinephrine- 
induced thermogenic response (in vivo) 
can be elicited from the brown fat after 
DNP administration implies that the ef- 
fect of norepinephrine (NE) is not  prima- 
rily due to stimulation of an adenosine 
t r i p h o s p h a t a s e  system. Furthermore,  
since the magnitude of the NE-stimulated 
temperature increase is not diminished by 
prior t reatment with DNP, it appears that  
the effect of NE is not achieved through 
any significant degree Of uncoupling by 
the released fat ty  acids. Alternatively, our 
data suggest that  under basal conditions 
(i.e., when the animal is not stimulated 
by cold stress or NE) the heat production 
(oxygen consumption) of the brown fat is 
limited by the availability of substrate 
rather than ADP. Conversely, it  is pro- 
posed that under states of cold stress or 
NE infusion the thermogenic effect is in- 
duced through stimulation of lipolysis 
and consequent enhancement of substrate 
accessible for mitochondrial  oxidation. 

INTRODUCTION 

Non-shivering thermogenesis develops as a 
p r i m a r y  physiological response of animals 
chronically exposed to cold; in the course of 
this, brown adipose tissue undergoes adaptive 
h i s t o l o g i c a l  and cytological modifications. 
These changes involve: (a) transient regression 
of multilocular fat vacuoles (1); (b) repletion of 
these vacuoles at the expense of white fat de- 
pots (1); (c) depletion of the white fat cells in 
the brown fat areas (1); and (d) hyperplasia of 
brown fat (2) by cytogenesis de novo from pro- 
genitor stem cells (1), together with increased 

1One of nine papers to be published from the 
Symposium "Brown Adipose Tissue," presented at the 
AOCS-AACC Joint Meeting, March 1968. 

2U.S. Public Health Service Postdoctoral Fellow. 
3U. S. Public Health Service Predoctoral Fellow. 

mitochondrial  nitrogen (3) and functional vas- 
cularity of the tissue (4). Thus, during the al- 
tered steady state of cold acclimation, the me- 
tabolic potential  of the brown fat is enhanced, 
a phenomenon which assumes great significance 
in view of the fact that  the only known physio- 
logical function of this tissue is thermogenesis 
(cf. 5,6). Moreover, the brown fat is topologi- 
cally arranged so that  its heat is conveyed to- 
ward such areas as cervical spinal cord, heart, 
etc., which play a primary role in the mainte- 
nance of this steady state (7,8). 

The thermogenic contribution of brown fat 
in the cold-adapted animals notwithstanding, it 
is now evident that this tissue is a site of signifi- 
cant heat production during the acute cold 
stress of many adult non-hibernators (9,10) and 
neonates (cf. 11,12), as well as during arousal 
from hibernation (6,13-16). 

The control of the cold-induced thermogene- 
sis of brown fat appears to depend upon an 
intact sympathetic innervation of the tissue 
(Fig. 1; cf. also 17,18), as is further substanti- 
ated by the work of several investigators relat- 
ing norepinephrine (NE) administration to ele- 
vated brown fat temperatures and rates of 
oxygen consumption (19). Thus, any metabolic 
model for brown fat thermogenesis must ac- 
count for the cold- or NE-induced stimulation 
of the oxygen consumption of the tissue. 

In terms of current concepts holding elec- 
tron transport-limited cellular respiration to be 
controlled by the ratio of ADP/ATP, an in- 
creased rate of oxygen utilization of brown fat 
can be explained by an increased availability of 
ADP, or by a dissociation (i.e., uncoupling) of 
cellular respiration from oxidative phosphoryl- 
ation. Models involving both of these possibili- 
ties have been proposed to explain the action of 
NE on brown fat metabolism (see below). 

In view of the known stimulatory effect of 
NE on triglyceride hydrolysis, it  has been sug- 
gested that this hormone might elevate the qO2 
of the tissue by stimulating an adenosine tri- 
phosphatase cycle and thereby increasing the 
effective ADP/ATP ratio. As indicated in Figure 
2, one such cycle involves hydrolysis of  trigly- 
ceride to fatty acids and subsequent re-esteri- 
fication (20), while the second model proposes 
oxidat ion of the fat ty  acids to acetyl CoA fol- 
lowed by resynthesis back to fat ty acids (21). 
Addit ional ly,  it has been suggested that  the 
norepinephrine-induced increased triglyceride 
hydrolysis might result in a physiological un- 

30 
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FIG. 1. Effect of stimulating the nerve bundle in- 
nervating the interscapular brown fat pad of cold- 
acclimated rats. AT represents temperature of blood 
minus temperature of colon. (Y. Imai, Unpublished 
observations.) 
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FIG. 2. Schematic of pathways involved in some 
proposed models for the norepinephrine-mediated 
thermogenesis of brown adipose tissue. 

coupling of the brown fat mitochondria by vir- 
tue of the elevated levels of fatty acids within 
the brown fat cells (22). 

With respect to this latter possibility, initial 
studies of the oxidative metabolism of isolated 
brown fat mitochondria indicated that these 
particulates did have a low efficiency of cou- 
pled oxidative phosphorylation (23-25). This 
apparent uncoupling, however, could be partial- 
ly reversed by addition of bovine serum albu- 
min (BSA) to the reaction flasks (Table I; 
22,26-28). Furthermore, it was noted that these 
mitochondria were able to accumulate Ca ++ via 
a respiration dependent pathway (29). These 
data therefore suggested that the site of the 
apparent uncoupling lay between the actual 
synthesis of ATP and the cation translocase- 
dependent high energy intermediate (29). 

Additionally, the BSA-reconstitution of cou- 
pled oxidative phosphorylation has been ex- 
plained as a protection from the uncoupling 
action of fatty acids released during the isola- 
tion procedure (22,27). It is also possible, how- 
ever, that the effect of BSA may reflect a pro- 
tection against or reversal of a physiological 
uncoupling situation (22,28). The present study 
was therefore undertaken to evaluate this pos- 
sibility by examining the sensitivity of the 
brown fat in vivo and in vitro to 2,4-dinitro- 
phenol and dicumarol. 

per-constantan thermocouples (TC) were in- 
serted into the colon (minimum depth 6 cm), 
between the liver lobes and on the ventral 
aspect of each lobe of the interscapular fat pad. 
Either 2,4-dinitrophenol (DNP, recrystallized 
from ethanol) or L-arterenol bitartrate (NE) 
were infused i.v. for 2 min and the effects on 
the temperatures of the target areas were ob- 
served in the rats both at room temperature 
(23-24 C) and also during cold stress. The cold 
stress was induced by placing the animals on 
aluminum foil situated in crushed ice in such a 
way as to permit varying rates of body heat 
loss. 

In Vitro Studies 

Lightly etherized rats were exsanguinated 
and the brown fat from the interscapular, cervi- 
cal, subscapular and thoracic regions was rapid- 
ly excised and placed in oxygenated Krebs- 
Ringer phosphate buffer (pH 7.4) at room tem- 
pera ture .  The brown fat was cleaned of 
adhering muscle, white fat and connective tis- 
sue and then fragmented by passage through a 
stainless-steel Harvard press. The expressed frag- 
ments were roughly cylindrical with diameters 
of the order of 0.5 mm and weights less than 1 
rag. These were then distributed into piles 

TABLE I 

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

Young, adult, male Long-Evans rats were 
cold acclimated at 5 -+ 1 C for a minimum of 
three weeks and were fed and watered ad 
libitum. 

In Viva Studies 

Cold-adapted rats (300-450 g) were anesthe- 
tized with sodium pentobarbital (50 mg/kg) 
and the left jugular vein was cannulated. Cop- 

Effect of BSA (18 mg/ml) on Brown Fat 
Mitochondrial P/O Ratios a 

System P/O 

~-ketoglutarate (2mM ATP) 0.74 
+ BSA (2raM ATP) 1.61 
+ BSA (9rnM ATP) 2.48 

Succinate (2raM ATP) 0.19 
+ BSA (2ram ATP) 0.89 
+ BSA (9ram ATP) 1.53 

aModified from Hittelman (28). 
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FIG. 3. Effect of DNP infusion on the temperature 
of the liver, colon and interscapular brown fat of 
cold-adapted rats (410 -+ 5 g). Animals were exposed 
to severe cold stress (graph A) as well as a milder stress 
(B) (cf. Results). 
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FIG. 4. Effect of infusion of DNP and NE on the 
temperature of the liver, colon and brown fat of a 
cold-adapted rat (400 g). Experiments were conducted 
at 23-24 C. 

(10-20  rag), weighed and  each  p laced  in the  
ma in  c o m p a r t m e n t  of  a 5 ml  Warburg  flask con-  
t a in ing  Krebs-Ringer  p h o s p h a t e  (pH 7.4)  and,  
w h e n  presen t ,  DNP (5 x 10 -6 M, final concen-  
t r a t ion) .  Sod ium succinate ,  60 mM, was added  
to the  s idearm;  the  cen te r  well c o n t a i n e d  0 .03 
ml of 2 M KOH and a fo lded  f i l ter  paper  wick.  
The  flasks were placed on  the  b a t h  (37  C), 
gassed for  10 rain wi th  100% oxygen  and  
al lowed to  equi l ib ra te  a n o t h e r  7 min .  Subs t ra t e  
was t i pped  in af ter  the  first  10 rain reading and  
the  readings  were c o n t i n u e d  at 10 rain in tervals  
for  70-100  rain.  The  oxygen  c o n s u m p t i o n  of 
the  t issue was calcula ted as btl 02/mg N/hr ,  the  
n i t r o g e n  be ing  d e t e r m i n e d  by a s t andard  
micro-Kje ldahl  m e t h o d .  

Tissue h o m o g e n a t e s  were p repa red  by  add-  
ing the  c leaned b r o w n  fa t  to  9 vol of  0.25 M 
sucrose and  h o m o g e n i z i n g  wi th  20 comple t e  
s t rokes  in  a Po t t e r -E lveh jem teflon-glass h o m o -  
genizer  at  r o o m  t emp e r a t u r e .  A l iquo t s  of  t he  
p r e p a r a t i o n  were added  to  Warburg  flasks con-  
ta in ing  (f inal  c o n c e n t r a t i o n ) :  12 mM KH2PO 4 

TABLE II 

Effect of DNP on Brown Fat Fragments 

Time, rain 10 30 

Control (/al O2/mg N/hr) 557.5 516.0 
DNP (#1 O2/mg N/hr) 638.6 604.2 
S.E. (N=24) 17.2 15.5 
Level of significance p~.05 p~.01 

DNP qO 2 1.15 1.17 
Control qO 2 

at  pH 7.4,  6 mM MgC12, 250  mM sucrose and  
60 mM Na succinate .  When  presen t ,  DNP (5 x 
t 0  -6 M) and  d icumaro l  (5 x 10-s M) were also 
p laced in t he  main  c o m p a r t m e n t .  The  final  vol- 
um e  was 1.03 ml inc lud ing  0 .4  ml h o m o g e n a t e  
(0.4 - 0.6 mg  N) and  2 M KOH in the  cen te r  
well. 

Each  e x p e r i m e n t  y ie lded  qO 2 values wi th  
and  w i t h o u t  u n c o u p l e r  ( t h ree  rep l ica t ions  per  
mean  for  t he  studies w i th  DNP; four  per  m e a n  
for  d icumaro l ) .  Separa te  analyses of  variance 
were p e r f o r m e d  for  the  qO 2 values ob t a ined  10 
rain and  30 min  a f te r  subs t r a t e  addi t ion .  The  
analyses of  var iance ( th ree -way)  cons idered  the  
animals  (i.e., each e x p e r i m e n t )  as well  as the  
t r e a t m e n t  ( uncoup l e r )  as ma in  effects.  

TABLE III 

Effect of DNP and Dicumarol on 
Brown Fat Homogenates 

Uncoupling agent 
Time, rain 

DNP Dicumarol 

10 30 10 30 

Control 
(#1 O2/mg N/hr) 
Uncoupler 
(~1 O2/mg N/hr) 
S.E. 
N 
Level of 
significance 
Uncoupler qO 2 

Control qO 2 

554.7 583.9 573.1 608.1 

602.7 623.1 746.0 722.8 
7.3 5.6 8.3 7.6 

30 30 24 24 

p<.O1 p'~.O 1 p<.O1 p<.Ol 

1.08 1.06 1.33 1.19 

LIPIDS, VOL. 5, NO. 1 



BIOENERGENETICS OF BROWN FAT ADIPOSE TISSUE 33 

cc 

-5 0 I0 20 5560 70 80 90 IOO iio 120 

MINUTES 

FIG. 5. Thermogenic response of brown fat to suc- 
cessive administration of NE and DNP (cf. Results). 
Experiment was conducted at 23-24 C. 
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FIG. 6. Quantitative effect of NE and DNP on the 
temperature of the interscapular brown fat (from data 
of experiment described in Fig. 5). 

RESULTS A N D  DISCUSSION 

As illustrated in Figure 3, after the rat was 
placed in the ice pack the temperatures of the 
brown fat, liver and colon fell. During severe 
cold stress (i.e., the rat supine and separated 
from the ice by aluminum foil), infusion of 10 
pmoles DNP markedly altered the heat ex- 
changes of all three areas (Fig. 3A). Notably, 
DNP appeared to increase the temperature of 
the interscapular fat pad either before or at the 
same time as that of the colon and liver. 

Similarly, under conditions in which the rats 
were subjected to a milder cold stress (by pro- 
nation and separation from the ice by paper 
towelling and aluminum foil), infusion of DNP 
also elicited a temperature response from the 
brown fat. Moreover, in these experiments, 
DNP actually reversed the cold-induced temper- 
ature decreases (Fig. 3B). 

On the other hand, in studies conducted at 
room temperature, DNP produced little or no 
response in the brown fat, although infusion of 
NE (100 pg/kg) was followed by the expected 
increase in tissue temperature (Fig. 4). Charac- 
teristically, the effect of this dose of NE 
reached a maximum within 5 min after which 
the temperature of the tissue slowly returned to 
pre-injection levels. However, when NE was 
administered within a few minutes of DNP infu- 
sion (before or after), both the magnitude and 
duration of the temperature increases were 
greatly amplified (Fig. 4). 

In view of the fact that the temperature of 
the brown fat appeared to be affected before 
that of the liver and colon, and since DNP has 
no direct cardiovascular effects (30), the in vivo 
results were viewed as indicating a direct action 
of DNP on the brown adipose tissue via the 
classically-defined pattern of uncoupling. How- 

ever, to strengthen this interpretation, the ef- 
fect of uncoupling agents on brown adipose 
tissue in vitro was examined. 

Such studies demonstrated that in the pres- 
ence of succinate (60 mM), the oxygen con- 
sumption of brown fat fragments (Table II) as 
well as homogenates (Table III) was significant- 
ly stimulated by both DNP (5 x 10-6 M) and 
dicumarol (5 x 10 ,5 M). Furthermore, the qO 2 
of the homogenates was also enhanced by addi- 
tion of an acceptor system (ADP or glucose- 
hexokinase). 

Thus, it appears that mitochondria of brown 
fat do indeed exhibit an oxidative phosphoryl- 
ating system which is electron transport-cou- 
pled and can be dissociated both in vivo and in 
vitro. 

The finding that NE infused shortly after 
DNP administration was followed by an in- 
crease in temperature of brown fat greater than 
that obtained with either agent alone (Fig. 4) 
bears directly on the mechanism of the NE- 
induced brown fat thermogenesis. Specifically, 
the proposal that NE acts by stimulating an 
adenosine triphosphatase cycle (20 ,21) i s  not 
substantiated by the fact that NE still elicited a 
thermogenic response from the brown fat after 
DNP administration, i.e., after the dissociation 
of respiration from oxidative phosphorylation. 

On the other hand, the apparently syner- 
gistic effect of DNP and NE observed here does 
not preclude the possibility that NE might con- 
tribute to a mitochondrial uncoupling; hence, 
this was examined in experiments conducted at 
room temperature wherein the dose of infused 
NE was such as to elicit a maximum thermo- 
genie response from the brown fat. This res- 
ponse was defined as the maximum tempera- 
ture change of the tissue minus the correspond- 
ing change in core temperature (ATbrow n fat - 
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ATcolon) .  F i f ty  to 60 min after  initial infusion 
of  such a NE dose (125 pg/kg),  a second dose 
was adminis tered  and fo l lowed by DNP (10 
/.tmoles) at the  t ime  when  the  b r o w n  fat  tem-  
pera ture  had regained the  previous m a x i m u m  
due to  the NE (Fig. 5). It should be n o t e d  tha t  
at this po in t  t r e a t m e n t  wi th  DNP fu r the r  ele- 
vated the b rown  fat  t empera tu re  (Fig. 5); tha t  
is, a l though the NE had elicited the  m a x i m u m  
tempera tu re  increase f rom the  b r o w n  fat,  the 
t issue was still responsive to  DNP. Addi t ional ly ,  
despi te  the  fact  tha t  the  t empe ra tu r e  of  the  
b r o w n  fat  was li t t le a f fec ted  by fu r the r  treat- 
m e n t  wi th  DNP, a thi rd  dose of  NE (125/.tg/kg) 
stitl el ici ted a the rmogen ic  response  f rom the 
tissue (Fig. 5). Moreover,  the effect  of  this last 
dose of  NE was as great or greater  than  that  
ob ta ined  before  the  initial t r e a t m e n t  wi th  DNP 
(Fig. 6). 

Hence,  since the magni tude  of  the  NE- 
induced  elevation o f  b r o w n  fat t empera tu re  is 
no t  d iminished af ter  dissociat ion of  e lec t ron 
t ranspor t  f rom oxidat ive phospho ry l a t i on  (i.e., 
af ter  DNP adminis t ra t ion)  it appears  tha t  NE- 
s t imula t ion  of  b r o w n  fat  hea t  p r o d u c t i o n  does 
no t  denote  any significant degree of  uncou-  
pling. 

Indeed ,  the synergist ic response  no ted  be- 
t w e e n  DNP and NE is mos t  plausibly explained 
by a NE-induced increase in available substrate ,  
which  in turn  is oxid ized  more  rapidly as a re- 
sult o f  the  DNP uncoupl ing.  This explana t ion  
implies that  a l though the  level o f  ADP/ATP 
affec ts  the oxygen  c o n s u m p t i o n  of  the  b rown 
fat when  the  tissue is s t imula ted  during cold- 
stress or NE release, under  basal condi t ions ,  the 
rate of  oxygen ut i l izat ion and the re fore  heat  
p roduc t ion  is l imited by the availability of  sub- 
strate.  This view is cons is tent  wi th  the  f inding 
tha t ,  at room tempera tu re ,  DNP per  se has little 
demons t rab le  e f fec t  on the b rown  fat  tempera-  
ture .  

On the basis of the  above considerat ions ,  it 
is there fore  suggested tha t  NE effects  a the rmo-  
genic response  f rom the b r o w n  fat by st imulat-  
ing lipolysis, t he reby  increasing the amoun t  of 
subst ra te  available for  mi tochondr ia l  oxidat ion.  
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Cuticular Lipids of Insects: I. Hydrocarbons of 
Leucophaea maderae and Blatta orientalis 

KATHLEEN T A R T I V I T A  and L A R R Y  L. JACKSON, Department of Chemistry, 
Montana State University, Bozeman, Montana 59715 

ABSTRACT 

The major hydrocarbons found in the 
surface lipids of the cockroaches Leuco-  
phaea maderae and Blatta orientalis  have 
b e e n  i d e n t i f i e d  as n-heptacosane, 
11-methylheptacosane, 13-methylhepta- 
cosane and 3-methylheptacosane. The 
hydrocarbons from the two genera of 
cockroaches are qualitatively identical 
and quantitatively similar. 

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

The hydrocarbon constituents vary both 
qualitatively and quantitatively among insect 
species (1-10). Qualitative and quantitative dif- 
ferences in the principle haemolymph hydro- 
carbons among several genera of the same 
family of insects, the cockroaches, were demon- 
strated by Acree et al. (11), however, they did 
not identify the hydrocarbons. Baker et al. (12) 
identified the principle hydrocarbons in the 
haemolymph and a homogenate of the 
American cockroach, Periplaneta americana,  L., 
as n-pentacosane, 3-methylpentacosane, and 
cis, c is-6 ,9-heptacosadiene,  together with small 
quantities of heptacosane, nonacosane and 
C41-C43 hydrocarbons. The present paper 
reports the qualitative identity and quantitative 
similarity of the cuticular lipid hydrocarbons of 
the cockroaches Leucophaea  maderae and 
Blatta orientalis.  

PROCEDURES A N D  RESULTS 

All cockroaches used were adults with no 
distinction made as to sex. The cockroaches 
were killed by freezing at -29 C for 20 min. The 
surface lipids were removed by slurrying the 
whole roaches in chloroform (30 ml/roach) for 
30 min. Preliminary studies showed that a 30 
min slurry removed the surface lipids without 
removing appreciable internal lipids. All sol- 
vents were glass redistilled and all samples were 
stored under nitrogen at 4 C. 

The total surface lipid samples were chro- 
matographed on preparative silica gel (Adsorbo- 
sil 3) thin layer Plates developed in hexane to 
isolate the hydrocarbon fraction from the 
minor components. The hydrocarbon fraction 
accounts for more than 80% of the surface lipid 
of L. maderae and B. orientalis .  Chromato- 
graphy of the hydrocarbons on silver nitrate- 

impregnated silica gel thin layer plates indicated 
that all the hydrocarbons were saturated. 

Figure 1 is a gas chromatogram of L. 
maderae and B. orientalis  hydrocarbons. Com- 
parison of retention times to those of a known 
paraffin mixture indicated that the first major 
hydrocarbon was n-heptacosane and that the 
other major hydrocarbons had retention times 
less than that of n-octacosane. There is an indi- 
cation that, in addition to the major hydro- 
carbon group, there are similar groups of hydro- 
carbons between pentacosane and hexacosane, 
between hexacosane and heptacosane, between 
octacosane and nonacosane, and between non- 
acosane and tricontane, with the relative inten- 
sities varying somewhat in the two roaches. Gas 
chromatographic retention time data indicate 
that each of these groups contains hydro- 
carbons similar in structure to the major hydro- 
carbons but with differing chain lengths. The 
quantitative similarity in the major hydro- 
carbon composition of the two cockroaches as 
determined by gas liquid chromatography 
(GLC) is shown in Table I. 

Preparative GLC on an OV-17 column 
yielded sufficient quantities of the major 
hydrocarbons for mass spectrometry studies. 
Gas chromatographic-mass spectral data were 
also collected on the major hydrocarbons and 
the results were similar. 

In order of their GLC appearance, the identi- 
fication of the first major hydrocarbon as n- 
heptacosane was verified by comparison of the 
mass spectrum to that of known heptacosane. 
The significant fragments in the mass spectrum 
of the second and major GLC peak are at 168, 
196, 224 and 252 (m/e) which are indicative of 
methyl branches at carbons 11 and 13 on 
hydrocarbons containing 28 total carbons. The 
mass spectrum is shown in Figure 2. Integration 

TABLE I 

Composition of Major Surface Hydrocarbons of 
L. maderae and B. orientalis (Area Per cent) 

Hydrocarbon L. maderae B. orientalis 

n-Heptacosane 14 12 
11-Methylheptacosane 

and 
13-Methylheptacosane 

combined 58 65 
3-Methylheptacosane 18 17 
Other hydrocarbons 10 6 
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FIG. 1. Gas chromatograms of the hydrocarbons from the surface ofL. maderae and B. orientalis. 
The column was 2% SE-54 (6 f tx 1/4 in. glass) operated at 200 C with a flow rate of 30 ml/min. 

of the 60-mc NMR spectrum of the branched 
hydrocarbon mixture indicated that the ratio of 
methyl to methylene hydrogens was 1:5.5, 
which would allow for only one methyl branch 
on each hydrocarbon chain. The structures of 
1 l-methylheptacosane and 13-methylhepta- 
cosane have, therefore, been assigned to hydro- 
carbons of the second major hydrocarbon peak. 
We were unable to separate 11-methylhepta- 
cosane and 13-methylheptacosane by GLC. The 
assignment of 3-methylheptacosane to the third 
major hydrocarbon is based on the mass 
spectrum showing a predominant peak at 365 
(m/e), indicating a single 3-methyl branch in a 
hydrocarbon with 28 total carbons. The frag- 
mentation pattern of this hydrocarbon com- 
pares with the fragmentation pattern of known 
3-methyleicosane. 

DISCUSSION 

The hydrocarbons of L. maderae and B. 
oriental& are similar to the hydrocarbons of P. 
americana (12) in that, of the major hydrocar- 
bons, one .is normal and one is 3-methyl 
branched. The normal and 3-methyl hydrocar- 
bons of L. maderae and B. oriental&, however, 
are two carbons longer than pentacosane and 
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3-methylpentacosane of P. americana. The third 
and approximately 65% of the hydrocarbon of 
P. americana is cis, cis-6,9-heptacosadiene (12), 
whereas approximately 60% of the hydrocar- 
bon of L. maderae and B. orientalis surface 
lipid is internally branched, and none of the 
hydrocarbons of the latter two cockroaches is 
unsaturated. The American cockroach does not 
appear to have any internally branched hydro- 
carbons (12). This report of internally branched 
hydrocarbons on L. maderae and B. oriental& is 
the first report of internally branched hydrocar- 
bons in the cuticular lipids of insects. Internally 
branched (13-, 15- and 17-methyl) hydrocar- 
bons were observed in the homogenized extract 
of the common house cricket, Acheta domesti-  
cus L. (13), however, the most abundant  
internally branched hydrocarbons had an even 
number (34 and 36) of carbons in the normal 
chain. House cricket hydrocarbons also have 
2-methyl alkanes in which the normal chain has 
an even number of carbons (28 and 30). The 
above mentioned cockroach branched hydro- 
carbons have an odd number of carbons in the 
normal chain. 

The melting point of L. maderae and B. 
orientalis hydrocarbon mixture is somewhat 
higher (approx. 30 C) than the melting point of 
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FIG. 2. Mass spec t rum of  the  major hydrocarbon  peak from L. mademe and B. orientalis. 

1'. americana h y d r o c a r b o n  m i x t u r e  ( a p p r o x .  
20  C). T h i s  i n c r e a s e d  m e l t i n g  p o i n t  m a y  be  
r e l a t e d  t o  t h e  c l i m a t e  i n h a b i t e d  b y  t h e s e  c o c k -  
r o a c h e s .  T h e  h a b i t a t  o f  t h e  A m e r i c a n  c o c k -  
r o a c h  e x t e n d s  as f a r  n o r t h  as N e w  Y o r k  C i ty ,  
w h e r e a s  t h e  O r i e n t a l  a n d  M a d e i r a  c o c k r o a c h e s  
a re  f o u n d  in  W e s t  Af r i c a ,  T h e  W e s t  I nd i e s ,  
S o u t h  a n d  C e n t r a l  A m e r i c a  a n d  t h e  s o u t h -  
e a s t e r n  U n i t e d  S t a t e s .  Al l  t h r e e  p r o b a b l y  
o r i g i n a t e d  f r o m  A f r i c a  (14 ) .  
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Cuticular Lipidsof Insects: II. Hydrocarbons of the 
Cockroaches Periplaneta australasiae, Periplaneta brunnea 
and Periplaneta fuliginosa 
LARRY L. JACKSON, Department of Chemistry, 
Montana State University, Bozeman, Montana 59715 

ABSTRACT 

The major cuticular hydrocarbons of 
the cockroaches Periplaneta australasiae, 
Periplaneta brunnea and Periplaneta 
fuliginosa are n-tricosane, cis-9-tricosene, 
3-methyl t r icosane,  11-methyltricosane 
and 13-methylpentacosane. There are as 
yet unexplained quantitative differences 
between the hydrocarbon compositions 
of males and females of P. australasiae 
and P. fuliginosa, cis-9-tricosene being a 
major hydrocarbon of the males only. A 
ser ies  of m o n o - m e t h y l  internally 
branched hydrocarbons ranging in chain 
length from 23 to 26 carbons with the 
methyl branch on the 13th carbon from 
one end was observed. Minor quantities 
of other hydrocarbons have been identi- 
fied. 

INTRODUCTION 

In the first paper in this series, we demon- 
strated that the four principal hydrocarbons in 
the cuticular lipids of the Madeira cockroach 
(Leucophaea maderae) and the Oriental cock- 
roach (Blatta orientalis) are n-heptacosane, 
11-methylheptacosane, 13-methylheptacosane 
and 3-methylheptacosane (1). The cuticular 
hydrocarbons from these two genera of cock- 
roaches are qualitatively identical and quanti- 
tatively similar. 

The principal hydrocarbons obtained from 
the hemolymph and the whole carcass of the 
American cockroach (Periplaneta americana) 
were reported by Baker et al. (2) as n-penta- 
cosane, 3-methylpentacosane and cis, cis-6,9- 
heptacosadiene accounting for approximately 
12%, 20% and 65% of the total hydrocarbons, 
respectively. They also observed small quanti- 
ties of n-heptacosane, n-nonacosane and 
C41-C43 hydrocarbons. Hydrocarbons repre- 
sented 0.35% of the hemolymph in males and 
0.68% in females. Acree et al. (3,4) reported 
that the total and the relative quantities of the 
principal hemolymph hydrocarbons in the 
American cockroach and in the German cock- 
roach (Blattella germanica) are not  only sex- 
dependent but also fluctuate with age and 
photoperiod. 

The present paper reports the identity and 

quantitative similarity of the cuticular hydro- 
carbons of three cockroaches in the Periplaneta 
genus. 

EXPERIMENTAL PROCEDURES 

The Australian cockroaches (Periplaneta 
australasiae, Fabricius), southern brown cock- 
roaches (Periplaneta brunnea, Burmeister) and 
s m o k y  b r o w n  cockroaches (Periplaneta 
fuliginosa, Serville) used were all adults. The 
cockroaches were raised in 30 gal garbage cans 
affixed with an electric fence near the top to 
prevent escape. The lid was on the cans except 
for feeding and watering so the insects were in 
near darkness most of the time. The insects 
were fed ad lib with a diet of ground Gravy 
Train dog food (General Foods Corp., White 
Plains, N.Y.), 2217 g; vitamin diet fortification 
mixture in dextrose (Nutritional Biochemical 
Corporation, Cleveland, Ohio), 200 g; choles- 
terol, 6.0 g; and zinc chloride, 1.0 g. Water was 
also available at all times in the form of a 1% 
agar-99% water gel. 

The cockroaches were killed by freezing at 
-29 C for 20 min. The surface lipids were 
removed by placing the whole roackes in a 
Buchner funnel with medium porosity fritted 
disc and covering the roaches with hexane, 
allowing the extract to pass through the fritted 
disc. Fresh hexane was added two more times. 
The hexane extracts were all combined. The 
roaches were then extracted with chloroform in 
the above manner. The solvent was removed 
under vacuum or under nitrogen sweep. All 
solvents were glass redistilled, and all samples 
were stored under nitrogen at 4 C. 

The surface lipid extracts were investigated 
analytically on silica gel coated thin layer plates 
developed in hexane-diethyl ether-acetic acid 
(90:10:1 v/v/v) and compared to standards. 
The hydrocarbons were separated from other 
surface lipids by column chromatography. The 
columns were disposable Pasteur pipets stop- 
pered with glass wool and filled with about 10 
mg of silica gel per mg of lipid to be separated. 
The hydrocarbons were eluted with hexane and 
the other lipids eluted with chloroform. Purity 
of the fractions was verified using the above 
thin layer system. 

Preparative thin layer chromatography 
(TLC) of the hydrocarbons on 5% silver 
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TABLE I 

Characteristic Peaks in the Mass Spectra of the Internally Branched 
Cuticular Hydrocarbons of P. australasiae, P. brunnea and P. fuliginosa 

39 

Hydrocarbon m/e Fragment m/e Fragment 

11-Methyltricosane 196(197) C14H28(H)a 168(169) CI2H24(H ) 
12-Methyltetracosane 196(197) C 14H28(H) 182 ( 183) C 13 H26( H ) 
13-Methylpentacosane 196(197) C14H28(H ) 196(197) C14H28(H ) 
13-Methylhexacosane 196( 197) C 14H28(H) 210(211 ) C 15 H30(H) 

aparenthesis signifies the presence of a labile hydrogen; the intensity of the peaks in 
parenthesis ranges from 60% to 100% of the other peak. 

nitrate-impregnated silica gel thin layer plates 
developed in hexane separated the monoene 
hydrocarbon from the saturated and branched 
hydrocarbons. The position of the double bond 
in the monoene hydrocarbon was determined 
by osmium tetroxide oxidation (5), followed 
by periodate-permanganate oxidation (6) to 
form fatty acids. The fatty acids were 
methylated with diazomethane (7) and gas 
chromatographed on a 4 ft  2% SE-54 on Gas 
Chrom Z column comparing the retention times 
to the NIH Standard Mixture F. 

The normal hydrocarbons were separated 
from the branched hydrocarbons by adding 
activated molecular seive 5A to a solution of 
the hydrocarbons in 2,2,4-trimethyl pentane 
(8). Preparative gas liquid chromatography 
(GLC) of the branched hydrocarbons on a 10 ft 
5% OV-17 on Gas Chrom Z column yielded suf- 
ficient quantities of each branched hydro- 
carbon for mass spectrometry. 

Analytical GLC of the hydrocarbons was 
carried out on a 6 ft 2% SE-54 on Gas Chrom Z 
column operated at either 200 C isothermal or 
programmed from 150 to 250 C in 10 min. The 
flow rate was 40 ml helium per minute. Quanti- 
ration was obtained by disc integration of the 
recorder trace. 

Mass spectra were determined with a Hatachi 
RMU-6A instrument operating at ionizing 
voltage 75 ev, trap current 80/aA. The samples 
were inserted directly into the ion source. 

The infrared spectrum of eis-9-tricosene was 
taken by spreading the compound on a salt 
plate and taking the spectrum with a Beckman 
IR-20. 

RESULTS A N D  DISCUSSION 

The hexane extracts contained from 1.3 to 
2.0 mg of cuticular lipid per cockroach, with 
the extracts from adult females having slightly 
more lipid than those from males. Adult 
females generally weighed on the order of 10% 
more than did their male counterparts. The 
hexane extract was composed of approximately 

90% hydrocarbon,  7% triglyceride, 2% free 
fatty acids and 1% sterol (as estimated from 
preparative TLC). The chloroform extract of 
the previously hexane-extracted cockroaches 
contained only up to 0.15 mg per cockroach. 
Comparative TLC of the hexane extract and the 
chloroform extract showed that the chloroform 
extract had more triglyceride and some fatty 
acid methyl esters that the hexane extract did 
not have. It appears that chloroform might be 
penetrating into the internal lipid and 
extracting more triglyceride. In insects, the 
fatty acid methyl esters may be real or they 
may be artifacts of the chloroform extraction 
as shown by Sloan et al. (9). Since hexane 
extracts nearly as much lipid and without pos- 
sible artifacts, only the hexane extract will be 
discussed further. Also, due to insufficient 
quantity of triglycerides, free fatty acids and 
sterols, we will limit our discussion to the 
cuticular hydrocarbons. 

The structural assignment of the normal 
saturated hydrocarbons was made on the basis 
of their GLC retention time, their lack of com- 
plexing on silver nitrate-impregnated silica gel 
thin layer chromatography, and their inclusion 
in molecular seive 5A. Oxidation of the 
m o n o e n e  h y d r o c a r b o n  f o l l o w e d  by 
methylation and gas liquid chromatography 
gave nonanoic methyl ester and myristic methyl 
ester in nearly equal quantities. The structure 
of the normal monoene was assigned as cis- 
9-tricosene. The cis assignment was based on 
the lack of a trans peak at 945 cm-1 and the 
presence of a peak at 730 cm-1 in the infrared 
spectrum. 

The position of the methyl branch on the 
hydrocarbons that were not absorbed into 
molecular seive 5A was made on the basis of 
the mass spectral data. The mass spectra of the 
3-methyl branched hydrocarbons were com- 
pared to mass spectra from 3-methyl (anteiso) 
hydrocarbons from other cockroaches (1,2) and 
from other sources (10,11). The principal 
3-methyl hydrocarbon from these three Peri- 
planeta is 3-methyltricosane, which is two car- 
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FIG. 1. Gas chromatogram of cuticular hydro- 
carbons from male and female P. fuliginosa. For iden- 
tification of the hydrocarbons see Table II. 

bons shorter than the 3-methylpentacosane 
from Periplaneta americana (2) and four car- 
bons shorter than the 3-methylheptacosane 
from L. maderae and B. orientalis (1). The trace 
quantities of 3-methy!tetracosane (a 3-methy! 
hydrocarbon with an even number of carbons 
in the chain) on the males of P. australasiae and 
P. fuliginosa are interesting and will be studied 
further, particularly in connection with the bio- 
synthesis of 3-methyl hydrocarbons. 

The presence of mono-methyl internally 
branched hydrocarbons in the cuticular lipids 
of cockroaches was first observed in L. maderae 
and B. orientalis cuticular hydrocarbons (1) and 
is again observed in the cuticular hydrocarbons 
of P. australasiae, P. brunnea and P. fuliginosa. 
The  a s s i g n m e n t  o f  1 1-methyltricosane, 
1 2 - m e t h y l t e t r a c o s a n e ,  13-methylpentacosane 
and 13-methylhexacosane to the internally 
branched hydrocarbons is based on the mass 
spectral data in Table I. In the mass spectra of 
all four hydrocarbons there is a fragment of 

196(197)m/e, indicating that these are of a 
h o m o l o g o u s  series with a characteristic 
CHa-(CH2) 11 -CH(CH3)-(CH2 )n-CH3 structure 
where n equals 9,10, 11 and 12. As is character- 
istic of other natural hydrocarbon isolates, 
hydrocarbons with an odd number of carbon 
atoms in the chain predominate, while even 
chains occur only in traces. 

It is generally accepted that acetate units are 
incorporated into the hydrocarbons of insects 
(12-16), but beyond that the biosynthetic route 
to hydrocarbons is unknown. Of the possible 
biosynthetic routes, only two, the condensation 
and elongation mechanisms, are being con- 
sidered seriously at present (for a review see 
17). The elongation route consists of  the 
addition of C 2 units derived from acetate to 
form a fatty acid of an appropriate chain 
length, then decarboxylation to the hydro- 
carbon. The condensation route is the conden- 
sation of two fatty acids followed by decar- 
boxylation and reduction to the hydrocarbon. 
In both mechanisms fatty acids of 10 or more 
carbon atoms are proposed as the precursors to 
hydrocarbons. If the mono-methyl internally 
branched hydrocarbons of P. australasiae, P. 
brunnea and P. fuliginosa are biosynthesized via 
either of these routes, one might expect to find 
some precursor fatty acid with a methyl branch 
13 carbons from the methyl end. If the 
3-methyl hydrocarbons are also biosynthesized 
via either of the above routes, one might expect 
to find some precursor fatty acid with a methyl 
branch three carbon atoms from the methyl 
end. So far, the presence of either of these two 
types (~-3 or co-13) of fatty acids has not been 
observed in insects. 

Analytical GLC of the cuticular hydro- 
carbons demonstrated quantitative differences 
in the hydrocarbon composition between male 
and female of P. australasiae and P. fuliginosa 
r ~ n e k r n n e h e ~  ( T n h l  e I1~ h n f  n,,, of P brunnea. 
There are appreciable quantitative differences 
in the content of cis-9-tricosene, 1 1-methyltri- 
cosane, 3-methyltricosane and 13-methylpenta- 
cosane. In the major normal saturated hydro- 
carbon (n-tricosane), as well as the n-hepta- 
cosane and n-nonacosane, there is little compo- 
sitional difference between sexes and among 
the three Periplaneta studied here. There is, 
however, some difference in the content of 
n-heneicosane, docosene and docosane in the 
cuticular hydrocarbons of P. australasiae and P. 
fuliginosa. 

Quantitative differences in hydrocarbon con- 
tent (2) and composition (3) have been 
observed in the hemolymph of cockroaches, 
however, this is the first time that such pro- 
nounced compositional differences have been 
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TABLE II 

Cuticular Hydrocarbon Composit ion of Three Periplaneta Species 
of Cockroaches (Area Per Cent) 
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P. australasiae P. brunnea P. fuliginosa 

Hydrocarbon Female Male Female Male Female Male 

A n-Heneicosane Trace a 7 
B Docosene and docosane Trace 3 
C Cis-9-tricosene 2 46 
D n-Tricosane 16 14 
E 1 l-Methyltr icosane 3 2 
F 3-Methyltricosane 12 3 
G n-Tetracosane Trace Trace 
H 12-Methyltetracosane Trace Trace 
I 3-Methyltetracosane ND Trace 
J n-Oebtacisabe Trace Trace 
K 13-Methylpentacosane 54 9 
L n-Hexacosane Trace Trace 
M 13-Methylhexacosane Trace Trace 
N n-Heptacosane 4 5 
O n-Nonacosane 3 4 

ND b ND Trace 4 
ND ND Trace 1 
ND ND 4 29 
11 12 14 15 
20 18 10 6 
15 15 13 8 
Trace Trace Trace Trace 
Trace Trace Trace Trace 
ND ND ND Trace 
Trace Trace Trace Trace 
48 46 45 24 
Trace Trace Trace Trace 
Trace Trace Trace Trace 

1 2 6 6 
2 2 2 2 

aTrace equals less than 1% but greater than 0.2%. 

bND equals not detectable at the 0.2% level. 

o b s e r v e d  in  c u t i c u l a r  h y d r o c a r b o n s  b e t w e e n  

sexes .  T h e  d i f f e r e n c e s  m i g h t  be  r e l a t e d  t o  t h e  

r e p r o d u c t i v e  p r o c e s s e s ,  be u n d e r  h o r m o n a l  con-  

t ro l ,  be  r e l a t e d  t o  a p r e c u r s o r  s u p p l y  or  be 

r e l a t e d  t o  a s e x - l i n k e d  c o m p o s i t i o n a l  c o n t r o l  

m e c h a n i s m .  We h a v e  n o  e v i d e n c e  t o  s u p p o r t  o r  

r e f u t e  a n y  o f  t h e s e  s u g g e s t i o n s .  
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Cholesterol Esters of Milk and Mammary Tissue1 

T. W. KEENAN 2 and STUART PATTON, Lipids Laboratory, Division of Food Science 
and Industry, Pennsylvania State University, University Park, Pennsylvania 16802 

ABSTRACT 

The fatty acid composition and meta- 
bolic activity of cholesterol esters in milk 
and mammary tissue (cow, sow and goat) 
were investigated. Cholesterol esters of 
freshly secreted milks incubated at 40 C 
for 2 hr showed no change in fatty acid 
composition and no incorporation of 
1-14C-palmitate. The fatty acid compo- 
sition of cholesterol esters in the milk of 
all three species exhibited elevated levels 
of a unique group of fatty acids when 
compared to other milk ester lipid classes. 
This group was comprised of monoun- 
saturated acids and acids with odd 
numbers of carbons. Tissue cholesterol 
esters contained lower levels of these 
acids. Evidence from experiments in 
which an odd carbon acid (C15) was 
infused into the lactating mammary gland 
indicated that the group of unique acids 
is preferentially retained in the choles- 
terol ester fraction which is secreted with 
milk. These infusion experiments also 
provided evidence that cholesterol esters 
accumulate in developing milk fat 
globules in a manner paralleling triglycer- 
ide accumulation, and that acyl moieties 
of cholesterol esters may be desaturated 
in the form of the intact ester. Our results 
are compatible with the hypothesis that 
acyl moieties of cholesterol esters in 
lactating mammary tissue are turning over 
rapidly. 

acids by the cholesterol ester fraction was more 
intense and more rapid than for glycerides or 
phospholipids. The possibility of a precursor- 
product relationship between fatty acids of 
cholesterol esters and those of triglycerides and 
phospholipids led McCarthy and Patton (5) to 
speculate that cholesterol esterification serves 
to transfer fatty acids away from the fatty acid 
pool to the site of glyceride assembly. Data 
have not been presented to confirm this 
hypothesis. 

The amount of cholesterol in the milk lipids 
is small (0.25% to 0.40%) of which about one 
tenth is in the ester form (6,7). Since the milk 
lipids are 98% to 99% triglycerides, such glycer- 
ides represent a fatty acid pool several thousand 
times the size of that involved in the cholesterol 
esters. So far as tracer experiments are con- 
cerned the difference in the size of these two 
pools should by itself rather strongly influence 
specific activity data. However, within the 
tissue the ratio of the two fatty acyl pools 
appears to be smaller. Patton and McCarthy (8) 
found the cholesterol esters to represent as 
much as 1.0% of mammary tissue lipids as com- 
pared with tissue glyceride levels ranging from 
50% to 80% of the total lipids. 

The fatty acid composition of the choles- 
terol esters of milk appears to be complex 
although published data are limited (6). Work 
reported here attempts further investigation of 
this composition, especially as it relates to cho- 
lesterol ester metabolism of the mammary 
gland. 

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

The cholesterol of milk and milk products 
has attracted much attention, however little is 
known about its metabolism in the lactating 
mammary gland. Cholesterol of milk fat origi- 
nates both from de novo synthesis from acetate 
within the mammary gland and by transfer 
from blood into the mammary gland (1-4). A 
high level of metabolic activity has been 
observed for the cholesterol esters of milk. 
Using the technique of intramammary infusion 
of fatty acids through the teat canal, McCarthy 
and Patton (5,6) found that uptake of these 

1paper No. 3496 in the journal series of the 
Pennsylvania Agricultural Experiment Station.  

2On leave from the Department of Animal 
Sciences, Purdue University, Lafayette, Ind. 47907. 

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

Freshly secreted milk samples were collected 
in a manner described previously (9). Milk 
lipids were recovered by the Mojonnier modifi- 
cation (10) of the Roese-Gottlieb solvent 
extraction. Mammary tissue lipids were 
obtained from two sows, a goat and a cow. 
Immediately after death, the udder was 
removed from each animal and active mammary 
tissue was recovered. Tissue samples were cut 
into 1 in. cubes and squeezed under cold 
running tap water to remove residual milk. To 
extract lipids, wet tissue was homogenized in 6 
to 8 vol of chloroform-methanol (2:1 v/v). Oxi- 
dative and other changes were minimized by 
the use of vacuum or a stream of nitrogen to 
remove solvent, followed by prompt analysis. 
Samples requiring storage were held under sol- 
vent in sealed vials at 5 C. 
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FIG. 2. Infrared spectrum (KBr pellet) of choles- 
terol esters isolated from bovine mammary tissue 
(Sample D, Fig. 1). 

FIG. 1. TLC analysis of lipids on precoated Silica 
Gel F-254 plates (Merck) with benzene-hexane 50:50 
solvent. A, 10 gl of a 20% (w/v) solution of bovine 
mammary tissue lipids in chloroform. B, 1 /A of a 5% 
(w/v) solution of methyl esters (milk fat) in hexane. C, 
10 pl of authentic cholesterol stearate solution, 1% 
(w/v) in benzene. D, 10 gl of bovine mammary tissue 
cholesterol ester solution (chloroform) derived by pre- 
parative TLC on Silica Gel HR (Merck) from sample A 
in the area indicated by the arrow. 

Cholesterol ester, triglyceride, and digly- 
ceride fractions were separated from crude lipid 
extracts by silicic acid column chromatography 
(11). Purity of fractions obtained were 
routinely assayed by thin layer chromatography 
(TLC) (8). Where necessary, further purifi- 
cation of these fractions was achieved with 
TLC. Identity and purity of the cholesterol 
ester fractions was confirmed by TLC analysis 
of the saponifiable and unsaponifiable materials 
from this fraction. In some cases free fatty 
acids were removed from crude lipid extracts 
by the method of McCarthy and Duthie (12). 
Fatty acid composition of cholesterol esters 
was determined by gas chromatography (GLC) 
as previously described (13). Methyl esters were 
prepared by transesterification of samples with 
1% H2SO 4 in methanol (v/v). In some cases 
cholesterol esters were saponified, the un- 
saponifiables removed, and the fatty acids then 

methylated with the methanolic H 2SO 4. 
Methyl esters were identified by log plotting 
and by comparison of their retention times 
with authentic reference compounds on both 
polar (diethylene glycol succinate) and non- 
polar (Apiezon L) stationary phases. The iden- 
tity of unsaturated acids was confirmed by 
analysis both before and after hydrogenation. 
Radioactivity in lipid classes was assayed in a 
liquid scintillation counter. 

To determine changes in fatty acid compo- 
sition of cholesterol esters in milk on standing, 
freshly secreted milk samples were obtained 
from goats 1 hr after normal milking. A portion 
of each sample was extracted immediately after 
collection and another portion was incubated 
for 2 hr at 40 C before extraction. Cholesterol 
ester fatty acids from these samples were then 
analyzed by GLC. To study incorporation of 
fatty acids into cholesterol esters of milk, either 
potassium pentadecanoates (5 mg) or a trace 
level (200,000 cpm) of 1-14C-potassium 
palmitate (10 /~c//aM) was dissolved in water 
and added to freshly secreted milks at the time 
of collection. These samples were then incu- 
bated for various intervals at 4 0 C  before 
recovery and analysis of cholesterol esters. 
Incorporation of pentadecanoate was deter- 
mined by GLC and 1-14C-palmitate by liquid 
scintillation counting. 

Two in vivo experiments were conducted to 
study metabolism of a fatty acid containing 
odd numbers of carbons in the cholesterol ester 
fraction of milk. In these experiments potas- 
sium pentadecanoate solution was infused into 
the lactating gland and uptake of the acid in the 
cholesterol esters and other lipid classes of the 
subsequently secreted milk was analyzed. One 
gram of pentadecanoic acid was converted to 
the potassium salt by refluxing with the 
required amount of KOH in methanol. After 
removing methanol, the soap residue was dis- 
solved in 20 ml of water and this solution was 
infused into one half of the udder of a lactating 
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T A B L E  I 

F a t t y  A c i d  C o m p o s i t i o n  o f  C h o l e s t e r o l  
Es ters  o f  F re sh ly  Sec re t ed  Milk at  t he  Time 
o f  Co l l e c t i on  a n d  A f t e r  I n c u b a t i o n  a t  4 0  C 

F a t t y  ac id  c o m p o s i t i o n  (wt  %) 

G o a t  A G o a t  B 
F a t t y  
ac id  0 hr  a 2 h r  b 0 h r  2 h r  

10 :0  5.9 5.9 4 .5  4 .0  
10:1  Trace  c T race  T r a c e  T r a c e  
12 :0  4 .6  5.0 3 .9  2 .9  
12:1  0.2  0 .6  1.7 1 .4  
13 :0  Trace  T r a c e  T r a c e  0.1 
13:1  0 .7  0 .5  1.1 0 .7  
1 4 : 0  9 .4  10 .0  9 .0  8 .3  
14:1 0 .3  0 .8  2 .4  1.5 
1 5 : 0  1.5 1.2 0 .9  0 .8  
15 : 1 T race  T r a c e  Trace  Trace  
16 :0  4 0 . 6  4 3 . 8  38.1 38 .2  
16:1  Trace  Trace  T r a c e  T r a c e  
1 7 : 0  Trace  T r a c e  T r a c e  T r a c e  
18 :0  8 .6  9 .0  9 .3  11 .4  
18:1  26 .7  22 .5  2 6 . 4  28 .7  
18 :2  1.5 0 .7  2 .7  2 .0  

a S a m p l e  c o l l e c t e d  1 h r  a f t e r  in i t ia l  mi lk ing  o f  an  
i nd iv idua l  g o a t .  Lip ids  e x t r a c t e d  i m m e d i a t e l y  a f t e r  
co l l ec t i on .  

b S a m p l e  i n c u b a t e d  fo r  2 h r  a t  4 0  C be fo re  l ipid 
e x t r a c t i o n .  

CTrace,  less t h a n  0 .1%.  

goat through the teat canal. In the first experi- 
ment milk from the infused side was collected 
for analysis just before and at intervals for 36 
hr after infusion. The uninfused side was 
milked at these times but not analyzed. 
Previous results have shown that infused 
metabolites do not enter the uninfused half of 
the udder to any significant extent (6). Fatty 
acid compositions of cholesterol esters and tri- 
glycerides of these milk samples were analyzed 
by GLC. In the second experiment milk from 
the infused side was collected 12 hr after a 
similar infusion into a second goat and the level 
of pentadecanoate in the various ester lipid 
classes determined. 

RESULTS AND DISCUSSION 

Cholesterol ester fractions isolated from 
bulk lipid samples had Rf values by TLC corres- 
ponding closely to those obtained with 
authentic cholesterol esters (Fig. 1). On 
recovery from thin layer plates, the cholesterol 
ester fractions yielded highly authentic infrared 
spectra (Fig. 2). On saponification, only choles- 
terol was detected in the unsaponifiable 
material of these fractions. After extraction of 
the unsaponifiables, only fatty acids (and a 
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small amount of residual cholesterol) were 
detected by TLC analysis of extracts of the 
acidified solution. Other sterols have not been 
found in milk in any amount approaching the 
concentration of cholesterol. With reference to 
the unsaponifiables of milk fat, Schwartz et al. 
(14) stated that cholesterol accounts for well 
over 90% of the weight of this fraction. In later 
work Schwartz et al. (15) reported that 
lanosterol and dihydrolanosterol occur in milk 
fat in unesterified form only at about 1/60 the 
concentration of cholesterol. In view of these 
results, there seems to be little doubt that the 
sterol ester fraction of milk fat is composed 
largely, if not exclusively, of cholesterol esters. 

In order to determine the stability of the 
cholesterol esters in milk, analyses on fresh and 
aged samples were conducted. The data (Table 
I) show little evidence for changes in fatty acid 
composition of goat milk cholesterol esters 
during a 2 hr incubation at 40 C. Repeated 
analyses of other portions of these samples 
showed essentially the same patterns as those in 
Table I. Although minor differences in the per- 
centages of each fatty acid can be noted com- 
paring the fresh and 2 hr samples, in the main 
the fatty acid composition of samples was 
essentially constant for each animal. From 
these data it can be concluded that if choles- 
terol esters are being metabolized in freshly 
secreted milk, their fatty acid pattern remains 
relatively constant. 

To examine the incorporation of fatty acids 
into cholesterol esters, potassium pentadeca- 
noate and 1-14C-potassium palmitate were dis- 
solved in water and added to freshly secreted 
milks (cow and goat) in separate experiments. 
In the pentadecanoate trials, no increase in the 
content of this acid could be detected in choles- 
terol esters after 1 and 2 hr of incubation. Cho- 
lesterol esters did not incorporate appreciable 
levels of labeled palmitate under these same 
conditions. The specific activity of cholesterol 
esters from cow's milk was 40-60 cpm/mg after 
2 hr incubation and there was no detectable 
activity in 1 mg of goat's milk cholesterol esters 
after 2 hr incubation. These milk samples con- 
tained active acylases (9), as evidenced by the 
incorporation of pentadecanoate (an increase of 
from 0.5% to 1% of the total fatty acids) and 
1-14C-palmitate (about 140 cpm/mg) into tri- 
glycerides. In the experiments with labeled 
palmitate, 15% to 20% of the added radio- 
activity was recovered in neutral esters. This 
information indicates that if cholesterol esters 
turn over in freshly secreted milk, they do so at 
a rate much too slow to appreciably affect their 
fatty acid composition. 

Throughout this study a number of odd 
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TABLE II 

Comparison of Total Lipid, Triglyceride, Diglyceride, Free Acid and 
Cholesterol Ester Fatty Acids From an Individual Cow's Milk Sample 
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Fatty acid composition (wt %) 

Cholesterol 
Fatty acid Total fat esters Triglycerides Diglycerides Free acids 

10:0 5.2 1.6 5.1 5.6 2.5 
1 0  : 1 ND a 0.8 ND ND ND 
12:0 6.1 3.4 5.9 4.6 5.1 
12:1 Trace a 0.4 Trace ND ND 
13:0 Trace 0.6 Trace Trace Trace 
1 3 : 1  ND 0.4 ND ND ND 
14:0 15.3 l l .5  15.0 14.0 14.0 
14:1 1.3 0.6 1.3 0.5 0.8 
15:0 1.1 2.1 1.1 1.3 1.2 
15 : 1 ND 0.7 ND Trace ND 
16:0 32.5 2'7.6 32.2 37.0 34.8 
16:1 0.9 6.0 1.1 1.3 1.5 
17:0 Trace 1.1 Trace Trace Trace 
1 7 : 1  N D  1.1 ND ND ND 
18:0 12.5 13.6 13.1 12.8 14.8 
1 8 : 1  22.8 28.0 23.1 21.7 24.0 
18:2 2.2 0.6 2.1 1.3 i.2 

aTrace, less than 0.1%; ND, not detected. 

ca rbon  chain  l eng th  and m o n o u n s a t u r a t e d  f a t t y  
acids in mi lk  cho les te ro l  esters  was ev ident  
(Tables  I-III). These esters con ta in  s ignif icant  
a m o u n t s  of several acids n o t  normal ly  de t ec t ed  
when  to t a l  milk fat  m e t h y l  esters are ana lyzed .  
This  c o m p l e x i t y  was ev ident  in milk cho les te ro l  
esters f r o m  the  cow (Tables  II and  III) and  sow 
(Table  III)  as well as the  goat  (Tables  I and  III).  
F o r  compara t i ve  purposes  milk to ta l  l ipid, tri- 
glyceride,  diglyceride,  free f a t ty  acid and  cho-  
lesterol  ester  f a t ty  acid compos i t i ons  f rom a 
sample f rom an individual  cow are given in 
Table II. These data,  wh ich  are represen ta t ive  
of  several samples,  show the  occur rence  of 
measurab le  quan t i t i e s  of  several more  f a t t y  
acids in  choles tero l  esters t h a n  in o t h e r  l ipid 
classes. Tha t  the  c o m p o u n d s  de tec ted  on  GLC 
analysis were  all acids was conf i rmed  by  saponi-  
f ica t ion  of the  cho les te ro l  ester  f r ac t ion  and  
s u b s e q u e n t  e x t r a c t i o n  of  the  unsaponi f i ab le  
mater ia l  pr ior  to  m e t h y l a t i o n  and  analysis.  
A l t h o u g h  comple te  cha rac te r i za t ion  of  all of 
these  acids will require  f u r t he r  work,  i t  is 
obvious  t ha t  some of the  m i n o r  acids f o u n d  in 
milk occur  in h igher  c o n c e n t r a t i o n s  in choles- 
terol  esters t han  in o the r  neu t ra l  l ipid classes. 
With the  excep t ion  of 14:1,  h igher  relat ive 
levels of  all m o n o u n s a t u r a t e d  acids de t ec t ed  
were f o u n d  in choles te ro l  esters c o m p a r e d  to 
the  o t h e r  l ipid classes ana lyzed  (Tab le  II). 

The  observed f a t t y  acid c o m p o s i t i o n  of  mi lk  
choles te ro l  esters led to a cons ide ra t ion  of  the  
compara t ive  compos i t i on  of m a m m a r y  tissue 
and mi lk  choles te ro l  esters. Since m a m m a r y  

tissue lipids are main ly  milk l ipids in process  of  
f o r m a t i o n ,  such a c o m p a r i s o n  should  clar i fy the  
reasons for  the  f a t ty  acid c o m p l e x i t y  of  choles- 
terol  esters of  milk. M a m m a r y  t issue lipids were 
secured f rom two sows, a goat  and  a cow. 
I m m e d i a t e l y  before  dea th ,  mi lk  samples  were 
drawn f rom the  glands f rom wh ich  t issue 
samples  were ob ta ined .  Data  ob t a ined  f r o m  
analyses of  the  fa t ty  acid c o m p o s i t i o n s  o f  cho-  
lesterol  esters f rom these  sources  are sum- 
mar ized  in Table  III. M a m m a r y  tissue choles- 
terol  esters had  de tec t ab le  quan t i t i e s  of near ly  
all of the  f a t t y  acids f o u n d  in mi lk  cho les te ro l  
esters. However ,  m a m m a r y  t issue cho les te ro l  
esters c o n t a i n e d  higher  quan t i t i e s  of the  n o r m a l  
milk l ipid f a t t y  acids (de f ined  as 10:0, 12:0,  
14:0, 16:0, 16:1,  18:0, 18:1 and  1 8 : 2 ) a n d  cor- 
r e spond ing ly  lower  levels of the  o t h e r  or t race  
fa t ty  acids. For  tile two  sow samples ,  m a m m a r y  
tissue cho les te ro l  esters were composed  of  95% 
and 92 .5% n o r m a l  acids whi le  tile corres- 
pond ing  milk cho les te ro l  esters  c o n t a i n e d  on ly  
89% and 82%, respect ively,  of  the  n o r m a l  acids. 
For  the  cow and  goat ,  t he  t issue cho les te ro l  
esters were composed  of  91% and 86% n o r m a l  
acids while  those  f rom the  milks were com- 
posed of  83% and 82% n o r m a l  acids, 
respect ively.  One can reason  f rom this  t ha t  
f a t ty  acid c o m p o s i t i o n  of choles tero l  esters in 
the  gland changes  dur ing  synthes is  and  
secre t ion  of  the  milk or t h a t  the  secre t ion  
process  p re fe ren t ia l ly  selects cer ta in  choles te ro l  
esters to  a grea ter  degree t h a n  o thers .  The  two  
expe r imen t s  in which  p e n t a d e c a n o a t e  was 
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FIG.  3. C h a n g e s  in p e n t a d e c a n o a t e  c o n t e n t  o f  g o a t  m i l k  l ip id  classes a f t e r  i n t r a m a m m a r y  i n f u s i o n  
o f  p o t a s s i u m  p e n t a d e c a n o a t e ;  I v - - - - e  c h o l e s t e r o l  es ters ,  0 - - - - - 0  t r ig lycer ides .  

T A B L E  III 

C o m p a r i s o n  o f  Milk a n d  M a m m a r y  Tissue 
C h o l e s t e r o l  Es t e r  F a t t y  A c i d  C o m p o s i t i o n s  

F a t t y  acid  c o m p o s i t i o n  (wt  %) 

S o w  A S o w  B C o w  G o a t  
F a t t y  
ac id  Milk Tissue Milk Tissue Milk Tissue Milk Tissue 

10 :0  10 .7  8.1 9 .6  2 .9  2 .9  3 .4  8.2 3.1 
10:1  ND a ND 1.5 ND 0 .3  ND Trace  T r a c e  
1 2 : 0  5.3 4 .0  6 .0  3 .4  4.1 4 .5  4 .4  4.1 
12 : 1 T race  T r a c e  0 .3  0 .8  0.2 0 .2  0 .6  Trace  
13:0 0 . 4  N D  3.8  Trace  T r a c e  ND 0 .6  0 .6  
13:1 1.3 1.2 6 .8  0.9 11.0  3.1 1.9 2 .8  
1 4 : 0  10.2  9 .7  7 .9  7.5 6 .9  8.1 8 .9  10.1 
14:1 0 .5  0 .4  1.8 0 .6  0 .5  0.5 1.2 T r a c e  
1 5 : 0  1.9 1.4 1.5 1.2 2.1 2.1 6 .3  6.1 
15 : 1 2.6  2 .0  0 .8  0 .4  2 .6  2 .8  0 .6  ND 
16 :0  31.1 33 .8  28 .1  33 .3  26 .9  27 .7  26 .0  39 .5  
16:1 10.6  11 .9  8 .4  11 .8  11 .9  13.1 3 .8  6.1 
17 :0  3.9 Trace  1.1 3.5 Trace  Trace  3.8 4.1 
17:1 N D  ND ND ND N D  N D  3.2 N D  
1 8 : 0  5.3  6 .7  7 .2  8.9 6 .7  8.9 13.3 8.1 
18:1  14 .7  18 .5  13 .4  19 .4  1 3 . 7  15 .5  13 .9  12 .8  
18 :2  1.5 2 .3  1.7 5.3 10.1 10.1 3.2 2 .6  
To ta l  
n o r m a l  
ac ids  b 8 9 . 4  95 .0  82 .3  92 .5  83 .2  91 .3  81 .7  86 .4  
T o t a l  
18 c a r b o n  
ac ids  21 .5  27 .5  22 .3  33 .6  30 .5  34 .5  30 .4  23 .5  

aND,  n o t  d e t e c t e d ;  Trace ,  less t h a n  0 .1%.  

b D e f i n e d  as 1 0 : 0 ,  12 :0 ,  14 :0 ,  1 6 : 0 ,  1 6 : 1 ,  
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TABLE IV 

Pentadecanoic Acid in Lipid Classes of 
Goat Milk Before and After Intramammary 

Infusion of the Acid a 

Weight %b 

After 
Fraction Before (12 hr) 

Cholesterol esters 1.2 8.8 c 
Triglycerides 0.5 2.3 
Diglycerides 0.5 2.4 
Phospholipids 0.2 1.0 

Phosphatidyl ethanolamine 0.1 0.4 
Lecithin 0.3 3.2 
Sphingomyelin 0.2 0.5 

aOne gram as the K salt in 20 ml H20. 
bCalculated from peak areas of gas chromatograms. 
CAlso 5.3% in C15:1 or a total of 14.1% in C15 

acids. 

infused in to  the  m a m m a r y  gland shed f u r t he r  
l ight  on  this  mat te r .  Resul ts  f r o m  the  first  
e x p e r i m e n t  (Fig. 3) which  c o m p a r e d  incorpo-  
r a t i on  of  the  odd  ca rbon  acid in to  the  choles- 
terol  esters and  t r iglycer ides  in  a series of  
milkings  show a d ramat i c  u p t a k e  of  the  acid, 
especial ly in the  choles tero l  es ter  f rac t ion.  As 
previously  m e n t i o n e d  there  is a large d i f fe rence  
in the  a p p a r e n t  poo l  size of  the  two classes of 
l ipids which  could  acc oun t  for  the  m u c h  higher  
c o n c e n t r a t i o n  achieved in the  cho les te ro l  esters. 
The  fact  t ha t  the  c o n t e n t  of  the  acid reaches  a 
m a x i m u m  in b o t h  cho les te ro l  esters  and  trigly- 
cerides at  the  4 h r  milking suggests i nvo lvemen t  
of  b o t h  l ipids in the  same process,  name ly  mi lk  
fat  g lobule  f o r m a t i o n  ( t r ig lycer ide  accumu-  
la t ion) .  Since globules  exposed  to  the  penta-  
decanoa t e  poo l  the  longest  shou ld  con t a i n  the  
greates t  level of  the  acid, i t  can be deduced  
co inc iden ta l ly  t h a t  globule  f o r m a t i o n  requ i red  
a b o u t  4 hr. The  data  suggests t h a t  the  choles-  
t e ro l  esters are con t a ined  ma in ly  wi th in  the  
core  of  fat  globules,  a long w i t h  t r iglycerides,  
wh ich  would  expla in  the i r  c o m p o s i t i o n a l  
s tab i l i ty  in milk.  The  u n i f o r m l y  h igher  level of  
p e n t a d e c a n o a t e  in the  cho les te ro l  esters  as com- 
pared  to t he  t r ig lycer ides  over  the  en t i re  
mi lk ing per iod  suggests p re fe ren t ia l  r e t e n t i o n  of  
this  acid in the  cho les te ro l  es ter  f rac t ion.  

In the  second  infus ion  e x p e r i m e n t  in which  
on ly  one  mi lk ing  at 12 h r  was col lec ted  and 
ana lyzed ,  subs tan t i a l  p e n t a d e c a n o a t e  (8 .8%) 
i n c o r p o r a t i o n  in to  the  cho les te ro l  esters again 
occur red  (Table  IV). A f u r t he r  p o i n t  o f  in te res t  
was tile presence  of a s ignif icant  level (5.3%) of  
m o n o u n s a t u r a t e d  p e n t a d e c a n o a t e  in the  choles- 
terol  esters. The  absence  of  th i s  acid in the  
o t h e r  l ipid classes suggests selective me tabo l i sm 
of it as the  choles te ro l  ester  and  pe rhaps  in tac t  

de sa tu ra t i on  as the  ester.  Kinsella (16)  has  sug- 
gested similarly t h a t  cho les te ro l  s teara te  is con- 
ver ted  in tac t  to  cho les te ro l  o lea te  by  cul tures  
of  m a m m a r y  cells. No u n s a t u r a t e d  pen tadeca -  
noa t e  was observed  in the  first  in fus ion  experi-  
men t .  This  may  be a t t r i b u t e d  to r e t e n t i o n  of all 
the  p e n t a d e c a n o a t e  in the  gland for  12 hr  in the  
second  e x p e r i m e n t ,  whereas  mos t  of  it would  
have been  r e m o v e d  at the  2 hr  and  s u b s e q u e n t  
milkings in the  first  expe r imen t .  

We conc lude  t ha t  the  f a t ty  acid c o m p o s i t i o n  
of  choles te ro l  esters in mi lk  does no t  change 
s ignif icant ly  a f t e r  secre t ion  and  this  c o m p o -  
s i t ion differs  f rom t h a t  of  the  t o t a l  mi lk  lipid, 
main ly  t r iglycer ide,  in con ta in ing  hi~her  levels 
of  un ique  fa t ty  acids, some of  wh ich  are m o n o -  
u n s a t u r a t e d  and  some of wh ich  are odd  
n u m b e r e d  in c a r b o n  chain  lengths.  The  reason  
for  this  un ique  choles te ro l  ester  compos i t i on  
appa ren t ly  resul ts  f rom pre fe ren t i a l  r e t e n t i o n  
of these  acids in the  cho les te ro l  es ter  f r ac t ion  
t h a t  is secre ted in milk. 

When the  da ta  of  our  p resen t  research  on  
p e n t a d e c a n o a t e  i n c o r p o r a t i o n  in to  choles te ro l  
esters (Fig. 3) are c o m p a r e d  w i th  earlier 
f indings  f rom this  l a b o r a t o r y  (5 ,6)  on  incorpo-  
r a t i on  of  1-14C-palmi ta te  in to  cho les te ro l  esters 
u n d e r  similar cond i t ions ,  it is n o t e d  t ha t  the  
specific act ivi ty  m a x i m u m  had  already been  
passed at 2 hr  w i th  the  pa lmi ta t e  whereas  the  
mass i n c o r p o r a t i o n  w i th  p e n t a d e c a n o a t e  did 
no t  peak un t i l  4 hr. While this  obse rva t ion  as 
well as o the r s  he re in  will bear  f u r t h e r  investi-  
gat ion,  the  f indings  suggest a rapid  t u rnove r  of  
the  acyl  mo ie ty  of  cho les te ro l  esters in lac ta t ing  
m a m m a r y  tissue qui te  apar t  f r om the  small  
mass of  these  esters  t h a t  is secre ted in the  milk.  
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Free Fatty Acids in Cultured Cells 

BARBARA V. HOWARD 1 and DAVID  KRITCHEVSKY 2, 
The Wistar Institute of Anatomy and Biology, Philadelphia, Pennsylvania 19104 

ABSTRACT 

A method for isolation and quanti- 
tation of cellular free fatty acid has been 
developed. When this method was used to 
quantitate the free fatty acid content of 
various cells and tissues, their levels of 
free fatty acids were found to vary over a 
wide range, In comparing tissue culture 
cells having different levels of free fatty 
acid, it was demonstrated that the con- 
ditions of culture and the type of serum 
in the medium are not responsible for the 
difference in levels. Isotopic studies have 
shown that the cellular free fatty acid is 
not biosynthesized, but is derived from 
the free fatty acid of the medium. Pre- 
liminary studies on the fate of the intra- 
cellular free fatty acid and a discussion of 
possible factors controlling the level of 
this compound in cells are presented. 

INTRODUCTION 

Previous studies on the lipids of human 
diploid cell strain WI-38 and the transformed 
line WI-38VA13A (1,2) have indicated that in 
both types of cells about 20% of the neutral 
lipid is present as free fatty acid. Unesterified 
fatty acids cannot be strictly referred to as 
neutral lipids, but here we are using the com- 
monly accepted terminology of referring to 
non-phospholipid material as neutral lipid. Very 
little data on the free fatty acid content of 
tissues can be found in the literature. Most of 
the earlier studies on the quantitation of lipids 
in cells or tissues relied on column chromato- 
graphy for the separation of lipid classes; free 
fatty acids trail in these systems and are diffi- 
cult to quantitate. In the available data, values 
reported for liver (3,4), thymus (5) and L cells 
(6), are much lower than those found in WI-38 
or WI-38VA13A cells. On the other hand, 
Yamakawa et al. (7) report 36-42% free fatty 
acid in the nonphosphatide lipid of Ehrlich Car- 
cinomas and Sarcoma 180 of mice, and Tuna 
and Marigold (8) found large areas corre- 
sponding to free fatty acid in the course of thin 
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mal Biology, School of Veterinary Medicine, Uni- 
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layer chromatography (TLC) of several rabbit 
tissues. 

Little is known about the factors that affect 
cellular free fatty acid concentrations. Spector 
and Steinberg (9,10) have shown that the up- 
take of free fa t ty  acids by suspensions of 
Ehrlich ascites cells depends upon the ratio of 
free fatty acid to albumin (p) in the extracel- 
lular environment. The intracellular free fatty 
acid concentration was shown to rise as v in- 
creased, but oxidation and esterification were 
very rapid and the levels never reached those 
found in our studies. In subsequent studies (11) 
they also found that the presence of glucose 
can increase esterification and thus result in a 
decrease in the intracellular free fatty acid 
levels. Higgins and Green (12) also showed an 
elevation of free fatty acid content of rat liver 
cells in the presence of free fatty acid-albumin 
complexes, but they were rapidly depleted by 
oxidation and esterification. Recently, Ontko 
(13) has shown that increasing the calcium con- 
centration in suspensions of isolated liver cells 
or liver homogenates increases the cellular free 
fatty acid because it inhibits oxidation; but 
again the levels reported were below those 
found in this study. 

All of the above studies were performed for 
short periods of time under conditions very dif- 
ferent from those employed during cell culture. 
Consequently, we Set out to investigate more 
thoroughly the free fatty acid content of cul- 
tured cells. The first step was the development 
of a suitable method for the direct quantitation 
of the cellular free fatty acid. A variety of 
cultured cells and rat tissues were then studied 
to determine the range of free fatty acid 
generally present. After this, studies were con- 
ducted to determine the source and function of 
the cellular free fatty acid, and attempts were 
made to determine what factors control the 
cellular level of this compound. 

MATERIALS AND METHODS 

Cells and Tissues 

Cultures of WI-38, a human diploid cell strain, 
WI-38VA13A, a line derived from WI-38 by 
SV40 virus transformation, muscle fibroblasts, 
HeLa, L, L-5178Y cells, and skin fibroblasts 
were used. The WI-38, WI-38VA13A, skin and 
muscle fibrobtasts and HeLa cells were cultured 
as monolayers on Eagle's basal medium using 
methods described previously (1). The L cells 
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were cultivated both as a monolayer and in sus- 
pension, and they could be routinely alternated 
from one method of culture to the other; 
L-5178Y cells were cultivated only in a sus- 
pension culture. For the suspension cultures, 
cells were agitated in Joklik's modification of 
Eagle's basal medium (Grand Island Biological 
Co., Grand Island, N.Y.) supplemented with 
10% calf serum and 50 pg/ml aureomycin. In 
certain of the studies fetal calf serum (Micro- 
biological Associates, Bethesda, Md.) was used 
in place of calf serum (Flow Laboratories, 
Rockville, Md.) and the concentrations were 
varied from 2% to 10%. Cells were harvested 
and w a s h e d  us ing  procedures  described 
previously (1), except that the trypsin was 
omitted in harvesting the suspension cultures. 

Rat tissues were obtained from 200 g male 
Wistar rats which had been fed a normal diet. 

Isolation and Quantitation of Free Fatty Acids 

The procedure developed for the isolation 
and quantitation of free fatty acids is the fol- 
lowing. An aliquot of the harvested cells was 
taken for the determination of dry weight and 
cell protein. The remainder was extracted with 
20 vol of warm chloroform-methanol (2: 1) for 
15 rain. This total lipid extract was washed 
with 1/5 vol of 0.05 N NaC1 according to the 
procedure of Folch et al. (14). Phospholipids 
were removed from the lipid extract by the 
method of Bloor (15). The total lipid extract 
was dried under a stream of N 2 and redissolved 
in 2 ml of cold petroleum ether in a centrifuge 
tube. Seven ml of cold acetone and three drops 
of a saturated solution of MgC12 in ethanol 
were added, and the tubes were placed in an ice 
bath for 5 rain. The samples were then centri- 
fuged for 10 rain at high speed in an Inter- 
national centrifuge and the precipitate was 
washed once with 2 ml acetone. The efficiency 
of the precipitation was assayed by adding a 
mixture of 14C-labeled phospholipids to the 
cell lipid extract, and the results indicated that 
more than 96% of the phospholipid was precipi- 
tated. 

The free fatty acids were then separated 
f r o m  the other cellular neutral lipids by 
forming a hydrophilic salt. The combined 
supernatants from the phospholipid precipi- 
tation were dried under N 2 and the neutral 
lipid dissolved in 15 ml petroleum ether; 20 ml 
50% ethanol and 0.5 ml 50% KOH were added 
and the solution stirred for 1 hr in the cold. 
The free fatty acids were found in the ethanolic 
KOH layer. When 14COOH.tripalmiti n was sub- 
jected to the isolation procedure, 99% of the 
glyceride was found in the petroleum ether 
layer. The experiments using labeled triglycer- 

ide also indicated that there was no saponifi- 
cation of the triglyceride during the extraction 
procedure. The fatty acids were then removed 
from the aqueous phase by acidification to pH 
2 with concentrated HC1 and three extractions 
with 20, 15 and 10 ml ethyl ether. This last 
partition, coupled with the original aqueous 
wash procedure of Folch, assures complete 
separation of the fatty acids from other cellular 
acids such as lactate and pyruvate. 

When the free fatty acid was to be isolated 
from serum, the serum was acidified with HC1 
to pH 2 and extracted with 20 vol of chloro- 
form-methanol (2:1). Five volumes of water 
were then added. After removal of the aqueous 
phase: the resultant lipid extract was carried 
through the same procedure as the cellular 
lipid. 

Rat tissues were minced and a weighed ali- 
quot taken for the determination of dry weight. 
Another weighed aliquot was placed in 20 vol 
of warm chloroform-methanol (2:1) and sub- 
jected to the same procedures as described for 
the cellular lipid extract. 

The efficiency of the extraction procedure 
for fatty acids was followed by adding 14C- 
labeled stearic acid to the total lipid extract at 
the beginning of the procedure. Typically, less 
than 3% of the free fatty acids are lost in the 
acetone precipitate, 2-3% are lost in the petro- 
leum ether fraction, and 3-5% are not removed 
from the aqueous layer. Recoveries range from 
85-95% of the original free fatty acid. After the 
free fatty acids were isolated, they were quanti- 
tated by the colorimetric method of Duncombe 
(16). This method involves making the cupric 
salt of the fatty acid and then assaying the 
copper using diethyl-dithiocarbamate. The pos- 
sibility that the isolation procedure would 
interfere with the colorimetric method was 
assessed by adding a known amount of stearic 
ac id  to  the cellular lipid extract at the 
beginning of the procedure. Ninety-eight per 
cent of the stearic acid was recovered in the 
colorimetric determination. 

Quantitation of Protein, Glucose and Triglyceride 

Protein was measured by the method of 
Lowry et al. (17), and glucose was quantitated 
enzymatically by the glucose oxidase procedure 
(Glucostate-Worthington Biochemicals, Free- 
hold, N.J.). Triglycerides were measured by the 
method of van Handel and Zilversmit (18). 

Isotopic Studies 

S o d i u m -  1 _1 4 C - a c e t a t e ,  U -1 4 C-glucose, 
1 4 C O O H . t r i p a l m i t i  n and sodium-l-14C- 
palmitate were obtained from New England 
Nuclear Corp., Boston, Mass., and the tri- 
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TABLE I 

Free Fatty Acid Contents of Cultured Cells and Rat Tissues a 

gmole Free gmole Free /~mole Free Per cent 
fatty acid fatt~ acid fatty acid total 

Cell or tissue mg dry vet 10 ~ cells mg lipid lipid 

WI-38 .032 1.60 .149 4.2 
WI-38VA13A .038 0.90 .120 3.4 
HeLa .027 0.61 .166 4.7 
Skin fibroblasts .026 3.40 .125 3.5 
Muscle fibroblasts .073 1.50 .149 4.2 
L .010 0.36 .035 1.0 
L5178Y .010 0.14 .072 2.0 
Liver .008 --- .0S 2 1.5 
Muscle .008 --- .023 0.7 
Skin .015 --- .046 1.3 
Lung .030 --- .180 5.1 

aAverage of four determinations. 

pa lmi t in  and  pa lmi t i c  acid were pur i f ied  b y  
TLC. I so top ic  d i lu t ion  e x p e r i m e n t s  using these  
i so topes  to  de t e rmine  the  source of  the  cellular 
free f a t t y  acid were c o n d u c t e d  accord ing  to  
m e t h o d s  descr ibed e lsewhere  (Howard  and  
Kr i tchevsky ,  in p repa ra t ion ) .  ( K n o w n  specif ic  
act ivi ty  of  p recursor  was added  to the  m e d i u m  
at the  t ime  of subcu l t iva t ion ,  the  glucose and  
ace ta te  as aqueous  so lu t ions  and  the  pa lmi t a t e  
a n d  t r ipa lmi t in  as emuls ions .  The  specific 
ac t iv i ty  of  the  cellular free f a t t y  acid at  the  end  
of  the  cu l t iva t ion  t ime  was t h e n  d e t e r m i n e d  
and  c o m p a r e d  to  t ha t  of  the  p recursor  used).  
Rad ioac t iv i ty  was measu red  in a Packard  Tri- 
C a r b  sc in t i l l a t ion  s p e c t r o m e t e r  which  was 
equ ipped  wi th  an ex t e rna l  s tandard .  The  l ipid 
samples  were dried u n d e r  a s t ream of  N 2 and  
t h e n  dissolved in 15 ml  of  Bray ' s  so lu t ion  (19) .  
A q u e o u s  samples  in less t h a n  1 ml  a m o u n t s  
were added  di rect ly  to  15 ml  Bray ' s  so lu t ion .  
Samples  were c o u n t e d  long enough  to  r educe  
the  coun t ing  er ror  to  1%. When  necessary,  t hey  
were cor rec ted  for  quench ing ,  using the  ex ter -  
nal  s tandard .  In  one  e x p e r i m e n t ,  r ad ioac t iv i ty  
of l ipids on  a TLC pla te  was assayed using a 
Packard  radioac t ive  scanning  un i t .  The  Geiger  
tube  had  a l inear  response ,  and  the  relat ive 
a m o u n t s  of  ac t iv i ty  in each lipid were pro-  
p o r t i o n a l  to  the  area of  each  peak r eco rded  
graphical ly .  

RESULTS 

Comparison of the Free Fatty Acid Contents of 
Various Cultured Cells and Rat Tissues 

After  the  d e v e l o p m e n t  of  a sui table  t ech-  
n ique  for  measur ing  cellular free f a t ty  acid,  the  
m e t h o d  was used  to  measure  direct ly  the  free 
f a t t y  acids of  WI-38 and  W I - 3 8 V A 1 3 A  cells and  
to  compa re  t h e m  to  several o t h e r  t issue cu l tu re  

l ines and  strains.  Several ra t  t issues were also 
assayed in o rder  to  compa re  resul ts  o b t a i n e d  by  
th is  m e t h o d  to  o the r s  r e p o r t e d  in the  l i t e ra tu re  
and  to  c o m p a r e  the  c o n t e n t  of  free f a t t y  acids 
in cu l tu red  cells w i th  those  of  t issues in vivo. 
The  data  o b t a i n e d  are s h o w n  in Table  I. 

The  da ta  are bes t  expressed  as /amoles /mg 
dry weight .  The  values o b t a i n e d  by  this  m e t h o d  
for  the  ra t  l iver compa re  favorab ly  to those  
r e p o r t e d  by  O n t k o  (13)  and  o the r s  (3,4).  I t  can 
be seen t h a t  the  var ious  t issues and  cu l tu red  
cells vary great ly  in the  c o n t e n t  of  free f a t t y  
acid. The  WI-38 and  W I - 3 8 V A 1 3 A  con ta in  .035 
/ amole /mg dry weight ,  and  th i s  value is m u c h  
h igher  t h a n  t ha t  con t a ined  in the  L and  
L-5178Y cells or in ra t  fiver, skin and  muscle.  
However ,  t he  free f a t t y  acid c o n t e n t s  of  the  
WI-38 and  W I - 3 8 V A 1 3 A  cells are no t  unusua l ;  
t he  HeLa cells, skin f ib rob las t s  and  rat  lung 
con ta in  similar  levels of free f a t t y  acid,  and  the  
a m o u n t  in the  muscle  f ib rob las t s  is even higher.  
When  the  data  are expressed  as per  cen t  of  t o t a l  
l ipid, t he  WI-38 and  W I - 3 8 V A 1 3 A  cells have 
a p p r o x i m a t e l y  4% free f a t t y  acid,  wh ich  corre- 
sponds  well to  values of  a p p r o x i m a t e l y  5% 
derived f r o m  prev ious  s tudies  (1 ,2)  in which  the  
free f a t t y  acids were measured  by  a nonspec i f ic  
a c i d  d i c h r o m a t e  ox ida t i on  m e t h o d .  When 
expressed  in th is  m a n n e r ,  t he  cells and  t issues 
again vary  in free f a t t y  acid levels. The  skin and  
muscle  f ibroblas t - l ike  strains,  WI-38, HeLa,  WI- 
3 8 V A 1 3 A  cells and  the  lung t issue have a b o u t  
4% free f a t t y  acid, whereas  in the  L and  
L-5178Y cul tures  and  the  o t h e r  ra t  t issues on ly  
a p p r o x i m a t e l y  1-2% of  the  cellular l ipid is free 
f a t t y  acid. It  is also c o n v e n i e n t  to  express  the  
data  for  the  cu l tu red  cells in t e r m s  o f / amo le s  of  
f a t t y  a c i d / 1 0 s  cells. In  this  case the  L and  
L-5178Y cells are again clearly lower  t h a n  t he  
o thers ,  a l t h o u g h  the  values o b t a i n e d  for  HeLa 
and  W I - 3 8 V A 1 3 A  cells are lower  t h a n  those  for  
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TABLE II 

Per Cent of Free Fatty Acid Derived From Cellular Biosynthesis 

U-14 C- U.14C. 1.14C. 1.14 C- 
Glucose Glucose Acetate Acetate 

Pgecursor (per ml medium) 
cpm 205,638 249,540 138,530 85,720 
mg 1.08 0.83 0.10 0.10 

activity (~--~-) 190,000 300,000 1,380,000 85 sp. 7,000 

Cellular free fatty acid 
cpm 609 260 875 220 
mg 0.256 0.177 0.262 0.222 
sp. activity (Cm--~-) 2,380 1,470 3,340 991 

Per cent biosynthesized 
sp. act. cell. free fatty acid) 1.2% 0.49% 0.24% 0.12% 
sp. act. precursor 

the fibroblast-like cells, perhaps because the 
cells are smaller. 

Source of Free Fatty Acid in WI-38 Cells 

The extent of biosynthesis of free fatty acids 
in WI-38 cells was determined by growing the 
cells in the presence of U-14C-glucose or 
sodium = 1-14C-acetate. The specific activities of 
the precursor in the medium and of the free 
fatty acid present in the ceils after confluency 
was reached were determined as described 
above. The ratios of specific activities are a 
measure of the percentage of free fatty acid 
synthesized from precursor. The results, which 
are presented in Table II, indicate that very 
little free fatty acid is biosynthesized from 
either glucose or acetate under the present 
growth conditions. The low level of cellular 
fatty acid biosynthesis suggests that fatty acid 
is being supplied to the ceils. Since serum is 
present in the growth medium of WI-38 cells, 
exper iments  were conducted to determine 

TABLE III 

Per Cent of Free Fatty Acid Derived 
From Serium Triglyceride 

Ex periment 

1 2 

Triglyceride (per ml medium) 
cpm 11,972 25,730 
#g . ~ .  210 345 

57 .2  7 4 . 4  sp. 

Cellular free fatty acid 
cpm 185 722 
ktg 284 440 

0 . 6 5 4  1 . 6 4  sp. 

Per cent derivefffrom 
serum triglyceride 

sp. act. free fatty acid "~ 1.3% 2.2% sp. act. triglyceride ] 
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which serum lipids served as the source of cellu- 
lar free fatty acid. Since triglyceride is the most 
abundant neutral lipid in serum, the contri- 
bution of serum triglyceride to cellular free 
f a t t y  acid was first assessed. Tripalmitin- 
14COOH was added to the medium and the 
experiment was conducted in the same way as 
those for glucose and acetate. In this case the 
ratios of specific activities are an indication of 
the percentage of free fatty acid derived from 
uptake of serum triglycerides. The data (Table 
III) show that only 1-2% of the cellular free 
fatty acid is derived from serum triglyceride. 
The results of these experiments thus indicate 
that serum triglyceride is not the source of cel- 
lular free fatty acid. It was also observed that 
little of the radioactive triglyceride was ab- 
sorbed intact. 

The contribution of serum free fatty acid to 
the cellular pools was now measured. This was 
accomplished through an isotopic dilution 
e x p e r i m e n t  s imilar  to the others, using 
1-14C-palmitate. The results, shown in Table 
IV, are calculated on the basis of the free fatty 
acid in the medium at both the beginning and 
the end of the experiment. This was done 
because it was noted that the specific activity 
of the free fatty acid in the medium dropped 
during the course of the experiments; the radio- 
activity of the free fatty acid fraction de- 
creased, but the actual amount of free fatty 
acid in the medium remained constant. We have 
found that hydrolysis of the serum triglyceride 
replenishes the free fatty acid during culture 
and that this hydrolysis accounts for the de- 
crease in specific activity of the free fatty acid 
fraction during the course of the experiment 
(2). 

The results summarized in Table IV show a 
close correlation between the specific activities 
of the free fatty acid in the cells and of the 
medium at the end of the experiment. These 
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T A B L E  IV TABLE V 

Derivation of Cellular Free Fatty Acid 
From Serum I.'ree Fatty Acid 

Experiment 

1 2 3 

Free fatty acid - 
medium, day 0 

cpm 4810 8358 9231 
~imole 1.17 1.02 0.78 
sp. act.( cpm, ") 4100 8180 11,880 

xtamo~e/ 
Free fatty acid - 
medium, day 7 

cpm 2139 5160 5073 
/imole 1.08 1.02 0.66 cpm sp. a c t . ( ~ l ~  ) _  - 1 9 8 0  5 0 6 0  7 6 8 0  

Free fatty acid - 
cells 

cpm 2020 6410 17,400 
p.mole cpm 1.05 1.2 2.1 
sp. ac t.(CPm-~To t~) 1940 5330 8280 

Per cent derived from 
serum free fatty acid 

sp. act. cells 47% 65% 70% 
sp. act. medium, day 0 

sp. act. cells 98o/c 105% 107% 
sp. act. medium, day 7 

f indings suggest tha t  the  cellular free f a t ty  acid 
is derived f rom the  serum free f a t ty  acid,  bu t  
tha t  the  cellular pool  is in rapid equ i l ib r ium 
wi th  the  med ium.  If the  in t race l lu lar  free f a t ty  
acid pool  were stat ic,  its specific act ivi ty would  
be expec ted  to reflect  an average of the  
m e d i u m  specific act ivi ty at the  beg inn ing  and 
end  of the  expe r imen t .  

The Effect of Serum on the Free Fatty Acid Levels 
of Cultured Cells 

Since it had been es tabl ished tha t  the  free 
f a t ty  acid level of  WI-38 cells was cons i s t en t  
and  tha t  the  fa t ty  acid was derived f rom the  
serum free f a t t y  acid, e x p e r i m e n t s  were in- 
i t ia ted to compa re  WI-38 wi th  one  of  the  cell 
cu l tures  wi th  lower  levels of  free f a t ty  acid in 
an ef for t  to  de t e rmine  what  fac tors  in f luence  
cellular free f a t ty  acid levels. The L cell was 
chosen  because much  of  the  work  r epo r t ed  on 
the  lipids of cu l tu red  cells has been  derived 
f rom this  line. Since the  L cells in the  previous  
s tudy  had been  cul tured  in the  presence of fetal  
calf r a the r  than  calf se rum,  and  since fetal  calf 
serum con ta ins  m u c h  less lipid than  calf se rum 
( B a l t i m o r e  Biological Labora tor ies ,  Md3 ,  it 
seemed possible tha t  the  d i f ference  in cellular 
free fa t ty  acid levels might  be due to a differ- 
ence in the  fa t ty  acid c o n t e n t s  of  the  two  sera. 
Therefore ,  cul tures  of  WI-38 cells were g rown 
in fetal calf  serum for  1-2 m o n t h s ,  and cu l tures  
of  L cells (mono laye r s )  were cu l tu red  on  calf 

Free Fatty Acids of Wl-38 and L Cells 
Grown on Calf and Fetal Calf Sera a 

Type of btmoles FFA tamoles FFA 
Cell serum mg protein 108 cells 

WI-38 calf .106 2.10 
fetal calf .103 1.90 

L calf .023 0.57 
fetal calf .025 0.57 

aAverage of four determinations. 

serum for  an equal  length  of  t ime.  The  free 
fa t ty  acid c o n t e n t s  of  these cul tures  were 
analyzed and  c o m p a r e d  wi th  those  found  in 
WI-38 and L cells g rown in calf and fetal  calf  
sera, respect ively.  The  data  o b t a i n e d  are s h o w n  
in Table  V. It is ev ident  t ha t  the  t ype  of serum 
used in the  g r o w t h  m e d i u m  does no t  affect  the  
free f a t ty  acid level f o u n d  in each cell. 

Effect of Different Conditions of Growth on the 
Free Fatty Acid Levels of WI-38 and L Cells 

A n o t h e r  d i f fe rence  be tween  the cells in 
Table  1, in add i t i on  to  free fa t ty  acid levels, was 
tha t  the  L and L-5178Y cells were suspens ion 
cul tures  whereas  the  o the r s  were monolayers .  
S i n c e  t h i s  d i f f e r e n c e  wou ld  necessarily 
represent  a l t e ra t ions  in the surface configu-  
ra t ion  of the  cells, it seemed possible t ha t  the  
d i f ferences  in free fa t ty  acid c o n t e n t  might  be 
cor re la ted  wi th  the  d i f fe rent  modes  of cul tures.  
A l t e ra t ions  in size and shape of  the  cells would 
al ter  surface-volunte  ra t ios  and could  inf luence  
nu t r i en t  exchange  wi th  the  m e d i u m  and  o t h e r  
me tabo l i c  parameters .  These  changes  might  
affect  the  free fa t ty  acid spec t rum of  the  cells. 
No t echn iques  have been  deve loped  for  the  
g rowth  of  W1-38 cells in suspens ion  cul ture .  L 
cells, however ,  can be cul t iva ted  u n d e r  b o t h  
cond i t ions .  The re fo re ,  b o t h  m o n o l a y e r  and sus- 
pens ion cu l tu res  of L cells were es tabl i shed  
using ident ica l  serum levels, and  the i r  fa t ty  acid 
levels were compared .  As seen in Table  VI,  the  
p r o p o r t i o n  of  free fa t ty  acids ( /2moles/mg pro- 
te in)  is the  same in L cells g rown e i the r  in sus- 
pens ion  or as mono layer s .  When the  data  are 
expressed as p m o l e s / 1 0 8  cells there  appears  to 
be less free f a t ty  acid in the suspens ion  cul ture ,  
bu t  th is  could  be a re f lec t ion  of  d i f ferences  in 
cell size b e t w e e n  the  two  cul tures .  The  data  
suggest t h a t  the  d i f fe rence  in free f a t ty  acid 
levels be tween  L and W1-38 cells c a n n o t  be at- 
t r i bu t ed  to the  m e t h o d  in which  they are cul- 
tu red .  

A n o t h e r  d i f fe rence  be tween  the  WI-38 and  L 
cells is tha t  cells harves ted  f rom the  WI-38 cul- 
tures  have reached  c o n f l u e n c y  and  are no t  
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TABLE VI 

Free Fatty Acids of L Cells in 
Monolayer and Suspension a 

TABLE VII 

Nmoles FFA ~tmoles FFA 
Type of Culture mg protein 108 cells 

Monolayer .024 .5"/ 
Suspension .023 .40 

aAverage of four determinations. 

Free Fatty Acid Content of WI-38 
During the Growth Cycle 

Percent ~moles FFA ~moMs FFA 
Day confluency mg protein 108 cells 

3 25 .076 4.0 
5 66 .054 1.6 

10 100 .051 1.9 

rapidly dividing, whereas the L cells, because of 
the lack of contact inhibition, are actively pro- 
liferating at the time of harvest. Therefore, it 
seemed possible that the WI-38 cells might have 
a lower free fatty acid content during the early 
days of culture when they are proliferating 
rapidly. 

The results of an analysis of the fatty acids 
during the growth cycle are shown in Table VII. 
When the  da ta  are expressed either as 
#moles/108 cells or as #moles/mg protein, no 
decrease in free fatty acid level is seen in the 
cells during the early days of culture. In fact, 
the data for / lmoles /108 cells show a very high 
value for the cells when they are 25% con- 
fluent. The significance of this elevation is hard 
to  i n t e r p r e t  without further experiments. 
Nevertheless, the results of this experiment in- 
dicate that the difference in free fatty acid 
levels between WI-38 and L cells is not due to 
their different rates of proliferation. 

DISCUSSION 

The method employed in this study for the 
quantitation of cellular free fatty acid yields 
more satisfactory results than the two pro- 
cedures generally employed for plasma free 
fatty acids (16,20). Both of these are subject to 
error in the presence of acidic phosphatides and 
a c i d i c  m e t a b o l i c  intermediates ,  such as 
pyruvate and lactate, and additional extraction 
p r o c e d u r e s  ( 2 1 , 2 2 ) ,  are not completely 
effective in eliminating these cellular contami- 
nants (23). 

Since our procedure was developed, two 
reports have appeared in the literature on the 
quantitation of free fatty acids. One, by Anstall 
and Trujillo (24), employs a phospholipid pre- 
cipitation similar to the one above. They do not 
then partition the free fatty acids from the 
other neutral lipids but assay the supernatant 
directly for fatty acids. In the other report, 
I b r a h i m  ( 2 5 )  excludes  phospholipids by 
adsorption on silicic acid and then assays the 
free fatty acid by titration. His data indicate 
t h a t  t h e  silicic acid completely removes 

cephalins which are the phospholipids mainly 
responsible for interference with titration. 
Although Ibrahim assayed only plasma free 
fatty acids, Rose et al. (26) utilized a similar 
adsorption of phospholipids on silicic acid 
before titrating liver-cell free fatty acids. The 
removal of phospholipids by silicic acid would 
seem to be quicker than precipitation, but the 
effect of the silicic acid on the colorimetric pro- 
cedure would have to be assessed. 

The data obtained in this study indicate that 
cultured cells and tissues can vary greatly in 
their content of free fatty acid. WI-38 cells have 
higher free fatty acid levels than do cell fines, 
such as L and L-5178Y, and tissues, such as 
liver, skin and muscle. However, WI-38 and 
WI-38VA13A cells are not unusual, and other 
cultured cells such as HeLa and certain fibro- 
blast-like strains have been shown to have 
similar free fatty acid levels. The determination 
of the source of cellular free fatty acids by 
means of isotopic dilution experiments was 
based on methods developed for a more 
extensive study of the source of total cellular 
lipid in cells during culture (Howard and 
Kritchevsky, in preparation). The results of the 
isotope studies indicate that under the present 
conditions of culture the existing cellular free 
fatty acid of WI-38 cells is not biosynthesized 
de novo, but is derived solely from the free 
fatty acid of the serum. The observation that 
biosynthesis of fatty acid is minimal could 
mean that the cells are not able to biosyn- 
thesize fatty acid; alternatively, it could mean 
that there is a feedback inhibition or that a 
repression mechanism is operative, since Bailey 
(27) has shown that L cells can synthesize fatty 
acid, but that synthesis is inhibited when the 
cells are grown in the presence of a serum. 

The experiments in which cells were cul- 
tured using calf and fetal calf sera indicated 
that the observed differences in free fatty acid 
level in cells like WI-38 and L cells are not due 
to the composition of the different sera used in 
the culture of the cells. Although there is much 
less free fatty acid per ml in the fetal calf 
serum, the ratio of free fatty acid to albumin 
(v) is similar in the two sera. The calf serum 
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used in these s tudies  con ta ined  0.72 pmo le s  of  
free fa t ty  acid and 0.49 Nmoles of  a lbumin per  
ml (v = 1.4) and the  fetal  calf serum conta ined  
0.29 gmoles  of free fa t ty  acid and 0.28 gmoles  
o f  a lbumin per  ml  (u = 1.0). We de te rmined  the 
free fa t ty  acid con t en t  by the  m e t h o d  described 
above and in fo rma t ion  concerning the  a lbumin 
c o n t e n t  was ob ta ined  f rom the  supplier,  Balti- 
more  Biological Labora tor ies ,  Md. Thus the  fact  
tha t  free fa t ty  acid remains  cons tan t  in each 
cell during g rowth  in the  t w o  sera, a l though the 
levels o f  free f a t t y  acid in the  two  sera are so 
d i f f e r e n t ,  is consis tent  with the  work  of  
Spec tor  et al. (9) who  d e m o n s t r a t e d  that  the 
ra te  of  uptake  of  free fa t ty  acid varies wi th  the 
rat io of  free fa t ty  acid to  a lbumin (u) in the  
extracellular  env i ronment .  The results  of  our 
expe r imen t s  also suggest tha t  the  d i f ferences  in 
free fa t ty  acid levels b e t w e e n  cells are probably  
no t  due to  physical  fac tors  of  cell culture,  such 
as d i f ferences  be tween  mono laye r  and sus- 
pens ion  me thods ,  nor  do they  ref lect  differ- 
ences  in the division cycle or stages of  g rowth  
of  cell cultures.  

Prel iminary expe r imen t s  tracing the  fate  of  
t he  free fa t ty  acid t aken  up by WI-38 cells indi- 
cate tha t  the cellular free fa t ty  acid is b o t h  oxi- 
dized and conver ted  to phosphol ip ids  and 
glycerides.  Thus many  possibili t ies exist as 
exp lana t ions  for  the  d i f ferences  observed in the  
intracellular  free fa t ty  acid levels of  cells. The 
cells could  vary in their  ra te  of  uptake  of  free 
f a t t y  acid, or the  level o f  up take  could be the  
same in all cells but  the  rates of  excre t ion  
could vary. Finally,  d i f ferences  in enzymat ic  
capacit ies for ox ida t ion  and ester i f icat ion could 
result  in a more  rapid dep le t ion  of  the  pools  in 
some cells. Expe r imen t s  are present ly  being 
c o n d u c t e d  to  compare  the rates of  up take ,  oxi- 
da t ion ,  es ter i f icat ion and excre t ion  in cul tured 
cells to  de te rmine  which  is mos t  impor t an t  in 
the  regulat ion of  intracellular  free fa t ty  acid 
levels and the  d i f ferent  levels in d i f ferent  cells. 
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Ceramide Phosphorylglycerol Phosphate 
A New Sphingolipid Found in Bacteria 

DAVID C. WHITE and ANNE N. TUCKER, Department of Biochemistry, 
University of Kentucky Medical Center, Lexington, Kentucky 40506 

ABSTRACT MATERIALS AND METHODS 

Ceramide phosphorylglycerol phos- 
phate (CPGP) has been identified in the 
lipid extract of the anaerobic bacterium 
Bacteroicles rnelaninogenicus. To our 
knowledge this is the first report of this 
lipid in biological material. The ceramide 
derivative contains two phosphates, an 
amide linked fatty acid and a dihydro- 
sphingosine long chain base. Glycerol di- 
phosphate (PGP) identified by paper and 
column chromatography can be isolated 
after mild acid hydrolysis of the ceramide 
derivative. Inorganic phosphate is lib- 
erated quantitatively on treatment of the 
PGP from the ceramide derivative with 
alkaline phosphatase. The proportions of 
the fatty acids found linked to the amide 
of the dihydrosphingosine (LCB) differ 
from those esterified to cardiolipin in this 
organism. The long chain base appears to 
consist of part of an homologous series of 
branched and normal LCB containing 
from 17 to 21 carbon atoms. Previous 
work has indicated that ceramide phos- 
phorylethanolamine and ceramide phos- 
phorylglycerol (CPG) are present in the 
lipid extracts of B. melaninogenicus. By 
a n a l o g y  wi th  phosphatidylglycerol  
synthesis, CPGP is postulated to be an 
intermediate in the synthesis of CPG. 

INTRODUCTION 

The anaerobic bacterium Bacteroides mel- 
aninogenicus has been shown to contain phos- 
phate containing sphingolipids which account 
for half the extractible lipid phosphate (1). 
Sphingolipids are exceedingly rare in eubacteria 
(2). Ceramide phosphorylethanolamine (CPE), 
a rare sphingolipid previously reported in 
insects, protozoa and certain snails, and 
ceramide phosphorylglycerol (CPG), a lipid not 
previously reported, make up the major portion 
of the sphingolipid of B. melaninogenicus (1)  
A trace of a third phosphate containing 
sphingolipid was detected. In this study the 
trace ceramide has been identified as ceramide 
phosphorylglycerol phosphate (CPGP), a lipid 
not previously described in nature. 

Materials 

The strain of B. m elaninogenieus, the cul- 
tural conditions, harvesting procedures and 
methods for insuring cultural purity have been 
described in previous work (1,3). H 332 po  4 was 
supplied in plastic bottles by Tracerlabs, 
Waltham, Mass. 

Column Chromatography 

Fatty acid methyl esters were separated 
from ceramides or LCB on 1 g silicic acid 
columns (I 1 X 50 ram, Unisil, 100-200 mesh). 
The fatty acid methyl esters were eluted in 5 ml 
of chloroform. The dihydrosphingosine long 
chain bases (LCB) or ceramides were eluted 
with 5 ml of chloroform-methanol, (1:1) fol- 
lowed by 5 ml of methanol. 

Glycerol phosphate esters derived from the 
lipids were eluted from 0.4 X 81 cm columns of 
Dowex-1 8X (200-400 mesh) in the formate 
form prepared as described (4,5). The esters 
were eluted with an ammonium formate- 
sodium borate gradient (4) or with 0.3 M am- 
monium formate pH 9.5 (Lester, unpublished 
method). The esters were desalted with 
Dowex-1 (100-200 mesh) as described in the 
text. 

Paper Chromatography 

Lipids were separated on silica gel loaded 
paper (Whatman SG-81) using solvents of chlo- 
roform-methanol-diisobutylketone-acetic acid- 
water (23:10:45:25:4 v/v), Solvent 1 in the 
first dimension and chloroform-methanol-diiso- 
butylketone-pyridine-0.5 M ammonium acetate 
pH 10.4 (30:17.5:25:35:6 v/v), Solvent 2. 
Lipids were eluted from the silica gei loaded 
paper with a solvent of chloroform-methanol- 
19 mM ammonium hydroxide (20:20:1) by 
soaking the paper in 3 ml of solvent for 1 hr. 
The paper was then rinsed in three 1 ml 
portions of solvent. The recovery was quanti- 
tative. 

Glycerol phosphate esters were separated on 
acid washed amino-cellulose paper (Whatman 
AE-81) (7). Solvents were 0.4% pyridine in 3 M 
formic acid and modified Wawszkiewicz solvent 
(5). This solvent contains 1.15 M ammonium 
acetate with 11.8 mM ethylenediaminetetra- 
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(SEE TABLE I )  I ACID HYDROLYSIS 
I 

AQUEOUS PHASE LIPID 
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(SEE TABLE [) 

FIG. 1. Flow sheet for the purification of the un- 
known ceramide derivative. 

FIG. 2. Radioautogram of the chromatographic 
separation of the unknown ceramide derivative and CL 
from B. melaninogenicus grown with 32p. See 
Materials and Methods and Reference 7. 

acetic acid made to pH 5.0 with acetic acid and 
diluted 3 to 7 with 95% ethanolic 0.25 M am- 
monium hydroxide. Schleicher and Schuell 589 
acid washed paper was used with ascending 
paper chromatography with the modified 
Wawszkiewicz solvent. The lipids were detected 
with the Hanes-Isherwood reagent for phos- 
phate (4) or by periodate treatment followed 
by o-toluidine (4). 

Gas Chromatography 

Fatty acid methyl esters were prepared and 
separated on ethylene glycol succinate or SE-30 
columns under the conditions described pre- 
viously (8). Trimethylsilyl ether derivatives 
(TMS) of the LCB were prepared and analyzed 
as in an earlier study (1). 

Measurement of Radioactivity 

32 p was counted on paper disks in a scintil- 
lation spectrometer (7). Radioautograms were 
prepared with Kodak no-screen x-ray film (7). 
Illustrations of radioautograms were prepared 
by drawing the figures, copying the figure on a 
mylar sheet with the Xerox copier, then super- 
imposing the developed film and the mylar 
sheet properly. The sheet and superimposed 
film were then photographed on a glow box. 

Extraction and Analysis of the Lipid 

Lipids were extracted from the bacteria by a 
modified Bligh and Dyer procedure (9). A 30 
ml suspension of bacteria in 50 mM phosphate 
buffer pH 7.6 containing about 200 mg dry 
weight of cells was mixed with 75 ml of 
methanol and 37.5 ml of chloroform and 
shaken vigorously. The one phase system was 
allowed to stand overnight. Then 37.5 ml of 
chloroform and 37.5 ml of 1.0 M KCL solution 
containing glacial acetic acid (0.4% v/v) was 
added and the mixture shaken. After several 
hours the mixture separated into two phases. 
The lower layer containing the lipid was filtered 
through a 4 cm piece of Whatman No. 12 filter 
paper. 

Purification of the Lipid 

A flow chart of the purification of the un- 
known lipid is illustrated in Figure 1. A total of 
12 #moles of lipid phosphate isolated from cells 
grown in the presence of a2p was spotted near 
the bot tom edge of two silica gel impregnated 
papers. The lipids were separated into three 
bands by ascending chromatography in a sol- 
v e n t  o f  ch lo roform-methano l -d i i sobu ty l -  
ketone-acetic acid-water (23:10:45:25:4 v/v). 
The bands were located by radioautography 
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TABLE I 

Distribution of Fatty Acids Between the 
Amide of Ceramide Phosphorylglycerol 
Phosphate and the Esters of Cardiolipin 

in Bactero ides  me lan inogen icus  a 

Fatty 
acid Amide of CPGP Ester of C1 

12:0 3.7 --- 
13:0, Br 2.8 0.9 
14:0, Br 8.0 --- 
14:0 --- 1.6 
15:0, Br 25.8 64.6 
15:0 10.5 --- 
16:0, Br 2.9 --- 
t6:0 12.8 8.2 
17:0, Br --- 8.6 
18:0, Br 11.5 1.3 
19:0, Br 0.8 5.4 
19:0 0.3 7.3 
20:0, Br 8.1 --- 
20:0 --- 2.1 
21:0 2.5 --- 

aFatty acid methyl esters determined from the 
areas of response after GLC on ethylene glycol suc- 
cinate columns. The data are given as the percentage 
of the total fatty acids recovered from the amide or 
the ester linkage. 

FIG. 3. Radioautogram of the unknown ceramide 
derivative after mild alkaline methanolysis which re- 
moves the CL. See Figure 2. 

and  the  l ipids recovered.  The  top  b a n d  con-  
t a ined  lipids wi th  the  c h r o m a t o g r a p h i c  mob i l i t y  
in o t h e r  solvent  sys tems (7)  of  card io l ip in  (CL),  
phospha t id i c  acid (PA), and  the  t race  ce ramide  
derivat ive (Rf  value 0.71).  The midd le  b a n d  
c o n t a i n e d  lipids wi th  the  c h r o m a t o g r a p h i c  
mob i l i t y  in o the r  sys tems of  p h o s p h a t i d y l -  
glycerol  (PG),  CPG and  p h o s p h a t i d y l  e thano l -  
amine  (PE) (Rf  value 0 .52)  and  the  lower  b a n d  
c o n t a i n e d  CPE and  phospha t i dy l s e r i ne  (PS) (Rf  
value 0.43).  The lipids f rom the  top  b a n d  were 
recovered  f rom the  silica gel impregna t ed  pape r  
and  spo t t ed  on  sheets  of  th is  paper  again. Two-  
d imens iona l  c h r o m a t o g r a p h y  separa ted  the  CL 
and  ceramide  derivative f rom the  p h o s p h a t i d i c  
acid (Fig. 2). The CL plus ceramide  der ivat ive  
were recovered  and  a c c o u n t e d  for  99% of  the  
32p f rom the  top  band .  Mild a lkal ine  
me thano ly s i s  was p e r f o r m e d  at 0 C for  2 hr  and  
the  KOH neu t ra l i zed  wi th  Biorex 70 (a weakly  
acidic ca t ion  exchange  resin (7). The  wa te r  
soluble  glycerol  p h o s p h a t e  ester  derived f rom 
the  diacyl  l ipid was t h e n  separa ted  f rom the  
f a t ty  acid m e t h y l  esters and  the  ceramide  der- 
ivative us ing a sequence  of  th ree  ex t r ac t i ons  
wi th  d ie thy l  e the r  and  a f inal  e x t r a c t i o n  wi th  
c h l o r o f o r m  to min imize  emuls ion  f o r m a t i o n  
(1). The  mi ld  alkaline me thano ly s i s  is comple t e  
in  2 hr  (1). 

Lipid p h o s p h a t e  was ana lyzed  af ter  digest ion 
of  the  samples  in perch lor ic  acid (4);  0.16 
gmoles  of  radioac t ive  p h o s p h a t e  were recovered 
as a wate r  soluble  ester  which  co-chromato-  
graphed  w i th  un labe led  au then t i c  diglycerol 
phosphory lg lyce ro l  (G PG PG )  in two dimen-  
sions on  aminoce l lu lose  pape r  (7). The remain-  
der of the  32p  (0 .20 ~moles  lipid p h o s p h a t e )  
was recovered  in the  organic  solvent  a f te r  the  
mild alkal ine methano lys i s .  

The organic  phase  f rom the  mild alkaline 
me thano lys i s  con t a ined  f a t t y  acid m e t h y l  esters 
derived f rom the  CL. The f a t t y  acid esters were 
separa ted  f rom the  ce ramide  derivative by 
silicic acid c h r o m a t o g r a p h y .  The fa t ty  acid 
esters were t h e n  ana lyzed  by gas l iquid chro- 
m a t o g r a p h y  (GLC).  The ceramide  derivat ive 
recovered f rom the  silicic acid co lumn  was 
c h r o m a t o g r a p h e d  in two d imens ions  on  silica 
gel-loaded pape r  (Fig. 3). The  ceramide deriva- 
tive had  ident ica l  c h r o m a t o g r a p h i c  mobi l i ty  
before  and  af te r  mild a lkal ine  me thano lys i s  
(Fig. 2 and  3). This suggests the  ceramide deriv- 
ative con ta ins  no  ester  l inked  fa t ty  acids. No 
fa t ty  acyl esters were de t ec t ed  in ceramide  
p h o s p h o r y l e t h a n o l a m i n e  (CPE) in this  organism 
(1). The ceramide  derivat ive did no t  react  wi th  
per ioda te  (4)  before  or a f te r  mild alkaline 
hydrolysis .  

The ce ramide  derivat ive was hydro lyzed  in 
m e t h a n o l i c  2 N HC1 c o n t a i n i n g  water  (9.5% 
v/v) at 100 C for  2 hr  (1 ,10) .  This p rocedure  
quan t i t a t ive ly  l iberates  the  amide  l inked fa t ty  
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FIG. 4. Column chromatography of the water soluble products of the mild acid hydrolysis of the 
ceramides of Bacteroides melaninogenicus grown in the presence of 32p. Fractions of 2.65 ml were 
collected, a portion removed to assay the 32p and the remainder digested for the phosphate deter- 
mination. The elution volumes of authentic compounds are illustrated at the top of the Figure. The 
recovery of 32p was quantitative. 

acid, the LCB and water soluble phosphate de- 
rivative (1). The fatty acids derived from the 
amide of the LCB were separated from the LCB 
by silicic acid chromatography of the organic 
phase of the hydrolysis mixture. These fatty 
acids were methylated (8) and separated by 
GLC. A comparison of the proportions of fatty 
acid components from the amide of the LCB 
and the fatty acids in ester linkage to CL is 
given in Table I. The fatty acids derived from 
the amide contain less 15:0, Br and more of the 
longer branched fatty acids than are found in 
the ester linkage. The LCB fraction was re- 
covered from the silicic acid column and TMS 
derivatives prepared (1,11). TMS derivatives of 
the LCB had retention times corresponding to 
16:0 (1.5%), 17:0,Br (39%), 18:0 (18%), 
20:0, BR (4%), 20:0 (20%) and 21:0 (15%). The 
total detector response corresponded to 0.10 
#moles of TMS-dihydrosphingosine. This indi- 
cates that the molar ratio of LCB to phosphate 
in the ceramide was 1.00 to 2.05. The total 
response of the amide-linked fatty acid cor- 
responded to 0.09 #moles of methyl palmitate 
for an amide fatty acid to phosphate molar 
ratio of 0.92 to 2.00. 

Identification of the Water Soluble Product 
of Acid Hydrolysis 

To collect a large amount of the water 
soluble hydrolysis product of the unknown 
ceramide derivative for identification, the total 

l i p id  was deacylated by mild alkaline 
methanolysis and the fatty acids separated from 
the ceramide derivatives on a silicic acid col- 
umn. The ceramide derivatives were hydrolyzed 
in 1 ml methanolic 2 N HC1 containing 6.5 M 
water for 1 hr at 100 C. After cooling, 1 ml of 
water was added and the mixture extracted 
with two 2 ml portions of petroleum ether. The 
aqueous phase was then made to pH 10 with 
KOH and the petroleum ether extraction 
repeated twice. The aqueous phase was desalted 
by passing through a 5 X 300 mm column of 
Dowex 50-8X, 200-400 mesh, in the acid form 
and the 32p recovered quantitatively. The HC1 
was removed in a stream of nitrogen. The 32p 
labeled hydrolysis products were combined 
wi t  h au t hen  tic o-phosphorylethanolamine 
(o-pE), L-a-glycerol phosphate (aGP), inorganic 
phosphate (Pi), glycerol diphosphate (PGP) and 
o-phosphorylserine (o-pS) in 20 mM sodium 
borate pH 9.5 and loaded on a Dowex-1 
column. The esters were then eluted from the 
column with an ammonium formate-sodium 
borate gradient (4). Esters containing 32p were 
detected at the elution volumes of o-pE (43.3% 
of the 32p), methyl-GP (4.5%), aGP (43.6%) 
and GPGP or PGP (8.5%). This is illustrated in 
Figure 4. The fractions corresponding to PGP 
or GPGP were combined and diluted to eight 
times their volume with distilled water. The 
sample was then pumped onto a 0.4 X 15 cm 
column of Dowex-1 -8X (100-200)mesh in the 
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(5). In this system the Rf values were glycerol, 
0.80; glycerol phosphorylglycerol (GPG), 0.64; 
GPGP, 0.18; Pi,  0.15; and PGP, 0.05. A radio- 
autogram of the 32P-containing ester and its 
hydrolysis product together with a chromato- 
gram of authentic standards is illustrated in 
Figure 5. The 32p-containing ester had the 
chromatographic mobility of PGP. Only 32p i 
could be detected after alkaline phosphatase 
treatment. As a further identification the ester 
corresponding to the 32p spot in Figure 5 was 
eluted from the paper with water, mixed with 
authentic Pi, GPGP and PGP and applied to a 
Dowex-1 8X (200-400 mesh) column. The 
esters were eluted with 0.3 M ammonium 
formate pH 9.5 as illustrated in Figure 6. The 
32p containing ester is clearly not GPGP. 

FIG. 5. Radioautogram of the separation of the 
water soluble glycerol phosphate esters derived from 
the trace ceramide of BacteroMes melaninogenicus 
grown in the presence of 32p. The PGP fraction from 
the column illustrated in Figure 4 as desalted and 
chromatographed before and after treatment with 
alkaline phosphatase as described in Materials and 
Methods. 

formate form. The column was washed with 3 
column vol of 10 mM formic acid to remove 
the borate. The glycerol phosphate ester was 
then eluted with 0.3 M ammonium carbonate 
pH 8.0. The 32p was quantitatively recovered. 
The ammonium carbonate was removed from 
the fraction containing the 32p by boiling to 
dryness in a stream of nitrogen. 

A portion of the 32p containing ester was 
dissolved in 25 ~1 of 20 mM ammonium acetate 
pH 8.0. This was treated with 25 btl of alkaline 
phosphatase (1 mg/ml) frdm Escherichia coli 
(Worthington) for 3 hr at 25 C (5). The prod- 
ucts of enzymatic hydrolysis and unhydrolyzed 
ester were applied to paper and subjected to 
ascending chromatography on acid washed 
paper with the modified Wawszkiewicz solvent 

RESULTS 

Separation of the Unknown Ceramide Derivative 

The lipid isolated by the procedure illus- 
trated in Figure 1 was separated from CL. This 
is confirmed by the different proportions of 
fatty acids from the ceramide derivative and CL 
(Table I). Chromatography of the water soluble 
portion from the mild alkaline methanolysis 
performed on aminocellulose paper (7) indi- 
cated that there was no ceramide derivative in 
the GPGPG. The radioautograms illustrated in 
Figures 2 and 3 indicate that no CPE or CPG 
contaminate the unknown ceramide derivative. 
After mild alkaline methanolysis for 2 hr at 0 C 
the unknown ceramide derivative migrates as a 
single component in two dimensional paper 
chromatography (Fig. 3). Authentic CL is com- 
pletely deacylated in 1.5 hr at 0 C and the 
phosphate can be quantitatively recovered in 
the aqueous phase (4,7). 

Separation of the Ceramide Derivatives 

A second purification procedure was used to 
confirm the results derived from the lipid iso- 
lated as in Figure 1. The total lipid extract from 
B. melaninogenicus grown with H332PO 4 was 
subjected to mild alkaline methanolysis, the 
ceramide derivatives and fatty acid methyl 
esters from the diacyl,lipids were recovered in 
the organic phase. The fatty acid methyl esters 
and ceramide derivatives were separated with a 
silicic acid column. The ceramide derivatives 
were then separated by chromatography on 
silica gel-loaded paper. The ceramide derivatives 
in the lipid sample accounted for 48% of the 
lipid phosphate. A radioautogram of the 
separated ceramide derivatives is illustrated in 
Figure 7. The t w o  major ceramide derivatives 
correspond to CPE and CPG which have been 
identified previously (1). The distribution of 
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FIG. 6. Chromatography of  the PGP isolated from the trace ceramide of  Bacteroides melanino- 
genicus grown with 32p. PGP was eluted from the paper chromatogram used for Figure 5 and 
chromatographed on Dowex-1 as described in Materials and Methods.  See Figure 4. Each fraction 
contained 5.0 ml. The recovery of  the 32p was quantitative.  The elution volumes of  authent ic  glycerol 
phosphate  esters are given at the top of  the Figure. 

32p in the three ceramide derivatives was CPE, 
45%, CPG, 51% and unknown 4%. The un- 
known ceramide derivative has the same chro- 
matographic mobility when recovered and the 
chromatography repeated as that illustrated in 
Figure 3. 

Water Soluble Product of Acid-Hydrolysis of the 
Unknown Ceramide Derivative 

The 32P-containing derivative obtained after 
hydrolysis of the unknown ceramide derivative 
cochromatographed with PGP in the paper 
chromatographic system illustrated in Figure 4 
and the column chromatographic system illus- 
trated in Figure 5. This was true with the un- 
known ceramide separated from other lipids 
chromatographically and then from CL by mild 
alkaline methanolysis as in Figure 1, from the 
unknown ceramide derivative separated from 
the other ceramide derivatives after mild 
alkaline methanolysis of the total lipid extract 
as in Figure 7, or from the hydrolysis product 
of the ceramide derivative mixture separated as 
in Figure 4. 

The elution from a Dowex-1 column of the 
32p-glycerol ester recovered from the hydroly- 
sis of the ceramide derivative is not exactly 
coincident with authentic PGP (Fig. 6). Perhaps 
there are two glycerol diphosphate esters in the 
lipid or one is an artifact of the hydrolysis. The 
column does indicate that the ester is not 
GPGP. 

The absence of reactivity with periodate 
before or after mild alkaline methanolysis (Fig. 
2, 3 and 7), the chromatographic mobility on 
paper (Fig. 5) and columns (Fig. 4,6) and the 

release of 3 2 p  i and only 3 2 p  i by alkaline phos- 
phatase indicate that PGP is the ester liberated 
after acid hydrolysis of the minor component 
of the ceramide derivatives. 

FIG. 7. Radioautogram of  the chromatographic  
separation of  the ceramides of Bacteroides melanino- 
genicus grown in the presence of  32p as in Figure 2. 
The paper was then dipped in periodate solution fol- 
lowed by o-toluidine (4). A second paper was dipped 
in ninhydrin reagent (4). 
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DISCUSSION 

The ceramide  derivat ive descr ibed  in this  
s tudy  con ta ins  two  phospha te s ,  an  amide- l inked  
fa t ty  acid and  one  d ihyd rosph ingos ine  h o m o l o -  
gue pe r  molecule .  The  p h o s p h a t e  is p r o b a b l y  
l inked  to  the  1 pos i t ion  o f  the  LCB as in  the  
o t h e r  l ipids in this  organism (1). This  ce ramide  
der ivat ive  c a n n o t  be separa ted  f rom card io l ip in  
by  c h r o m a t o g r a p h y  in two  d imens ions  and  its 
c h r o m a t o g r a p h i c  mob i l i t y  on  silica gel-loaded 
paper  is no t  a f fec ted  by  deacyla t ion .  No vic inyl  
h y d r o x y l  groups  can  be de t ec t ed  before  or  a f te r  
deacy la t i on  of  the  ce ramide  by  mi ld  a lkal ine  
me thano lys i s .  Af ter  mi ld  acid m e t h a n o l y s i s  
PGP was recovered  in the  aqueous  phase.  The  
PGP was iden t i f i ed  ch roma tog raph ica l ly .  All 
the  32p  in 3 2 P G 3 2 p  was l ibe ra ted  as inorganic  
32p  a f te r  t r e a t m e n t  wi th  alkal ine phospha t a se .  
I t  wou ld  appear  t ha t  the  s t ruc tu re  of  this  
ce ramide  derivat ive is c e r a m i d e - I - p h o s p h o r y l -  
l ' - sn -g lycero l -3 ' -phospha te .  To our  knowledge  
this  l ip id  has  n o t  b e e n  descr ibed  previously .  

The  ce ramide  derivat ive descr ibed in this  
s tudy  is h o m o l o g o u s  wi th  p h o s p h a t i d y l  glycerol  
p h o s p h a t e .  A ceramide  derivat ive h o m o l o g o u s  
w i th  p h o s p h a t i d y l  glycerol  has  also been  
de t ec t ed  in th is  organism (1).  The  presence  of  
these  two  lipids suggests t h a t  the  b iosyn thes i s  
migh t  also parallel  the  syn thes i s  of  phospha -  
t idyl  glycerol  as descr ibed in E. coli (12) .  The 
CPG is p resen t  in a b o u t  10 t imes  the  concen-  
t r a t i o n  of  the  CPGP in B. melaninogenicus. 
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Oxidation Products of c~-Tocopherol Formed in 
Autoxidizing Methyl Linoleate 

A. SAARI CSALLANY, MEI CHIU and H. H. DRAPER, Division of Nutritional Biochemistry, 
Department of Animal Science, University of Illinois, Urbana, Illinois 61801 

ABSTRACT 

The oxidation products of 14C-a- 
tocopherol formed by heating with 
methyl  linoleate in an air atmosphere at 
6 0 C  or 100C were investigated. The 
products included a dimer, trimer and 
dihydroxy dimer, a-tocopherol quinone 
and unidentified degradation compounds. 
The dimer and trimer constituted the 
major products present after heating for 
70 hr at 60 C. After 70 hr at 100 C most 
of the 14C-a-tocopherol had been con- 
verted to degradation products; part of 
the 14 C originally present in the 5-methyl 
group was recovered as 14CO 2 and 
14CH3OH. 

INTRODUCTION 

Previous experiments in this series have 
shown that 14C-d-a_tocopherol is oxidized in 
rat liver to a-tocopherol quinone (1), a dimer 
(2), trimer and small amounts of dihydroxy 
dimer (3). In addition, it was found that these 
compounds were formed by mild oxidation of 
a-tocopherol with alkaline K3Fe(CN)6 , and it 
was proposed that they arise in vivo as a result 
of reactions with lipid free radicals or per- 
oxides. 

The present study was designed to charac- 
terize the oxidation products of a-tocopherol 
formed in the presence of autoxidizing methyl 
linoleate. The results demonstrate that, under 
appropriate conditions, the products are 
analogous to those produced in vivo and by 
mild inorganic oxidizing agents. 

EXPERIMENTAL PROCEDURES 

Experiments With Unlabeled 0l-Tocopherol 

Three mixtures were prepared to contain the 
following amounts of pure d-a-tocopherol (a-T) 
and methyl linoleate (ML), respectively: 1-20 + 
40 nag, 2-25 + 100 mg, 3-1 + 2 g. The samples 
were incubated in open beakers at 60 C in an 
air oven. After 70 hr, Sample 1 was dissolved in 
twice-distilled petroleum ether (Skellysolve F, 
bp 30-60C) and applied to a 1.5 X 15 cm 
column of Bio-rad neutral alumina (6% H20 
added). The column was developed with mix- 
tures of diethyl ether in petroleum ether (3). 

After being heated at 60 C for 20 days, 

Sample 2 was extracted with 50 ml of petro- 
leum ether and the residue from the soluble 
fraction was saponified in the presence of pyro- 
gallol by standard procedures. The unsaponi- 
fiable fraction (12 rag) was fractionated on 
Silica Gel G thin layer chromatograms. Three 
solvent systems were used to resolve the oxi- 
dation products of a-T: benzene-hexane (95:5); 
hexane-benzene (55:45); cyclohexane-methanol 
(97:3). Pure standard samples of a-T, dimer, 
trimer, tocopherOl-p-quinone (~-TQ) and di- 
hydroxy dimer (DHD) were prepared by FeC13 
or K3FE(CN) 6 oxidation of a-T (2,3). The 
developed chromatograms were sprayed with 
3.5% phosphomolybdic acid reagent which 
gives a brown color with the trimer and a blue- 
green color with (~-T, a-TQ and the dimer. 

Sample 3 was heated at 60 C for 70 hr, then 
extracted twice with 50 ml of 87% ethanol to 
remove peroxides and other polar lipids. The 
residue was dissolved in petroleum ether, 
washed three times with 87% ethanol and 
evaporated to dryness in vacuo under N 2. Ali- 
quots of the residue (total weight 1.2 g) and of 
the combined ethanolic extracts were examined 
for tocopherol compounds by thin layer and 
column chromatography. 

Experiments With 14C-d-Ot-Tocopherol 

For easier detection of the oxidation prod- 
ucts of a-T in the autoxidized mixtures, subse- 
quent experiments were carried out with the 
use of d-a-tocopherol-5-methyl- 14 C (14 C-a-T). 
Twenty milligrams of 14C~x-T (3.3 X 106 dpm) 

TABLE I 

Rf Values of Components  of  the Autoxidized 
0~-Tocopherol-Methyl Linoleate Mixtures 

T L C  (Silica Gel G) 

Hexane-benzene Cyclohexane-CH3OH 

Fraction 95:5 55:45 97:3 

O/-T a .71 .47 .58 
Dimer .85 .41 .95 
Trimer .92 .91 .95 
O~-TQ .11 .10 .31 
ML .80 .78 .95 
MLHP .15 .00 .16 

aAbbreviations: 0~-T, 0~-tocopherol; O:-TQ, O~-toco- 
pherol quinone; ML, methyl linoleate; MLHP, methyl 
linoleate hydroperoxide.  
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FIG. 1. Column chromatography of ML/~'I (2:1) mixture heated in an air oven at 60 C for 70 hr. 
See text for details. 

were hea ted  with 40 mg of  ML in air at 6 0 C  
and a sample of  14C-a-T alone was ma in t a ined  
u n d e r  ident ical  cond i t ions  as a cont ro l .  Af te r  
70 hr b o t h  samples  were dissolved in pe t ro l eum 
ether ,  a b o u t  3 mg of  syn the t i c  t r imer ,  d imer ,  
I)IID and a -TQ were added as carriers and  the  
mix tu re  was c h r o m a t o g r a p h e d  on  an a lumina  
co lumn.  The radioact iv i ty  in a I inl a l iquot  of  
each 10 ml f rac t ion  was p lo t t ed  against  the  
opt ical  dens i ty  measured  at the  abso rp t ion  
m a x i m u m  of the  individual  carriers. 

For  the  de t ec t ion  of  possible volati le degra- 
da t ion  p roduc t s  of  a-T, a n o t h e r  series of  
14C-a-T-ML mixtures  was hea ted  in r o u n d  
b o t t o m  flasks immersed  in an oil ba th ,  The  
flasks were con t inuous ly  f lushed wi th  CO 2 free 
air and  the  e f f luen t  was passed t h r o u g h  two 
50-ml hyamine  t raps in series. Samples  con-  
ta ining 20 mg 14C-o:-T (2.1 x 106 dpm)  + 40 
mg ML were incuba ted  unde r  the  fol lowing 
cond i t ions :  70 hr at 6 0 C  in 10 ml i sooctane ;  
70 hr at 60 C in thc  dry s tate;  7(1 hr  at 100 C in 
the dry state.  Af ter  i ncuba t ion  each sample was 
dissolved in pe t ro l eum e the r  and c h r o m a t o -  
graphed  6n an a lumina  co lumn wi th  appropr i -  
ate s tandards .  The  radioact iv i ty  in a l iquots  of  
the h y a m i n e  so lu t ions  was d e t e r m i n e d  by l iquid 
sc in t i l la t ion  spec t rome t ry .  

The  volatile 14C-compound( s )  de tec ted  in 
the above expe r imen t s  were col lected in a 2 
liter evacuated flask (0 .02  mm Hg) which was 
a t t ached  to the  sample flask. The volatile 
e f f luent  p roduced  by hea t ing  a sample con- 
ta ining 20 mg 14C-6~-T + 40  mg ML at 60 C for 
70 hr under  (;O 2 free air was col lected every 24 
hr for seven days. The col lec t ion  flasks were 
connec t ed  to a high vacuum line f i t ted wi th  dry 
ice-acetone and l iquid n i t rogen  traps,  and the  
14C-labeled mater ia l  in each t rap was collected 
in hyamine  for  count ing .  The  iden t i ty  of  the  
volati le c o m p o u n d s  col lected dur ing  the  first 
four  days was es tabl ished by gas c h r o m a t o -  
graphy (Lorenco ,  20% Carbowax  on Chromo-  
sorb W, 60 C, he l ium flow 75 ml /min) .  

R E S U L T S  

Experiments With Unlabeled C~-Tocopherol 

The c lu t ion  pa t t e rn  of  the  a u t o x i d a t i o n  
p roduc t s  of  Sample  1, wh ich  was hea ted  at 
60 C for 70 hr, is shown in Figure 1. The 
pos i t ion  of  the main  c o m p o u n d  was charac ter -  
istic of  c~-T and its iden t i ty  was conf i rmed  by 
TLC in three  sys tems  (Tab le  I), its reac t ion  to 
Emmer ie -Engel  reagent  and its UV abso rp t ion  
m a x i n m m  at 298 m/~ in i sooctane .  The first 
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FIG. 2. 14 C elution pattern obtained by column chromatography of ML/14C.o~. T (2:1) mixture 
heated in an air oven at 60 C for 70 hr. DPM, disintegrations per minute. See text for details. 
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FIG. 4. Distribution of  radioactivity obtained by column chromatography of  ML/14C-~T (2:1) 
mixture heated in isooctane at 60 C for 70 hr. Details given in text. 
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FIG. 6. Elution profile of 14C-labeled compounds obtained by column chromatography of 
14C-O~-T heated in a 60 C oil bath under CO 2 free air for 70 hr. 

peak is indicative of the trimer (3) and its 
identity was supported by the results of TLC 
against a pure standard (Table I). After removal 
of ML by TLC in the hexane-benzene (55:45) 
system the UV absorption maximum of the 
purified compound corresponded to that of 
synthetic trimer (295 m/a). 

The second peak was characteristic of the 
dimer (3) but also contained substantial 
amounts of unoxidized ML. After purification 
by TLC using benzene-hexane (95:5) and 
hexane-benzene (55:45), spots were observed 
which corresponded to synthetic dimer (2) and 
a UV absorption maximum corresponding to 
that of the dimer was observed at 300 m/a. The 
residue from Fraction 37 (Fig. 1) was purified 
by TLC using cyclohexane-methanol (97:3). A 
band which coincided with standard a-TQ (Rf 
0.30) was eluted with ether and, after further 
purification in the hexane-benzene (55:45) 
system, was found to display absorption in the 
260-270 m# region indicative of this quinone. 
A spot also was present at Rf 0.16 which cor- 
responded to standard methyl linoleate hydro- 
peroxide. The 35% ether fraction (Fig. 1) con- 
tained primarily oxidation products of methyl 
linoleate which exhibited a strong bafid at 232 
m/~ attributed to conjugated double bonds. 

Purification of the unsaponifiable fraction of 

Sample 2 revealed the presence of c~-T and small 
amounts of dimer, trimer and a-TQ, but only 
60% of the weight of the original tocopherol 
was recovered in the unsaponifiable fraction. In 
previous work (5) it was found that after 
heating 0.2 mg of ]4C~-T with 10 ml cod liver 
oil for 10 days, only 7% of the radioactivity 
was recovered in the unsaponifiable fraction. It 
is apparent that under these conditions c~-T is 
converted to polar compounds which remain in 
the aqueous phase when the autoxidized sample 
is saponified. 

By use of larger amounts of a-T and ML in 
Sample 3 and extraction of the oxidized mix- 
ture with 87% ethanol to remove the bulk of 
linoleate oxidation products, preparations Of 
pure dimer, trimer and a-TQ which exhibited 
authentic spectra were isolated by column and 
thin layer chromatography. The ethanolic 
extract was found to contain a-T but no signifi- 
cant amounts of its oxidation products. 

Experiments With 14C-C~-Tocopherol 

The effect of heating 20 mg 14C-~_ T with 40 
mg ML at 60 C for 70 hr is reflected in the 14 C 
elution pattern shown in Figure 2. Peaks corres- 
ponding to a-tocopherol and the trimer, dimer, 
DHD and a-TQ standards are in evidence, in 
addition to an unidentified peak in the 100% 
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FIG. 7. Chromatography of ML/14C_a_ T (2:1) mixture heated in 100 C oil bath under CO 2 free air 
for 70 hr. See text for details. 

ether fractions. The fact that the recovery of 
radioactivity from the column was only 22.4%, 
however, suggested that much of  the l aC-c~-T 
has been converted to highly polar or volatile 
compounds. A subsequent experiment demon- 
strated that most of the remaining radioactivity 
could be recovered by eluting with methanol- 
acetic acid (2: 1). 

Figure 3 illustrates the extent of oxidation 
of 14C-a-T in the absence of ML when heated 
in air at 60 C for 70 hr. While traces of oxi- 
dation products were formed, 68.0% of the 
recovered counts were present as unchanged 
14C-c~-T, and 92.1% of the total 14C was 
recovered from the column in the ether-petro- 
leum ether fractions. In contrast, after heating 
14C-a-T in the presence of ML, only 4.6% of 
the radioactivity applied to the column was 
recovered in the a-T peak (Fig. 2). 

Heating a 1 : 2 mixture of 14C-a- T and ML in 
isooctane solution at 60 C for 70 hr resulted ha 
little oxidation of  a-T (Fig. 4). Of the total 
counts recovered from the column, 79.8% were 
present in the c~-T peak. In contrast, when the 
solvent  was removed before incubation, 
virtually no 14C-0~- T remained (Fig. 5). Instead, 
most of the counts were distributed among the 
trimer, dimer and methanol-acetic acid frac- 
tions. In the absence of ML, heating 14C_a_ T in 

LIPIDS,  V O L .  5, NO,  1 

the dry state caused only limited oxidation, 
82.8% of the radioactivity being recovered in 
the a-T fractions (Fig. 6). Increasing the incu- 
bation temperature to 100 C resulted in a shift 
in the distribution of 14C toward the metha- 
nol-acetic acid fraction, which now contained 
50.0% of the counts recovered from the column 
(Fig. 7). 

No radioactivity attributable to volatile 14 C 
compounds was generated by heating the con- 
trol and isooctane samples, but 0.6% and 5.9%, 
respectively, of the original 5-methyl-14C was 
recovered in hyamine when the dry samples 
were heated at 60 C and 100 C. This obser- 
vation indicates that when a-T is subjected to 
severe heat in the presence of unsaturated lipids 
it undergoes not only oxidation of the hetero- 
cyclic ring structure but extensive decompo- 
sition of tile molecule. A summary of the distri- 
bution of ] 4 C among the oxidation products of 
a-T formed under various conditions of 
incubation is presented in Table II. 

Daily monitoring of the atmosphere above 
the dry mixtures of 14C-~-T and ML revealed 
that significant amounts of volatile labeled 
material were produced which could be par- 
titioned between the dry ice-acetone and liquid 
nitrogen traps. Figure 8 shows the relative 
amounts of volatile compounds produced by 
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oxidation of the 5-methyl group of a-T when 
this compound was heated in a 1:2 mixture 
with ML for seven days at 60 C in an atmos- 
phere of CO2-free air. Peak recovery of activity 
in the liquid nitrogen trap was obtained on the 
fourth day, whereas the activity in the dry ice- 
acetone trap was maximal on the third day. 

Over 99% of the volatile material collected 
during incubation of �94 and ML at 60 C 
for four days was found to be H20. However, a 
chromatographic peak was observed at a 
retention time which coincided with that of 
methanol. The identity of the latter component 
was confirmed by passing it through a catalytic 
hydrogenation tube containing 1% Pd on 
Chromosorb W with H 2 (20 ml/min) as gas 
phase. When the effluent was chromatographed 
on a Chromosorb W column coated with 5% 
squalene a peak for methane was obtained. As 
expected, the material frozen out at liquid 
nitrogen temperature exhibited a single peak 
for CO 2 (silicic acid column, helium flow 100 
ml/min, 70 C). 

DISCUSSION 

Although c~-TQ has been generally regarded 
as the main product of a-T oxidation in autoxi- 
dizing lipids, it is apparent that the dimer and 
trimer constituted major products under some 
of the conditions employed in this study. For 
example, when the dry 14C-~-T-ML mixture 
was heated at 60 C for 70 hr, approximately 
half of the radioactivity recovered from the 
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a lumina  c o l u m n  was p resen t  in the  dimer,  di- 
h y d r o x y  d imer  and  t r imer  f rac t ions  (Table  II). 
The  a m o u n t  of  a -TQ f o r m e d  u n d e r  this  con-  
d i t ion  is d i f f icul t  to  es t imate ,  as the  act ivi ty in 
the  100% e t h e r  and  M e O H : H A c  f rac t ions  m ay  
have arisen f rom d e c o m p o s i t i o n  of  this  com- 
p o u n d ,  bu t  the  a m o u n t  mus t  have been  less 
than  t h a t  of  the  c o m b i n e d  dimers  and  t r imer.  I f  
14C-ot-T o x i d a t i o n  p roceeded  by  the  same 
mechan i sm at 60 C and  100 C, it can be infer-  
red t h a t  the  increased a m o u n t s  of  polar  com- 
p o u n d s  recovered  in M e O H : H A c  a t  the  h igher  
t e m p e r a t u r e  (Tab le  II) were f o r m e d  by decom- 
pos i t ion  of  the  d imer  and  t r imer  which  pre- 
d o m i n a t e d  at  the  lower  t em pe r a t u r e .  

The  p r o d u c t s  of  t o c o p h e r o l  ox ida t i on  
fo rmed  u n d e r  relat ively mi ld  cond i t ions  of  
a u t o x i d a t i o n  (60  C in ML w i t h o u t  catalyst)  
the re fore  r e semble  t hose  f o r m e d  by weak  in- 
organic oxid iz ing  agents  such  as ferr icyanide.  
S o m e w h a t  s t ronger  agents  such  as FeC13 and 
AuCI 3 yield a p r e p o n d e r a n c e  of  a-TQ. Oxi- 
da t ion  of  a - t o c o p h e r o l  wi th  the  free radical  
in i t i a to r  azob i s - i sobu ty ron i t r i l e  or  the  s table  
free radical  t - b u t y l p h e n y o x y l  yields a d imer  
and  n o  ~-TQ (6,7) ,  whereas  the  p -qu inone  is 
fo rmed  by ox ida t i on  wi th  benzoy l pe r ox i de  (8). 
Studies  ana logous  to those  r epo r t ed  here  have 
shown  tha t  i ncuba t ing  a - t o c o p h e r o l  wi th  pure  
m e t h y l  l inolea te  h y d r o p e r o x i d e  leads to the  

f o r m a t i o n  of  the  dimers,  t r imer  and  p -qu inone  
(Mei Chiu et  al., unpub l i shed  results).  The  
f inding t h a t  the  ox ida t ion  of  a - t o c o p h e r o l  in 
vivo leads to  a s imilar  mix tu re  (3) indica tes  t h a t  
its m e t a b o l i s m  in animals  p roceeds  by  way of  
reac t ions  wi th  l ipid free radicals or  peroxides.  
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Metabolic Fate of Epoxycholesterol in the Rat 1 

J. A. F IORIT I ,  M. J. KANUK, M. GEORGE and R. J. SIMS, 
General Foods Corporation, Technical Center, White Plains, New York 10602 

ABSTRACT 

The rate of disappearance of intubated 
epoxycholesterol from the rat gastro- 
intestinal tract has been determined. The 
loss of this sterol is accompanied by the 
appearance of a sterol metabolite. This 
was isolated by preparative GLC and TLC 
and identified by mass spectrometry as 
5a-cholestan-3/3-5a,6-/3-triol. 

INTRODUCTION 

Previous experiments have shown that 
epoxycholesterol (5a-cholestan-5a,6a-epoxy- 
3/3-ol) is toxic when fed to rats at the 1.5% level 
in their diets for 90 days (1). Analysis of the 
lipids from the various tissues and from the 
serum of these animals failed to reveal the 
presence of any of this sterol (2). In that pre- 
liminary study only about 50% of the ingested 
epoxycholesterol could be accounted for in the 
fecal lipids when it was intubated as a 10% 
solution in monoolein. 

In order to obtain more information about 
the metabolic pathway of epoxycholesterol, the 
rate of disappearance was determined. Also a 
search was made for metabolites which might 
help to explain the observed biological activity 
(1). In lieu of a more elaborate radiotracer tech- 
nique, it was hoped that this simple direct 
approach would provide some clues to the 
toxicity of the sterol. The disappearance of 
epoxycholesterol from the gastrointestinal (GI) 
tract with time after intubation was accom- 
panied by the development of increasing 
amounts of an unknown sterol metabolite. This 
sterol has been isolated by preparative TLC and 
GLC and identified by mass spectrometry. 

EXPERIMENTAL PROCEDURES 

Sprague-Dawley male rats weighing 400-600 
g were used for the studies described. Doses of 
10% epoxycholesterol in monoolein equivalent 
to 1, 1.5, 2.0 and 2.5 g/kg were administered 
interperitoneally (IP); the animals were then 
observed during 14 days for acute effects. The 
same 10% solution was used in the oral a'dmini- 
stration for the LDs0 determination. The range 
in this case was 0.5 to 4 g/kg and the animals 
were retained for 21 days. The results w e r e  

1presented in part at the AOCS Meeting, San 
Francisco, April 1969. 

evaluated statistically by probit analysis. 
The rate of absorption study was done with 

Cesarean derived Sprague-Dawley rats weighing 
from 400 to 600 g. The animals were intubated 
with 1-1.2 g of a 10% solution of epoxycholes- 
terol in monoolein. They were subsequently 
killed in pairs either immediately or 1, 3 or 5 hr 
after intubation. The entire GI tracts were then 
removed, cut open lengthwise, and macerated 
in a Waring Blendor with 100 ml of benzene- 
methanol (2:1) containing 20-40 mg of 
7-ketocholesterol which served as the internal 
standard. The resulting mass was filtered and 
then reextracted twice with 100 ml of benzene. 
The combined filtrates were washed three times 
with 50 ml of 10% NaC1. The organic layer was 
then analyzed by thin layer chromatography 
(TLC). 

TLC was done using commercially available 
Silica Gel G plates (Analtech, Inc.). After 25-50 
/11 of extract had been spotted at the origin, the 
plates were developed with petroleum ether- 
ethyl ether-acetic acid (2: 1: 1). This system is 
similar to that used by Kritchevsky and Tepper 
(3). Plates were then charred by spraying with 
chromic sulfuric acid (I0)  and subsequently 
heating at 180 C for 30 min. 

For the gas liquid chromatographic (GLC) 
analyses, 2 ml of extract was dried thoroughly 
by repeated evaporation at 50-60 C under a 
stream of nitrogen, diluting the residue each 
time with 2 ml of benzene. Then trimethylsilyl 
ether derivatives (TMS) were prepared by 
adding 2 ml of silylating mixture (4). The deriv- 
atives were allowed to stand at room tempera- 
ture in a desiccator for 72 hr prior to analyses. 

An F&M 810 gas chromatograph equipped 
with dual flame ionization detectors was used. 
The 6 f t x  1/8 in. o.d. stainless steel column 
was packed with 10% UC-W98 on 80/100 Gas 
Chrom Q (Applied Science Laboratories, Inc.). 
The column was held at 310 C; the injection 
port and detector at 340 and 390 C, respec- 
tively. The helium flow rate was approximately 
60 ml/min. 

Prior to preparative TLC, the benzene- 
methanol tissue extract was saponified. This 
was done on 3.4 g of lipids from the extraction 
of the 5 hr sample. It was refluxed for 2 hr with 
50 ml of 0.5N NaOH in methanol. Most of the 
alcohol was then evaporated and, after the 
addition of 100 ml of water, the mixture was 
extracted three times with 50 ml of benzene. 
The extracts were combined and washed three 
times with 50 ml of 10% NaC1. The salt water 
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FIG. 1. GLC of sterol-TMS derivatives from rat GI 
tract. Five hour intubation sample. 

was combined with the residual soaps from the 
saponif icat ion and was extracted with ethyl  
ether for 24 hr in a liquid-liquid extractor .  
Af te r  concent ra t ion  to about  I0  ml, a por t ion  
of  this ether  extract  was silylated. Ten to 50/al  
of the silylated mixture  was then injected into  a 
Perkin Elmer Model 900 gas chromatograph 
equipped with a 15:1 ratio stream splitter. The 
condit ions used were identical to those 
d e s c r i b e d  previously. The inject ion was 
repeated about  20 times, unti l  droplets of  con- 
densate of  the desired componen t  were visible 
on the sides of  the col lect ion capillary tube. 

One half  of  the above condensate  was 
analyzed by high resolut ion mass spect rometry .  
The ins t rument  used was a Consolidated Elec- 
t rodynamics  Corp. 21-110 C equipped with a 
combina t ion  de tec tor  system and an electronic  
peak-matching accessory for precise mass 
measurements .  The samples were in t roduced 
into the ion source by the direct in t roduct ion  
probe technique.  The ion source was held at 
210 C, and the mass spectra were recorded on 
plates at probe tempera tures  of  150-160 C. 
Mass measurements  were made using a "Pro-  
jec t ina"  (Optical  Works, Ltd., Switzerland) 
optical  precision micrometer .  

The remaining half of  the sample was eluted 
with benzene and analyzed by GLC. The pre- 
parative TLC was done on C h r o m A R  500 sheet,  
25 cm in length (Mall inkrodt  Chemical Works). 
Two milliliters of  the concent ra te  f rom the 
liquid-liquid ext rac tor  was streaked on the 
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FIG. 2. TLC of lipids from rat GI tract. Solvent, 
petroleum ether-ethyl ether-acetic acid (2:1:1). o, 
origin; a, cholic acid; b, 5oecholestan-3fl,5~6fl-triol; c, 
monoolein; d, 7-ketocholesterol (internal standard); e, 
epoxycholesterol; and f, cholesterol or diglycerides. 
Lane 1, 50/.tg each cholestane triol, 7-ketocholesterol, 
and epoxycholesterol; Lane 2, 100 pg cholic acid; 
Lanes 3-6, 50 pl each of 0 time, 1, 3 and 5 hr GI 
extract, respectively. 

sheet manual ly and was then  developed using 
p e t r o l e u m  ether-diethyl  ether-acetic acid 
(20:80:  5). Af ter  the solvent front  had travelled 
about  20 cm, a 2 cm strip was cut and charred 
to locate  the various bands. The band con- 
taining the unknown metabol i te  was extracted 
with methanol .  

The chlorohydr in  derivative of  epoxycholes-  
terol  was prepared by bubbling gaseous HC1 
through a 3.3% solution of  epoxycholes te ro l  in 
ch lo ro fo rm for 2 hr at 30-50 C. When the 
solut ion was cooled,  the product  precipitated.  
It was recrystall ized f rom ethyl acetate- 
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Relative Retention Time of Silylated Sterols 
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Sterols 

Relative retention time a 

10% UC-W98 10% OV-225 10% OV-17 

5~-Cholestane 
7~-Hydroxycholesterol 
Cholesterol 
Cholestanol 
3,5-Cholestadiene-7-one 
%3-Hydroxycholesterol 
Epox ycholesterol 
6J3-Chlorocholestan- 3~3,5(2-diol 
Lanosterol 
/3-Sitosterol 
5t~-Cholest an- 3/3~ 5 t2-diol- 6-one 
Cholestane triol o 
6-Ketocholesterol 
7-Ketocholesterol 
25-Hydroxycholesterol 

1 .00  
1.51 
1.68 
1.73 
1 .78  
1 .89  
2.11 
2.14 
2.24 
2.30 
2.49 
2.54 
2.62 
2.70 
2.81 

(3.7) 1.00 (1.4) 1.00 (2.3) 
1.21 1.26 
1.71 1.65 
1.71 2.13 

1.64  
2.93 2.52 

2.57 2.69 
2.43 

2.14 2.78 

6.86 3.83 
2.87 2.96 

aBased on the recorded retention time of 
(min). 

bDi-TMS derivative. 

50~-cholestane, which is given in parenthesis 

me thano l  (1:1) ,  and then  dried in a vacuum at 
70 C; mp 168-171 C, l i terature 173-174 C (8). 

RESULTS AND DISCUSSION 

It is k n o w n  that  some fa t ty  epoxides  fed to  
rats survive the  s tomach  acid and are depos i ted  
in the tissue (2,5). In a past  s tudy we had 
observed tha t  the oxirane moie ty  of  epoxycho-  
lesterol  is more  resis tant  to  acid cleavage than  
the aliphatic,  in ternal  epoxides  (6). It was 
expec ted ,  therefore ,  that  some epoxycholes -  
terol  would  also pass th rough  the s tomach  
unchanged  but  the  ex t en t  of  this survival was 
no t  k n o w n  unti l  this s tudy  had been carried 
out .  The TLC results on lipids ex t rac ted  f rom 
the GI t ract  of  rats are shown in Figure 2. 
These animals had been  in tuba ted  with a 10% 
solut ion of  epoxycho les te ro l  in monoole in .  The 
animals were then  killed at intervals, the  first 
immedia te ly  af ter  in tuba t ion  and the  o thers  
af ter  1, 3 and 5 hr. The TLC plate shows indi- 

cations of  a decreasing level o f  epoxycholes -  
terol  in the tissue wi th  t ime af ter  in tubat ion .  
Also a new material  having an Rf equal to  tha t  
of  50~-cholestan-3/3,5a,6/3-triol appears  (Fig. 2, 
b); it increases in amo u n t  wi th  t ime after  intu- 
bat ion.  

In order  to  quan t i fy  these results,  some pre- 
l iminary gas l iquid ch roma tographs  were first 
obta ined on  mixtures  of  k n o w n  silylated 
sterols. Table I gives relative r e t en t i on  t imes for  
such a series on three d i f fe rent  substrates .  Also 
used but  no t  shown were the substra tes  SE-30 
and OV-1. These gave results similar to OV-17. 
Previously used QF-1  (6) was abandoned  
because of  its poo r  stabil i ty at 230 C. The 
sterols of  in teres t  can be ch ro ma t o g rap h ed  
wi thou t  silylation (11) but  this results in loss of  
peak s y m m e t r y  and partial  adsorp t ion  or de- 
compos i t ion ,  or bo th ,  which renders  quant i-  
ta t ion  diff icult .  Only in the  case of  10% 
UC-W98 was it possible to successfully separate  
epoxycho les te ro l  f rom choles tane  triol. 

TABLE II 

Disappearance of Epoxycholesterol From the Rat Gastrointestinal Tract 

Epoxycholesterol Time, Cholesterol, Epoxycholesterol Unknown 
intubated, mg hr mg recovery, % mg 

105 0 43 77 Trace 
121 0 50 75 Trace 
129 1 52 59 3 
120 1 47 68 7 
124 3 56 52 24 
110 3 39 54 28 
1 0 0  5 39 45 44 
I l l  5 51 55 30 
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FIG. 3. TLC of unknown metabolite. Solvent, 
same as in Figure 2. a, 5a-cholestan-3/3,5a,6~triol; b, 
7-ketocholesterol; c, epoxycholesterol; and d, choles- 
terol. Lane 1, mixture of a-d; Lane 2, rat GI tract 
unsaponifiable concentrate; and Lane 3, triol region 
from preparative TLC plate (in methanol). 

Subsequent separations with this substrate 
were then made on the sterol mixture from the 
5 hr sample of rat GI tract. The results achieved 
are illustrated in Figure 1. Note that epoxycho- 
lesterol is separated completely from the 
unknown peak which falls between it and the 
internal standard, 7-ketocholesterol. Small 
amounts of cholestane and lanosterol (12) were 
also found in the extracts from all of the GI 
tracts. Peak areas were measured by triangu- 
lation. The results shown in Table II clearly 
indicate a gradual loss of epoxycholesterol over 
the 5 hr period. The recovery immediately after 
intubation of only 75-77% cannot be fully 
explained. Although low, this value is repro- 
ducible since in a second experiment involving 
five rats the average recovery was 74% with a 
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mean deviation of 5% and a range of 68-80%. 
Part of this loss is no doubt due to the emulsi- 
fying action of monoolein which prevents 
epoxycholes te ro l  from being completely 
extracted by the organic phase. Intubation of 
the internal standard along with the epoxycho- 
lesterol might have solved this problem. Grundy 
et al. (9) took this route and used/3-sitosterol as 
an internal standard to correct for cholesterol 
losses in sterol balance studies. 

This sterol could not be used here because it 
could not be resolved from epoxycholesterol on 
any of the GC columns tried. On the other 
hand, 7-ketocholesterol could not be intubated 
because its fate in the rat GI tract is unknown, 
therefore, it was added externally, immediately 
prior to solvent extraction. In spite of this low 
recovery, it is apparent that the amount of 
epoxide is decreasing with time and that this is 
accompanied by an increase in the size of the 
unknown sterol peak. 

The intraperitoneal injections demonstrated 
that up to 2.5 g/kg no lethal or gross toxic 
effects are produced by epoxycholesterol. By 
oral administration, on the other hand, toxicity 
of this steroi was shown by an LDso value of 
1.82 g/kg. The results of these studies suggested 
that a metabolic intermediate (or inter- 
mediates) is the toxicant. This fact made the 
isolation and identification of the unknown 
metabolite all the more pertinent. 

The isolation step was complicated by the 
polar character of the unknown. Saponification 
was used to effect an initial separation from 
m o n o o l e i n  and other tissue glycerides. 
Extraction of the residue from saponification 
with benzene yielded large amounts of choles- 
terol, epoxycholesterol and the added 7-keto- 
cholesterol, but only trace amounts of the 
metabolite. Also present in the benzene layer in 
substantial amounts was 3,5-cholestadien-7-one 
which results from the alkaline dehydration of 
7-ketocholesterol (7). It was subsequently 
found that the bulk of the metabolite remained 
with the soap and could be salted out and 
extracted with diethyl ether. 

Various attempts to purify the crude sterol 
metabolite contained in this ether extract by 
preparative TLC were unsuccessful. These failed 
because the unknown, as well as the known 
cholestane triol, could not be visualized by the 
usual nondestructive methods; e.g., with iodine, 
dichlorofluorescein, or an ultraviolet phosphor. 
As was mentioned in the previous section, 
ChromAR sheet can easily be cut into narrow 
strips which can be charred for location of the 
various bands. The unknown band was subse- 
quently cut from the sheet and extracted with 
methanol. The white residue from the methanol 
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TABLE III 

Mass Spectral Data 
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Sample Molecular ion (M +) Principal ions 

50~-Cholestan- 3/3,50/,6f3-triol 420 402a; 418,403,385, 
384,369,348,331,271, 
262,247,244,229 

402a;403,385,384, 
369,348,331,271,262, 
248,247,244,229 

546.4315a,d,531,475, 
456,403,385 

Rat metabolite isolated by TLC 420.3588 b 

Rat metabolite (TMS) isolated by 564.4450 c 
by GLC 

aBase peak (M+-H20). 
bCalculated for C27H48)3 = 420.3603. 
CCalculated for C27H4603Si 2 (CH3) 6 = 564.4390. 
dCalculated for C27H4402Si 2 (CH3) 6 = 546.4284. 

mel ted  at 218-220 C. On the same Kofler  ho t  
stage, the  commercia l  triol (Steraloids,  Inc.) 
had a melt ing po in t  of  221-224 C. Figure 3 
i l lustrates the effect iveness  of  C h r o m A R  pre- 
parative TLC as a means of  purifying the  un- 
k n o w n  metabol i te .  

To rule out  the  possibil i ty that  the me tabo-  
lite might  be a ch lorohydr in  derived by ring 
opening  wi th  HC1 in the rat  s tomach ,  a sample 
of this material  was prepared.  By GLC the 
material  ( b o t h  before  and after  si lylation) was 
found  to have a r e t en t ion  t ime a lmost  ident ical  
to tha t  of epoxycho les te ro l  on all co lumns  
used. TLC showed it to have an Rf equal to 
tha t  of  7-ketocholes terol .  F rom this data, the 
possibil i ty that  the  metabol i te  fo rmed  was the  
ch lo rohydr in  was ruled out.  

On the assumpt ion  that  the  u n k n o w n  
m e t a b o l i t e  was 5~-cholestan-3/3,50~,6J3-triol 
some high resolu t ion  mass spec t rome t ry  was 
carried out.  A sample of the k n o w n  triol,  and 
b o t h  the  TLC and GLC preparat ions ,  were 
analyzed.  As shown in Table III when  the  TLC 
p r e p a r a t i o n  was analyzed,  it showed  a 
molecular  ion (M +) of 420; the loss of  two  
molecules  of  water;  i.e., M+-18 and M+-36 gave 
peaks equivalent  to 402 and 384 molecular  
weights.  These f ragments  were also observed in 
the  k n o w n  triol. The p rominen t  peaks f rom the  
preparat ive GLC (silylated) sample include 
M+-72 and M+144 indicating that  the tr iol  
fo rms  a di-silyl derivative and that  the h indered  
5-~-OH group did not  react  under  the con- 
di t ions  used. 

The mass spectral  data given in Table III 
unques t ionab ly  identif ies  the metabol i t e  as a 
choles tane  triol. Considera t ion  of  its precursor ,  
and its dehydra t ion  and si lylation behavior,  
make it a lmost  certain tha t  the  s terol  is 5a- 
cholestan-3~,5a,6t3-triol. An a t t e m p t  to  fu r ther  
conf i rm this ident i f ica t ion  by NMR was unsuc- 

cessful because of  the l imited a m o u n t  of  sample 
available. 

The fact  that  epoxycho le s t e ro l  is conver ted  
mainly to choles tane  tr iol  in the  rat GI tract  has 
been  established. The relat ionship of  this con- 
version to the observed tox ic i ty  of  e p o x y c h o -  
lesterol  is no t  clear at the  present  t ime. 

The work now under  way is designed to 
clarify this point  and should also help in the 
in te rp re ta t ion  of  the  results f rom the  chronic  
tox ic i ty  s tudy  now in progress. 
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Relation of Cholanate Structure to Inhibition of 
14C-26-Cholesterol Oxidation by Mitochondria from Rat Liver 

J. A. INKPEN,  1 C. A. INKPEN 1 and F. W. Q U A C K E N B U S H ,  
Department of Biochemistry, Purdue University, Lafayette, Indiana 47907 

A B S T R A C T  

Eight bile acids and 20 of their deriva- 
tives, of known purity, were compared 
for inhibitory effect upon oxidation of 
cholesterol in vitro by rat liver mito- 
chondria. All inhibited oxidation of 
14C-26-cholesterol; none inhibited oxi- 
dation of 14C-l-octanoate. The a-mono- 
hydroxy- and a-dihydroxycholanic acids 
were more potent inhibitors than a-tri- 
hydroxycholanic acid and trioxocholanic 
acid. Most were more potent than their 
derivativesl In general, the relative 
inhibitory potency of derivatives was: 
methyl esters > free alcohols > glycine 
conjugates > taurine conjugates. Mito- 
chondria from rats subjected to 4 hr alter- 
nate light-dark periods were less suscepti- 
ble to the inhibitory action of cholanate 
conjugates than were mitochondria from 
rats under normal day-night conditions. 
These experiments with compounds of 
known purity show that the hydroxy- 
lation pattern is the determining factor in 
cholanate inhibition of the cholesterol 
oxidation. 

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

While the ability of a commmcial grade of 
bile salts to inhibit oxidation of cholesterol by 
hepatic mitochondria was observed some time 
ago (1,2), systematic study of this inhibitory 
action began only recently. Lee and Whitehouse 
(3) compared taurine conjugates of a number of 
bile acids at a single level (0.5 mM) and were 
able to show marked differences in inhibitory 
power. Dean and Whitehouse (4) used an 
improved parameter (concentration for 50% 
inhibition) in comparing inhibitory action of 
selected cholanates upon the oxidation of three 
cholesterol derivatives. However, in none of 
these studies was the purity of the bile acids or 
their derivatives stated. Pope et al. (5) and 
Dietschy (6) have observed that the majority of 
physiological effects of commercial bile salts 
are not caused by the bile salts themselves but 
rather by their impurities. Since the kinds and 
amounts of cholanates which supply the entero- 

1present address: Bio-Science Laboratories, Van 
Nuys, California 91405. 

hepatic circulation may influence the formation 
(7-10) as well as the degradation (4) of choles- 
terol, further systematic comparison of com- 
pounds of known purity for their inhibitory 
action on cholesterol oxidation appears timely. 

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

Purity of Bile Acids and Their Derivatives 

All of the bile acids and their derivatives 
were examined by thin layer chromatography 
(TLC) and gas liquid chromatography (GLC) 
analysis and in most cases were subjected to 
prior purification. The observed percentage 
impurity is shown parenthetically. 

Cholic acid, from Nutritional Biochemicals, 
lnc., was recrystallized from 70% ethanol 
several times (impurities < 0.5%). 

Deoxycholic acid sodium salt, Calbiochem, 
was pur i f ied by washing 200 ml of the 5% 
aqueous solution twice with 100 ml petroleum 
ether in a separator. The aqueous solution was 
acidified with 25 ml of 1 N HC1 and extracted 
with chloroform. The chloroform extract was 
washed twice with 100 ml of saturated NaC1, 
dried over anhydrous sodium sulfate and evapo- 
rated to dryness. The residue was dissolved in 
hot 70% ethanol and recrystallized at 4 C over- 
night (chenodeoxycholic acid and trace of an 
unidentified substance, total 2%). 

Lithocholic acid sodium salt, Calbiochem, 
was partially purified as described for deoxy- 
cholic acid and further purified by preparative 
TLC on Silica Gel G with chloroform-acetone- 
acetic acid (80:20:1) before recrystallization 
(impurities < 0.5%). 

The following commercial products were 
tested for purity and were used without further 
purification: chenodeoxycholic acid, Baker 
Chemical Co. (deoxycholic acid, 2%); 3/3- 
cholanic acid, Mann Research Labs. (no impuri- 
ties detectable); 3a,6a-cholanic acid, Mann 
(chenodeoxycholic acid, 2.5%); 3a,7/3-cholanic 
acid, Mann (chenodeoxycholic acid, 2.5%); 
3,7,12-trioxocholanic acid, Calbiochem, (cholic 
acid, 1.5%). Glycodehydrocholic acid sodium 
salt, Calbiochem (glycocholate + dehydro- 
cholate, 5%); taurodehydrocholic acid sodium 
salt, Calbiochem (taurocholate + dehydro- 
cholate, 5%). 

The taurine and glycine conjugates of litho- 
cholic, deoxycholic, chenodeoxycholic and 
cholic acids were prepared by treatment with_ 
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TABLE I 

Effectiveness of Hydroxy Cholanic Acids and Their Derivatives as Inhibitors of 
Hepatic Mitochondrial Oxidation of 14C-26-Cholesterola 

Concentration (#M) for 50% inhibition 

Free Methyl Glycine Taurine Free 
5~-Cholanate acid ester conjugate conjugate alcohol 

3 ~  10  10  
3~ 14 27 
3~6~  25 28 
3~7~  9 12 
3~12~  8 16 
3~7~ 12 12 
3 ~ 7 ~ 1 2 ~  33 49 
3,7,12-trioxo 68 , 70 

36 32 --- 

83 170 56 
43 93 32 

3 1 0  320 34 
--- ~40 --- 

aMitochondrial preparations from livers of male rats were incubated with 14C.26.choles. 
terol and cofactors to which four or more levels (1 to 1000 /2M) of the cholanate were 
added in Tween 80 suspension. After 4 hr, 14CO2 was collected for scintillation counting 
and the 50% inhibition point was obtained from a semilog plot (4). Before use, the cho- 
lanates were purified by crystallization and TLC. 

mixed  carboxyl ic  acid anhydr ides  (11).  Af te r  
c rys ta l l iza t ion  the  conjugates  were separa ted  
f r o m  u n r e a c t e d  bile acids by  prepara t ive  TLC 
on Silica Gel G. The developing solvent  for  the  
t aur ine  c o n j u g a t e s  was bu tano l -ace t i c  acid- 
wate r  ( 1 0 : 1 : 1 )  and  for  the  glycine con juga tes  
was ch l0 ro fo rm-ace tone -ace t i c  acid (70: 20 :10) .  
The  conjuga te  band  was scraped f rom the  TLC 
plate ,  e lu ted  wi th  m e t h a n o l - w a t e r  (10 :2 )  and  
recrysta l ! ized f rom e th ano l  at  4 C ( impur i t i es  < 
2%). 

To prepare  m e t h y l  esters the  bile acids were 
reac ted  w i th  d i a z o m e t h a n e  (12) .  Comple teness  
of m e t h y l a t i o n  was Verified by  TLC on Silica 
Gel  G wi th  ch lo r0 fo r m - ace t one  ( 8 0 : 2 0 )  for  
m e t h y l  l i t hocho la t e ,  c h e n o d e o x y c h o l a t e  and  
d e o x y c h o l a t e ,  and  wi th  ch lo ro fo rm-ace tone -  
acet ic  acid ( 7 0 : 2 0 : 5 )  for  m e t h y l  che la t e  
( impur i t i es  < 1%). 

The  m e t h y l  cho lana tes  were reduced  to alco- 
hols  by  l i t h ium a l u m i n u m  hydr ide  in e the r  
(13) .  Af te r  ac id i f ica t ion the  reac t ion  m i x t u r e  
was washed th ree  t imes  wi th  sa tura ted  NaC1, 
dr ied over  Na2SO4,  and  the  cho lany l  a lcohols  
were separa ted  f rom unreac ted  m e t h y l  esters by  
prepara t ive  TLC on Silica Gel  G. Developing 
solvents  were ch lo ro f o r m - ace t one  ( 80 : 10 )  for  
l i t hocho la te ,  c h l o r o f o r m - a c e t o n e  ( 80 : 20 )  for 
c h e n o d e o x y c h o l a t e  and  d e o x y c h o l a t e  and  
ch lo ro fo rm-ace tone -ace t i c  acid (70 :30 :  5) for  
chela te .  

Ace ty l a t i on  of the  h y d r o x y l  groups  in these  
c o m p o u n d s  p roduced  derivat ives which  were so 
insoluble  as to  p reven t  the i r  compar i son  as 
i n h i b i t o r y  substances .  

Preparation of Hepatic Mitochondria 

Mitochondr i a l  p repa ra t ions  were o b t a i n e d  
f r o m  the  livers of male Wistar rats. The  animals  

(200-300  g) were killed by  cervical d i s l o c a t i o n ,  
the  livers qu ick ly  excised and placed in ice cold 
0.25 M sucrose.  All s u b s e q u e n t  ope ra t ions  were  
comple t ed  at  4 C. The livers were fo rced  
t h r o u g h  a Harvard  t issue press in to  th ree  
vo lumes  of  0.25 M sucrose and  the  resu l t ing  
suspens ion  was h o m o g e n i z e d  in a plain glass 
tes t  t ube  by  3-4 s t rokes  wi th  a loose f i t t ing  
mo to r -d r iven  Tef lon  pestle.  The  h o m o g e n a t e  
was cen t r i fuged  12 min  at 750 X g and  the  
resul t ing s u p e r n a t a n t  f r ac t ion  for  12 nfin at  
8500  X g. The  s u p e r n a t a n t  f r ac t i on  was t hen  
discarded and  the  m i t o c h o n d r i a l  f rac t ion ,  resus- 
p e n d e d  in f resh 0.25 M sucrose,  was again cen- 
t r i fuged 12 min  at  8 5 0 0  X g. The washed  mi to-  
chondr ia  were t h e n  re suspended  in 0.25 M 
sucrose and  p ro t e in  c o n t e n t  of the  suspens ion  
was d e t e r m i n e d  by  the  m e t h o d  of Lowry  et al. 
(13).  

Procedure for Assay for Inhibitory Action 

The fo l lowing  commerc ia l  subs tances  were 
used in the  m i t o c h o n d r i a l  i ncuba t i ons  w i t h o u t  
p u r i f i c a t i o n :  t 4 C - 2 6 - c h o l e s t e r o l ,  18.6 
m C / m m o l e ;  s o d i u m  o c t a n o a t e ,  1 3 . 0  
m C / m m o l e ;  adenos ine  m o n o p h o s p h a t e  (AMP);  
adenos ine  t r i p h o s p h a t e  (ATP) ;  n i c o t i n a m i d e  
aden ine  d inuc l eo t ide  (NAD) ;  and  g lu t a th ione  
(GSH),  all f r om Calb iochem,  Los Angeles;  
sod ium lauryl  sul fa te  (F i sher  Scient i f ic  Com- 
pany ,  Fair  Lawn,  N.J .) ;  T r i ton  X-100  (Arbor -  
H u r o n  Labora to r ies ,  A n n  Arbor ,  Mich.) ;  and  
Tween  80 (At las  Chemica l  Co., Wi lmington ,  
Del.). Rad ioac t iv i ty  was e s t ima ted  by  l iquid 
sc in t i l la t ion  c o u n t i n g  (Packard  Tr icarb)  wi th  a 
t o luene  sc in t i l la t ion  f luid (Omni f luo r ,  New 
England  Nuclear  Corp. ,  Bos ton ,  4 g/l  of  
to luene) .  The  rad ioac t iv i ty  data  are subjec t  to  a 
+ 5% coun t ing  error.  
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FIG. 1. Effect of length of alternate fight-dark 
periods on susceptibility of mitochondrial oxidation 
to inhibition by different conjugated cholanates. 
Hepatic mitochondria were prepared from rats main- 
tained eight days on alternate light-dark periods of 12 
hr each, then killed after 3 hr of light (cross-hatched 
bars) and rats maintained eight days on alternate 
light-dark periods of 4 hr each, then killed after 1 hr 
of light (clear bars). Mitochondrial preparations were 
incubated with 14C.26.cholestero 1 and four levels of 
the bile salt as described in Table I. Each bar repre- 
sents the mean value from two or more incubations 
with different rat preparations. Numbers represent 
positions of O~-hydroxyl groups. 

Incubation mixtures contained 0.5 ml of the 
mitochondrial fraction (equivalent to 1.5-2.0 g 
of liver), 0.8 ml of 0.25 M Tris buffer (pH 8.5), 
0.1 ml of 14C-26-cholesterol (0.05 /JC in 0.1% 
Tween 80), 8.0 mg ATP, 2.0 mg AMP, 1.5 mg 
NAD, 5.0 mg GSH, 0.2 mg sodium citrate, 3.0 
mg MgC12"6 H20,  the bile acid or its derivative 
in 0.1 ml of 0.1% Tween 80, and 1.0 ml of 
0.125 M sucrose. After addition of the mito- 
chondrial fraction, a shell vial containing a strip 
of filter paper was inserted, the flask was sealed 
and shaken for 4 hr at 37 C. Incubations were 
stopped by injection of 0.5 ml of 6 N sulfuric 
acid into the medium. Flasks were shaken an 
additional hour to collect the carbon dioxide in 
0.5 ml Hyamine hydroxide which had been 
injected into the shell vial, On removal of the 
shell vial, the outer surface was rinsed with 
alcohol and wiped dry, the vial inverted into a 
flask which contained scintillation fluid and 
radioactivity was then determined. 

RESULTS A N D  DISCUSSION 

Inhibition of Oxidation of 14C-26-Cholesterol 

The mono- and di-a-hydroxy cholanic acids 
were the most potent inhibitors of mito- 
chondrial oxidation of 14C-26-cholesterol, and 
there was little difference between them except 

for the 3a,6a-compound which was clearly less 
active and more nearly resembled the 3/3-com- 
pound in activity (Table I). The trihydroxy- 
and the trioxo-compounds were also distinctly 
less inhibitory. The methyl esters, in most 
cases, were slightly less inhibitory than the free 
acids. However, formation of the glycine deriva- 
tive reduced inhibitory power much more than 
formation of the methyl ester. The free alcohol 
of the dihydroxy compound was also sub- 
stantially less inhibitory than the free acid. 

Oxidation of 14C-1-Octanoate 

To examine the specificity of inhibition of 
cholesterol oxidation by cholanates parallel 
studies were performed with 14C_l_octanoate. 
The octanoate (ca 0.01 ktmole, containing 2 x 
l0 s counts per minute) in 0.1% Tween 80 was 
added to the incubation flask in place of the 
14C-26-cholesterol and incubated for 2 hr (ca 
40-50% label collected as 14CO2). Four 
hydroxycholanic acids (3a; 3c~,7a; 3a,12c~; and 
3a,7a,12a) were tested as the free acid, the 
methyl ester, the glycine and taurine conjugates 
and the free alcohol. In the 20 comparisons of 
octanoate oxidation with and without cho- 
lanate addition a range of 93% to 104% as 
much oxidation occurred in the presence of the 
cholanate as in its absence. Inhibition of octa- 
noate oxidation also was not detectable at a 
10-fold higher level (1.0 mM). It was evident, 
therefore, that these hydroxy cholanates and 
t h e i r  derivatives exerted no measurable 
inhibitory effect upon octanoate oxidation by 
h e p a t i c  mitochondrial  preparations. The 
inhibitory effect of these compounds upon 
cholesterol oxidation, therefore, can be con- 
sidered a specific one. 

Influence of Light and Dark Periods on Inhibition 

When animals were kept on alternating 12 hr 
light-dark periods and the livers removed at the 
third hour in a light period, 50% inhibition was 
p r o d u c e d  with lower concentrations of 
cholanate conjugates than when animals were 
kept on alternating 4 hr light-dark periods and 
livers removed in the first hour of a light period 
(Fig. 1). These different light-dark periods did 
not alter measurably the inhibitory effect of 
free cholanic acids upon the mitochondrial 
oxidation of cholesterol. Thus, it appears that a 
diurnal variation exists in the cholanic acid 
levels of the liver and enterohepatic circulation. 
Perhaps hepatic mitochondria from animals in 
the postabsorptive state have a greater sensitiv- 
ity to conjugated cholanates than those in the 
absorptive state. This could reflect a reduced 
level of endogenous cholanic acid conjugates 
during the absorptive period. 
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The studies of Lee and Whitehouse (3) sug- 
gested an inverse re la t ionsh ip  be tween  degree of  
h y d r o x y l a t i o n  and  inh ib i to ry  power  of  cholanic  
acids u p o n  m i t o c h o n d r i a l  ox ida t i on  of  choles-  
terol.  This  re la t ionsh ip  ho lds  for  the  pur i f ied  
acids wh ich  we have tes ted .  In addi t ion ,  it ho lds  
for  the  m e t h y l  esters  and  the  free a lcohols  and,  
in a geo m e t r i c  progress ion ,  for  the  glycine con-  
juga tes  as well as for  the  t aur ine  con juga te s  
(Fig. 1). One  conc ludes  f r o m  these  da ta  t ha t  
the  h y d r o x y l a t i o n  p a t t e r n  is the  d e t e r m i n i n g  
gactor  in inh ib i t i on  o f  choles te ro l  ox ida t ion .  It 
appears  t h a t  rat  liver syn thes i zes  those  bile sal ts  
wh ich  have  the  lowest  i nh ib i to ry  e f fec t  u p o n  
o x i d a t i o n  of  the  choles te ro l  side chain.  W h e t h e r  
this  e x t e n d s  to  all a spec t s  o f  choles te ro l  oxi-  
da t ion  will be of  in te res t  to observe.  
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The Effect of Dietary Sterculic Acid on the Hepatic Lipids 
of Rainbow Trout 1 ,2 
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ABSTRACT 

Groups of young rainbow trout (5 g) 
were fed a basal diet containing 9% 
salmon oil and 1% tristearin with 0, 100 
or 200 ppm methyl sterculate. Liver 
lipids were separated into polar and non- 
polar fractions and the fatty acids quanti- 
tatively analyzed. Significant elevations 
of the stearic-oleic and the palmitic- 
palmitoleic ratios were found in liver 
fatty acid composition 10 days after the 
feeding trial began. Liver triglycerides of 
fish fed methyl sterculate for 87 days 
contained only 2-3% docosahexenoic acid 
as compared to 10.69% in control trout, 
suggesting an effect on the biosynthesis 
of long chain polyunsaturates. Dietary 
cyclopropenoid fatty acids (CPFA) sup- 
pressed growth rate during the first part 
of the 200 day feeding trial. After 90 
days no differences in the rate of weight 
gain were observed between the control 
and CPFA groups. A seven day feeding 
trial with 0, 5, 20, 50 and 100 ppm CPFA 
resulted in a maximum change in the 
stearic-oleic ratio at 50 and 100 ppm 
levels. All levels of CPFA increased this 
ratio and caused marked alterations in the 
cellular morphology of the liver. 

INTRODUCTION 

Cyclopropenoid fatty acids (CPFA) occur 
naturally in the triglycerides of plants in the 
order Malvales (1). The most nutritionally and 
economically important of these lipids is 
cottonseed oil, which contains small quantities 
of both the 18 carbon cyclopropenoid malvalic 
acid, and the 19 carbon sterculic acid. These 
unique fatty acids have been shown to induce a 
variety of physiological disorders when fed to 
animals. Phelps et al. (2) have recently reviewed 
these disorders, which include abnormalities in 
the reproductive process and alterations of lipid 
metabolism. The latter effect has been studied 

1presen ted  in part  at the  annual  mee t ing  o f  the  
Fede ra t i on  of  Amer i can  Societies for  E x p e r i m e n t a l  
Biology,  At lan t ic  City, N ew Jersey ,  April ,  1968.  

2Tect)nical  Paper No. 2565 ,  Oregon  Agr icul tura l  
E x p e r i m e n t a l  Stat ion.  

3presen t  address:  Battelle N.W., Richland,  Wash- 
ing ton  99352.  

by Reiser and Raju (3,4) and Johnson et al. (5), 
who determined that the stearic fatty acyl 
desaturase enzyme system was inhibited by 
sterculic acid. This explained the high levels of 
stearic acid and correspondingly lower levels of 
oleic acid generally observed in poultry and rats 
fed cyclopropenoids. This shift in fatty acid 
composition recently has been observed in rain- 
bow trout (6) where it was found most pro- 
nounced in the liver lipids. Sinnhuber et al. 
(7,8) recently reported that sterculic and mal- 
valic acids greatly increased the incidence and 
growth rate of aflatoxin-induced hepatoma in 
rainbow trout. 

Many investigations have been made of the 
effect of CPFA in certain warm-blooded species 
but very little work has been done with fish. In 
a study designed to determine the influence of 
dietary fatty acids and water temperature on 

T A B L E  1 

Per Cent  Compos i t ion  o f  Fa t ty  Acids 
in T r o u t  Liver Lipids Af te r  Feeding 

CPFA for  l0  Days a 

CPFA in diet ( p p m )  

Fa t ty  acid 0 100 200 

Triglycer ides  

14:0 6.7 3.5 4.6 
16:0 15.4 16.8 16.3 
16:1 9.6 6.0 5.9 
18:0 4.9 20.7 23.3 
18:1 39.8 36.9 35.6 
18!2606 2.5 1.5 1.5 
20:1 4.9 5.2 5.0 
18:4o33 1.4 1.2 --- 
22:1 1.6 1.8 1.1 
20:5co3 1.3 . . . . . .  
22:5co6 1.1 . . . . . .  
22 :6 to3  4.6 3.7 4.8 

Phosphol ipids  

14:0 2.6 2.5 3.6 
16:0 20.9 21.6 19.9 
16:1 3.3 2.4 2.5 
18:0 4.5 12.3 13.3 
18:1 14.8 12.3 12.8 
18:2o36 1.3 0.8 1.5 
20:1 2.0 1.8 2.1 
18:4to 1.0 . . . . . .  
20:4o36 1.9 1.6 1.5 
20 :5 t03  3.5 2.6 2.5 
22:5co6 2.4 1.3 2.4 
22:6c03 36.8 39.2 32.7 

aTrace  c o m p o n e n t s  o m i t t e d  for  clari ty.  In all 
cases at least 94% of  the  to ta l  compos i t ion  is 
shown,  
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FIG. 1. Ratio of stearic to oteic acid in the liver 
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FIG. 2. Ratio of palmitic to palmitoleic acid in 
liver lipids of trout fed methyl sterculate. 

the fatty acid composition of total body fat, 
Reiser et al. (9) noted that the body lipids from 
one fundulus (Fundulus grandis) fed a 30% 
cottonseed oil diet contained a high percentage 
of stearic acid. In contrast, seven mullet (Mugil 
cephalis) did not accumulate abnormal amounts 
of stearic acid in the body fat when fed the 
cottonseed oil. The cyclopropene content of 
the oil was not reported. Previous work at this 
laboratory with crude CPFA-containing oils 
indicated trout were very sensitive to dietary 
cyclopropenoids (6-8). This prompted the 
present study to determine the effect of puri- 
fied sterculic acid methyl esters on the hepatic 
lipids of rainbow trout. 

EXPERIMENTAL PROCEDURES 

Experimental Animals 

All fish used in this study were Mt. Shasta 
strain rainbow trout (Salmo gairdneri) that 
were spawned and reared at our laboratory. The 
fish were held in fiberglass tanks at a constant 
water temperature of 11.4 C and were fed the 
semi-purified diet described by Lee et al. (10) 
prior to the feeding trials. The only change 
being that 10% salmon oil was used instead of 
5% corn oil and 5% salmon oil. 

Feeding Studies 

The stearic acid content of all the experi- 
mental diets, including the control, was 

increased to a level above that which is 
normally found in trout tissue by adding 1% 
tristearin to the dietary lipid. Methyl sterculate 
was prepared by the method described by 
Kircher (11). Lots of 150 fish each (3 months 
old 5 g fingerlings) were placed on diets con- 
taining 0, 100 or 200 ppm CPFA. This feeding 
trial was carried out for 200 days in order to 
determine the long term effects of dietary 
cyclopropenes. Fifty fish from the 200 ppm 
CPFA diet were placed on the control diet after 
100 days in order to study their pattern of 
recovery. At various intervals samples of 10 fish 
were removed from each test group and their 
livers removed for lipid analysis. 

In a second study, groups of 15 fish each (8 
months old, 40-50 g) were fed 0, 5, 20, 50 and 
100 ppm methyl  sterculate for a seven-day 
period. The fish were then killed and the lipid 
composition of the livers determined. Histologi- 
cal examinations of the livers included hema- 
toxylin and eosin stains as well as stains to 
demonstrate fat and glycogen content. 

Lipid Analysis 

Livers from the sampled fish were pooled 
and extracted by the method of Folch et al. 
(12) and the resulting oil was fractionated into 
polar and nonpolar lipids using silicic acid 
column chromatography. A glass column (14 
mm i.d.) was packed with 5 g of washed silicic 
acid (100-200 mesh) mixed with 2.5 g Celite 
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FIG. 3. Ratio of stearic to oleic acid in the liver 
lipids of trout fed various amounts of CPFA for seven 
days. 

and charged with approximately 100 mg of oil. 
The nonpolar fraction which contained pri- 
marily triglycerides was eluted with 150 ml of 
chloroform and the remaining polar fraction 
which contained primarily phospholipids was 
eluted with 150 ml of methanol. Each lipid 
fraction was then converted to methyl esters 
using 14% boron trifluoride in methanol 
according to the procedure of Morrison and 
Smith (13). 

The resulting fatty esters were analyzed 
using an Aerograph Model 600-B gas chromato- 
graph equipped with a hydrogen flame 
detector. A 12 ft by 1/8 in. o.d. aluminum 
column packed with 10% DEGS on 120-140 
mesh Celite was used. The Celite support was 
treated to remove impurities according to the 
procedure of Farquhar et al. (14). Column tem- 
perature was held at 195 C and the flow rate of 
nitrogen was maintained at 20 ml/min. In- 
jection port and detector temperature were 
245 C. 

Qualitative analysis of the methyl esters was 
accomplished primarily through comparison 
with authentic standards. Conformation of 
identity was also carried out using preparative 
GLC in combination with silver ion chromato- 
graphy according t~ the method of DeVries 
(15) and hydrogenation as described by 
Farquhar et al. (14). 

FIG. 4. Growth of trout fed methyl sterculate. 

Quantitative analysis of the ester mixtures 
was expressed as area percent calculated by 
simple triangulation, planimetry or disc inte- 
gration. Area per cent was compared with 
actual weight per cent using NIH quantitative 
standards and found to be within 3.1% relative 
error for all major components (greater than 
10%) and to within 4.8% for all minor com- 
ponents (less than 10%). 

RESULTS AND DISCUSSION 

The inclusion of methyl sterculate in the 
diet of rainbow trout resulted in significant 
changes in fatty acid composition of the liver 
lipids (Table I). These changes were character- 
ized by a very large increase in stearic acid and 
a small decrease in oleic and palmitoleic acids. 
The large increase in stearic acid content with- 
out a corresponding decrease in the levels of 
oleic was probably due to the biosynthesis of 
the monoene from acetate. Reiser and Raju (3) 
found this system in the rat was not inhibited 
by cyclopropenoid fatty acids. The results 
support the findings of Raju and Reiser (4) and 
Johnson et al. (5) which indicate that the 
stearic fatty acyl desaturase enzyme system is 
inhibited by cyclopropenes. For this reason, the 
ratios of stearic to oleic acid and palmitic to 
palmitoleic acid were selected as indices of bio- 
logical change. 

The maximum alteration in these ratios 
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occurred at or before the 10th day of feeding 
(Fig. 1,2). Continued feeding for a period of 87 
days produced a slight reduction in this change 
but the CPFA-containing diets remained signifi- 
cantly higher than the control. The only other 
fatty acid which changed composition signifi- 
cantly over this feeding period was docosa- 
hexenoic acid (22:6). The concentration of this 
acid in the control group increased steadily in 
the triglycerides as the fish matured. This in- 
crease, however, was not observed in the fish 
fed methyl sterculate. At the end of the feeding 
period the respective concentration of 22:6 
were 10.69% in the control, 1.68% in the 100 
ppm diet, and 3.20% in the 200 ppm diet. 
These data indicate that cyclopropenoid fatty 
acids interfere with long chain fatty acid 
metabolism as well as stearic and palmitic de- 
hydrogenation. It should be noted that all of 
the changes observed would produce a more 
saturated and therefore higher melting lipid. 
The calculated iodine value was 104, 62 and 65 
for neutral liver lipids from fish fed 0, 100 and 
200 ppm methyl sterculate for 87 days. This 
fact becomes increasingly important when one 
considers that the environmental temperature 
of these trout was 11.4 C. There was no signifi- 
cant difference observed between the two levels 
of cyclopropene fed. Apparently I00 ppm 
methyl sterculate in the diet was sufficient to 

FIG. 5. Liver parenchymal cells of trout fed (A) 
CPFA-free control diet for eight months, (B) 20 ppm 
CPFA for seven days, (C) 100 ppm CPFA for eight 
months (H & E stain X 320, reduced approximately 
15%). 
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induce  a m a x i m u m  in the  changes  obse rved ,  
and  doub l ing  the  d ie ta ry  dose p r o d u c e d  n o  
add i t iona l  change.  

When  more  ma tu re  t r o u t  were fed d ie ta ry  
levels o f  0, 5, 20, 50 and  100 p p m  m e t h y l  
s tercula te  for  seven days, an increase  in the  
stearic-oleic ra t io  was observed  (Fig. 3). It 
shou ld  be no ted ,  however ,  t h a t  an increase  in 
stearic-oleic ra t io  was observed in all d ie ts  con-  
ta in ing cyc lopropenes .  The  obse rva t ion  t h a t  
very low levels of  d ie ta ry  s tercula te  cause  a 
shi f t  in  t he  stearic-oleic ra t io  suppor t s  the  
f inding of  Reiser  and  Raju (3)  t h a t  this  inh ib i -  
t ion  is of  a non -com pe t i t i ve  na ture .  K i rche r  
(11)  has  s h o w n  t h a t  m e t h y l  s tercula te  reacts  
s t rongly  wi th  su l fhydryls  and  m a y  be respon-  
sible for  i ts  physiological  act ivi ty.  The inhibi -  
t ion  o f  desaturase  enzym es  in t r o u t  l iver 
t h r o u g h  a r eac t ion  of  this  t ype  is cer ta in ly  a 
possibi l i ty .  

When  fish which  had  been  fed 200  p p m  
m e t h y l  s tercula te  for  100 days w e r e  p laced  on  
the  con t ro l  die t  the i r  hepa t ic  l ipids r e t u r n e d  to  
n o r m a l  wi th in  30 days. This  slow recovery  in 
c o m p a r i s o n  to the  t ime  requ i red  to  i nduce  
these  changes  is p robab ly  due to  the  m o v e m e n t  
of  s tercul ic  acid f rom o the r  t issues to  the  liver. 

G r o w t h  was also inh ib i t ed  by  feeding m e t h y l  
s tercula te  as s h o w n  in Figure 4. The  p a t t e r n  of  
g r o w t h  i n h i b i t i o n  was similar  to  the  change  
observed  in liver f a t ty  acid compos i t i on .  The  
greates t  suppress ion  of g rowth  occur red  early in 
the  feeding per iod,  and  there  was no  s ignif icant  
d i f fe rence  be tween  the  two  levels of  CPFA.  
Later  in the  feeding per iod  the  f ish were gaining 
n o r m a l l y  which  suggests a recovery  f rom the  
ini t ial  stress. This could  poss ibly  occur  t h r o u g h  
an a d a p t a t i o n  in the  synthes is  of  u n s a t u r a t e d  
fa t ty  acids. 

Histological  e x a m i n a t i o n  of  the  livers of  
these t r o u t  revealed p r o f o u n d  morpho log ica l  
changes.  The  livers of  fish fed CPFA were 
typica l ly  enlarged,  very f irm and  pale in appear-  
ance. Microscopic  e x a m i n a t i o n  of  these livers 
showed  t h e m  to have ex t r eme ly  large depos i t s  
of  glycogen.  Figure 5B shows typica l  l iver 
p a r e n c h y m a l  cells of  t r ou t  fed 20 p p m  m e t h y l  
s tercula te  for  seven days. A b n o r m a l  g lycogen 
deposi ts  were observed in all cells and  the  bile 
duc t  ( cen te r  of  Figure)  is s u r r o u n d e d  by  heavy  
deposi ts  as compared  to t ha t  of  n o r m a l  l iver 
(Fig. 5A).  This  is typical  of  the  change  observed  
in all t r o u t  fed CPFA for  a sho r t  per iod.  The  
liver p a r e n c h y m a l  cells shown  in Figure 5C are 
typica l  of  those  observed  a f te r  c o n t i n u e d  
feeding of  CPFA. These  livers, while still having  
large glycogen deposi ts ,  con t a i n  some areas of  
more  n o r m a l  p a r e n c h y m a l  ceils. 

Conclusions 
The l ipid a l t e ra t ions  observed  in this  s tudy  

indica te  t h a t  stearic f a t t y  acyl desaturase  
act ivi ty is i nh ib i t ed  in r a i nbow t r o u t  in m u c h  
the  same m a n n e r  as has  b e e n  repor ted  wi th  
warm b looded  animals.  A similar effect  on  the  
desa tu ra t i on  of  pa lmi t ic  to  pa lmi to le ic  is indi- 
ca ted by  the  da ta  s h o w n  in Table I. This  phe-  
n o m e n o n  m a y  have been  more  readily observed 
in t rou t  t issue because  the i r  t issue lipids 
normal ly  con t a in  m u c h  h igher  quan t i t i e s  of  
pa lmi to le ic  acid t h a n  those  o f  the  o the r  animals  
s tudied.  Low levels of  decosahexeno ic  acid 
found  in the  liver t r ig lycer ides  of  fish fed 
s tercula te  for  87 days ind ica te  an addi t iona l  
ef fec t  on  f a t t y  acid me tabo l i sm.  As would be 
expec ted  in a rapidly  me tabo l i z ing  organ such 
as the  liver, the  in f luence  of  CPFA was 
a p p a r e n t  immed ia t e ly  in b o t h  the  t r iglycerides 
and  phosphol ip ids .  

Perhaps  the  mos t  s igni f icant  observa t ion  to 
be made  in th is  s tudy  is the  s imilar i ty in t h e  
t ime p a t t e r n  of  the  var ious  changes.  Fo r  
ins tance ,  the  m o s t  ex t r eme  a l te ra t ion  in f a t ty  
acid compos i t i on ,  g rowth  and  liver h is to logy 
occur red  very early in the  feeding per iod,  and  
in all cases a sl ight recovery  was observed as the  
e x p e r i m e n t  progressed.  

ACKNOWLEDGMENTS 
This work was supported by U. S. Public Health 

Service Grants CA-06285 and ES 00263. Bumble Bee 
Seafoods, Astoria, Ore., provided the salmon oil and 
Eastman Chemical Products, Inc., Kingsport, Tenn., 
provided the Vitamin E. Technical assistance was by 
Mrs. L. J. Hunter, T. Will and R. Foster. 

REFERENCES 
1. Carter, F. L., and V. L. Frampton, Chem. Rev. 

64:497-525 (1964). 
2. Phelps, R. A., F. S. Shenstone, A. R. Kemmerer 

and R. J. Evans, Poultry Sci. 44:358-394 (1965). 
3. Reiser, R., and P. K. Raiu, Biochem. Biophys. 

Res. Commun. 17:8-11 (1964). 
4. Raju, P. K., and R. Reiser, J. Biol. Chem. 

242:379-384 (1967). 
5. Johnson, A. R., J. A. Pearson, F. S. Shenstone 

and A. C. Fogerty, Nature 214:1244-1245 
(1967). 

6. Combs, C. M., "Some Effects of Cyclopropenoid 
Fatty Acids on Lipid Metabolism in Rainbow 
Trout (Salmo gatrdnelqi)," M.S. Thesis, Oregon 
State Universit y, 1967. 

7. Sinnhuber, R. O., J. H. Wales and D. J. Lee, 
Federation Proc. 25:555 (1966). 

8. Sinnhuber, R. O., D. J. Lee, J. H. Wales and J. L. 
Ayres, J. Nat. Cancer Inst. 41:1293-1301 (1968). 

9. Reiser, R., B. Stevenson, M. Kayama, R. B. R. 
Choudhury and D. W. Hood, JAOCS 40:507-513 
(1963). 
Lee, D. J., J. N. Roehm, T. C. Yu and R. O. 
Sinnhuber, J. Nutr. 92:93-98 (1967). 
Kircher, H. W. JAOCS 41:4-8 (1964). 
Folch, J., M. Lees and G. H. S. Stanley, J. Biol. 
Chem. 226:49%509 (1957). 
Morrison, W. R., and L. M. Smith, J. Lipid Res. 
5:600-609 (1964). 
Earquhar, J. W., W. Insull, P. Rosen, W. Stoffel 
and E. H. Ahrens, Nutr. Rev. 17:1-30 (1959). 
DeVries, B., JAOCS 40:184-186 (1963). 

[ Received Feb rua ry  21, 1969] 

10. 

11. 
12. 

13. 

14. 

15. 

LIPIDS, VOL. 5, NO. 1 



Influence of Dietary trans, trans-Linoleate on Hematologic 
and Hemostatic Properties of Rat Blood 

GIOVANNI RACCUGLIA0 Division of Hematology, Department of Medicine, University of Louisville, 
Louisville, Kentucky and O. S. PRIVETT, The Hormel Institute, University of Minnesota, 
Austin, Minnesota 55912 

ABSTRACT 

Studies of the comparative effects of a 
semi-synthetic diet containing supple- 
ments of corn oil, no fat, linolenate or 
trans, trans-l inoleate on blood coagulation 
parameters arc reported. In spite of large 
differences in fatty acid composition of 
the tissue lipids of the different groups, 
the only diets that appeared to produce 
abnormal hematologic and hemostatic 
p r o p e r t i e s  were  those  containing 
trans, trans-linoleate.  These groups of ani- 
mals showed significant differences from 
a control group of animals fed Purina rat 
chow in platelet and fibrinogen concen- 
tration, and values for hematocrit and 
prothrombin time. A positive fibrinolysin 
test was also obtained in about 50% of 
the animals fed trans, trans-linoleate.  

INTRODUCTION 

Although dietary fats have been implicated 
in the development of atherosclerosis and 
thrombosis, the role of lipids in these diseases 
has not been clearly defined. Atherogenic diets 
appear to have an effect on blood coagulation 
parameters and a body of evidence (1-6)indi-  
cates a relationship between saturated fatty 
acids and platelet adhesiveness. Platelets are 
rich in lipid, have high thromboplastic activity, 
and are involved at discrete stages in the chain 
of events that lead to blood coagulation (7-9). 
The influence of lipid on blood clotting has 
been shown to be due mainly to phospholipids 
(10-24). The clot-promoting activity of these 
compounds is believed to depend mainly on the 
surface charge of preformed lipid micelles 
(25-27). Daemen et al. (28,29) demonstrated 
that combinations of pure sub-classes of syn- 
thetic phospholipids containing certain fatty 
acids exhibited highly significant clot-pro- 
moting activity. 

It is well known that fatty acid composition 
of tissue lipid is closely related to dietary fat 
composition, and changes in dietary fat are 
reflected by corresponding changes in tissue 
lipids (30,31). Accordingly, dietary fat might 
be expected to exert an influence on blood 
coagulation activity. Presented here are studies 
on the comparative effects of diets containing 
trans, trans-l inoleate,  corn oil, no fat or lin- 

olenate on the hematologic and hemostatic 
behavior of blood in rats. 

MATERIALS AND METHODS 

Diets 

Listed below are experimental diets prepared 
by adding the fatty supplements to a basic 
semi-synthetic diet consisting of 30% vitamin 
test casein, 60% sucrose, 4% cellulose, 4% salt 
mixture and 2% casein containing known vita- 
mins in the required amounts as described pre- 
viously (32). Seven groups of animals of the 
Sprague-Dawley strain, obtained from Dan 
Rolfsmeyer Co., Madison, Wisconsin, were 
studied. One group was maintained on the basic 
fat-free diet from weaning to 10 months of age. 
A second group was fed the basic diet supple- 
mented with 10% by weight of corn oil for the 
same period. Groups 3 and 4 were fed the basic 
diet supplemented with 7.5% of 99% all-cis-lin- 
olenate (The Hormel Institute), respectively, 
for the last two weeks of the 10 month feeding 
period. These groups of animals, No. 1-4, were 
raised at The Hormel Institute and shipped to 
the Department of Hematology of the Univer- 
sity of Louisville for a study of blood coagu- 
lation parameters. Later, at the University of 
Louisville, three more groups (No. 5,6 and 7) of 
animals were fed the basic fat-free diet supple- 
mented with a concentrate of trans, trans- 
linoleate to observe further the effects of trans 
acids on blood properties. The composition of 
this concentrate was 3.0% palmitate, 2.8% 
stearate, 2.1% elaidate, 7.2% oleate, 4.7% 
cis ,  t rans - l i no l ea t e  and 80.2% trans, trans- 
linoleate. The first of these groups, No. 5, was 
maintained on the basic fat-free diet for four 
months and then given a supplement of 15% of 
trans, trans-l inoleate concentrate for 30 days. 
Groups 6 and 7 were fed 5% and 15% of the 
trans, trans-l inoleate concentrate for 30 days 
after weaning. 

In order to establish a normal range of values 
for the hematologic and hemostatic tests listed 
below, a colony of weanling Sprague-Dawley 
rats were also fed a Purina rat chow diet to four 
months of age. 

Hematologic Tests 

ttemaglobin (Hg), platelet count, hematocrit 
volume, white blood cell count (WBC) and total 
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TABLE I 

Major Fatty Acids OVt %) 

Group 4 
Fatty Group 1, Group 2, Group 3, trans, trans 

supplement Fat-free Corn oil Linolenate Linoleate 
groups (6 animals) (5 animals) (5 animals) (5 animals) 

Livers a 
18:1 36.8 16.1 17.9 42.4 
18:2 0.7 19.7 --- 7.2 
20:3 13.1 --- 6.4 6.5 
20:4 1.7 25.7 --- 1.6 

Hearts a 
t 8:1 29.0 11.9 13.7 30.2 
18:2 1.7 27.0 0.8 13.4 
20:3 25.9 --- 7.0 16.3 
20:4 8.0 26.3 3.2 6.7 

Kidneysa 
18:1 27.4 13.4 18.4 31.6 
18:2 1.6 13.7 --- 9.3 
20:3 17.6 --- 2.2 9.1 
20:4 10.5 27.8 5.7 9.1 

aLivers, 18:3 = 8.5, 20:5 = 15.0, 22:6 = 6.7; Hearts, 18:3 = 12.6, 20:5 = 7.2, 22:6 = 
7.1; Kidneys, 18:3 = 8.2, 20:5 = 24.9. 

serum pro te in  (33,34) were carried out  f rom 
b lood  obta ined f rom the tail ampu ta t ed  for  the 
pe r fo rmance  of the bleeding time. 

Hemostatic Tests 

Bleeding t imes were evaluated by the t ime 
necessary for bleeding to cease af ter  ampu-  
ta t ion of  the  tail 1 in. f rom the end. The fol- 
lowing tests  were pe r fo rmed  with  arterial b lood  
obta ined  f rom the abdomina l  aorta surgically 
exposed:  p r o t h r o m b i n  t ime,  partial t h r o m b o -  

TABLE II 

Summary of Platelet Lipid Analysis 

Group 4 a 
trans, trans Group 2 a 

Fatty supplement Linoleate, % Corn oil, % 

Unknown Rf above 
cholesterol esters 4.5 2.9 

Cholesterol esters 12.0 5.3 
Trigly cerides 9.1 5.1 
Fatty acids 8.9 3.4 
Cholesterol 10.4 12.9 
Total neutral lipid 44.9 29.6 
Total polar lipid b 55.1 70.4 

Cardiolipin 7.3 5.6 
Phosphatidyl- 

ethanolamine 4.7 13.7 
Phosphatidyl- 

inositol 2.4 3.0 
Phosphatidylserine 4.3 7.6 
Phosphatidylcholine 14.8 21.7 
Sphingomyelin 8.6 12.1 
Unknown Rf zero b 13.0 6.7 

aFive animals in each group. 
bBy difference. 

plastin t ime,  f ibr inogen concen t ra t ion  and 
fr ibr inolysin (33,34).  

After  wi thdrawal  of  b lood,  the animals were 
placed in the  anesthesia chamber  and killed by 
ether  vapors.  Platelets were isolated via differ- 
ential  cent r i fugat ion  as previously described 
(35) and examined  by e lec t ron  microscopy.  

The lipids of pooled  hearts,  k idneys and 
livers of the  animals in the first four groups of  
animals were ex t rac ted  with ch loroform-  
methano l  (2 :1)  and fa t ty  acid compos i t ion  was 
de te rmined  by GLC on me thy l  esters prepared 
by in teres ter i f ica t ion wi th  HCl-methanol  (38). 
These analyses were made  with an F & M Model 
1609 f lame ionizat ion gas chromatograph  
equipped  wi th  a 6 ft x 1/4 in. column packed 
wi th  8% e thy lene  glycol succinate polyes ter  on 
Gas Chrom P (EGSS-X, Applied Science 
Labora tory ,  State College, Pa.) at 185 C with  a 
carrier gas f low (hel ium) of  85 ml/min.  The 
ins t rument  was calibrated wi th  s tandard mix- 
tures of me t h y l  esters (The Hormel  Inst i tute)  o f  
NIH specif icat ions (37). 

Lipid class analysis was pe r fo rmed  on the 
platelets of pool  samples using quant i ta t ive thin 
l a y e r  ch roma tog raphy  and the charring- 
dens i tome t ry  technique  (36). Analyses were 
pe r fo rmed  in tr iplicate wi th  a relative error of  
approx imate ly  +5% for major  c o m p o n e n t s  and 
+10% for minor  c o m p o n e n t s ,  < 5%, de te rmined  
on s tandard  mixtures .  

R ESU LTS 

The ef fec t  of  diet on the  fat ty acid com- 
posi t ion of  the  tissue lipids of  the first four  
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White blood 
No. of Hemoglobin Platelet Hematocrit cells Serum protein 

Group animals (g/l O0 ml) (103/ram 3) (% vol) (103/mm 3) (g/lO0 ml) 

Normal 35 14.4 1059 50.3 10.8 7.0 
0.6 23'7 3.7 2.6 0.5 

1 6 15.4 945 48.0 11.6 6.9 
(Fat free) 0.9 124 3.2 2.5 0.9 

a b b b c 

2 5 15.1 952 4 8 . 4  11 .8  6.9 
(Corn oil) 0.3 315 0.9 2.3 0.3 

a b b b b 

3 5 14.7 948 47.0 10.8 6.4 
(Linolenate) 0.8 272 3.0 4.8 0.3 

b b b c a 

4, 5, 6, 7 27 14.9 860 47.3 16.6 6.2 
(tt-linoleate) 0.9 310 3.5 6.2 0.8 

C a a c c 

aSignificant (difference in means from normal significant; difference variance not significant). 
bNonsignificant (difference in means nonsignificant; difference in variance not significant). 
CDifference in variance significant. 

groups of  animals is shown in Table I. Fa t ty  
acid composi t ion  varied widely and character- 
istically in these groups. The tissue lipids of the 
corn oil group, No. 2, which consisted of  
normal ,  heal thy animals contained large per- 
centages of linoleic and arachidonic acids. In 
contrast ,  the  fat-free group, No. 1, was virtually 
devoid of these acids and high in oleic and 
5,8,11-eicosatrienoic acid; all the animals of  
this group exhibi ted advanced symptoms  of an 
E F A  deficiency. Lipids of  the organs of  the lin- 
olenate group, No. 3, were also low in 18:2 and 
arachidonic acid (20:4) ,  but  these animals had 
high values for l inolenic (18:3) ,  20:5 and 22:6 
acids; l inolenic acid is readily converted to 20:5 
and 22:6 by the rat. The animals of  this group 
as well as Group 4 also exhibi ted dermal 
symptoms  of an E F A  deficiency.  Group 4 ani- 
mals which differed f rom the others  by 
receiving a supplement  of  7.5% trans,trans- 
l inoleate  in theft diets resembled Group 1 to 
some extent ,  but  differed in that  they con- 
tained appreciable amounts  of  trans, trans- 
l inoleate (18:2)  in their  tissue lipids. The ani- 
mals in Group 5 also exhibi ted EFA deficiency 
symptoms.  This group of  animals, as well as the 
animals in Groups 6 and 7 also should contain 
appreciable amounts  of  trans, trans-18:2 in their  
tissues on the basis of  previous nutr i t ional  
studies with trans acids (38-40). 

Lipid class composi t ion  of  the platelets of  
the corn oil group, No. 2, and the trans, trans- 
l inoleate  Group 4 are compared  in Table II. The 
major  difference be tween  these groups is the 

much  higher percentage of  neutral  lipids, 
except  for cholesterol ,  and the corresponding 
lower percentage of  polar  lipids, especially 
phosphat idyle thanolamine ,  in the  platelets of 
the animals of  the trans, trans-l inoleate group. 
In spite of  the wide differences in lipid compo-  
sition, e lectron micrographs showed no abnor-  
malities in the platelets of the d i f ferent  groups. 

Results  of  the coagulat ion tests are sum- 
marized in Table III. The normal  ranges for the 
values of each test were established in the con- 
t rol  group fed Purina chow for statistical com- 
parison with  the o ther  groups and are in accord 
with values previously repor ted  for normal  rats 
(41). The only animals that  showed possible 
defects in b lood coagulat ion act ivi ty were the 
groups that  received the trans, trans-l inoleate.  
These groups taken together  showed significant 
differences in the means f rom the normals at 
the 95% conf idence level in platelet  concen-  
trat ion,  hematocr i t  values, p ro th rombin  t ime 
and f ibrinogen concentra t ion.  Differences in 
the means of  the trans, trans-l inoleate fed 
groups f rom the normals were also indicated in 
bleeding t ime, hemoglobin  concent ra t ion ,  white  
b lood  cell concentra t ion,  and serum protein,  
but  the scattering of  the values (analysis of  
variance) was too  great to give significance to 
the differences.  The  test for f ibrinolysin was 
posit ive in approximate ly  50% of  the animals in 
the trans, trans groups. The only o ther  posit ive 
tests observed were in two animals of  Group 3, 
the l inolenate  supplemented  animals. The only 
tests that  showed significant differences f rom 
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TABLE IV 

Hemostatic Tests (Mean and Standard Deviation) on Rats Fed Diets Containing 
trans, trans-Linoleate, No Fat, Corn Oil and Linolenate With Normal Rats 

Bleeding Fibrinogen 
No. of  time Prothrombin P. Thromboplast in Cone. 

Group animals (min) t ime (sec) time (see) (mg/100 ml) 

Normal a 5.6 (43) 13.5 (34) 34 (34) 280 (34) 
2.1 0.9 9 75 

I 6.9 12.3 30 252 
(Fat free) 6 3.3 1.8 4 82 

b b b c 

2 9.1 13.9 35 306 
(Corn oil) 5 4.9 0.7 13 154 

b c c b 

3 7.5 13.4 25 229 
(Linolenate) 5 3.1 0.9 1 93 

c c b c 

4, 5, 6, 7 8.0 (27) 12.8 (14) 30 (15) 171 (12) 
(tt-linoleate) a 4.7 1.3 10 56 

b d c d 

aNo. of  animals tested shown in brackets. 
bDifference in variance significant. 
CNonsignificant (difference in means nonsignificant;  difference in variance not  significant). 
dSignificant (difference in means  from normal significant; difference in variance not  significant). 

t h e  n o r m a l s  o u t s i d e  o f  t h a t  fo r  t h e  trans,trans- 
l i n o l e a t e  g r o u p s  were  va l ue s  fo r  h e m o g l o b i n  
c o n c e n t r a t i o n  for  G r o u p s  1 a n d  2 a n d  s e r u m  
p r o t e i n  c o n c e n t r a t i o n  fo r  G r o u p  3. 

DISCUSSION 

A l t h o u g h  t h e  r e s u l t s  o n  all o f  t h e  
trans, trans-linoleate f ed  a n i m a l s  were  g r o u p e d  
t o g e t h e r  f o r  s t a t i s t i c a l  a n a l y s i s ,  t h e r e  is su f -  
f i c i en t  e v i d e n c e  in t h e  p r e s e n t  s t u d y  to  i n d i c a t e  
an  a b n o r m a l  e f f e c t  o f  th i s  c o m p o u n d  on  h e m a -  
t o log i c  a n d  h e m o s t a t i c  p r o p e r t i e s  o f  b l o o d  in 
t he  ra t .  T h e  e f f e c t  o f  trans, trans-linoleate 
b e c o m e s  m o r e  a p p a r e n t ,  c o n s i d e r i n g  t h a t  a 
d e f i c i e n c y  o f  e s s en t i a l  f a t t y  a c i d s  had  no  c o m -  
pa r ab l e  e f f e c t  w i t h  t h e  p o s s i b l e  e x c e p t i o n  o f  
i n c r e a s i n g  s l i gh t ly  h e m o g l o b i n  c o n c e n t r a t i o n  
w h i c h  was  a l so  o b s e r v e d  in t h e  a n i m a l s  fed  c o r n  
oil. A l t h o u g h  pos i t i ve  f i b r i n o l y s i s  is s o m e t i m e s  
a s s o c i a t e d  w i t h  t h r o m b o c y t o p e n i a ,  an  i n t e r p r e -  
t a t i o n  o f  t h e  e f f e c t  o f  trans, trans-linoleate on  
b l o o d  c o a g u l a t i o n  a c t i v i t y  m u s t  awa i t  f u r t h e r  
s t u d i e s  w i t h  large  g r o u p s  o f  a n i m a l s  a n d  s h o u l d  
i n c l u d e  s t u d i e s  on  p l a t e l e t  a d h e s i v e n e s s .  P h o s -  
p h a t i d e s  h a v i n g  d i f f e r e n t  m o l e c u l a r  and  f a t t y  
ac id  c o m p o s i t i o n s  m a y  p r o d u c e  m a r k e d  e f f e c t s  
in in v i t ro  b l o o d  c o a g u l a t i o n  t e s t s  ( 2 8 , 2 9 ) ,  b u t  
t h e  wide  v a r i a t i o n s  in t h e  l ipid c lasses  o f  t h e  
p l a t e l e t s  a n d  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  
t i s sue s ,  a n d  p r e s u m a b l y  b l o o d  l ip ids  p r o d u c e d  
in t he  p r e s e n t  s t u d y ,  h a d  l i t t le  e f f e c t  on  p r o p -  
e r t i e s  o f  t h e  b l o o d  e x c e p t  fo r  t h e  a n i m a l s  fed  
trans, trans-linoleate. 

ACKNOWLEDGMENT 

Supported in part by U.S. Public Health Service 
grants AM-04942 and HE-08743 from the National 
Insti tutes of  Health; Public Health Research Grant No. 
HE-08214, Program Projects Branch, Extramural Pro- 
grams, National Heart Institute and by the Hormel 
Foundat ion.  Dr. Schrodt, Depar tment  of  Pathology, 
University of  Louisville, did the electron microscopy 
work; Ronald Gross and Masami Nakamura,  The 
Hormel Insti tute,  provided technical assistance in lipid 
analyses. 

REFERENCES 

I. Connor,  W. E., and J. C. F. Poole, Quart. J. Exptl. 
Physiol. 46:1 (1961). 

2. Connor,  W. E., J. C. Haak and E. D. Warner, J. 
Clin. Invest. 42 : 860 (1963). 

3. Mahadevan, V., H. Singh and W. O. Lundberg, 
Proc. Soc. Exptl. Biol. Med. 121:82 (1966). 

4. Soloff, L. A., and M. P. Wideman, Nature 
199:695 (1963). 

5. Nordy, A., Thromb.  l)iath. Haemorrhag. 13:244 
(1965). 

6. Mustard, J. F., H. C. Roswell, E. A. Murphy and 
H. G. Downie, J. Clin. Invest. 42 :1783 (1963). 

7. O'Brien, J. R., Blood 24:309 (1964). 
8. Kjaerheim, A., and T. Houg, Thromb. Diath. 

Haemorrhag. 7:1 (1962). 
9. Schulman,  I., Ann. Rev. Med. 14:339 (1963). 

10. O'Brien, J. R., J. Clin. Pathol. 9:47 (1956). 
1 I. Robinson,  D. S., and J. C. F. Poole, Quart. J. 

Exptl. Physiol. 41:36 (1956). 
12. Poole, J. C. F., and D. S. Robinson,  Ibid. 41:295 

(1956). 
13. Heolzl-Wallach, D. F., P. A. Maurice, B. B. Steele 

and D. M. Surgenor, J. Biol. Chem. 234:2829 
(1959). 

14. Rouser, G., S. G. White and D. Schloredt, Bio- 
chim. Biophys. Acta 28:71 (I 958). 

LIPIDS, VOL. 5, NO. 1 



TRANS, TRANS.LINOLEATE AND BLOOD 89 

15. Turner, D. L., R. R. Holburn, M. DeSipin, M. J. 
Silver and L. M. Tocantins, J. Lipid Res. 4:52 
(1963). 

16. Marcus, A. 1., and H. Spaet, J. Clin. Invest. 
37:1836 (1958). 

17. Marcus, A. J., H. L. UUman, L. B. Sailer and H. S. 
Ballard, Ibid. 41:2198 (1962). 

18. Slotta, K. 11., Proc. Soc. Exptl. Biol. Med. 103:53 
(1960). 

19. Hecht, E., and K. H. Slotta, Am. J. Clin. Pathol. 
37:126 (1962). 

20. Troup, S. B., and C. F. Reed, J. Clin. Invest. 
37:937 (1958). 

21. Troup, S. B., C. F. Reed, G. V. Marinetti and S. 
N. Swisher, Ibid. 39:342 (1960). 

22. Therrault,  D., T. Nichols and H. Jensen, J. Biol. 
Chem. 233:1061 (1958). 

23. Biggs, R., and F. Bidwell, Brit. J. Haematol. 3:387 
(1953). 

24. Rapport,  M. M., Nature 178:591 (1956). 
25. Bangham, A. D., Nature 192 : 1197  ( 1961 ). 
26. Popahadjopoulos,  1)., C. Hougie and D. J. 

Hanahan, Proc. Soc. ExptI. Biol. Med. 111:412 
(I 962). 

27. Silver, M. J., D. L. Turner, J. Rodalewiez, N. 
Giordano, R. Holburn, S. F. Herb and F. E. 
Luddy, Thromb. l)iath. Haemorrhag. (Stuttg.)  
10:164 (1963). 

28. Daemen, F. J. M., C. van Arkcl, H. Ch. Hart, C. 
van der Drift and L. L. M. van Deenen, Ibid. 
13:194 ( i  965). 

29. Daemen, F. J. M. and L. L. M. van Deenen, Bio- 
chem. J. 88:32 (1963). 

30. Carrol, K. K-, JAOCS 42:516 (1965). 
31. Privett, O. S., M. L. Blank and B. Verdino, J. 

Nutr. 85:187 (1965). 
32. lensen,  B., M. Nakamura and O. S. Privett, ibid. 

95:406 (1968). 
33. Tocantins, L. M., and L. A. Kazal, "Blood Coagu- 

lation, Haemorrhage and Thrombosis  - Methods of 
Study,"  Greene and Strat ton,  New York, London 
(1964). 

34. Raccuglia, G., and F. H. Bethell, Am. J. Clin. 
Path. 34:505 (1960). 

35. Raccuglia, G., and C. J. D. Zarafonetis, Proc. Soc. 
Exptk  Biol. Meal. t 10:641 ( I962) .  

36. Nakamura, M., B. Jensen and O. S. Privett, Endo- 
crinology 82 : 137 (1968). 

37. Horning, E. C., E. H. Ahrens, Jr., S. R. Lipsky, F. 
H. Mattson, J. F. Mead, D. A. Turner and W. H. 
Goldwater,  J. Lipid Res. 5:20 (1964). 

38. Privett, O. S., and M. L. Blank, JAOCS 41:292 
(1964). 

39. Privett, O. S., and L. J. Nutter ,  J. Nutr. 89:257 
(1966). 

40. Privett, O. S ,  E. M. Stearns Jr. and E. C. Nickell, 
Ibid. 92:303 (1967). 

41. Ratterman, B., and G. Raccuglia, Anat. Record 
148:325 (1964). 

[Received March 5, 1969] 

LIPIDS, VOL. 5, NO. 1 



The Polymorphism of Odd and Even Saturated Single 
Acid Triglycerides, C8-C22 
E. S. LUTTON and A. J. FEHL, Miami Valley Laboratories, 
The Procter & Gamble Company, Cincinnati, Ohio 45239 

ABSTRACT 

The polymorphism of single fatty acid 
odd triglycerides, C 11 through C 17 has 
been reinvestigated, with extension of the 
study to C9, C19 and C21. With study of 
the even glycerides C8, C20 and C22 it 
has been possible to review the whole 
series (odd and even) C s through C22. 
The odd glycerides resemble the even in 
showing three distinct mel t ing  levels. 
Lowest melting forms are a. Stable forms 
are 3 except for C 9 and C 1 t which show 
a different structure type. Intermediate 
melting /3' forms of odd glycerides are 
substantially more stable than their even 
counterparts as well illustrated by differ- 
ential thermal analysis. There are no 
vitreous forms. Alternation in mp 
(between odd and even) is confirmed for 
stable phases and nonalternation for r 
and (within experimental error) for /3'. 
Both /3' and /3 long spacings show alter- 
nation but not c~. Alternation is evident in 
the short spacings of /3' and /3 forms. 
While short spacings of /3' forms of even 
triglycerides are much alike especially for 
CI 4 through C22 , those of odd glycerides 
show a fortuitous 4-carbon cycle. This 
appears to involve no significant struc- 
tural variation as chain length increases 
but simply an approximate 4-carbon 
cycle of variation in diffraction details 
derived from the presumed unvarying 0 1. 
type subcell structure. 

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

No detailed diffraction study of the phase 
behavior of the series of single saturated acid 
triglycerides with odd chain lengths has been 
reported since Clarkson and Malkin (1) 
reviewed their investigation of C 11, C13, C1 s 
and C 17- They reported four forms with four 
melting levels for each glyceride, repeating their 
claim of a lowest melting vitreous form lacking 
long spacings. Since the vitreous form of the 
even saturated triglycerides has long since been 
abandoned by several investigators, and only a 
few recognize any sort of fourth form with 
fourth distinct melting level for these even tri- 
glycerides, the case of the odd triglycerides 
deserves review. Conclusions by Larsson (2) 

from a brief exploration require some modifi- 
cation. 

We examined C9, C19 and C21 compounds 
as well as C l l ,  C13, Cls  and C17 studied 
earlier (1). In addition, data on C8, C20 and 
C22 and on previously unreported aspects of 
C10 afford the opportuni ty  of summarizing the 
phase behavior of the whole series of com- 
pounds from C a through C22. 

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

Odd fatty acids, C 9 through C 19, were pre- 
pared via the nitriles from the requisite even 
bromides of 1-carbon less chain length; bro- 
mides obtained from Humphrey Wilkinson, Inc. 
By analysis, including gas chromatography of 
the methyl esters, the distilled odd acids give 
fractions of 99% purity or better. 

The acids were converted to methyl esters 
by acid catalyzed esterification with an excess 
of methanol. The methyl esters in 10% excess 
were reacted with sodium glyceroxide to form 
the triglycerides which were purified in 
approximately 10 g quantities by column 
chromatography, as indicated later, and crystal- 
lized once from hexane to yield products of 
better than 99% purity by thin layer chromato- 
graphy (TLC). 

From 1 g of C21 methyl esters (Sigma 
Chemical Co., St. Louis, Mo.), 99% pure by gas 
chromatography, the triglyceride was prepared 
as above to yield 0.3 g of the chromatographed 
triglyceride, better than 99% pure by TLC. 

By reaction of 99.7% C 8 methyl ester with 
sodium glyceroxide the triglyceride was pre- 
pa red  a nd  purified by chromatography 
followed by two crystallizations at -35 C from 
93% acetone-7% ethanol. By TLC the C 8 trigly- 
ceride was of more than 99% triglyceride con- 
tent. 

Two preparations of Clo triglyceride were 
studied. One was the same preparation as used 
by Jensen and Mabis (3) in their crystal struc- 
ture studies and was prepared by acid catalyzed 
reaction of C l0 acid with glycerol followed by 
fou r  crystallizations from 50-50 Skelly 
F-ethanol at -5 C. The other sample was pur- 
chased from Applied Science Laboratories, Inc., 
State College, Pa. Both were judged by chemi- 
cal analysis or by TLC to be 99% pure or 
better. No significant difference in behavior of 
the two preparations was noted. 
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FIG. 1. Melting points of triglycerides vs. chain length. 

The C2o triglyceride was prepared from 
98.2% C20 acid by acid catalyzed esterification 
of fat ty acid with glycerol. It was isolated by 
column chromatography (CG) on silica gel as 
indicated later and two crystallizations from 
hexane. The C22 triglyceride was prepared 
from 98+% C22 acid by acid catalyzed esterifi- 
cation with glycerol and five crystallizations 
from Skelly B and benzene-ethanol (50:50). 
Both C20 and C22 compounds were better than 
99% triglyceride by TLC. 

The Cs, C9, C l 1 and C 13 triglycerides were 
chromatographed on alumina columns after the 
convenient method of Jensen et al. (4). The 
C1 s, C17, C19, C20 and C2i triglycerides were 
chromatographed on silica gel according to 
Quinlin and Weiser (5). At tempts  to chromato- 
graph C20 on alumina according to the Jensen 
procedure were not  successful due to low 
solubility in the eluting solvents. 

Examination of phase behavior was, in 
general, carried out as previously described by 
capillary melting point and diffraction methods 
(6) which require no further comment.  
Addit ional  studies of thermal behavior were 
made by means of differential thermal analysis 
(DTA) on the DuPont 900 Analyzer. 

We believe that we observed all possible 
phases (except low temperature sub-a states) of 

all glycerides, at least from C10 through C22. 
Three phases of each glyceride were observed. 
Comment on individual glycerides is necessary 
in some cases but  the following statements 
apply generally: the lowest melting metastable 
(x form is obtained by chilling the melt to a 
temperature 20 C below the corresponding 
melting point. Diffraction patterns, which 
require 1-2 hr exposure, are obtained 10-20 C 
below the melting point. Stable forms (in most 
cases /3) are generally obtained by solvent 
crystallization but normally readily obtained, 
also, by storage of solid samples slightly below 
the level of intermediate 13' melting points. For  
intermediate forms in pure state, two principal 

t e c h n i q u e s  were employed, one preferred for 
odd triglycerides the other for even. For  /3' 
forms of odd triglycerides the sample is melted 
and then chilled below the a melting point and 
is then stored normally for 30 rain at 2 C above 
the a melting point. However, C 21 required 2 
hr 1 C above the a melting point.  For/3' forms 
of even triglycerides the melt is normally 
crystallized at a temperature near the ~ melting 
point where it clouds in 5 min but  not in 1 m i n .  
Crystallization time ranges from 15 min for 
C12 to 1 hr for C18. For  CIO, 5"min a t -5  Cis  
appropriate.  For  C2o 4 hr at 62 .3C was 
required. So slow was the even process for C22 
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FIG. 2. DTA for odd vs. even triglycerides in a FIG. 3. DTA for odd vs. even triglycerides in fl' 
form. 

that w e  re sor t ed  to the odd method; after 
chilling, the sample was held 16 hr at 69 C. 

The melting points are presented in Table I 
and in Figure 1. Long spacing diffraction data 
appear in Table II. 

We made two principal uses of DTA: (a) to 
confirm melting levels for the various forms and 
(b) to characterize and intercompare various 
members of the homologous series with respect 
to transformation tendencies. DTA curves were 
scrutinized for possibility of polymorphs other 
than stable, a, and /3' forms. We found none, 
although artifacts occasionally appeared for 
C14 in Figure 2. These were eliminated from 
consideration because of inconstancy of 
temperature level with slightly altered con- 
ditions. 

In general, 10 mg samples were tested 
against glass beads as reference material. 
Recommended heating rates of 10 or 20 C per 
minute were normally employed but, with the 
rapidly transforming metastable states of lower 
homologs, rates as high as 60 C were advanta- 
geous. 

Stable form melting was confirmed on sol- 
vent crystallized samples except in the cases of 

the low melting C a and C 9 which readily trans- 
form to stable states in the course of the 
heating curve. Melting of the lowest melting 
form (usually t~) was confirmed on chilled 
samples; with C 8 and C 9 the exotherms due to 
transformation were accepted. For intermediate 
/3' forms, melting endotherms were readily 
obtainable on all odd homologs, but below 
C14 , among even homologs, very high heating 
rates were required to reveal melting before 
complete transformation had occurred. 

The DTA plots characterize the individual 
homologs in their different states and distin- 
guish the behavior of odd from even triglycer- 
ides. Illustrative cases appear in Figures 2 and 3. 
Figure 4 shows the behavior of C2o phases by 
DTA with a comparison of ~' as prepared in 
pure state by the even method, but less pure 
state by the odd method. 

R E S U L T S  A N D  D I S C U S S I O N  

Nomencla ture  

In presenting the results, an initial discussion 
of nomenclature is in order, for while clear 
enough in the even case, it has not been clari- 
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FIG. 4. DTA curves for triarachidin. (a)/3 from solvent crystals;/3' by "even method"-melt, hold 4 
hr 62.3 C; 0t by melting and chilling; cooling curve shows 0~ from melt. (b),/3' by odd method-melt 
and chill, hold 30 min 63.8 C. 
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fied for the series of odd compounds, among 
which a new complication arises. With two 
known exceptions (out of 45 cases) the phases 
encountered are a,/3" and/3, in increasing order 
of mp, or aL, /3'L and /3L as suggested by 
Chapman (7). The basis for the nomenclature 
of the present paper is as follows: 

0t, single strong spacing at about 4.t A, 
associated with a lowest melting form (no pat- 
tern obtained for C 8 or C9). 

/3% strong spacing or spacings near 4.2 A and 
at about 3.8 A (variations discussed later); long 
spacings shorter than those of a, hence chains 
tilted with respect to end planes (must be dis- 
tinguished from I9,11. No /3' pattern observed 
for C8). 

/3, strong line at about 4.6 A, associated with 
a highest melting form (variations discussed 
later). 

I9,11 (an exceptional phase), standing for 
"stable form of C 9 and C 11," observed instead 
of /3. The spacings are discussed in detail later. 
There would be reason to call this form by such 
a name as/3"2 or perhaps 0 & stable (or perhaps 
0 ~ J- stable) since it seems to fall in the 0 1 class 
as to sub cells, but perhaps the term 19,11 
applying only to C 9 and C 11 contributes less 
confusion even if, for instance, the term may 
eventually prove to be applicable to C 7, 

While further description of pattern types is 

possible, an excess of detail is to be avoided in 
characterization, since variations do appear 
with temperature and with chain length. 

Accuracy and Variability of Data for Given Phase 

In trying to clarify the polymorphism of tri- 
glycerides and to understand the aberrations 
that have crept into the subject, it is desirable 
to set down some points on the accuracy and 
reproducibility of measurement and the actual 
variations possible with a given phase. 

Diffraction Data. With these triglycerides 
there is little problem of confusing one phase 
with another because of inaccuracies in diffrac- 
tion data. The problems have arisen in the past 
from associating a given set of diffraction data 
with the wrong thermal behavior, or in 
regarding a set of data from mixed phases as 
due to a single phase. 

Long spacings, of the order of 40 A, are 
accurate to about + 0.3 A. They vary little with 
temperature but are apt to be much more dif- 
fuse with smaller crystal size as is obtained, for 
instance, with quick chilling or with higher 
molecular weight. 

Short spacings," of the order 4.0 A are 
obtainable to about + 0.02 A. These do very 
with temperature, largely in accord with 
density variation. They also become more dif- 
fuse with smaller crystal size. 
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TABLE III 

fl' Short Spacings of Odd Triglycerides 

C4n+ 1 Glycerides Short spacings C4n_ 1 Glycerides Short spacings 

C 9 4.48 v w ,  a 4.30 s, 4.05 w+, 3.83 M a C l l  4.33 M, 4.11 S, 3.80 M 
C13 4.36 W, a 4 . t8  S, 3.99 W+, 3.79 M C15 4.30 S, 4.12 S, 3.84 M 
C17 4.30 VW, 4.15 S, 3.97 VW, 3.79 S a C19 4.23 S, 4.08 M, 3.78 M 
C21 4.25 W, 4.13 S, 4.03 W, 3.76 M 

as, strong; M, medium; W, weak; VW, very weak. 

Thermal Data. Thermal data are a different 
matter. While characterizing data can normally 
be obtained with great certainty, the true 
melting levels will definitely vary with change 
in phase preparation and treatment. 

DTA peaks are typically precise to 0.5 or 
1.0 C. Normally only with a states among tri- 
glycerides can values from heating (with con- 
comitant melting) and cooling (with concomi- 
tant freezing) curves be compared. The heating 
curve values tend to exceed the cooling curve 
values by 2-3 C. 

The familiar melting point method of raising 
a capillary sample at a rate of about 0.5 C per 
minute is properly applicable only to stable 
forms with a few additions of slowly trans- 
forming metastable states. Values are repro- 
ducible to + 0.2 C for well stabilized samples, 
e.g., most solvent crystallized samples. But 
there is no doubt that manner of preparation of 
stable phase can affect melting level, lowering it 
by as much as 3 C in the case of rapidly pre- 
pared phase of small particle size. 

Thrust-in melting points (6) are preferable, 
indeed essential, for most metastable phases. 
For a phases formed with minimum cloud, pre- 
cision of + 0.1 or even 0.05 C is possible, but 
such precision falls off as molecular weight 
dec reases  and speed of transformation 
increases. Alpha forms, like fi forms, may show 
melting .point variation, with increases as much 
as 1.0 C possible with stabilized a. Intermediate 
/3' phases are the most difficult to characterize 
thermally. Reproducibility of + 1.0 by prefer- 
red thrust-in techniques is as good as can be 
hoped for. Beta prime melting levels, also, 
definitely vary with sample preparation. 

Thus the reasonable expectation in study of 
triglyceride polymorphism is an accuracy of + 
0.1 C for (minimum) a melting levels, -+ 0.2 C 
for (maximum) stable form melting levels, and 
+ 1.0 C for fl' melting levels (probably near 
their maximum). It is probably the very real 
variation of melting levels of /3' and /3 phases 
which has given rise to many difficulties in the 
past, e.g., the seven tristearin polymorphs of 
Weygand and Gruntzig (8). This variation in 
melting level should be no surprise in view of 

the long experience of continuous variation in 
melting level of fats in analytical laboratories 
and the wide and continuous variation in 
melting level of the purest polymers (although 
with polymers, chain folding is a further factor 
in melting point variation). 

Variation in a Spacings With Chain Length. 
The strong a short spacing varies from about 
4.08 to 4 .14A with increasing molecular 
weight (and temperature). The a pattern for the 
very low melting lowest form of C 9 was not 
obtainable even at -35 C. 

Variation in /3 Spacings With Chain Length. 
The even glycerides show much similarity in 13 
short spacings which come close to 5.24 M, 
4.61 VS, 3.84 S, 3.68 S. Patterns do alter 
continuously in character with change in chain 
length, but even at C a the spacings are recog- 
nizably similar to the familiar values - 5.28 M+, 
4.55 S, 3.92 M, 3.80 S, 3.57 W+. 

The odd glycerides, C 13 through C 21, have a 
slightly different pattern type. Average figures 
are - 5.31 W, 4.61 S, 3.92 M+, 3.62 M. There is 
no sign of the 4-carbon cycle described later for 
fl' forms of odd glycerides. 

The Stable Form for C 9 and C l l .  In the 
series of stable forms of odd triglycerides there 
is a break between C 13 and C t I such as does 
not occur in the even series unless it be below 
C 8. The short spacings for C l l  are 4.24 S, 
4.10 M, 4.00 M, 3.87 S, and for C 9 are 4.29 M, 
4.15 W+, 4.01 W, 3.89 S. 
The spacings, obviously not of /3 type and, 
indeed, reminiscent of fl', are of distinct 
character and pertain to some as yet unidenti- 
fied structure type. 

Variation in /3' Spacings With Chain Length. 
The character of the fl' short spacings is an 
i n t r i g u i n g  matter. The even glycerides, 
especially C14 through C22, have shown two 
main spacings close to 4.18 A (very strong but 
somewhat diffuse) and 3.78 A (strong). The 
even /3' spacings are probably generally less 
sharp than odd /3' spacings can be because the 
even /3' forms are less stable, hence never well 
perfected. Shorter even chains than C 14 exhibit 
minor fl' variations. But the two distinct types 
of spacings observed for odd, C4n+ 1 and C4 n.1 
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FIG. 5. Bloom or swelling of crystallized txiglycerides. One gram crystallized 0.2 C below the o~ mp 
for 2 hr in air chamber. From left to right: C15, C16, C17 and C18. 

glycerides, e.g., C17 and C15 where n = 4, 
shown in Table III, are not observed with /3' 
forms of even triglycerides. 

The short spacing alternation seen for  /3" 
within the odd glyceride series at first suggests 
some significant structure variation involving a 
4-carbon cycle. However, it has been possible to 
conclude, somewhat speculatively from analogy 
with 3' stable CnCn+2C n glycerides, as briefly 
investigated by Webb (private communication) 
that the metastable odd /3' phases are truly 
homologous structures probably of familiar {3s 
(or {31') subcell types (9). These /3' phases in 
undergoing minor continuous structural change 
with chain lengthening exhibit diffraction 
changes in a fortuitous 4-carbon cycle such that 
C17 diffraction resembles that of C13 more 
than that of C 15. 

Phase Stability From Comparison of  DTA 
Curves. DTA curves are instructive for phase 
characterization, especially for tendency to 
transform. Alpha is more fleeting with lower 
molecular weight, but distinction between odd 
and even a phases can hardly be made on the 

basis of DTA curves in Figure 2. In Figure 3 it 
is plain that /3' is decidedly more fleeting for 
even than odd. Complete melting without trans- 
formation is seen for C 13 but not below C2o in 
the even case. 

Beta is the stable phase (except for C 9 and 
C11) for odd as well as even, however, as indi- 
cated by its appearing from solvent, its higher 
melting point and its development on standing 
of ~ or/3' in every case except that of C 21. In 
that case the/3' state did not convert to /3 in 1 
month at 60 C. All even triglycerides, C 8 
through C22, can be readily prepared as/3 via 
melt without recourse to solvent, by judicious 
storage in the range of the a and /3 melting 
points. 

B l o o m  or Swelling Phenomena. The 
tendency of familiar saturated triglycerides, 
e.g., tristearin or linseed hardstock to bloom or 
expand on crystallization is well known. This 
phenomenon, although not fully understood, is 
associated with the rapid development of /3 
phase. It is readily seen in large samples but can 
be observed in samples as small as 1 g. In 
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present experience it is encountered with even 
but not  odd triglycerides as shown in Figure 5. 

Final Listing of Melting Points and Long 
Spacing. In the list of melting points in Table I 
and long spacings in Table II there appear (a) 
new data obtained in this work, (b) earlier data 
from this laboratory, (c) data of Clarkson and 
Malkin, (d) averages of the latter data with our 
data except as indicated, and (e) calculated data 
for glycerides C10 through C22. In listing the 
data of Clarkson and Malkin their vitreous 
phase melting points were considered to be a 
and their a to be/3'. 

Calculated Melting Point and Long Spacing 
Values. In computing relations used for calcu- 
lating melting points and long spacing values, 
data for C 8 and C 9 glycerides were not 
included, since for the most part, they were not 
obtained by comparable procedures and are 
probably not as precise. However, they are 
regarded as reliably extending an understanding 
of polymorphic behavior of the series. Data for 
C11 were included in calculations even for 
stable form melting points but not  for stable 
form long spacings, since no/3 diffraction pat- 
tern was obtained. 

Observations of alternation affect the pro- 
cedure for calculating data for the series. Our 
observations of alternation or lack of alter- 
nation with chain length are readily interpre- 
table according to the enlightening discussion 
of Larsson (9). Alternation for the stable phase 
very probably results from the difference 
between odd and even glycerides in methyl 
group packing that normally occurs with tilted 
chains. The lack of alternation with a indicates 
the similar methyl group packing in the absence 
of tilting. The special case of undetectable mp 
alternation with tilted /3" probably indicates 
similarity of methyl group packing despite 
tilting. There is a /3' long spacing alternation 
despite lack of melting point alternation. 

Melting Points. The maximum melting point 
of polyethylene to which value all straight 
chain hydrocarbon series must extrapolate is 
about 140 C. Accordingly it was found that an 
equation of the following form well expressed 
melting point variation with chain length (from 
N = 10 to 22) for the various polymorphs: 

or m p C =  1 4 0 - e ( a + b N + c N 2 )  

log (140 - rap) = a' + b'N + c'N 2 

The following equations were obtained: 

l og (140 -mP0  L = 
2.68776 - 0.0626939N + 0.00114085N2 

log (140-  mp~J,) = 
2.49726 - 0.0498375N + 0.00087426N 2 

log (140 - mp(J,odd) = 
2.45691 - 0.0458687N + 0.00070647N 2 

log (140 - mp~,even = 
2.43894 - 0.0488017N + 0.00081758N 2 

For the fi cases, the maximum deviation 
(Table I) is 0.4 C, for experimental values 
expressed only to the nearest 0.5 C, except for 
the more accurate tristearin value. For a and t3' 
cases, maximum deviation is 1.1 C, again for 
values expressed only to the nearest 0.5 C and 
possibly, at the lower end of the scale, less pre- 
cise than -+ 0.5 C. 

Long Spacings. The long spacing data were 
averaged and tabulated in manner similar to 
those for melting points. Both t3 and t3' phases 
show alternation. It is interesting that long 
spacings for even glycerides are relatively 
shorter than those for odd in the 13 case but 
longer in the /3' case. Equations best fit for 
linear relationships, long spacings vs. chain 
length N (10 to 22), were: 

LSa =4.523 + 2.4731N 
LS~,odd =4.058 + 2.3329N 
LSt3, even = 4.814 + 2.3250N 
LS/3 odd = 4.080 + 2.3200N 
LS/3 even = 3.686 + 2.2946N 

The 39 averaged long spacing values are 
within 0.3 A of the calculated values (Table III) 
in all but six cases of which three show 
deviation of 0.4 and the maximum shows 0.6; 
all six cases are for even glycerides for which 
data were obtained at various times. 

Commentary on the Discussion of Polymorphism 
by Hoerr and Paulicka 

Hoerr and Paulicka (11) have recently con- 
tributed interesting and constructive discussion 
to the field of triglyceride polymorphism but 
do not always precisely state the case. Thus, in 
their Table I, their dotted line should refer to 
the next to highest melting level of Malkin, for 
it is this melting level which we claim and have 
claimed to be superfluous in Malkin's scheme. 
Also, the principal difficulties concerning trigly- 
ceride polymorphism were resolved, not "by 
the introduction of infrared spectroscopy", per 
se, but by acceptance of the true correlation 
between melting level and other characterizing 
features, diffraction pattern, infrared spectrum, 
dielectric constant, crystal density, etc. Chap- 
man's (7) employment of infrared spectroscopy 
helped to promote the acceptance of the true 
correlation. Finally, while we did not investi- 
gate low temperature states in this study and 
the term sub-a may not have been a happy 
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c h o i c e  in  t e r m i n o l o g y  fo r  s u c h  s t a t e s ,  we  do  
n o t  agree  t h a t  " t h e  t e r m  s u b - a  ( o r  s o m e  e q u i v a -  
l e n t  t e r m )  s h o u l d  be  e l i m i n a t e d  in  t h e  c lass i f i -  
c a t i o n  . . . .  " fo r  t h i s  t e r m  (o r  s o m e  e q u i v a l e n t )  
r e p r e s e n t s  a l o w  t e m p e r a t u r e  s t r u c t u r a l  s t a t e  
d i f f e r e n t  f r o m  a ,  w h e t h e r  o r  n o t  r eve r s ib ly  
t r a n s f o r m a b l e  to  a a n d  w h e t h e r  o r  n o t  r e l a t e d  
t o  a t h r o u g h  o n e  o r  m o r e  s e c o n d  o r d e r  t r a n s -  
f o r m a t i o n s .  
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ABSTRACT 

Tile lipid composition of nine thermo- 
philic and nine mesophilic species of 
seven genera of fungi were compared. The 
total lipids varied between 8.0% and 
54.1% with most fungi possessing 
between 8.0% and 18.3% lipids. The pre- 
dominant fatty acids were found to be 
palmitic, oleic and linolenic. Lesser 
amounts of arachidic, linolenic, palmit- 
oleic, pentadecanoic, myristic and laurie 
acids were found. The mesophiles varied 
between 0% and 18.5% linolenic acid, 
while the thermophiles did not contain 
any appreciable linolenic acid (<  0.5%). 
The mesophile, Mucor globosus, and the 
thermophile, Mucor pusillus, contain 3' 
linolenic acid. The fatty acids of the 
thermophilic fungi were more saturated 
t han  the corresponding mesophilic 
species. 

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

Several hypotheses have been proposed to 
explain the ability of microorganisms to grow 
at high temperatures. These include the 
dynamic and the stable protein hypotheses (1). 
Several suggestions have also been made to 
explain the failure of thermophiles to grow at 
ordinary temperatures (1). Most of these 
hypotheses have focused attention on the 
enzymes of the thermophilic bacteria (2,3). 
Similar studies with thermophilic fungi have 
not been made, nor have the lipids been investi- 
gated (4). It was considered possible that a 
comparison of total lipids and the composition 
Of the lipids of some representative thermo- 
philic and mesophilic fungi might be enlight- 
ening as concerns the unique character of 
thermophily. Consequently, 18 fungi were 
examined for their lipid composition. Nine 
fungi were thermophiles of seven different 
genera and nine fungi were mesophiles of the 
same genera. The mesophiles were selected for 
their morphological similarity to that of the 
thermophiles. 

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

Discs of mycelium and agar were cut from 
4-day-old cultures, using a sterile cork borer, 

and one disc was placed in each Erlenmeyer 
flask containing 50 ml of medium (10 g 
glucose, 2 g peptone, 1 g yeast extract, 1 g 
K2HPO4, 0.5 g MgSO4"7H20, and 1 ml micro- 
elements per liter) (5). The flasks were incu- 
bated in stationary culture for four days at 
45C  (thermophiles) or 25C (mesophiles), 
except that Malbranchea pulchella, a slow 
growing organism, was incubated for 12 days. 
The cultures were placed at 2 C until analyzed. 
Uninocula ted  liquid medium and liquid 
medium containing a disc of uninoculated agar 
were included as controls. 

The contents of three culture flasks of each 
species were selected for apparent uniformity in 
development and combined. The combined 
mycelium was then filtered into a previously 
tared fiberglass mat and washed with 150 ml of 
distilled water. The wet mycclium was trans- 
ferred to a 125 ml Erlenmeyer flask, including 
the fiberglass mat, and diluted 20-fold (v/w) 
with chloroform-methanol (2:1 v/v). After 
standing at room temperature for 24 hr the 
extract was filtered. The residue was again 
extracted for 10 min with boiling chloroform- 
methanol and filtered. The filtrates were com- 
bined and evaporated to dryness under nitro- 
gen. The lipid residues were dissolved in 20 ml 
of chloroform-methanol and washed according 
to Folch et al. (6). The mycelial residue, 
including the fiberglass mat, was dried at 105 C 
for 24 hr. 

Methyl esters were prepared by transesterifi- 
cation with 12.5% methanolic borontrifluoride 
(7). The esters were analyzed by gas chromato- 
graphy as previously described (8). The fatty 
esters were identified by comparison of 
retention times with methyl ester standards 
(Supelco, Bellefonte, Pa.), by bromination, by 
hydrogenation, and the 3' linolenic acid was also 
confirmed by mass spectrometry and ozonoly- 
sis (9). 

RESULTS A N D  DISCUSSION 

The weight of the dried extracted mycelia, 
the weight of the lipids and the per cent lipids, 
based upon the total weight of the dried 
extracted mycelia and lipids are given in Table 
I. The fungi contained from 8.0% to 18.3% 
lipids with four exceptions, Malbranchea pul- 
chella (24.8% and 26.5%), Stilbella thermophila 
(38.1%) and Chaetomium globosum (54.1%). 

I00 
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The high percentage lipids found in these fungi 
may be due to an accompanying pigment, 
which was extracted by the lipid solvent�9 

The relative percentage of fatty acid found 
in the 18 species of fungi are presented in Table 
II. The predominant fatty acids are palmitic, 
oleic, and linoleic with lesser amounts of 
arachidic, linolenic, palmitoleic, pentadecanoic, 
myristic and laurie. The thermophiles contained 
only traces of linolenic acid and longer chain 
fatty acids (<  0.5%). Most mesophiles possessed 
significant quantities of linolenic acid (0 to 
18.5%). 

Oleic acid was the most abundant fatty acid 
in the thermophiles while linoleic acid was most 
common in the mesophiles. There was no sig- 
nificant difference between the per cent unsatu- 
ration of the fatty acids of the thermophiles, 
37.9% to 73.8%, when considered as a group, 
versus the mesophiles, 57.4% to 83.3% (Table 
III). ttowever, if one compares the per cent 
unsaturation of the fatty acids within a genus, 
the thermophiles were usually more saturated. 

A truer measure of the degree of unsatu- 
ration is the number of double bonds per mole 
of fatty acid (Table l i d  (8,10). This index 
places a greater weight on the polyunsaturated 
fatty acids�9 All the thermophiles examined 
possessed 0.56 to 1.01 double bonds per mole 
fatty acid and the mesophiles 0.96 to 1.60. 
Therefore, the thermophilic fungi as a group, 
were more saturated than the mesophiles and 
when individual genera were compared the 
thermophiles were always more saturated than 
the corresponding mesophiles. No unusually 
long chain fatty acids, that might impart 
thermostability, were found in the thermo- 
philes. 

The degree of unsaturation of the com- 
ponent fatty acids was of special interest 
because it has been reported that the fatty acids 
of organisms tend to be more saturated the 
higher the culture temperature (8,10-13). How- 
ever, many exceptions to this generalization are 
known (15). 

In most temperature studies the fatty acid 
composition has been compared within the 
same organism when it is grown at different 
temperatures. The thermophylic fungi will 
usually not grow at 25 C. Consequently, nine 
mesophilic fungi, which belong to the same 
genera as the thermophilic fungi and which are 
morphologically very similar to the corres- 
ponding thermophiles, were selected for com- 
parison purposes and cultured at 25 C. In each 
case the thermophilic fungi were more satu- 
rated than the corresponding mesophilic fungi, 
however, variation does occur with individual 
species. 
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T A B L E  II 

Percentage  F a t t y  Ac ids  in Fungi  

Organ i sm 12 :0  14:0  15 :0  16 :0  16:1 18 :0  18:1 18:2  18:3 20 :0  

T h e r m o p h i l e s  
C h a e t o m i u m  t h e r m o p h i l e  . . . . . . . . .  57.8 3.1 4.4 8.0 26 .8  . . . . .  
H u m i c o l a  grisea . . . . . . . . .  28.8  --- 2.2 40 .4  28.5 . . . . . .  

vat .  t h e r m o i d e a  
H u m i c o l a  inso lens  . . . . . . . . .  29.9  - -  1.1 37.3 31 .8  . . . . . .  
H u m i c o l a  lanuginosa . . . . . . . . .  21.4  --- 4.5 65.2 8.6 . . . . . .  
Malbranchea  pulchel la  . . . . . . . . .  26.2 --- 7.5 35.0 31.3 . . . . . .  

var. su l furea  
M u e o r  pus i l lus  . . . . . . . . .  23.5 1.2 2.9 59.4 11.2 1.1 a 0.8 
Penic i l l ium d u p o n f f  . . . . . . . . .  25.2 --- 10.8 42 .2  21 .8  . . . . . .  
S p o r o t r i c h u m  t h e r m o p h i l e  . . . . . . . . .  28.4  - -  6.8 2 .7  35.1 . . . . . .  
St i lbel la  t h e r m o p h i l a  --- 2.1 --- 42.5 1.9 13.7 25 .4  14.3 . . . . . .  

Mesophi les  
C h a e t o m i u m  g l o b o s u m  --- 1.4 1,0 30.6 10.8 9.6 9.7 35.6 1.3 --- 
H u m i c o l a  grisea . . . . . . . . .  15.3 - -  1.5 30.9 33.9 18.5 --- 
H u m i c o l a  brevis  . . . . . . . . .  28.8  1.9 3.7 20 .4  41 .3  4.0 --- 
H u m i c o l a  n igrescens  . . . . . . . . .  20.5 - -  3.6 29.2 34.3 12.2 --- 
Malbranchea  pulche l la  . . . . . . . . .  11.3 --- 11.4 26 .6  50.7 . . . . . .  
Y l u c o r  g l o b o s u s  2.1 7,6 --- 26.1 7.7 6.9 25 .8  8.3 15.6 b --- 
Penie i l l ium c h r y s o g e n u m  . . . . . . . .  12.2 --- 5.5 10.9 65 .4  6.0 --- 
S p o r o t r i c h u m  ex i l e  1.4 1.9 --- 17.0 2.1 8.8 8.3 58.4 - -  2,1 
St i lbel la  sp. - . . . . . . . .  19.5 1.4 2.3 13.4 58.3 5.0 --- 

aCon ta in s  3" l ino len ic  acid.  Percentage  was  e s t i m a t e d  f r o m  resul ts  o f  h y d r o g e n a t i o n  
graph  peak  cons i s t ing  of  a rachid ic  and  ~" l ino len ic  acids.  

bCon ta in s  ~ / l ino len ic  acid.  

o f  t r apped  gas ch romato -  

I d e a l l y  t h e  f a t t y  a c i d  c o m p o s i t i o n  c o m p a r i -  
s o n s  s h o u l d  b e  m a d e  b e t w e e n  c u l t u r e s  o f  f u n g i  
o f  s i m i l a r  p h y s i o l o g i c a l  a g e ,  n o t  n e c e s s a r i l y  

w i t h  d a y s  o f  c u l t u r e .  T h e  t o t a l  l i p i d  c o m p o -  
s i t i o n  is  k n o w n  t o  v a r y  g r e a t l y  w i t h  a g e ;  h o w -  

e v e r ,  t h e  r e l a t i v e  p e r c e n t a g e  f a t t y  a c i d  u s u a l l y  
d o e s  n o t  c h a n g e  a p p r e c i a b l y  w i t h  d a y s  o f  
c u l t u r e  ( 8 , 1 5 ) .  A l s o ,  t h e  m e d i u m  c o m p o s i t i o n  

c a n  s i g n i f i c a n t l y  a f f e c t  t h e  d e g r e e  o f  u n s a t u -  

r a t i o n ,  p a r t i c u l a r l y  i f  i t  i s  d e f i c i e n t  i n  n i t r o g e n ;  

u n d e r  o u r  c u l t u r e  c o n d i t i o n s  t h i s  w a s  n o t  a 

p r o b l e m .  
O n l y  M u c o r  g l o b o s u s  a n d  M .  p u s i l l u s  w e r e  

f o u n d  t o  c o n t a i n  3' l i n o l e n i c  a c i d .  T h i s  a c i d  h a s  

b e e n  f o u n d  i n  f u n g i  o n l y  o f  t h e  c l a s s  P h y c o m y -  
c e t e s  ( 1 3 , 1 4 ) .  T h u s  i t  a p p e a r s  t h a t  e v o l u t i o n  o f  
t h e r m o p h i l y  h a s  n o t  a f f e c t e d  t h e  f u n g i ' s  a b i l i t y  
t o  s y n t h e s i z e  t h i s  a c i d ,  a l t h o u g h  i t s  r e l a t i v e  c o n -  

c e n t r a t i o n  w a s  v e r y  s m a l l .  I t  w o u l d  b e  w o r t h -  
w h i l e  t o  e x a m i n e  o t h e r  t h e r m o p h i l i c  P h y c o m y -  

T A B L E  III  

Degree o f  U n s a t u r a t i o n  in Fungi  

T h e r m o p h i l e s  
Per cen t  

u n s a t u r a t i o n  

Doub le  
b o n d s  
per  
mole  Mesophi les  

Per cent  
u n s a t u r a t i o n  

Double  
bonds  
per 

mole  

C h a e t o m i u m  
t h e r m o p h i l e  

H u m i c o l a  grisea 
var. t h e r m o i d e a  

H u m i c o l a  in so lens  
H u m i c o l a  lanuginosa 
Malbranchea  pulche l la  

var. sul furea  
M u c o r  pus i l lus  
Pen ie i l l i um c lupont i  

S p o r o t r i c h u m  
t h e r m o p h i l e  

•ti lbella t h e r m o p h i l a  

37.9 

68.9 

69.1 
73 .8  
66.3 

71 .8  
64 .0  

64 .8  

41 .6  

0.65 

0.97 

1.01 
0.82 
0.98 

0 .83  
0 .86  

1.00 

0.56 

C h a e t o m i u m  g l o b o s u m  

H u m i c o l a  grisea 

H u m i c o l a  n igreseens  
H u m i c o l a  brev is  
Malbranchea  pulche l la  

M u c o r  g l o b o s u s  
Pen ic i l l ium 

c h r y s o g e n u m  
S p o r o t r i c h u m  ex i l e  

S t i lbel la  sp. 

57.4 

83.3 

75 .7  
67 .6  
77 .3  

57.4 
82.3 

68 .8  

78.1 

0.96 

1.54 

1.34 
1.17 
1.27 

0 .96  
1 .60  

1.27 

1.47 
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cetes to  de t e rmine  whe the r  they  also possess 
the ability to  synthes ize  ~' l inolenic acid. Zygo- 
spores have never  been  found  for Mucor 
globosus, and only  in f requent ly  for M. pusillus 
(heterothal l ic) .  Therefore ,  the synthesis  of  this 
acid by these  two  fungi, plus the  morpho logy  
of their  hyphae  and asexual s t ructures ,  con- 
firms their  p l acemen t  in the  class P h y c o m y -  
c e t e s .  T h e  f a t t y  acid compos i t ion  of  
Chaetomium globosum and Penicillium chryso- 
genum, found  in our  s tudy,  varies somewha t  
f rom previous repor t s  (13,14).  

The d i f ferences  in fa t ty  acid compos i t ion  
be tween  the  the rmophi les  and mesophi les  were 
no t  great, and would  at first glance, appear  no t  
to aid in explaining thermophi ly .  However,  if 
these di f ferences  reside in the membrane  lipids 
they  could be highly significant and this will be 
investigated fur ther .  
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Mevalonate Biosynthesis in Rat Liver 

GRACE M. F IMOGNARI  1 and V ICTOR W. RODWELL 2, Department of Biochemistry, 
School of Medicine, University of California, San Francisco Medical Center, San Francisco, California 94122 

ABSTRACT 

Mevalonate synthesis in rat liver can 
occur not only from HMG-CoA utilizing 
particle-bound HMG-CoA reductase, but 
fro m malonyl-CoA utilizing soluble 
enzymes. From a strictly quantitative 
standpoint, synthesis from malonyl-CoA 
appears to be of minor importance. The 
possible regulatory significance of two 
parallel routes to mevalonate is discussed. 

INTRODUCTION 

The reactions leading from acetyl- 
CoA via HMG-CoA (3-hydroxy-3-methyl- 
glutaryl-CoA) to mevalonate, originally pro- 
posed for mammalian liver (1) have been sub- 
stantiated both for this tissue (2-5) and for 
yeast (6-9). A second pathway for mevalonate 
biosynthesis occurs in soluble extracts of 
pigeon liver extensively purified as a fatty acid 
synthesizing system (10). Malonyl-CoA is an 
obligatory intermediate, and enzyme-bound 
acetoacetate and HMG (rather than their CoA 
thioesters) are intermediates. A 14C-malonyl-S- 
enzyme complex has been isolated and shown 
to incorporate isotope both into fatty acids (in 
the presence of NADPH) and into HMG (in the 
absence of NADPH) (1 1). We wished to know 
whether malonyl-CoA can serve as a precursor 
of mevalonate in mammalian liver. We report 
that rat liver can form HMG and mevalonate 
directly from malonyl-CoA without prior 
decarboxylation to a 2-carbon precursor. As in 
pigeon liver, the reactions are catalyzed by 
soluble enzymes. Unlike pigeon liver, rat liver 
appears to synthesize most of its mevalonate 
from HMG-CoA utilizing microsomal HMG- 
CoA reductase. 

MATERIALS AND METHODS 

Radioactive Counting 

Polar  and nonpolar compounds were 
counted in 10 ml of dioxane (12) or toluene 
scintillation fluor [4.0 g 2,5-diphenyloxazole, 
0.10 g 1,4-bis-2-(phenyloxazolyl)benzene plus 
toluene to 1 liter], respectively. Samples were 
counted three times for 10 min in a Packard 

1From the Ph.D. dissertation of  Grace M. 
Fimognari, n o w  deceased. 

2 Present  address: Biochemistry Department, 
Purdue University, Lafayette, Indiana 47907 

Tri-Carb scintillation spectrometer, then re- 
counted after addition of an internal standard 
to correct for quenching. 

Chemicals 

Chemicals obtained commercially included: 
HMG, DL-mevalonic acid, NADP, CoA, 
glucose-l-phosphate and ATP (Sigma Chemical 
Co.); glycylglycine (Calbiochem); 13-p-dibromo- 
acetophenone (Eastman Corp.); Celite 535 
(Johns Manville Co.); 2,5-diphenyloxazole and 
1,4-bis-2-(phenyloxazolyl)benzene (Packard 
Corp.); 2-14C-acetic acid (sodium salt) (Volk); 
1-t 4C-acetic anhydride and 2-14C-malonic acid 
(New England Nuclear Corp.); and 2-14C - 
mevalonic acid (Nuclear Chicago Corp.). 

Synthesis of Acyl-CoA Thioesters 
Acetyl-CoA prepared from acetic anhydride 

and CoA (13) and malonyl-CoA prepared via 
the monothiophenyl ester (14) were purified 
before use by paper chromatography (15). 
Yield and purity of CoA thioesters was deter- 
mined by absorption at 260 m/~, by hydrox- 
amate formation and, where applicable, by 
measurement of radioactivity. Hydroxamates 
were quantitated by the procedure of Rudney 
(18). The molar absorbancy at 540 m# for 
acetohydroxamate and malonohydroxamate 
was 1050. 

Protein Determination. Protein was deter- 
mined by a biuret method (16) standardized 
against serum albumin. 

Quantitation of  Mevalonolaetone. Mevalono- 
lactone was determined as its hydroxamate (17) 
using a modified ferric chloride reagent (8) 
which gives a more stable color complex. 

Isolation of  Mevalonate. Mevalonate was 
separated from other ether-soluble acids by 
chromatography on Celite columns (8,18). Ten 
grams of Celite 535 thoroughly mixed with 5.0 
ml of 0.2 N H2SO 4 (19)was used to prepare a 
firmly packed 2 cm diameter column. Incu- 
bation mixtures (see Tables), which contained 
10 pmoles of carrier mevalonate, were depro- 
teinized by heating at 80 C for 3 rain and cen- 
trifuged. The protein pellet was washed with 
1.0 ml of water and centrifuged. Mevalonate in 
the combined supernatant liquid and washing 
was converted to mevalonolactone, extracted 
into ether (17), and evaporated to dryness. The 
residues were dissolved in 0.3 ml of 12 N 
H2SO 4 and 0.3 ml of water were then added. 
This solution was absorbed onto a portion of 
Celite (18), applied to the column, and the 
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TABLE I 

Mevalonate Synthes is  by the 10 ,000  x g 
Supernatant  Fraction 

Incorporation into 
mevalonate b 

Substrate Trial 1 Trial 2 

2-14C-Acetate 68 149 
1-14C.Acetyl.Co A 5.3 
2-14C-Malonyl-CoA 4.1 1.8 
2-14C_Malonyl.Co A 

+ 6/drnoles acetate 9.6 
2-14C-Malonyl-CoA 

+ 1.5/dmoles acetyl-CoA 5.7 

aTubes contained, in 3.25 mh 160 #tmoles 
glycyl-glycine (pH 7.5), 44 '/2moles MgCI2; 50 /drnoles 
potassium citrate (pH 7.5), 30 Haxloles potassium ATP, 
1.2 /dmoles NADP, 10 btmoles carrier mevalonate, 67 
mg (Trial I) or 75 mg (Trial II) of 10,000 x g super- 
natant fraction protein, and either 6.0/.tmoles 2-14C - 
acetate, 0.3 /.tmoles 1-14C-acetyl-CoA, or 0.3 btmoles 
(Trial I) or 0.5 /.tlnoles (Trial II) 2-14C-malonyl-CoA. 
The ATP of Trial I had been stored frozen several 
months. Fresh ATP was used in Trial II. Incubation 
was for 2 hr at 38 C. 

bResults are expressed as/2moles substrate incorpo- 
rated per gram protein per hour. 

TABLE 11 

Mevalonate and Total HMG Synthesis a 

Incorporation into 

Total 
Substrates Mevalonateb HMG b 

2-14C_Acetat e 195 410 
1-14C.Acetyl.Co A 6.3 76 
2-14C-Malonyl-CoA 1.9 59 
2-14C-Maionyl-CoA 

+ 1.5 b/moles acetyl-CoA 2.5 36 
2-14C-Malonyl-CoA 

+ 1.5/-/moles CoA 96 

apaired incubation mixtures were utilized for 
determination of mevalonate and of total HMG 
synthesis. Each contained, in 3.1 mh 310 /.trnoles 
potassium phosphate (pH 7.0), 60 mg of 5,000 x g 
supernatant fraction protein, and either 6.0 /2moles 
2-14C-acetate, 0.3 /./xnoles 14C-acetyl-CoA, or 0.3 
btmoles 2- 14C-malony i -CoA.  Incubations for 
mevalonate synthesis contained, in addition, 15 
/./xnoles glucose-l-phosphate, 1.4/2moles NADP and 10 
/2moles carrier mevalonate. Preliminary exper iments  
showed addition of other cofactors failed to stimulate 
mevalonate synthesis in this crude, undialyzed prepa- 
ration. Incubat ion was  for 2 hr at 38 C. 

bResults are expressed as #tmoles substrate incorpo- 
rated per gram protein per hour. 

c o l u m n  was e lu ted  wi th  c h l o r o f o r m  sa tu ra ted  
wi th  0.2 N H2SO 4. Meva lono lac tone  emerged  
in the  75-125 ml f ract ion.  Paper  c h r o m a t o -  
g raphy  in e t h a n o l : 1 5  N N H 4 O H : H 2 0 : : 8 : l : 1  
(v/v) revealed on ly  one  acid spot  o n  visual- 
i za t ion  w i th  n i n h y d r i n  (20).  This  had  an  Rf, 
0.7,  ident ica l  to  t h a t  of  meva lono lac tone .  
C h l o r o f o r m  was r emoved  in vacuo at  45 C and  
the  res idue  dissolved in 1.0 ml of water.  Dupli-  
cate 0.2 ml a l iquots  of this  so lu t ion  were used 
for  c o u n t i n g  or to  de t e rmine  m e v a l o n o l a c t o n e  
present .  The sulfa te  present  in c h l o r o f o r m  
ex t rac t s  d id  n o t  af fec t  quan t i t a t ive  e s t ima t ion  
of m e v a l o n a t e  (21).  

Quantitation of  Total HMG. Tota l  HMG 
(free HMG plus HMG derivatives)  was quan t i -  
t a t ed  as the  d i - p : b r o m o p h e n y l a c y l  ester  of the  
free acid (10).  I n c u b a t i o n  mix tu re s  were 
b r o u g h t  to  pH 11 wi th  KOH and  saponi f ied  for  
1 h r  a t  38 C. Carrier  HMG (100  rag) was added 
and  the  pH ad jus ted  to 6.2 -+ 0.2. P rec ip i t a t ed  
p r o t e i n  was r emoved  by  cen t r i fuga t ion ,  washed  
w i th  1 ml  of  water ,  and  the  c o m b i n e d  super- 
n a t a n t  l iquid and  washings used for  p r epa r a t i on  
of  d i -p -b rompheny l acy l  esters (10) .  Di-p- 
b r o m o p h e n y l a c y l  es ters  isola ted f r o m  incu-  
b a t i o n  mix tu re s  requ i red  two p rec ip i t a t ions  
before  a clearly crystal l ine p r o d u c t  was ob- 
ta ined .  F r o m  five ro six to t a l  recrys ta l l iza t ions  
were requ i red  to o b t a i n  a f inal  p r o d u c t  (color-  
less plates,  mp 131-132 C uncor r . )  of  c o n s t a n t  
specif ic  act ivi ty .  

Enzymatic 
Liver ex t rac t s  were p repa red  in two  ways. 

The  soluble  p igeon liver sys tem ca ta lyz ing  
meva lona te  synthes is  f r o m  ma lony l -CoA had  
been  extens ively  pur i f ied  for  f a t t y  acid syn- 
thesis.  A ra t  l iver 10 ,000 x g s u p e r n a t a n t  frac- 
t ion  act ively  ca ta lyz ing fa t ty  acid synthes i s  was 
e m p l o y e d  [Doer ing  ( 1 9 6 4 )  r epor t s  t h a t  th i s  
sys tem conver t s  ace ta te  to  f a t ty  acids a b o u t  
100 t imes  as effect ively as to  s te ro l s ] .  The  
second  p r epa ra t i on  yields a 5 ,000  x g super- 
n a t a n t  f r ac t ion  f r o m  l ight ly  pe r fused  livers (3). 
This  cata lyzes  cho les te ro l  syn thes i s  f r o m  ace- 
ta te ,  t he  ra te  l imi t ing  reac t ions  being those  
leading f r o m  ace ta t e  to  meva lona te .  Crude 
sys tems were i n t e n t i o n a l l y  se lected to  p e r m i t  
compar i son  of  the  relat ive i m p o r t a n c e  o f  ace- 
t a t e  and  ma lony l -CoA in meva lona t e  synthesis .  

Preparation of the 10,000 x g Supernatant 
Fraction. The p r epa ra t i on  is t ha t  of  Doer ing  
(22).  Livers were chi l led in cold po ta s s ium 
p h o s p h a t e  buffer ,  b l o t t e d  and  weighed.  Sub- 
s equen t  p rocedures  were at  0 to  4 C. Livers 
were b l ended  in a Monel  meta l  b l ender  for  15 
sec w i th  3 vol of 0.1 M po tas s ium p h o s p h a t e  
buffer ,  pH 7.5. The  resu l t ing  bre i  was 
h o m o g e n i z e d  at low speed wi th  10 s t rokes  of  a 
loose-f i t t ing  (0.5 m m  clearance) ,  Tef lon-pes t le  
Po t t e r -E lveh jem homogen ize r .  Af te r  centr i -  
fuga t ion  at  10 ,000 x g for  25 rain,  the  super- 
n a t a n t  f r ac t ion  was r emoved  using a syringe 
w i th  large bore  need le  to  avoid d i s tu rb ing  e i the r  
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TABLE III 

Utilization of Preformed Total HMG for 
Subsequent Synthesis of Mevalonate a 

Total NADP and 
incubation glucose-l-phosphate Mevalonate 

time, hr added, hr formed b 

1 0 8.8 
2 0 18 
2 1 2"/ 

aTubes containing, in 2.6 ml: 260 p~noles potas- 
sium phosphate (pH 7.0), 0.5 b/.moles 2-144C-malony I. 
CoA, 10 b/moles carrier mevalonate, and 40 mg 5,000 
x g supernatant fraction protein were incubated at 
38C for 1 or 2hr; 12 b/molesglucose-t-phosphate and 
1.0/./.mole NADP were added when indicated. 

bExpressed as /./moles malonyl-('oA incorporated 
into mevalonate per gram protein. 

TABLE V 

Effect of Avidin and Biotin on 
Mevalonate Synthesis From Acetate a 

Incorporation into 
Additions mevalonate b 

None I 16 
5 gg Avidin 120 
5 ,ug Avidin + 5 gg biotin 117 
5 #g Biotin 109 

aTubes contained, in 2.6 ml: 260 b/moles potas- 
sium phosphate (pH 7.0), 12.5 b/moles glucose-l- 
phosphate, I.l /./moles NADP, 10 b/moles carrier 
mevalonate, 6.0 /./moles 2-14C-acetate, and 46 mg 
5,000 x g supernatant fraction protein. Incubation was 
for 2 hr at 38 C. 

bResults are expressed as/.tmoles of acetate incor- 
porated into mevalonate per gram protein per hour. 

the lipid layer or the sediment .  Two ten ths  of  a 
milliliter o f  this 10,000 x g superna tan t  f rac t ion 
were used in incubat ions.  

Preparation of the 5,000 x g Supernatant 
Fraction. The preparat ion is essentially that  of  
Bucher and McGarrahan (3). Livers perfused 
lightly with 8 ml of ice-cold phospha te -n ico t in -  
amide buf fe r  were excised, chilled in buffer ,  
b lo t ted  and weighed. Subsequent  opera t ions  
were at 0 to 4 C. Livers in 2 vol of  buffer  were 
homogen ized  by hand using six strokes of  the 
above homogenizer .  The buffer  used for per- 
fusion,  rinsing and homogeniza t ion  was 0.1 M 
in potassium phospha te  (pH 7.4), 0.004 M in 
MgCI 2, 0.03 M in n icot inamide  and 0.125 M in 
sucrose. The homogena te  was centr i fuged at 

TABLE IV 

Mevalonate Synthesis in Air, Under Nitrogen 
and in the Presence of Added Bicarbonate a 

Mevalonate formed b from 

Gas phase Acetate Acetyl-CoA 

N 2 323 6.0 
Air 252 4.8 
N 2 + KHCO 3 224 5.4 

aThunberg tube sidearms contained either 6.0 
b/moles 2-14C-acetate or 0.24 //moles 1-14C-acetyl- 
CoA. The body contained 7.0/./moles glutathione, 0.2 
b/moles CoA, 3.0 b/moles potassium ATP, 0.7 b/moles 
NADP, 9.0 b/rnoles glucose-l-phosphate, 8.0 /.s 
MgCI2, 200/./moles potassium phosphate (pH 7.0), 10 
b/moles carrier mevalonate and 98 mg 5,000 x g super- 
natant fraction protein. Tubes were evacuated and 
flushed five times either with air or with prepurified 
N 2 (less than 8 ppm 02). Tubes to receive bicarbonate 
were then opened and 80 b/moles KHCO 3 added. 
Incubation volume after mixing was 3.0 ml. Incu- 
bation was for 2 hr at 38 C. 

bResults are expressed as b/moles of acetate or of 
acetyl-CoA incorporated into mevalonate per gram 
protein per hour. 

700 x g for 10 min to remove cell debris, and 
the resulting superna tan t  solut ion centr ifuged 
at 5,000 x g for 15 min to obta in  the 5,000 x g  
superna tant  fraction.  This was removed by 
syringe as described above. Incubat ions  were 
s tar ted by addi t ion  of  0.2 ml of  this fraction to 
tubes conta ining all o ther  reactants.  

Fractionation of Liver Homogenates. To 
assess the ability of  subcellular fractions to 
synthesize mevalonate  f rom acetate ,  acetyl-CoA 
and malonyl-CoA, a liver homogena te  prepared 
by the procedure  of  Bucher  and McGarrahan 
(3) was f rac t iona ted  by centr i fugat ion at 0-5 C 
(Table VI). The 105,000 x g pellet was sus- 
pended  in n ico t inamide-phospha te  buffer  to a 
volume one t en th  that  of  the 105,000 x g 
supernatant  fraction.  

Radioactive Substrates. Tile specific activi- 
ties of  substrates  used in all incubat ions  were: 
2-14C-ace ta t  e (4.32 x 105 cpm/b/mole), 
1-14C-acetyl-CoA (2.02 x 106 cpm/pmole ) ,  and 
malonyl-CoA (4.42 x 105 cpm/b/mole). 

RESULTS 

Mevalonate Synthesis From MalonyI-CoA 

Both the 10,000 x g (Table 1) and 5,000 x g 
(Table II) superna tan t  f ract ions  of rat liver 
c a t a l y z e  incorpora t ion  of  isotope from 
2 -14C-malonyl-CoA into mevalonate .  Al though 
total  incorpora t ion  was low, synthesis  was of  
the same order  of  magni tude for malonyl-CoA 
as for acetyl-CoA. Addi t ion  of a 5 to 10-fold 
molar excess of  carrier acetyl-CoA or acetate to 
2-1 4C_malonyl .CoA incubat ions  s t imulated 
rather than depressed i so tope  incorpora t ion  
into mevalonate.  This suggests that  malonyl- 
CoA can form mevalonate  wi thou t  prior de- 
carboxyla t ion  and equi l ibrat ion with a two- 
carbon pool. It fu r the rmore  is consis tent  with 
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TABLE VI 

Mevalonate Synthesis by Subcellular Fractions a 
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Mevalonate formed b from 

Cell fraction assayed Malonyl-CoA AcetyI-CoA Acetate 

600 x g supernatant 0.26 0.70 19 
10,000 x g supernatant 0.55 0.65 22 
105,000 x g supernatant 1.72 0.24 10 
105,000 x g supernatant 
+ 105,000 x g pellet (IX) 0.44 0.51 16 

105,000 x g supernatant 
+ 105,000 x g pellet (2X) 0.32 22 

aTubes contained, in 3.0 ml: 7.0 //moles glutathione, 0.2 //moles CoA, 3.0 //moles 
potassium ATP, 9.0 //moles glucose-l-phosphate, 8.0 ]./moles MgC12, 0.7 ]./moles NADP, 200 
]2moles potassium phosphate (pH 7.0), the indicated radioactive substrate, and various 
cellular fractions as a source of enzymes. Substrates were either 0.5 //mole 2-14C-malonyl - 
CoA, 0.5 //moles 1-14C-acetyl-CoA, or 6.0 //moles 2-14C-acetate. The quantity of each 
supernatant fraction was that calculated to be derived from 0.7 g of intact liver. The 
105,000 x g pellet was resuspended in phosphate-nicotinamide buffer in one tenth the 
volume of the homogenate frora which it derived, then added at the calculated original 
concentration (1 X) or at twice this concentration (2X). 

bResults are expressed as //moles of substrate converted to mevalonate per gram of 
original liver protein per hour. The values are thus not directly comparable to those of other 
Tables where results are in terms of grams of protein. 

fo rma t ion  of  mevalonate  f rom malonyl -CoA via 
react ions analogous to those shown for  pigeon 
liver (10). 

Act ivated forms of  HMG (HMG-CoA or 
HMG-enzyme)  are involved in mevalonate  
synthesis  b o t h  f rom acetyl-CoA and malonyl-  
C o A .  R a t  l iver  prepara t ions  catalyzing 
mevalonate  fo rma t ion  f rom malonyl-CoA ought  
there fore  to  fo rm activated HMG. In the 
absence of NADPH, isotope f rom 2-14C. 
malonyl-CoA was incorpora ted  into total-HMG 
(HMG plus its alkali-labile derivatives) even 
more  readily than  into mevalonate  (Table II). 
This observat ion parallels that  of Brodie et al. 
(10) wi th  pigeon liver. I so tope  incorpora t ion  is 
s t imulated  by addi t ion of CoA, but,  unlike 
incorpora t ion  into mevalonate ,  is decreased by 
addi t ion  of carrier two-carbon  precursors.  

Utilization of Preformed Total HMG for Subsequent 
Synthesis of Mevalonate 

The enhanced  synthesis  of  Tota l  HMG over 
mevalonate  raised the ques t ion whether  the 
Total  HMG is subsequent ly  available for 
mevalonate  fo rmat ion .  Mevalonate fo rmed  after 
1 or 2 hr was compared  to that  ob ta ined  after  2 
hr when  NADPH was wi thheld  for the first 
hour  (Table III). Pre incubat ion  in the absence 
of  NADPH s t imula ted  subsequent  mevalonate  
synthesis .  This is consis tent  with fo rma t ion  
f rom malonyl-CoA of  an HMG-derivative which 
subsequent ly  is conver ted  to mevalonate .  The 
s t imulat ion was far less than ant ic ipated  were 
all the accumula ted  Total  HMG (Table II) sub- 
sequent ly  conver ted  to mevalonate .  This is con- 

sis tent  wi th  the  observat ion  (3) that  the rate- 
l imit ing in rat liver occurs immedia te ly  prior to 
mevalonate  synthesis .  

Mevalonate Synthesis Under Conditions Designed 
to Prelude IVlalonyI-CoA Formation 

Mevalonate synthesis  via malonyl -CoA was 
p roposed  by Brodie et al. (10) as the  major 
pa thway  for  mevalonate  synthesis  by pigeon 
liver. To a t t e m p t  to assess the relative contri-  
bu t ion  of  synthesis  via malonyl-CoA to tota l  
mevalonate  synthesis  we nex t  s tudied 
mevalonate  synthesis  f rom two-ca rbon  pre- 
cursors under  condi t ions  designed to preclude 
malonyl -CoA format ion .  Mevalonate synthesis  
f rom acetyI-CoA and f rom acetate  was studied 
in the presence  and absence of b icarbonate ,  
avidin and biot in.  Mevalonate synthesis  was 
una f f ec t ed  by removal  of  CO 2 and was depres- 
sed ra ther  than  s t imulated  by addi t ion of bicar- 
bona te  (Table IV). Add i t ion  ei ther  of avidin or 
of b iot in  were also wi thou t  significant ef fect  on 
mevalonate  synthesis  (Table V). While rat liver 
can utilize malonyl -CoA for mevalonate  syn- 
thesis, its overall ability to fo rm mevalonate  is 
thus  quant i ta t ively  unimpaired  by blocking 
malonyl -CoA format ion .  

Mevalonate Synthesis by Subcellular Fractions 

Since mevalonate  synthesis  f rom malonyl-  
CoA is k n o w n  to  involve soluble enzymes  in 
pigeon liver, we asked whe the r  this was true 
also for rat liver. When mevalonate  synthesis  
was s tudied  in homogena t e  f ract ions ob ta ined  
b y  dif ferent ia l  centr i fugat ion,  comparable  
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results  were o b t a i n e d  wi th  e i the r  ace ta te  or 
acetyl -CoA in all f rac t ions  (Tab le  VI). Incorpo-  
ra t ion  of  i so tope  f rom t w o - c a r b o n  precursors  
was depressed by  the  removal  of  the  micro-  
somal  f r ac t ion  and  s t imu la t ed  by  its addi t ion .  
By c o n t r a s t ,  meva lona te  syn thes i s  f rom 
malony l -CoA was mos t  readi ly  ca ta lyzed  by  a 
part icle-free s u p e r n a t a n t  f rac t ion .  In fu r the r  
con t ras t  to  meva lona te  syn thes i s  f rom two- 
ca rbon  precursors ,  meva lona t e  synthes is  f rom 
malony l -CoA was inh ib i t ed  by add i t ion  of  a 
mic rosomal  f rac t ion.  I t  t hus  appears  tha t ,  like 
pigeon liver, ra t  liver ut i l izes soluble  enzym es  
for  convers ion  of  ma lony l -CoA to mevalona te .  

DISCUSSION 

Rat  liver h o m o g e n a t e s  conver t  ca rbon  2 of  
malony l -CoA b o t h  to To ta l  HMG and to  
mevalona te .  This  convers ion  is direct ,  i.e., with-  
ou t  pr ior  d e c a r b o x y l a t i o n  to two-ca rbon  com- 
pounds .  For  Tota l  HMG synthes is ,  malonyl -  
CoA compares  favorably  wi th  acetyl-CoA. For  
meva lona te  synthes is ,  the  two-ca rbon  pre- 
cursors are far more  ef f ic ient ly  ut i l ized.  Mevalo- 
nate  synthes is  f rom ma lony l -CoA is more  
readily observed  using a 105 ,000  x g super- 
n a t a n t  f r ac t ion  as enzyme.  Here malonyl -CoA 
serves as a relat ively e f f ic ien t  p recursor  of  
mevalona te .  

A l t h o u g h  malony l -CoA may  serve as a major  
precursor  of  cer ta in  me tabo l i t i e s  (i.e., k e t o n e  
bodies)  der ived f rom Tota l  HMG, it appears  to 
be quan t i t a t ive ly  of  m i n o r  i m p o r t a n c e  for  
meva lona te  synthesis .  Cons ide ra t i on  of  quan t i -  
ta t ive fac tors  a lone  migh t  suggest tha t  the  
malony l -CoA p a t h w a y  is of  m i n o r  physiological  
s ignif icance in rat  liver. We do no t  consider  this  
to  be the  case. What  does  seem clear is t ha t  rat  
liver can syn thes ize  meva lona te  in at  least two 
ways: f rom acety l -CoA via a par t icu la te  
HMG-CoA reduc tase  and  f rom malony l -CoA via 
soluble  enzymes .  The  data  of Sipers te in  and 
Fagan (23)  suggest t ha t  cho les te ro l  synthes is  in- 
volves on ly  the  par t i cu la te  pa thway .  These  
invest igators  showed  t h a t  the  soluble  f rac t ion  
of  ra t  liver fo rmed  small  quan t i t i e s  of  
meva lona te  f rom aceta te ,  and  tha t  this  syn- 
thesis was insensi t ive to  d ie tary  choles terol .  We 
suggest t ha t  the  soluble  ac t iv i ty  they  repor t  
may represen t  syn thes i s  via malonyl -CoA.  The  
me tabo l i c  fate of  meva lona te  is no t  l imited to 
s t e r o i d  b iosynthes is .  C o e n z y m e  Q and 
N6- (A2- i sopen teny l ) adenos ine  of  t ransfer  RNA 
(25)  represen t  two  key p r o d u c t s  of  meva lona te  
in animals.  C o m p a r t m e n t a l i z a t i o n  of  two path-  
ways for  meva lona te  syn thes i s  could  pe rmi t  un- 

res t r ic ted  syn thes i s  of o t h e r  key me tabo l i t e s  
u n d e r  c o n d i t i o n s  (such  as choles te ro l  feeding) 
where  s tero id  synthes i s  is curtai led.  The  physio-  
logical f u n c t i o n  of  the  soluble,  malonyl -CoA 
pa t hway  may  thus  u l t imate ly  relate  to  synthes is  
of  i soprenoids  o the r  t h a n  sterols. 
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Cholesterol Metabolism and Vitamin B 6" II. Intestinal 
Cholesterogenesis in Vitamin B 6 Deficient Rats 

M. D. A V E R Y  and P. J. LUPIEN, 
Universite Laval, Faculte de Medecine, Quebec, Canada 

ABSTRACT 

The in vitro incorporation of 1-14C - 
acetate into cholesterol by vitamin B 6 
deficient and pair-fed rat intestinal tissue 
was assayed. It was found that vitamin B 6 
deficiency increases, by a twofold factor, 
the incorporation of 1-14C-acetate into 
the cholesterol biosynthetic chain, when 
using a segment of the ileum, and on the 
other hand no increase was observed 
when using a segment from the jejunum. 
The production of 14CO 2 from 1-14C - 
acetate was not found altered by a vita- 
min B 6 deficiency when using segments 
from the jejunum or the ileum. The effect 
of sodium cholate and sodium cheno- 
deoxycholate on the incorporation of 
radioactivity into cholesterol and on the 
production of radioactive CO2, with 
1-14C-acetate as a substrate, was assayed 
with the two groups of animals. The sig- 
nificance of these findings and the pos- 
sible relationships between these factors 
are discussed. 

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

Stere et al. have demonstrated that virtually 
all mammalian tissues are capable of synthe- 
sizing cholesterol, with the exception of the 
mature brain (1). The hepatic tissue has until 
only recently been considered the most impor- 
tant source of circulating cholesterol (2). It has 
now been shown (3,4) that in the dog and in 
the rat, extrahepatic cholesterogenesis con- 
tribute between 10% and 15% to the choles- 
terol circulating pool when hepatic cholesterol 
synthesis is suppressed by cholesterol feeding. 
More recently, Wilson, in a similar experiment 
with the squirrel monkey, demonstrated that 
40% of the cholesterol circulating pool could be 
accounted for by extrahepatic cholesterol 
synthesis, and gives evidence for a contribution 
by the intestinal wall (5). Results by other 
investigators suggests that in man this situation 
may well exist, since cholesterol feeding does 
not suppress cholesterogenesis (4,6,7). 

This laboratory has been interested for some 
time on the effects of vitamin B 6 deficiency 
upon cholesterol synthesis (8-12). It has been 
shown (12,13) that in vivo and in vitro, the 
incorporation of 1-14C-acetate into liver choles- 

terol is increased by a 10-fold factor in the 
vitamin B 6 deficient rat. It was therefore of 
interest to assay intestinal cholesterogenesis in 
vitamin B 6 deficient rats, especially in the light 
of the postulate that the pathways of rat 
intestinal cholesterol synthesis are similar to 
those of rat liver (14). 

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

Sodium cholate and sodium-chenodeoxy- 
cholate (Steraloids Inc., N.Y.) were checked for 
purity by thin layer chromatography (TLC), 
using a solvent system of Ganshirt et al. (15), 
consisting of butanol-acetic acid-water (10:1 : 1). 

Diets 

Two groups of animals were used: a 
pyridoxine deficient group which had free 
access to tap water and to a semi-synthetic diet 
free of pyridoxine (Nutritional Biochemical 
Corp., Cleveland, Ohio); a second group (pair- 
fed animals) which received the same diet sup- 
plemented with pyridoxine hydrochloride (4.5 
mg/kg) and which was allowed the same 
amount of food as that consumed by the 
deficient group. After eight weeks on such a 
diet the first group presented all the major signs 
of vitamin B 6 deficiency, such as loss of weight, 
swelling and necrosis of the paws, etc. The 
deficiency state was further confirmed by the 
determination of the taurine levels in the urine, 
according to the method of Bergeret and 
Chatagner (16). 

Preparation of the Intestinal Tissue 

Immediately after decapitation of the ani- 
mals, the small intestine was excised, and the 
proximal and distal ends were identified and 
placed in an ice cold solution of Krebs-Ringer 
bicarbonate buffer (pH 7.4). A section of the 
jejunum (central 10 cm) and a section of the 
ileum (distal 10 cm) were cut away and flushed 
with a solution of Krebs-Ringer bicarbonate 
buffer containing 2 mg/ml of glucose. 

Incubation Medium 

Incubations were carried out in Warburg 
flasks containing 200 mg (wet weight) of either 
a central or distal segment of the small bowel, 
4.0 cc of Krebs-Ringer bicarbonate buffer and 6 
~c (2 mg) of 1-14C-acetate (New England 
Nuclear Corp.). Whenever bile salt inhibition 
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was assayed, sodium cholate or sodium cheno- 
deoxycholate at a final concentration of 2.5 x 
10-6M was added�9 Concentrated sulfuric acid 
(0.25 ml) was pipetted into the side-arm of the 
flasks and a piece of multi folded Watman No. 
1 filter paper which had been moistened with 
hyamine hydroxide 10 X, was introduced in the 
center well. The reaction vessels were then 
gassed with 95% 02/5%' CO 2 and closed with a 
glass stopper, and the mixture was incubated in 
a Dubnoff metabolic shaker for 2 hr (37 C). 

Determination of 14C02 

The determination of radioactive C O  2 w a s  

carried out essentially as described previously 
(17). Briefly, the technique consists of stopping 
the reaction by the addition of the sulfuric acid 
contained in the side-arm of the flask; the flasks 
are then shaken for 15 min at 37 C to assure 
the total recovery of the 14CO2, and each filter 
paper is introduced into a counting vial con- 
taining 15 ml of a PPO-POPOP solution in 
toluene (42 ml of liquifluor + 1000 ml of 
toluene)�9 

Determination of 1-14C-Acetate Into Cholesterol 
(Digitonine Precipitable Sterols) 

The contents of the Warburg flasks were 
transferred to a 50 ml Erlenmeyer equipped 
with a condenser tube; the flasks were rinsed 
twice with 5 ml of distilled water�9 Fifteen 
pellets of KOH, ethanol (15 ml) and carrier 
cholesterol (4 mg in 1 ml) were added, the sus- 
pension heated at 80 C overnight and the 
neutral lipids were extracted with petroleum 
e t h e r  ( b p  30  C-50  C) as d e s c r i b e d  b y  L u p i e n  
and Migicovsky (18). The neutral sterols were 
precipitated as their digitonides and, after 
solubilization with 1 ml of hyamine hydroxide 
10 X in a counting scintillator vial, the volume 
made up to 15 ml with a PPO-POPOP solution 
in toluene. 

RESULTS 

Daily Urinary Excretion of Taurine 

The daily urinary excretion of taurine by the 
B 6 deficient rats was significantly lower (P 
< 0.01) than that of the pair-fed animals, as 
was expected. While the pair-fed animals 
excreted 14.2 + 0.37 mg of taurine/24 hr, the 
urinary excretion of taurine by the deficient 
animals was found to be 2.2 + 0.59 rag/24 hr. 

1-14C-Acetat e I ncorporation Into Cholesterol 
and Production of 14C02 

As shown in Table I, the central intestinal 
segments from vitamin B 6 deficient rats showed 
no increased capacity of incorporation of 
1-14C-acetate into cholesterol when compared 
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to the pair-fed group. However, vitamin B 6 
deficiency did appreciably affect the incorpo- 
ration of 1-14C-acetate into cholesterol when 
distal segments of the intestine were incubated; 
a twofold increase in incorporation rates were 
consistently obtained with this tissue (P 
< 0.01). 

The 14CO2 production from 1A4C-acetate 
with central and distal segments from both 
groups of animals was identical. 

Effects of Bile Salts on 1-14C.Acetat e I ncorporation 
Into Cholesterol and 14CO2 Production 

The two bile salts assayed, sodium cholate 
and sodium chenodeoxycholate,  had essentially 
the same effects at the concentrations used 
when added to the incubation media containing 
small bowel segments of either group of animals 
(Tables II and 1II). 

Addition of sodium cholate and sodium 
chenodeoxycholate showed less inhibition (P 
< 0.05) on the incorporation of 1-14C-acetate 
into cholesterol with the central segments; since 
the untreated distal segments had a higher 
specific activity relative to the untreated central 
segments, the effect of bile salts added to the 
distal segments was much more pronounced, 
although the specific activities of the treated 
distal and central segments showed no differ- 
ence. Obviously the bile salt concentrations 
used (2.5 x 10 -6 M) were sufficient to over- 
come tile higher specific activities of the un- 
treated distal segments. The inhibition by 
sodium chenodeoxycholate on both segments, 
jejunum and the ileum of the two groups of 
animals, was significantly greater (P < 0.05) 
than the inhibition by sodium cholate. 

On the other hand, these two bile salts also 
inhibited the 14C02 production from 1-14C - 
acetate in all intestinal segments of both groups 
of animals; in this case, however, sodium 
cholate proved to be a more potent inhibitor of 
1 4 C 0  2 production than sodium chenodeoxy- 
cholate inversely to the results obtained for the 
incorporation of 1-14C-acetate into cholesterol 
(Tables II and III). Again the results obtained 
show no significant differences between the 
central and distal segments of both groups of 
animals when expressed as their specific activi- 
ties. It is noteworthy to mention that in both 
groups of animals, sodium chenodeoxycholate 
did not significantly inhibit the production of 
1 4 C 0  2 from 1-14C-acetate when the central 
segments were used. 

DISCUSSION 

Cholesterol Biosynthesis and CO 2 Production 

It appears from these results that the distal 
intestinal segments of vitamin B 6 deficient ani- 
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mals have a grea te r  capaci ty  of  i n c o r p o r a t i o n  of 
1-14C-acetate  in to  cho les te ro l  (d ig i ton ine  pre- 
c ipi table  sterols)  t h a n  those  f rom pair-fed ani- 
mals. Previous  in vi t ro  and  in vivo s tudies  in th is  
l abo ra to ry  have s h o w n  th is  to  be also t rue  for  
hepa t i c  t issue (12) .  

In tes t ina l  choles te rogenes is  has been  shown  
to c o n t r i b u t e  s igni f icant ly  to the  serum choles- 
te ro l  pool  in mos t  l abo ra to ry  animals  s tud ied  
and  in man  (3-7).  One would the re fo re  expec t  
se rum choles te ro l  levels to  rise in the  v i t amin  
B 6 def ic ien t  rat .  The  fact  t ha t  this  is n o t  the  
case, as shown  by  Shah  et al. (13) ,  p r o b a b l y  
means  t ha t  e i the r  the  ace ta te  pool  is d imin i shed  
or t h a t  cho les te ro l  convers ion  to bile acids and  
the  exc re t ion  of  the  la t ter  are increased in 
v i t amin  B 6 def ic ien t  animals.  Pre l iminary  
resul ts  f rom this  l a b o r a t o r y  suggest t ha t  some 
steps in the  bile acid synthes is  may  be af fec ted  
by  v i t amin  B 6 def ic iency.  It t he re fo re  can be 
pos tu l a t ed  t h a t  in v i t amin  B 6 def ic ient  rats,  the  
overa l l  t u rnove r  of  choles tero l  may  be 
increased.  

The  presence  of  suff ic ient ly  high concen-  
t r a t ions  of bile salts in the  cent ra l  segments  of 
in tes t ines  has b e e n  shown  (19)  to  be re la ted  to 
the  low choles te ro l  synthes is  in t h a t  region.  
These  f indings  could  explain  the  resul ts  ob- 
t a ined  wi th  the  cent ra l  segments ,  where  no  dif- 
ference  was observed  in the  rate of  1-14C - 
ace ta te  i n c o r p o r a t i o n  in to  choles tero l  be tween  
the  two  groups  of  animals.  F u r t h e r  evidence of 
this  are the  resul ts  ob t a ined  af ter  the  add i t ion  
of  bile salts in vitro.  The  fact  t ha t  the  bile salts 
assayed in these  e x p e r i m e n t s  caused the  same 
ra te  of  i nh ib i t i on  in t issues f rom b o t h  groups  of  
an imals  seems of  impor t ance ,  especially in view 
of  the  r ecen t  suggest ion t ha t  bile salts may  be 
the  p r imary  regu la to ry  mechan i sm of  in tes t ina l  
choles te ro l  synthesis .  I t  can be conc luded  t h a t  
this  regula tory  m e c h a n i s m  is no t  p e r t u r b e d  in 
v i t amin  B 6 de f ic ien t  animals.  However ,  i t  is 
recognized  t h a t  o t h e r  d ig i tonine  prec ip i table  
s terols  might  be impl ica ted  in the  above phe-  
n o m e n a ,  since changes  in the  c o m p o s i t i o n  of  
the  unsapon i f i ab le  f r ac t ion  could accoun t  in 
par t  or  in whole  for  some of  the  ef fec ts  
observed.  

F u r t h e r m o r e ,  the  ra te  of  14CO 2 p roduc t i on ,  
wh ich  grossly es t imates  the  ra te  of  o x y d a t i o n  
of  1-14C-acetate  t h r o u g h  the Krebs cycle, was 
f o u n d  ident ica l  in t issues f rom b o t h  groups  of  
animals ,  ind ica t ing  again t ha t  the  energy pro- 
d u c t i o n  m e c h a n i s m s  of  the  in tes t ina l  cells are 
no t  a l te red  in the  def ic iency state.  
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The Incorporation of Glycerol into the G lyceride-Glycerol 
of Fat Cells Isolated from Chronically Cold-Exposed Rats 1 
R. W. HUBBARD, H. P. VOORHEIS 2, and D. G. THERRIAULT, 
Biochemistry and Pharmacology Laboratory, U.S. Army Research institute of 
Environmental Medicine, Natick, Massachusetts 01760 

ABSTRACT 

The rate of 2-14C-glycerol incorpo- 
ration into the glyceride-glycerol moiety 
was measured in isolated fat cells from 
control rats maintained at 25 C and from 
animals chronically exposed to cold (5 C) 
for six to eight weeks. The rate of 
glycerol conversion (/~M//ag DNA/30 rain) 
was less in the cold-exposed rats, than in 
comparable controls (1.96 + 0.14 vs. 2.68 
+ 0.17). Very little glycerol was oxidized 
to CO 2 or converted to fatty acids. In 
both groups of animals, the glyceride- 
glycerol formation was apparently stimu- 
lated by noradrenaline in the presence of 
glucose, but this incorporation does not 
significantly bias the estimation of 
lipolysis based upon glycerol release. 

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

By use of the classical enzymological 
approach, Wieland and Suyter (1) were unable 
to find any significant glycerokinase activity in 
adipose tissue although they had purified and 
described the enzyme from rat liver. Other 
reports have apparently confirmed this result 
(2-5). On the other hand, Cahill et al. (6) 
demonstrated that glycerol was incorporated 
into glyceride-glycerol at a rate equivalent to 
15% of glucose incorporation. In addition, 
Lochaya et al. (7) found that the glycerokinase 
activity in the adipose tissue of obese hyper- 
glycaemic mice was greater than that of the 
nonobese controls and could be further 
increased over the controls by either insulin or 
epinephrine. Despite this evidence to the con- 
trary, it became acceptable dogma that adipose 
tissue lacked any significant glycerokinase 
activity and that glycerol release could be used 
for accurately measuring triglyceride break- 
down (8). Recently, however, Robinson and 
Newsholme (9) have rediscovered glycerokinase 
activity in adipose tissue and on the basis of 
t h e i r  investigations have questioned the 
accuracy of estimating the rate of lipolysis 

1presented in part at the AOCS Meeting, Washing- 
ton, D.C., 1968. 

2present Address: Nuffield Institute of Compara- 
tive Medicine, Regent's Park, London N.W. 1, England 

based upon glycerol release. This work was 
carried out in adipose tissue. It is possible that 
glycerokinase could exist in either a much 
greater or lesser concentration in the adipocytes 
themselves. For this reason, we have measured 
the incorporation of radioactive glycerol into 
glyceride-glycerol in isolated fat cells and have 
determined whether conditions that markedly 
stimulate lipolysis such as chronic cold 
exposure and noradrenaline treatment (10) 
would likewise stimulate glycerokinase activity. 

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

Animals 

Groups of 26 male Sprague-Dawley rats 
weighing between 50-100 g were obtained from 
Charles River Breeding Laboratories. These ani- 
mals were divided into two groups and main- 
tained in individual cages at either 25+2 or 
5+1 C for six to eight weeks before being killed. 
In order to keep both the age and body weights 
of the c o n t ~ l  and cold-exposed rats similar, the 
heavier animals were placed into the 5 C 
chambers. Each group of rats was weighed once 
a day for the first five days of the experiment 
and then twice a week thereafter. Any animal 
whose weight deviated from the mean of pre- 
viously established growth curves (11) by more 
than two standard deviations was not used. All 
rats were fed a Purina Lab Chow diet and water 
ad lib. The rats weighed approximately 350 g 
each at the end of the experimental period. 

Preparation of Isolated Fat Cells 

Isolated fat cells were prepared by a modifi- 
cation of the procedure of Rodbell (12). Rats 
were killed by decapitation, and the epididymal 
adipose tissue rapidly excised, blotted and 
weighed. Each gram of tissue was added to a 25 
ml polyethylene vial containing 6 ml of 4% 
bovine serum albumin (Lot 55, Pentex, Inc.) 
K r e b s - R i n g e r  phosphate buffer without 
calcium, pH 7.4, plus 3 mg/ml of bacterial 
collagenase (Worthington Biochemical Co.). 
The buffer solutions containing either albumin 
or albumin plus collagenase were serially 
filtered through 0.65, 0.45 and 0.22 membrane 
filters (Millipore Corp.) prior to adding the 
tissue. The tissue was incubated at 37 C in a 
gyrorotary shaking water bath with a 1/2 in. 
circular orbit (New Brunswick Scientific Co., 
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FIG. 1. Glyceride-glycerol formation in isolated fat cells incubated in the presence of 2-14C - 
glycerol. Fat cells were prepared from the pooled epididymal fat pads of 12 rats maintained at 25 C. 
Each point represents the mean + S.D. of three replications. Wherever possible, the analyses were 
performed in triplicate. The mean adipocyte content per vial for all samples was 19.67 + 0.76 pg DNA 
(Mean + S.D., n=15). Fat cells were suspended in 4 ml of Krebs-Ringer phosphate buffer containing 
per ml: albumin, 40 mg, 2-14C-glycerol, 1.25 /.tC and 108.5 pxnoles; and noradrenaline, 3 nmoles. 
Other conditions reported in Materials and Methods. 

Inc.) at 200 revolutions per minute for 75 min. 
At this point, the fat cell preparation was 
strained through plastic mesh into a clean poly- 
ethylene vial and incubated an additional 15 
min to insure uniformity in cellular disaggre- 
gation. The suspension was transferred to poly- 
ethylene tubes (16 x 114 mm) and centrifuged 
for 30 sec at 600 rpm in an International 
Clinical Centrifuge, Model CL. The fat cells 
floated to the surface. The sediment and infra- 
natant solution were removed by aspiration and 
the cells washed with 4% albumin-phosphate 
buffer. 

Histological examination of the cells after 
staining with methylene blue revealed the 
presence of mainly unilocular fat cells. The 
typical recovery of tissue triglyceride as washed 
fat cell triglyceride was 85% for the control and 
65% for the cold-exposed rats. 

D N A  D e t e r m i n a t i o n  

A portion of the washed, packed, isolated 
fat cells was transferred to 15 ml glass-stop- 
pered conical centrifuge tubes. Lipid was 
extracted three separate times with 10 ml 
chloroform-methanol (2: 1), followed by a final 
wash with 10 ml methanol. Centrifugation was 
carried out after each extraction, and the clear 
supernatant collected by aspiration. The lipid 
extracts were combined, the solvent evaporated 
to dryness, and the residue dissolved in 10 ml 

chloroform. The chloroform solution was 
washed with distilled water to remove nonlipid 
contaminants, and aliquots of the washed 
solution were used for gravimetric deter- 
minat ion of lipid. The insoluble pellet 
remaining after lipid extraction was used for 
DNA analysis. The pellet w0s heated at 90 C for 
45 min in 2 ml of 2% perchloric acid, and DNA 
was determined by the method of Ceriotti (13). 

I n c u b a t i o n  of  F a t  Cells 

The remaining packed cells were suspended 
in an appropriate volume of albumin-phosphate 
buffer pre-equilibrated at 37 C. The reaction 
was started by adding 3.7 ml of the fat cell 
suspension by means of a large bore plastic 
pipette, to 0.3 ml of substrate in polyethylene 
vials. Incubation was carried out at 37 C in the 
gyrorotary water bath at 200 rpm. Appropriate 
zero time controls as well as experimental tubes 
containing everything but adipocytes were run 
concurrently. At the end of the incubation 
period the reaction was stopped by the addition 
of 5 ml Dole's (14) acid extraction medium 
(hexane as solvent). The extraction medium 
was added forcefully using an automatic pipette 
(International Applied Science Laboratory). 
After adding an additional 3 ml of hexane the 
vials were capped and shaken mechanically for 
15 min. At least 15 rain were required after 
shaking for separation of the 4.5 ml hexane and 
7.5 ml aqueous phases. 
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FIG. 2. Effect of fat cell concentration on the 
in corporation of 2-14C.glycero I into glyceride- 
glycerol. Fat cells were prepared from the pooled epi- 
didymal fat pads of 12 rats maintained at 25 C. Each 
point represents the mean + S.D. of three replications. 
Conditions are the same as in Figure 1, except that no 
hormone was added. Reaction slopped at 30 min. 

Glyceride Fatty Acid Determination 

A 3.0 ml por t ion  of  the upper  hexane phase 
was transferred into glass test tubes having 
screw caps f i t ted with tef lon  liners. The free 
fa t ty  acids (FFA)  were washed f rom the  hexane 
phase using 3.0 ml of  alkali extract ing reagent  
(15), 2.0 ml hexane,  2.5 ml i sopropanol  and 4.0 
ml of  water.  The tubes were capped,  shaken 15 
min and allowed to separate in to  a 5.0 ml 
hexane and 9.5 ml aqueous  phase. A 1 ml ali- 
quo t  of  the hexane phase was taken for trigly- 
ceride radioactivity.  To  determine  glyceride 
fat ty  acids, 1 ml of  the hexane phase was 
evaporated and the lipid saponif ied at 75 C for 
1 hr wi th  2 ml of  e thanol ic  KOH (1 ml of  satu- 
rated KOH per 20 ml of  95% ethanol ,  freshly 
prepared).  Af ter  2.0 ml of  i sopropanol  and 4.0 
ml of  water  were added,  the sample was 
neutral ized with 6N H2SO 4 to a Nile Blue A 
end poin t  and the fat ty  acids were ext rac ted  
with  4 ml of  hexane by shaking for  15 min.  
Af te r  phase separation, a 0.1 ml a l iquot  of  the 
hexane phase was t i t ra ted by the procedure  of  
Dole and Meinertz (14) using a motor ized  
t i t ra tor  (Menisco-Matic Buret,  Amer ican  Instru- 
ment  Co.). The accuracy of  the t i t ra tor  was 
improved by the addi t ion of  a fine glass capil- 
lary tube  recurved at the tip and a t tached to 
the NaOH reservoir. The  radioact ivi ty  in the 
glyceride-fat ty acids was measured by evapo- 
rating an additional 3 ml a l iquot  of  the hexane 
phase in po lye thy lene  count ing "vials and 
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FIG. 3. The incorporation of 2-14C-glycerol into 
adipocyte glyceride-glycerol based upon fat cell trigly- 
ceride and DNA. The conversion of 2-14C-glycerol to 
glyceride-glycerol is shown as a function of adipocyte 
triglyceride content (right) and DNA (left). Fat cells 
were isolated from the epididymal fat pads of 6-12 
rats per experiment. The results represent the mean + 
S.E.M. of four separate experiments in the cold'- 
exposed group (5 C) and five separate experiments in 
the controls (25 C). There were three replicate vials of 
cells in each experiment and analyses were performed 
in triplicate wherever possible. Incubation conditions 
as in Figure 2. 

coun ted  in a Packard Tri Carb scintillation spec- 
t romete r  in 15 ml of  scinti l lation fluid (16). 

Free Fatty Acid Determination 

In order  to de termine  the amount  of  F F A  
produced during the incuba t ion  of  fat cells, an 
8 ml a l iquot  was taken f rom the 9.5 ml of  
aqueous  phase p roduced  by alkali washing the 
original lipid extract .  This aqueous  phase was 
neutral ized to a Nile Blue A end point  and 
ext rac ted  with 4 ml of  hexane with shaking. A 
1 ml al iquot  of  the hexane phase was evapo- 
rated in count ing vials for the determinat ion  of  
F F A  radioact ivi ty.  Ano the r  hexane al iquot  (2 
ml) was taken  for F F A  ti trat ion.  The to ta l  fa t ty  
acid con ten t  of  each vial of  fat cells was the 
sum of free and glyceride fat ty acids deter- 
mined by t i t rat ion.  Since the lipids of  adipose 
tissue are primari ly tr iglycerides (17), the dif- 
ference in radioact ivi ty  found in glyceride fa t ty  
acids and that  in the in tact  tr iglyceride repre- 
sents radioact ivi ty  in the glycerol  moie ty  and is 
referred to as glyceride-glycerol .  

Calculation of Adipocyte Concentration 
The ad ipocyte  concent ra t ion  was calculated 
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by multiplying the triglyceride content by the 
adipocyte DNA to triglyceride ratio measured 
on aliquots of the initial packed cell suspension 

Conversion of Glycerol to CO 2 

The conversion of added 2A4C-glycerol to 
14CO 2 was measured in polyethylene vials con- 
taining the incubation mixture fitted with 
double rubber septums and polypropylene 
center wells (Kontes Glass Co.) containing 10% 
KOH on fluted filter paper as the CO 2 trapping 
agent (18). The reaction was terminated by 
injecting the acid extraction medium through 
the rubber stopper into the incubation mixture. 
The vials were allowed to stand at room tem- 
perature overnight to absorb the CO 2. At the 
end of this period the polypropylene center 
wells were transferred to 15 ml of scintillation 
fluid (16). The counting efficiencies of all 
radioactivity determinations were made using 
an internal l 4C-toluene standard. 

Materials 

2-1 4 C-Glycerol (New England Nuclear 
Corp.) was purified before use on a Polystyrene 
alkyl quaternary amine (Rexyn AG-1) ion 
exchange resin (19). The Rexyn AG-1 was 
washed successively with large volumes of 2 N 
NaOH, water, 2 N He1, water and finally 
treated with 2 N NaOH followed by flushing 
with large volumes of water. The resin was then 
filtered to dryness and stored in a brown glass 
bottle. Glass columns (11 mm i.d.) were packed 
to a height of 11 cm with approximately 9 g of 
Rexyn AG-1. The sample of radioactive 
glycerol was applied to the column in 5 ml of 
water. The glycerol was quantitatively eluted 
from the resin with 25 ml water. Any polar 
contaminants remained on the column and 
could be eluted with 30 ml of 2 N He1. (The 
degree of contamination by an unknown polar 
constituent was 14%.) 

A solution of albumin bound fatty acids was 
prepared by combining 1.68 m moles oleic acid 
(Fisher, U.S.P.) with 50 ml of 8% bovine serum 
albumin (Pentex, Lot 55) in Krebs-Ringer 
phosphate buffer, pH 10.5. The mixture was 
stirred for 1 hr in a 37 C oven, then adjusted to 
pH 7.4 with He1 and brought to 100 ml with 
Krebs-Ringer phosphate buffer. The molar ratio 
of oleic acid to albumin was 27: 1. 

L-Arteronal bitartrate (noradrenaline) USA 
grade was purchased from Sigma Chemical 
Company. 

Salmon testes DNA was obtained from 
Worthington Biochemical Corporation. 

R ESU LTS 

The rate of glycerol conversion to glyceride- 

glycerol by isolated fat cells was constant for at 
least 30 min (Fig. 1). On the other hand, the 
incorporation of 2-14C-glycerol into CO 2 was 
low and nonlinear and there was no detectable 
incorporation into either free fatty acids or 
glyceride fatty acids. Similar results were 
obtained with fat ceils isolated from rats 
exposed to 5 C for eight weeks. The incorpo- 
ration of 2-14C-glycerol into glyceride-glycerol 
of cold-exposed rats was also linear for 30 rain; 
however, the rate was much less (2.21 + 0.00 
vs. 3.97 -+ 0.14 nmoles/#g DNA). 

The conversion of 2-14C-glycerol to glycer- 
ide-glycerol by fat cells from control rats was 
proportional to the cell concentration up to 30 
/~g adipocyte DNA per 4 ml of medium (Fig. 2). 

With isolated fat cells from rats of equivalent 
body weights (350 g), the ratio of microgram 
DNA per gram triglyceride was 114 + 12 for 
controls and 207 + 10 for cold-exposed rats. 
Thus, a mmole of triglyceride represents many 
more adipocytes from cold-exposed than con- 
trol rats. The effect of this phenomenon on 
metabolic comparisons is demonstrated by 
Figure 3. On the basis of cell numbers (DNA), 
there is less incorporation of 2-14C-glycerol 
into glyceride-glycerol in cells from cold- 
exposed rats (left side of Figure). However, 
when the activity is calculated on the basis of 
triglyceride content of the cells, the opposite is 
seen; there is a greater conversion of glycerol to 
glyceride-glycerol in cells from cold-exposed 
rats. 

Figure 4 illustrates the effects of norepi- 
nephrine and glucose on the incorporation of 
2 -14C-glycerol into the glyceride-glycerol of fat 
cells from rats maintained at 25 C and 5 C. A 
total of 47 control rats weighing 342 g and 27 
cold-exposed rats weighing 334 g were used. 
The pooled epididymal fat pads from at least 
five rats were taken for each experiment. The 
left hand side of the Figure represents results 
obtained with fat cells from the 25 C rats. The 
bars are the mean + SEM for five separate 
experiments without added glucose and mean + 
S.D. of three replications in one experiment 
with added glucose. The right hand side of the 
Figure represents results obtained with fat cells 
from the 5 C rats. Here the bars represent the 
mean + S.E.M. of four separate experiments 
without added glucose and the mean +- S.E.M. 
of three separate experiments with added 
glucose. Under all conditions there was signifi- 
cantly less 2A4C-glycerol incorporated into 
glyceride-glycerol in fat cells from cold-exposed 
than control rats. The addition of glucose 
(GLUC) to the medium depressed the con- 
version of 2-14C_glycerol into glyceride- 
glycerol. Even though norepinephrine had little 
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FIG. 4. Effects of noradrenaline (norepinephrine) and glucose upon the incorporation of 
2-14C-glycerol into the glyceride-glycerol of fat cells from rats maintained at 25 C and 5 C. Norepi- 
nephrine (N.E.) and glucose (GLUC), where present, were 3 nmoles and 1 mg/ml, respectively. There 
were three replicate vials of cells in each experiment and the concentration of cells per vial for all 
experiments (mean + S.E.M.) was 22.1 + 5.0 #g DNA per four ml total volume. Wherever possible, 
analyses were performed in triplicate. Incubation was for 30 min. Other conditions as in Figure 1. 

effect  on the  incorpora t ion  of  2-14C-glycerol 
in to  glyceride-glycerol  in the absence of  added 
glucose, it significantly s t imulated the con- 
version in the presence of  glucose. In each of  
three exper iments  on cont ro l  rats, three 
replicate vials of  cells were incubated in the 
presence of  a lbumin bound oleic acid (4.5 mM). 
The incorpora t ion  of  2-14C-glycerol (mean + 
S.E.M.) was equivalent  to 2.53 + 0.5 gmoles  
glyceride-glycerol  per /ag  DNA and was no t  sig- 
nif icant ly different  f rom controls  carried ou t  in 
the absence of  oleic acid. 

DISCUSSION 

In most  studies with adipose tissue or  the fat 
cells isolated f rom the tissue, metabol ic  act ivi ty 
has been expressed per unit  weight of  the tissue 
or cells. Recen t  work on the lipid composi t ion  
and metabol i sm of adipose tissue (20-22) indi- 
cates that  this may no t  be the basis of  choice 
for making comparisons of  metabol ic  funct ion.  
As is evident  f rom the preceding results, when a 
compar ison is to be made be tween  two groups 
of  animals which have been subjected to differ- 
ent  condi t ions  such a considerat ion is of  prime 
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importance.  Since the adipocyte  fat conten t  of  
rats exposed to a cold envi ronment  is con- 
siderably less than that  of  rats kept  at normal  
ambient  tempera ture  (10,11,21)  adipose tissue 
f rom rats exposed to cold would have more 
cells than an equivalent  amount  of tissue f rom 
rats maintained at 25 C. I t  is imperative under  
these condi t ions  that  the activity be expressed 
in some unit  related to cell number  rather than 
tissue mass. This is evident  when we see, as is 
shown in Figure 3, the complete  reversal of  
results obta ined when adipocyte  DNA is 
replaced by tr iglyceride con ten t  as the basis for 
measuring the incorpora t ion  of  glycerol into 
glyceride-glycerol.  

An analysis of  o ther  reports  would indicate 
that  measurements  of  14C glycerol incorpo-  
rat ion into glyceride-glycerol  can underest imate  
the true rate of  enzyme activity due to the 
di lut ion effects of  glycerol  produced by fasting 
(2) or ca techolamine adminis t ra t ion (3). In this 
s tudy glycerol was added to the fat cells in high 
concent ra t ions  in order  that  no significant 
change in its specific act ivi ty would occur  
through release of  endogenous  glycerol due to 
lipolysis. Since in 30 min norepinephrine (3 
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nmoles/ml) stimulates the release of 200 
/~moles glycerol//lg adipocyte DNA (10), the 
use of 30 /ag of adipocyte DNA results in less 
than 2% dilution of 2 -14C-glycerol. The experi- 
ments were carried out in the absence of glu- 
cose, in order to avoid as much as possible 
dilution of the c~-GP pool by c~-GP produced by 
glycolysis. Because of the low glycogen content 
in adipose tissue (23) and the length of time 
required for preparing the cells, it is unlikely 
that there were significant levels of endogenous 
glucose. 

Results show that norepinephrine stimulates 
the conversion of glycerol to glyceride-glycerol, 
especially in the presence of added glucose. 
These results agree with the findings of 
Lochaya et al. (7) on the adipose tissue of mice 
but seem to be at variance with those reported 
by Lynn et al. (3) which indicate that epi- 
nephrine inhibits the conversion of 14 C_ 
glycerol to glyceride-glycerol in rats. It should 
be pointed out, however, that the latter 
workers used very small amounts of carrier 
glycerol and 14C-glycero 1 in their studies. The 
increased lipolysis due to the presence of epi- 
nephrine results in an increased release of un- 
labeled glycerol into the medium which would 
significantly dilute the 14C-glycerol. It is sus- 
pected that the decreased incorporation of 
14C-glycerol into glyceride-glycerol is due to 
the dilution of label rather than a direct effect 
of epinephrine. The addition of glucose to adi- 
pose tissue is known to result in an increased 
production of ~-GP (5). It is not surprising, 
then, that the presence of glucose inhibits the 
co nversion of 14C.glycerol to glyceride- 
glycerol, since the c~-GP arising from glucose 
would dilute the 14C_labele d 0t-GP formed from 
2-14C-glycerol. Norepinephrine also stimulates 
glucose transport and causes an increased con- 
version of glucose to 0I-GP (3,24-26). If norepi- 
nephrine had no direct effect on the conversion 
of glycerol to glyceride-glycerol we would 
expect a decreased conversion of 2 -14C-glycerol 
to glyceride-glycerol due to a further dilution 
of the 14C ~-GP. This is not the case. In the 
presence of glucose, the addition of norepi- 
nephrine results in a pronounced increase in 
2 -14C-glycerol conversion to glyceride-glycerol. 
The question which cannot be answered at this 
time is whether this increased conversion is due 
to the stimulation of the glycerol ~ - G P  
reaction or to the acceleration of reactions 
responsible for the conversion of ~-GP to trigly- 
cerides. The apparent inhibition by added 
glucose would indicate that glycerol incorpo- 
ration into glyceride-glycerol proceeds via a-GP 
rather than by direct esterification of  glycerol 
with fatty acids. This is further supported by 

the lack of effect of added fatty acids. The lack 
of effect of exogenous FFA also indicates the 
incorporation does not proceed through either 
pyrophosphatase or glycerophosphatase activity 
(5) 

The demonstration of glycerokinase activity 
in fat cells confirms previous findings by 
Robinson and Newsholme (9), who demon- 
strated the presence of glycerokinase activity in 
adipose tissue homogenates. However the 
activity found in isolated fat cells is at least 
twice as great as the maximum activity reported 
by Robinson and Newsholme. It should be con- 
cluded, therefore, that the glycerokinase 
activity is located primarily in the adipocytes 
rather than in other cells that make up adipose 
tissue. In order to compare our results with 
those of Robinson and Newsholme we assumed 
an equivalent amount of DNA in their prepa- 
ration and converted the activity based on 
DNA. 

The conclusion by Robinson and News- 
holme that the glycerolkinase activity in adi- 
pose tissue may affect the accuracy of esti- 
mating the rates of lipolysis based on glycerol 
release by 15% may be valid when such 
measurements are made on intact fat pads. The 
specific activity of triglyceride lipase is low in 
fat pads, and the amount of released glycerol 
reincorporated into glyceride-glycerol could be 
significant. However, the specific activity of the 
triglyceride lipase in isolated fat cells is much 
higher than that of fat pads (200 /lmoles/#g 
DNA/30 min). Considering that the incorpo- 
ration of glycerol into glyceride-glycerol is only 
3 #moles/pg DNA/30 min when stimulated by 
norepinephrine, the error introduced by gly- 
cerol kinase in isolated fat cells would be no 
more than 1-2%. 
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Lipid Composition of Beef and Human Pituitary Glands 
H, SINGH 1 and K~ K. CARROLL 2, The Collip Medical Research Laboratory, 
and The Department of Biochemistry, University of Western Ontario, London, Ontario, Canada 

ABSTRACT 

The lipid composition of beef and 
human pituitary was determined by chro- 
matographic and spectrophotometr ic  
methods. Beef pituitary lipid contained 
about 25% nonpolar lipids and 75% phos- 
pholipids whereas nonpolar lipids made 
up approximately 60% of  the total  in 
human pituitaries. The main nonpolar 
(i.e., low polari ty) lipids in human 
pituitary were triglycerides, cholesterol, 
free fat ty acids and an unidentified com- 
ponent  in the triglyceride fraction. Cho- 
lesterol was the major nonpolar lipid 
component in freshly collected beef 
anterior and posterior pituitary,  but  the 
amount  of free fat ty  acids appeared to 
increase during storage. Preliminary in- 
vestigation of  the unknown nonpolar 
lipid in human pituitaries suggested that  
it was an unsaturated hydroxy compound 
with no carbonyl functions. Thin layer 
chromatography indicated that  it was also 
present in smaller amounts in freshly col- 
lected beef pituitaries. The main phos- 
pholipids of beef anterior, posterior and 
h u m a n  pitui tary were phosphatidyl  
ethanolamine, phosphatidyl  choline, 
phosphatidyl  inositol, phosphatidyl  serine 
and sphingomyelin. The fat ty  acid com- 
position of  total  nonpolar lipids, free 
fatty acids, total  phospholipids, phospha- 
t idyl  ethanolamine and phosphatidyl  
choline of beef anterior and posterior pi- 
tuitary was determined by gas liquid 
chromatography. Mixtures of saturated 
and unsaturated fat ty acids ranging from 
Cl2 to C22 were present; the main fatty 
acids were palmitic, stearic, oleic, linoleic 
and arachidonic. 

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

Although the pituitary gland is an important  
organ and has been the subject of numerous 
investigations, little information is available on 
its lipid composition. A comprehensive study of 
the lipids of beef anterior pituitary was carried 

1Medical Research Council of  Canada Post 
Doctoral Fellow, 1967-68. Present Address: New York 
University School of  Medicine, Veterans Admini- 
stration Hospital, New York, N.Y. 10010. 

2Medical Research Associate o f  the Medical 
Research Council of Canada. 

out by Denstedt (1) using classical methods of 
analysis, but  to our knowledge, pituitary lipids 
have not  been analyzed by modern chromato- 
graphic methods. 

The present studies were carried out  initially 
with beef pituitaries because of their ready 
availability and larger size in comparison with 
pituitaries of common laboratory animals. The 
same methods were then applied to an analysis 
of human pi tui tary lipids. Anterior and poste- 
rior parts of the beef pituitaries were analyzed 
separately, but  were found to be quite similar 
in lipid composition, and the human pituitaries 
were therefore analyzed as a whole. Substantial 
amounts  of an unusual component  were found 
in the nonpolar lipids of human pituitaries and 
t h i s  component  was isolated chromato- 
graphically and a preliminary investigation of 
its structure was carried out. Thin layer chro- 
matography (TLC) indicated that  it was also 
present in smaller amounts in freshly collected 
beef pituitaries. 

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

Phospholipid standards were obtained from 
Mann Research Laboratories, New York; 
1-monopalmitin and 1,3-distearin from F. H. 
Mattson, Procter and Gamble Laboratories,  
Miami Valley Labs., Cincinnati, Ohio; standard 
fat ty acid methyl esters (NIH standards) from 
Applied Science Laboratories, State College, 
Pa., and the Hormel Institute, Austin, Minn; 
perchloric acid (Analar) from B.D.H., 
Toronto,  Ontario; ascorbic acid from Fisher 
Scientific Co., Toronto,  Ontario, and am- 
monium molybdate  from J. T. Baker, Phillips- 
burg, N.J. Reagent grade chloroform, methanol 
and Skellysolve B (bp 67-69 C, dried over 
sodium) were redistilled from glass. Ether, 
acetone and acetic acid were of A.C.S. specifi- 
cations. Silica gel was obtained from Brink- 
mann Instruments,  New York and Florisil from 
the Floridin Company, Hancock, W.V. Beef pi- 
tuitaries were obtained from L. J. Rubin and P. 
Ziegler, Research Laboratories, Canada Packers 
Ltd., Toronto,  Ontario, and were kept  frozen 
until  extracted. Human pituitaries were ob- 
tained from D. M. Mills and A. C. Wallace, St. 
Joseph's  Hospital and Westminister Hospital, 
London, Ontario. They were obtained at 
autopsy from both male and female individuals 
ranging in age from 11 to 78 years. Autopsies 
were carried out  from 3 to 15 hr after death 
and the pituitaries were stored in the frozen 
state. 
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TABLE I 

Lipid Composition of Pituitary Gland 

Total lipid a, Nonpolar lipid b, Phospholipid b, 
Tissue % % of total lipid % of total lipid 

Beef anterior pituitary 3.2 25 - 27 73 - 75 
Beef posterior pituitary 3.5 27 - 30 70 - 73 
Human pituitary 3.8 57 - 60 40 - 43 

aAverages for three determinations, calculated on the basis of weight of wet tissue. 
bRange of values for three experiments in each case. 

Extraction of Lipids 

The beef pituitaries were freed of adipose 
and connective tissue and separated into 
anterior and posterior parts. Most of the pitui- 
taries weighed between 1 and 1.5 g, and the 
anterior lobe made up 80% to 90% of the total. 
The separated portions from 10 to 15 pitui- 
taries were pooled, ground with sand in a 
m o r t a r  and extracted with chloroform- 
methanol (2:1). For 1 g of tissue, 20 ml of 
solvent was used for the first extraction, and 10 
ml each for two subsequent extractions. Each 
extraction was carried out for 24 hr at room 
temperature. The lipid extract so obtained was 
freed of nonlipid impurities by the procedure 
of Folch et al. (2), concentrated in a rotary 
evaporator at room temperature, made up in 
chloroform and stored at 4 C. Measured ali- 
quots of this stock solution were evaporated 
under nitrogen, dried over KOH in a vacuum 
desiccator and weighed before chromatography. 

Whole human pituitaries (average weight 0.5 
to 0.6 g) were pooled in lots of 4 to 10 for 
extraction. In the earlier experiments extrac- 
tion was carried out as described above. Later 
the pituitaries were homogenized in 20 vol of 
chloroform-methanol (2:1) with a VirTis 
homogenizer. The mixture was filtered and the 
residue re-extracted for 15 to 20 min and then 
overnight with 10 vol of the same solvent mix- 
ture in each case. Similar results were obtained 
with both methods. 

Chromatographic Separations 

The lipids were applied in chloroform 
solution to a 5 g column (1.2 x 8 cm) of acid- 
treated Florisil (3). Nonpolar (i.e., low polarity) 
lipids were eluted with chloroform (100 ml) 
and phospholipids with methanol (150 ml). The 
nonpolar lipids (20 to 100 mg) were analyzed 
further by chromatography on 12 g columns 
(1.2 x 20 cm) of Florisil deactivated with 6% 
(w/v) of water (4), and the fractions were 
monitored by TLC on plates of Silica Gel H, 
activated for 30 min at 120 C and stored at 
room temperature. Chromatography was per- 
formed in chromatographic chambers corn- 

pletely lined on all four sides with Whatmann 3 
MM filter paper, saturated with solvent 30 min 
before insertion of the plate. The nonpolar 
lipids were separated with the solvent systems 
Skellysolve B-ether-acetic acid (70:30:1) or 
(60:40:1). The spots were developed either 
with iodine or by spraying with 0.6% potassium 
dichromate in sulfuric acid (55% by weight) 
and charring as described by Rouser et al. (5). 
Plates of Silica Gel H impregnated with silver 
nitrate were used for some separations. These 
were prepared by first running the plates in 
methanol-water (95: 5) containing 15% AgNO 3 
and then drying in air for 30 min. The phospho- 
lipids were separated on 20 x 20 cm plates by 
two-dimensional TLC (6) and were quantitated 
by the procedure of Rouser et al. (7), with the 
following modification. Instead of aspirating 
the charred spots into Kjeldahl flasks for 
digestion and later transferring to centrifuge 
tubes, it was found convenient to carry out the 
digestion with perchloric acid in the centrifuge 
tube itself. Optical densities for phosphorus 
determinations were measured with a Coleman 
Junior II Spectrophotometer 6/20. 

Phosphatidyl ethanolamine and phospha- 
tidyl choline for fatty acid analyses were iso- 
lated by preparative TLC, using the solvent 
system chloroform-methanol-water (65:25:4) 
and locating the lipid bands by spraying the 
plates with water (8). These preparations were 
shown to be homogeneous on TLC in two sol- 
vent systems as described above. The unknown 
component in nonpolar lipids was eluted from 
Florisil columns with the triglyceride fraction 
and was isolated for further study by prepara- 
tive TLC with the solvent system, Skellysolve 
B-ether-acetic acid (70:30:1). The lipid was 
located by spraying with water and was 
recovered by scraping the appropriate portion 
of the plate and eluting with chloroform. 

For analysis by GLC, methyl esters of fatty 
acids were prepared by refluxing the lipids with 
HC1 in methanol. The reagent was prepared as 
described previously (9). The phosphatidyl 
ethanolamine fraction contained aldehydes as 
plasmalogens and the dimethyl acetals formed 
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TABLE II 

Nonpolar Lipid Composition by Florisil Chromatography a 
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Stored beef pituitaries Human Fresh beef pituitaries 
Anterior, Posterior, pituitary, Anterior~ Posterior, 

No. Fraction % % % % % 

1 Hydrocarbons 0.3 1.8 0.8 3.8 3.2 
2 Cholesteryl esters 7.2 3.0 4.6 7.5 6.3 
3 Triglycerides 3.0 3.2 55.6 b 11.7 8.8 
4 Cholesterol and diglycerides 34.2 58.7 18.7 65.3 70.0 
5 Monoglycerides and pigments 1.7 3.0 1.7 6.0 10.1 
6 Fatty acids 53.3 29.9 13.5 5.8 1.3 

aTypical figures for one experiment are given in each case, but three separate analyses were carried out on the 
stored beef anterior pituitaries, two on the posterior and at least six on human pituitaries. 
bContains another major unidentified component (Fig. 1). 

f r om these  dur ing  t ranses te r i f i ca t ion  were 
separa ted  f rom m e t h y l  esters  by  TLC (10) ,  for  
analysis by  GLC. The  analyses were carr ied ou t  
on  a polar  co lumn  (6 f t  x 1/4 in. o.d. of  6% 
e thy lene  glycol succ ina te  on  Dia tapor t  S, 
80-100 mesh  at  170 C), using an F and  M No. 
402 gas c h r o m a t o g r a p h  wi th  f lame ion iza t ion  
de tec to r ,  and  on  a n o n p o l a r  co lumn (6 f t  x 
3 /16  in. of  3% SE-30 on  si l iconised C h r o m o -  
sorb W at 190 C) using a Barbe r -Colman  Model  
10 gas c h r o m a t o g r a p h  wi th  r ad ium ion iza t ion  
de tec to r .  F a t t y  acid m e t h y l  esters were ident i -  
fied by  c o m p a r i s o n  wi th  pure  s tandards  and  by  
a p lo t  of  log r e t e n t i o n  versus c a r b o n  number s .  
In  cases where  s t andards  were no t  available for  
u n s a t u r a t e d  acids, equ iva len t  chain  l eng th  was 
e m p l o y e d  (11-13).  The  relat ive a m o u n t s  of  
f a t ty  acids were e s t ima ted  by  the  p r o d u c t  of  
peak he igh t  and  r e t e n t i o n  t ime as a measure  of 
peak area (14).  Our  exper ience  has shown  t h a t  
this  m e t h o d  gives sa t i s fac tory  resul ts  w i th  
s t anda rd  mix tu res ,  and  th is  has also b e e n  con-  
f i rmed  r ecen t ly  b y  B r o c k e r h o f f  and  A c k m a n  
(15).  The  d i m e t h y l  acetals  were iden t i f i ed  on  
the  basis of  t he i r  r e t e n t i o n  t imes  relat ive to  
those  of f a t t y  acid m e t h y l  esters. 

RESULTS AND DISCUSSION 

T h e  t o t a l  l ipid and  percen tages  of n o n p o l a r  
and p h o s p h o l i p i d s  of  beef  anter ior ,  pos te r io r  
and h u m a n  p i tu i t a ry  are shown  in Table  I. 
Phospho l ip ids  c o n s t i t u t e d  a b o u t  three  qua r t e r s  
of  the  t o t a l  in beef  an te r io r  and  pos te r ior  pi tui-  
ta ry ,  whi le  n o n p o l a r  l ipids made  up more  t h a n  
hal f  of  the  h u m a n  p i tu i t a ry  lipids. 

Nonpolar Lipids 

The  c o m p o s i t i o n  of  n o n p o l a r  lipids as deter-  
mined  grav imet r ica l ly  af te r  co lumn c h r o m a t o -  
g raphy  o n  deac t iva ted  Florisi l  is shown in Table  
II. The  TLC pa t t e rn s  of various f rac t ions  ob- 
t a ined  f r o m  the  c o l u m n  are s h o w n  in Figure  1. 

The  main  co n s t i t u en t s  of the  n o n p o l a r  l ipids of 
s tored bee f  an t e r io r  an d  pos te r io r  p i tu i t a ry  
were free fa t ty  acids and  choles tero l ,  which  
toge the r  made  up 85% to  90% of  the  t o t a l  frac- 
t ion.  The  r e m a i n d e r  cons i s ted  of  cho les te ry l  
esters and  t r iglycer ide,  w i th  some o t h e r  m i n o r  
c o m p o n e n t s .  

The  n o n p o l a r  lipids of  h u m a n  p i tu i t a ry  con-  
s t i t u t ed  a m u c h  larger p r o p o r t i o n  of the  t o t a l  
and  showed  some in te res t ing  d i f fe rences  in 
compar i son  to  those  of  beef  p i tu i ta ry .  In this  
case t r ig lycer ide and  a n o t h e r  u n k n o w n  com- 
p o u n d  e lu ted  wi th  the  t r ig lycer ide f r ac t ion  
(Fig. 1) were major  c o m p o n e n t s  in add i t i on  to 
cho les te ro l  and  free f a t ty  acids. As wi th  beef  

FIG. 1. Thin layer chromatogram of column frac- 
tions (1 to 6) of nonpolar lipids of beef anterior, beef 
posterior and human pituitary on Silica Gel H with the 
so lven t  system Skellysolve B-ether-acetic acid 
(60:40:1). Fraction S is a standard mixture of (from 
top to bottom) cholesteryl ester, triglyceride, fatty 
acid, diglyceride, cholesterol and monoglyceride. 
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(a) 

(b) 

FIG. 2. Two-dimensional TLC of lipids from (a) 
beef anterior (b) beef posterior and (c) human pitui- 
tary, showing the phospholipid components. The chro- 
matograms were developed in the vertical direction 
with chloroform-methanol-28% by weight aqueous 
ammonia (65:35:5), followed by drying for 10 min 
and development from right to left with chloroform- 
acetone-methanol-acetic acid-water (5:2:1:1:0.5). 
Abbreviations: PE, phosphatidyl ethanolamine; PC, 
phosphatidyl choline; Sph, Sphingomyelin; PI, phos- 
phatidyl inositol; PS, phosphatidyl serine; X1, X2, X 3 
and X 4 uncharacterized components; FA, fatty acids; 
NL, neutral lipids; O, origin. 
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(c) 

pituitary, the nonpolar lipids of human pitui- 
tary contained small amounts of cholesteryl 
esters and other unidentified components. Thin 
layer chromatograms showed three distinct 
spots in the cholesteryl ester fraction of human 
pituitary and only two in the corresponding 
fraction of beef anterior and posterior pituitary 
(Fig. 1). Minor spots corresponding to diglycer- 
ides are seen in the cholesterol fraction and 
similar spots are visible in the triglyceride and 
monoglyceride fractions. Some overlap of cho- 
lesterol into adjacent fractions is also apparent 
from the thin layer chromatograms, but this 
was not enough to significantly affect the 
resuRs given in Table II. The above results illus- 
trate the usefulness of combining thin layer and 
column chromatography for detection of minor 
components in naturally-occurring lipids and 
for demonstrating the presence of unknown 
lipids which overlap with other major com- 
ponents in one or other of the two chromato- 
graphic systems. 

In order to obtain more information about 
the unknown component in the triglyceride 
fraction of human pituitaries, a small amount 
was isolated by preparative TLC. The purified 
material was a waxy semi-solid which showed 
no characteristic UV absorption. It stained 
readily with iodine vapor on thin layer chro- 
matograms and could not  be stored dry without 
alteration, presumably because of autoxidation. 
Hydrogenation with PtO2/charcoal as catalyst 
gave a product which could readily be separated 
from the original compound by TLC. On Silica 
Gel H with the solvent system, petroleum 
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TABLE III 

Phospholipid Composition of 
Pituitary Glanda, b 

PE OF BEEF ANTERIOR PITUITARY. 

Beef  Bee f  H u m a n  
Phospho l i p i d  an t e r i o r  pos t e r io r  p i t u i t a r y  

P h o s p h a t i d y l  
e t h a n o l a m i n e  32.S 25 .3  25 .0  

P h o s p h a t i d y l  
chol ine  37.1 35.6  37.7  

S p h i n g o m y e l i n  8.8 11.2 11.4 
P h o s p h a t i d y l  

inos i to l  S .9 6.7 4 .2  
P h o s p h a t i d y l  

ser ine 2 .0  7 .3  5.7 
x 1 0.2 --- 2.3 
x 2 . . . . . .  2.8 
x 3 1.8 2.1 1.1 
x 4 . . . . . .  0.5 
Or ig in  1.1 --- O. 5 

aThe values are averages of six determinations for 
beef anterior, eight for beef posterior and four for 
human pituitary. 

bExpressed as percentage of total phosphorus. 

FATTY ACID METHYL ESTERS. 

o 

FATTY ACID METHYL ESTERS 

+DIMETHYL ACETALS. 

D~METHy[ ACFTAt S 

ether-ether-acetic acid (70: 30: 1), the hydrogen- 
ated compound had a slightly greater Rf than 
the original, and on Silica Gel H, impregnated 
with silver nitrate, it had about the same Rf 
while the parent compound remained at the 
origin. Both compounds reacted with acetic 
anhydride-pyridine at room temperature to give 
acetyl derivatives which moved with the solvent 
front on Silica Gel H developed with the above 
solvent system. 

The unknown lipid had an Rf value on TLC 
similar to that of free fatty acids, but the latter 
are not normally eluted from Florisil with tri- 
glycerides and the infrared spectrum of the un- 
known showed no absorption in the carbonyl 
region. Substances with similar chromato- 
graphic properties have been reported in tissue 
lipid extracts on previous occasions but have 
been found to be contaminants from various 
laboratory sources; including plastics (16,17). 
In an effort to ehminate this possibility, care 
was taken to collect the pituitaries in glass con- 
tainers and to avoid any contact with plastics 
d u r i n g  e x t r a c t i o n  and chromatography. 
Arrangements were also made to collect pitui- 
taries from two different hospitals to check on 
possible contamination at the source, but the 
unknown compound was present in all cases. 

The lipids of beef pituitary, by contrast, did 
not appear to contain significant amounts of 
the unknown and, as noted earlier, the pro- 
portion of free fatty acids was considerably 
higher than in human pituitary lipids. Although 
the beef pituitaries were extracted soon after 
they were received in our laboratory, it was 

FIG. 3. GLC tracing of the fatty acid methyl esters 
and dimethyl acetals of phosphatidyl ethanolamine 
(PE) of beef anterior pituitary. Top and bottom 
tracings show the fatty acid methyl esters and di- 
methyl acetals after separation by preparative TLC. 
The anti-oxidant BHT (2,6-Di-tert-butyl-p-cresol) was 
added to the developing solvent during TLC. 

later learned that they might have been stored 
frozen for some time before shipment. It there- 
fore seemed possible that the unknown com- 
pound, if present, could have been altered 
during storage and also that gradual hydrolysis 
of lipids might have given rise to the larger 
amounts of free fatty acids. 

To check these points, a small lot of freshly 
collected beef pituitaries was obtained from 
Canada Packers in the frozen state and these 
were thawed, dissected and extracted immedi- 
ately on arrival. The lipid extracts of anterior 
and posterior lobes contained 22% and 23% 
respectively of nonpolar lipids as compared to 
25% to 30% in the lipids of stored pituitaries 
(Table I), and the proportion of free fatty acids 
was much smaller (Table II). Analysis of the 
triglyceride fraction by TLC also showed the 
presence of significant amounts of a component 
corresponding to the unknown in human pitui- 
tary lipids. It therefore seems probable that 
freshly-collected beef pituitaries can be used as 
an alternative source of this material for further 
structural analysis. The lipids of the anterior 
pituitary contained a larger proportion of the 
unknown than those of the posterior pituitary 
and a similar result was obtained in one experi- 
ment with human pituitaries in which anterior 
and posterior lobes were extracted Separately. 
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TABLE IV 

Fatty Acid Composition of Beef Pituitary Lipids a 

Beef anterior pituitary Beef posterior pituitary 

Total Total 
nonpolar Total nonpolar Total 

Fatty acid b lipids phospholipids PE PC lipids phospholipids PE PC 

14:0 0.5 0.5 0.2 0.9 1.4 0.5 0.6 0.8 
15:0 + 16:0 DMA c --- 2.2 4.5 1.4 1.6 2.2 5.8 0.9 
16:0+ 16:1DMA 15.6 21.8 5.5 34.1 19.9 18.5 5.1 27.5 
16:1 1.6 1.1 --- 1.5 2.5 1.2 --- 1.6 
16:2 0.9 1.0 --- 1.1 1.6 0.9 --- 1.3 
18:0 DMA + 17:0 0.7 3.8 9.5 1.3 1.8 2.5 8.9 --- 
18:0 + 18:1 DMA 16.1 15.3 18.9 14.4 15.8 16.8 14.8 18.1 
18:1 18.2 15.2 9.3 20.5 22.7 16.6 7.7 23.9 
18:2 17.1 7.6 5.4 9.5 9.7 6.2 2.4 7.4 
20:0 --- 0.6 0.3 --- 0.9 0.7 . . . . . .  
20:1 2.4 0.7 0.4 0.7 1.2 0.8 --- 1.7 
20:2 3.1 1.0 0.5 1.2 0.5 0.9 --- 4.2 
22:0 2.0 1.8 1.7 1.4 1.6 1.6 4.3 2.3 
20:4 20.3 14.8 20.7 8.5 13.7 12.5 21.3 9.4 
20:5 --- 0.9 1.1 . . . . . . . . . . . . . . .  
22:4 --- 2.7 4.1 --- 1.8 7.9 14.2 --- 
22:5 --- 7.0 14.2 . . . . . .  4.7 7.9 --- 
22:6 --- 2.5 2.5 . . . . . .  4.1 6.2 --- 

aAverage of two determinations. 
bin the notation used, the first two digits give the number of carbon atoms and the  third digit the  number of 

double bonds. 
CDMA, dimethyl acetal derivatives of the aldehydes. These were found mainly in the PE fraction. 

Phospholipids 

The phosphol ip id  compos i t i on  de te rmined  
by two-d imens iona l  TLC, fo l lowed by phospho-  
rus analysis of the  separated lipids, is given in 
Table III. Two-dimensional  TLC pa t te rns  of the 
phosphol ip ids  of  beef  anterior,  pos te r io r  and 
h u m a n  pi tui tary are shown in Figure 2. 

The main phospha t ides  of  beef  anter ior ,  beef  
pos ter ior  and human  pi tui tary were phospha-  
t idyl  e thanolamine  and phospha t idy l  choline,  
which toge ther  made  up 60% to 70% of  the 
total.  Beef anter ior  pi tui tary con ta ined  more  
phospha t idy l  e thanolamine  and less sphingo- 
myel in  and phospha t idy l  serine than  e i ther  beef  
pos te r io r  or human  pi tui tary.  A few addi t ional  
c o m p o n e n t s ,  x I to x4, were also seen on the 
two-d imens iona l  chromatograms.  C o m p o u n d  
x I is probably  cardiolipin and the o the r s  may 
be lysophosphat ides .  

The overall phosphol ip id  compos i t i on  was 
thus  ra ther  similar in each case and the same 
pa t t e rn  was also seen on two-d imens iona l  thin 
layer chromatograms  of  ext rac ts  f rom freshly- 
col lected beef  pituitaries.  It is in teres t ing to 
no te  tha t  beef  anter ior  and pos te r io r  pi tui tary 
show such close resemblance  in b o t h  nonpo la r  
lipid and phosphol ip id  compos i t ion ,  since they  
represen t  quite  d i f ferent  types  of  tissue. 

Fatty Acid Composition 

The fa t ty  acid compos i t ion  of tota l  nonpo la r  

lipids, free fa t ty  acids, total  phosphol ip ids ,  
phospha t idy l  e thano lamine  and phospha t idy l  
chol ine of  beef  anter ior  and poster ior  p i tu i tary  
was de te rmined .  The ident i f icat ions  and per- 
centages of  the d i f fe rent  fa t ty  acids are given in 
Table IV, and GLC tracings are shown in Figure 
3. 

In general,  the  fa t ty  acid compos i t ion  of  cor- 
responding  fract ions was essentially the same in 
b o t h  anter ior  and pos ter ior  pi tui tary but  f a t ty  
acid analyses of  phospha t i dy l  e thanolamine  and 
phospha t idy l  chol ine showed characterist ic  
pa t te rns  with significant differences.  The pat-  
terns resemble  those  r epor ted  for the  corre- 
sponding  lipid classes in o ther  tissues of  various 
animal species (18-20).  The major  sa tura ted 
fa t ty  acid in beef  anter ior  phospha t idy l  
e thano lamine  was stearic,  while palmit ic  pre- 
domina t ed  in phospha t idy l  choline. The main 
unsa tura ted  fa t ty  acids in phospha t idy l  e thanol-  
amine were arachidonic ,  fo l lowed by oleic. In 
phospha t idy l  chol ine the  main unsa tura ted  
fa t ty  acids were oleic, l inoleic and arachidonic.  
Fur ther ,  phospha t idy l  chol ine had more  satu- 
ra ted and m o n o u n s a t u r a t e d  acids while phos-  
pha t idy l  e thanolamine  had more polyunsa tu-  
ra ted acids. It is significant that  phospha t idy l  
e thano lamine  con ta ined  C 16 and C 18 alde- 
hydes  and  some o ther  minor  a ldehydes  while 
phospha t i dy l  chol ine conta ined  very little of  
these. This is in general agreement  with results  
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from other laboratories (21,22). 
The fatty acid composition of the nonpolar 

lipids was similar in many respects to that of 
the total phospholipids. These analyses were 
carried out on lipid extracts from stored pitui- 
taries in which most of the fatty acids of the 
nonpolar lipid fraction were present as free 
fatty acids, and analysis of the free fatty acid 
fraction alone gave rather similar results as well. 
These results might be interpreted as further 
evidence that the free fatty acids were derived 
from hydrolysis of phospholipids during 
storage. 

We have recently become aware of a paper 
by J. Clement, G. Clement and M. Fontaine, C. 
R. Soc. Biol. 157:1716-1721 (1963), in which 
modern methods were used for analysis of the 
pituitary lipids of normal rats and of rats from 
which various other endocrine glands had been 
removed. 
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Long-Term Responses of Rats to Heat-Treated Dietary Fats: 
IV. Weight Gains, Food and Energy Efficiencies, 
Longevity and Histopathology 
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ABSTRACT 

Representative cottonseed salad oils, 
corn oils, lards and hydrogenated vege- 
table shortenings, and portions of the 
same fats heated at 182 C for 120 hr were 
fed as 20% of nutritionally adequate diets 
to weanling albino rats in longevity 
studies. Differences in the responses of 
rats fed diets containing the unheated and 
heated fats were generally small with 
respect to rates of gain, 12th week and 
adult weights, efficiencies of utilization 
of absorbed energy, incidences of grossly 
detectable diseases and longevities. There 
were no indications that the feeding of 
the heated fats had shortened survival 
times in comparison with the comparable 
unheated fat. Animals fed hydrogenated 
vegetable shortening, heated or unheated, 
survived the longest. However, gains were 
slightly slower with the heated cotton- 
seed oil diets, and food efficiencies were 
slightly lower with the heated cottonseed 
oil and heated lard diets because of de- 
creased digestibilities of these fats. The 
usual disabilities of old age such as 
nephritis, respiratory disease and periar- 
teritis were present in all groups. The 
incidence of mammary tumors was high 
but did not differ significantly with the 
kind of fat, heated or unheated. Tumor 
incidence other than mammary was 
similar in both sexes and there was no 
significant difference between fresh and 
heated fats. Absence of adverse effects 
attributable to the heated fats during the 
life span of the rats is further evidence of 
the safety of these fats of the quality 
customarily consumed by the human 
population. 

INTRODUCTION 

Edible fats undergo chemical and physical 
changes when exposed to heat/or oxygen or 
both and, if the treatment is severe enough, 
some of the products may be harmful to experi- 
mental animals when fed under appropriate 
conditions. The nature and extent of the 
changes have been investigated extensively 

during the last few years, yet because of the 
complexity of the mixtures, there is still much 
to be learned regarding the composition and the 
biological effects of heated or oxidized fats. 
Three general types of chemical changes occur: 
oxidation, cleavage to smaller compounds and 
polymerization. 

There is considerable evidence that the treat- 
ments to which edible fats may be subjected 
during practical home or institutional use do 
not cause the formation of deleterious sub- 
stances in amounts sufficient to impair health 
(1-15). On the other hand, several teams of 
scientists have observed adverse biological 
effects when fats which had been severaly 
heated (2,11-13,16-25) or extensively oxidized 
(12,23-42) were fed or injected. Toxic sub- 
stances can be concentrated in certain fractions 
of the treated fats by distillation or urea adduc- 
tion procedures (12,16-21128,30-37). Fats con- 
taining relatively large proportions of unsatu- 
rated fatty acids, particularly polyenoic acids, 
yield more of these toxicsubstances than the 
saturated fats (20,21,30). Factors in addition to 
unsaturation appear to be involved since in our 
experience different lots of a single type of oil 
yield reproduceably differing amounts of urea 
non-adducting fraction (NAF). In general, the  
biological effects of heated or oxidized fats are 
in proportion to the NAF content (25,27,31), 
but the effects differ depending on the nature 
of the fraction. Concentrates that are predomi- 
nately monomeric tend to be absorbed more 
readily and are more toxic than dimers or 
longer chain polymers ( 12,20,31 ). 

The small amounts of lipid-derived products 
developed in fats during cooking ordinarily can- 
not be detected biologically without extraction 
and concentration of the NAF. Furthermore, 
substantial amounts of seyerely heated fat can 
be included in the diet without adversely 
affecting growth or well-being of rats, particu- 
larly if associated with ~ome unchanged fat 
(5,16,35,36). 

Nevertheless, the presence in foods of even 
small amounts of possible deleterious sub- 
stances, such as NAF, is cause for concern until 
there is sufficient evidence that these amounts 
are harmless. As mentioned above, existing data 
support the belief that fats used in foods or in 
cooking of foods are safe in this respect, even 
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though other evidence makes it quite clear that 
abuse of fats by excessive exposure to heat or 
oxygen will result in formation of toxic prod- 
ucts. For the most part previous biological tests 
have been of short duration and may not  have 
detected substances that would elicit a response 
on prolonged administration or in massive 
doses. It was to study the cumulative and 
chronic effects of heated fats, if such effects 
exist, that the present experimental work was 
designed and conducted. The findings, as 
reported, confirm the conclusions of the short- 
term tests, i.e., heat treatments more severe 
than those used in cooking foods yet in a 
practical range do not result in formation of 
sufficient quantities of fat-derived products to 
cause serious adverse biological effects. They 
are in substantial agreement with the obser- 
vations of Nolen et al. (15) who conducted 
longevity studies with rats fed fats heated in the 
presence of foods. 

EXPERIMENTAL PROCEDURES 

In order to obtain the information desired, 
uniform groups of rats were fed diets which 
contained either a typical commercial fat or 
portions of this fat which had been subjected to 
a relatively severe heat treatment. Responses of 
the animals were compared with respect to: (a) 
rate of growth, (b) ability to digest the fats, (c) 
efficiency of food and energy utilization, (d) 
incidence of various abnormalities during life, 
(e) longevity, (f) gross changes observed at 
autopsy, and (g) organ weights. Tissues were 
taken at autopsy and preserved for subsequent 
histopathological study in the Human Nutrition 
Research Division, ARS, USDA. 

Four widely used dietary fats were selected: 
cottonseed salad oil (CS), corn oil (CO), lard 
(L) and hydrogenated vegetable oil shortening 
(S). Three prominent brands of each were pur- 
chased during the course of the study in the 
necessary quantities in regular packages (38-50 
lb) from commercial suppliers. Equal aliquots 
of the three brands of a specific fat were 
blended together for use in the diets and for 
heating prior to use. Both heated and unheated 
samples were stored in filled, sealed glass jars at 
3 C until  used. 

Heat Treatment 

Fats were heated at 182 C continuously for 
120 hr in 46 lb quantities in a commercial, 
electrically heated deep fat fryer equipped with 
a chromed steel container and a stainless steel 
clad heating element. When used in this quan- 
tity there were 6.5 sq in. of surface exposed to 
air for each pound of fat heated, a ratio typical 

for this type of equipment. During heating the 
fats were stirred gently to avoid local differ- 
ences in temperature. The stirring was not 
vigorous enough to cause entrapment of air 
bubbles, but it did provide a continuous change 
of the surface exposed to air and to the heating 
element. Fats treated in this manner are 
designated as HCS, HCO, HL and HS to differ- 
entiate them from the unheated CS, CO, L and 
S. 

This relatively long and severe heat treat- 
ment was considered to be a compromise 
between short-term, single use of fats which 
would result in only minimal changes that 
might not be detectable biologically and more 
drastic treatments that have no practical 
counterpart. It was known from previous work 
(12,25,31) that such a treatment would be 
severe enough to decrease the digestibility of 
CS, the fat which had been most extensively 
studied. On the other hand, rats fed diets con- 
taining fats heated under similar conditions 
were known to grow well and to be apparently 
healthy for periods up to 12 weeks (11). It was 
also known that CS treated in this manner 
would be beyond practical commercial usage, as 
it would foam violently if attempts were made 
to i n t r o d u c e  foods such as potatoes 
(12,14,42,43). 

Certain analytical characteristics of the fats 
are shown in Figure 1. The general increases in 
viscosity and in the content of the urea non- 
adducting fraction, and the decreases in linoleic 
acid content  and iodine values are greater than 
is typical for such fats used in practical food 
frying operations, peroxide values were low and 
changed little by the heating procedure. 

Preparation and Composition of Diets 

Nutritionally complete, synthetic-type diets 
including 20% of the various test fats were 
prepared by adding appropriate quantities of 
the fats and 1% of wheat germ oil to aliquots of 
a uniform supply of a basal diet mix having the 
following composition: purified casein, 20.1; 
purified lactalbumin, 10.0; Jones and Foster 
salt mixture, 4.0; cellulose (Cellu Flour), 2.0; 
sucrose, 35.2; primary grown yeast, 5.0; d-~- 
tocopherol dry mix (Myvamix, 44 I.U./g), 1.0; 
choline chloride dry mix (25%), 0.4; vitamin A 
dry mix (Stabmix A, 10,000 I.U./g), 0.2; vita- 
min D 2 dry mix (Dares Sterol D-2, 1500 I.U./g) 
0.2; and vitamin premix, 1.0. The vitamin pre- 
mix contained, in rag/g, riboflavin, 0.45; niacin, 
1.5; d calcium pantothenate, 3.5; pryidoxine 
hydrochloride, 0.65; biotin, 0.033; 2 methyl 
naphthoquinone, 1.0; p-aminobenzoic acid, 
10.0; vitamin B 12, 0.001; and sucrose sufficient 
to bring the total to 1.000 g. The first five com- 
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FIG. 1. Analytical values of fats before and after heating. 

ponents of the basal diet were premixed in 
advance (premix 1 stored at room tempera- 
ture), and the remaining six were likewise pre- 
mixed (premix 2 stored in brown bottles at 
3 C). 

The diets were made by first mixing the 
proper aliquots of premix 1 and premix 2, then 
adding, during mixing, the appropriate melted 
fat and, finally, the wheat germ oil. Analyses of 
the diets gave average values as follows (in per 
cent): moisture, 3.3; protein, 27.2; fat, 21.9 
and ash, 3.6. Fresh batches of each diet were 
prepared at intervals of about two weeks. 
Weighed quantities of fresh food in 3 or 6 oz 
widemouth glass jars were supplied three times 
weekly to the animals during the growth period 
and at least weekly thereafter. Food and water 
were supplied ad libitum. Uneaten food was 
weighed to determine food usage. 

Care of A n i m a l s  

Fifteen replications, each comprising one 
male and one female weanling rat (Holtzman 
albinos) for each unheated fat diet group and 
two of each sex for each heated fat diet group, 
were started weekly on the test diets for 15 
weeks. Rats were caged individually in drawer- 
type cages with wire mesh fronts and bottoms. 
The rats were randomly distributed in cages sus- 
pended on racks in an air conditioned room 
with temperature controlled at 25-26 C and 
humidity at 45-50%. 

Animals were weighed at about the same 
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time each Wednesday. At that time uneaten 
food was removed for weighing, and each ani- 
mal was inspected carefully for disease or 
physical abnormalities. A few rats with rales or 
suspected middle ear infections wer6 isolated, 
but no treatment of any kind was administered 
to the animals except for trimming a few elon- 
gated incisors when necessary. Animals which 
showed severe or consistent losses of weight or 
other conditions that indicated ill health were 
observed more frequently. Those which became 
obviously moribund were decapitated and 
autopsied immediately to assure tissues suitable 
for histopathological evaluation. Animals which 
were found dead were autopsied as soon after 
death as possible. 

During the 2nd, 12th and 52nd week of 
feeding, complete collections of feces were 
made for 10 randomly selected rats in each of 
the dietary groups. Lipid was extracted with 
ethyl ether from the pooled, acid hydrolyzed 
sample for each group for each period and 
weighed following solvent removal. Fat intakes 
for the same rats were calculated from the food 
intake and food composition records. The dif- 
ference between the total dietary fat intake and 
the total fecal fat output represents gross fat 
absorption (uncorrected for endogenous fat). 
The weights of fat absorbed divided by weights 
of fat consumed gives practical digestibility 
values. 

When the animals were 22 weeks of age, two 
males and two females which had been pre- 
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TABLE I 

Average Weights of Rats Fed Diets Containing 
Unheated or Heated Fats for 12, 52 or "/8 Weeks 

Average weights of rats in grams 

Males Females 

Fat in diet 12 wk 52 wk "/8 wk 12 wk 52 wk 78 wk 

CS a 451 655 681 268 385 458 
HCS b 427 c 634 674 253 c 380 455 

(CS/HCS) x 100 106 104 101 106 101 101 

CO a 432 666 699 260 391 469 
HCO b 431 653 723 265 394 464 

(CO/HCO) x 100 100 102 96 98 99 101 

L a 436 613 632 259 36"/ 428 
HL b 430 638 722 256 365 440 

(L/HL) x 100 102 96 88 100 101 99 

S a 440 643 680 262 358 442 
HS b 428 615 648 254 361 425 

(S/HS) x 100 103 105 105 103 99 104 

All unheated 440 644 672 262 3`/5 449 
All heated 429 635 692 25`/ 395 446 

(Unheated/heated) 
x 100 103 101 97 102 100 101 

aFifteen animals started in each group. 
bThirty animals started in each group. 
CSignificantly less (P ( 0 . 0 5 )  than for rats fed the unheated oil. Data for the 98 week periods were 

not statistically analyzed b~cause of the small and irregular group sizes. 

selected randomly  for  each group were killed 
for  gross and his topathologica l  examina t ion .  
This p rocedure  was repea ted  with o the r  pairs of  
animals at ages of  36 and 50 weeks. 

Excep t  for the six r andomly  selected animals 
in each group killed for au topsy  and tissue 
samples,  as just  described,  all animals were 
main ta ined  on their  respective diets unti l  they  
died or became mor ibund ,  or until a prese lec ted  
t e rmina t ion  poin t  based on reduc t ion  of  the 
co lony  to  about  10% of  the start ing n u m b e r  
was reached.  At this t ime (928 days of  age), all 
survivors were killed for t e rmina t ion  gross and 
h is topathologica l  observations.  At the t ime of  
au topsy ,  observat ions regarding the  gross 
appearance  of  the animal and its organs and 
tissues were recorded;  designated organs (liver, 
k idneys,  adrenals) were removed,  weighed and 
preserved in 10% neutra l  formal in  for  possible 
fu ture  h is topathologica l  s tudy.  All autopsies  for  
this expe r imen t  were coded,  i.e., done  wi thou t  
knowing  the  diet  group to which the  animal  
belonged.  

RESULTS AND DISCUSSION 

Two general types  of  observat ions  were 

made  wi th  respect  to the  inf luence of  heat ing 
on the  wholesomeness  of  fats, those  relating to 
the  effect iveness  and eff iciencies  of  the  several 
fats tes ted  as measured by g rowth  and food  
uti l izat ion,  and those relating to the  hea l th  and 
longevity of  the animals.  Nei ther  of  these 
criteria gave any indica t ion  that  fats hea ted  for  
120 hr at 182 C adversely a f fec ted  the  general  
heal th  or well-being of rats to  which  they  had 
been  fed for  their  full life span. There were 
some minor  di f ferences  b e t w een  groups when  
hea ted-unhea ted  compar i sons  were made,  but  
these t ended  to balance out ,  some being in 
favor of  the heated,  o thers  in favor of  the  un- 
heated.  

Growth 

Animals  fed hea ted  fats grew well and at 
about  the same rates as their  coun te rpa r t s  fed 
unhea ted  fats and main ta ined  their  weights over 
the  long-term, as shown by the  data in Table I. 
The only effect  n o t e d  was a slightly slower rate 
of gain for each sex in the  HCS diet  group (p 
< 0.05 at 12 weeks, no t  significant thereaf ter) .  
The slightly slower rate of g rowth  for HCS fed 
rats is consis tent  wi th  previous observat ions  
(21,25,31).  There was generally more  variation 
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be tween  the types of unheated  fats fed than 
there was be tween the heated vs. unheated 
variants of each type.  The long-term weight 
differences be tween the four  types of unheated 
fats fed were never more than 9% and were not  
significant statistically at any age. 

Food Efficiency and Digestibility Dietary fats M 

At the end of  12 weeks on diet  the rats fed CS 635 
HCS or HL had consumed more food per gram t i c s  650 
gain than animals on diets containing unheated  Both 646 
fats o f  the same types, but  those fed HCO or 
HS had not  consumed more than their  counter-  c o  656 

HCO 657 
parts (Table II, Column 4). The increased food 
consumpt ions  were statistically significant (P Both 656 
< 0 . 0 1 )  for the males and females fed HL and L 551 
for the  females fed HCS. However ,  when the HL 662 
comparisons were made on a per calorie Both 632 
absorbed basis rather than on a per gram of 
food consumed basis, the differences be tween  S 667 
the heated  and unheated  fats disappear (Table l-is 691 
II, Column 5). It seems probable that  the  de- Both 684 
creased food efficiencies of animals fed diets All unheated 627 
containing HCS or HL are due to nondigest ible All heated 665 
substances in the fats, presumably polymers  Entire experimental 
originating during the heat ing of  the fats colony 646 
(19,20,31).  The presence of  nondigest ible lipids 
is demons t ra ted  by the digestibili ty values for 
each of  the three t ime periods (Table II, 
Colunms 6, 7 and 8). Substantial  decreases in 
digestibili ty for HCS vs. CS and HL vs. L were 
observed for all periods. The digestibility values 
are similar for the 2nd, 12th and 52nd week for 
each unheated fat, however ,  there is some indi- 
cat ion that  the heated fats were progressively 
less well  digested as the animals aged. The 
statistical significance of  the  differences 
observed could not  be de termined  because it 
was necessary to pool  feces for rats in each 
group to provide sufficient sample for analysis. 

The  equal  ut i l izat ions of  energy o ther  than 
that  of  the nondigest ible por t ions  of  the  fats is 
evidence that  digestibilities of  the o ther  com- 
ponents  of  the diets were no t  affected.  These 
observations differ f rom those of  Fr iedman et 
al. (31) who, using co t tonseed  oil stirred for 
190 hr  at 225 C, found that ,  "This  difference in 
nutr i t ive value (i.e., energy) cannot  be ac- 
counted  for by the decreased digestibility of  
the heated  cot tonseed oi l ."  However ,  their  fat, 
having been much  more severely t reated,  was 
not  comparable  to those used in our  tests. 

Incidence of  Diseases or Abnormalities 

In general the animals remained heal thy and 
lived long, relatively disease-free lives but,  as 
expec ted  with a group of  aging animals, a 
variety of  physical abnormal i t ies  was noted.  
These observations were recorded in detail and 

TABLE III 

Survival of Rats Fed Diets 
Containing Unheated or Heated Fats 

133 

Average survivalin 
rat days 

F M & F  

738 687 
706 678 

715 680 

683 669 
706 681 

700 678 

808 679 
696 679 

727 679 

767 717 
765 728 

766 725 

749 688 
718 692 

734 691 

tabulated according to type  and t rea tment  of  
the fats and sex of  the animal. The abnor-  
malities were typical  of  those occurr ing in the 
rat and there  were no substantial  differences in 
f requencies  be tween  types of  fat or t reatments .  

Longevity 

The overall  survival of  the rats in this experi-  
ment  was good,  an average of  646 days for  the 
males and 734 days for  the females,  and there 
were no indicat ions that  animals fed heated  fats 
had shor tened  lifespans. In fact, in five of  the 
eight hea ted-unheated  comparisons,  the average 
survival was greatest in the groups fed heated 
fats a l though the  differences were no t  statisti- 
cally significant (Table III). When data for  bo th  
sexes and all fats are combined  the  average sur- 
vival periods for the heated and unhea ted  fat- 
fed animals are almost  identical,  i.e., 688 vs. 
692 days. 

There  is a substantial  indicat ion that  the  sub- 
groups fed diets containing S or  HS survived 
longer than the  subgroups fed the o ther  fats, 
a l though the  differences are not  statistically 
significant at the P <~ 0.05 level. The lard-fed 
rats were the  least consistent  in their  responses 
to the  t rea tments ,  the males fed heated lard 
surviving longer  than those fed unheated  lard, 
whereas the females reversed this order.  
Fu r the rmore ,  the lard-fed males had the 
shortest  average survival period of  all the male 

LIPIDS, VOL. S, NO. 1 



134 C.E.POLING, E.EAGLE, E.E.RICE, A.M.A.DURAND AND M.FISHER 

TABLE IV 

Incidence of Tumors in Rats Fed Throughout Life Diets Containing Different Fats 

Type fat 

Number 
of rats 
fed a 

Percent of animals showing tumors 

Females Males 

Nonmammary Nonmammary 

Mammary Benign Malign. Benign Malign. 

CS 9 44 22 11 33 0 
HCS 24 50 4 4 12 8 

CO 9 22 0 33 0 22 
HCO 24 50 4 13 4 21 

L 9 56 11 11 0 11 
HL 24 46 0 13 g 13 

S 9 45 11 0 0 0 
HS 24 46 0 17 4 4 

Totals 
Unheated 36 42 11 14 8 8 
Heated 96 48 2 12 7 12 

aFor each sex. 

subgroups .  At  least  par t  of  the  shor t e r  survival  
of  the  u n h e a t e d  lard-fed males may  be a t t r i -  
b u t e d  to  unexp l a ined  early dea ths  of th ree  of  
the  n i n e - m e m b e r  l i fe-survivor subgroup.  The  
expec ted  longer  survivals of  all female  sub- 
groups  in compar i son  wi th  the  co r re spond ing  
male subgroups  is h ighly  s ignif icant  (P ~ 0.01).  

Gross Observations at Autopsy: Organ Weights 

The deta i led  gross obse rva t ions  made  at  
au topsy  were d i s t r ibu ted  ra the r  u n i f o r m l y  
a m o n g  the  groups  wi th  no  unusua l  obse rva t ions  
or cond i t ions  a t t r i b u t a b l e  to  hea t ing  of  the  fats. 

The  c o n s u m p t i o n  of diets  inc luding  h e a t e d  
fats did n o t  resul t  in s ignif icant ly  d i f fe ren t  
k i d n e y  or  adrena l  weights  w h e n  compared  w i th  
organs f rom animals  fed u n h e a t e d  fats. F o r  
those  ra ts  r ou t i ne ly  ki l led for  t issue samples  
dur ing  t he  f irst  year  of the  expe r i m en t ,  the  
l iver-body weight  ra t ios  were h igher  for  an imals  
fed hea t ed  fa t  diets t h a n  for  those  fed the  cor- 
r e spond ing  u n h e a t e d  fa t  diets  for  all compar i -  
sons excep t  t ha t  for  the  S-HS male subgroups .  
The  increases  were s ignif icant  (P < 0 .05)  for  
the  male  and  female  subgroups  fed the  HCS 
diet,  and  for  the  female  subgroup  fed the  HL 
diet.  No s ignif icant  d i f ferences  a t t r i bu t ab l e  to  
the  hea t ing  of  the  fa t  c o m p o n e n t s  of the  diets  
were f o u n d  for  livers r e m o v e d  f rom rats  f o u n d  
dead or dying,  bu t  the  liver weights  and  the  
l iver-body weight  ra t ios  of  male ra ts  fed the  
HCS diet  were s igni f icant ly  heavier  (P ~ 0 .05)  
t h a n  those  for  male  ra ts  fed diets  con ta in ing  
HCO, HL or HS. 

Histopathology 

Pathologica l  changes were those  c o m m o n l y  

f o u n d  in old  animals  and  inc luded  resp i ra to ry  
disease, ch ron ic  nephr i t i s  and  periar ter i t is ,  t he  
la t ter  occur r ing  mos t ly  in males w i t h o u t  
r e l a t ion  to  diet .  In  the  an imals  wi th  tumors ,  the  
inc idence  o f  nephr i t i s  was low in those  fed 
h y d r o g e n a t e d  vegetable  oil (less t han  8% com- 
pared  to 21% on the  o the r  diets  and  presen t  
w h e t h e r  fats  were hea ted  or unhea ted ) .  

Table  IV gives the  inc idence  of  t u m o r s  in 
b o t h  sexes and  charac ter izes  t h e m  as ben ign  or  
mal ignant .  Of  132 male rats,  23 had tumors ,  of  
132 female  rats, 77 were t u m o r  bearers,  61 had  
m a m m a r y  t u m o r s  and  5 of  these  had  add i t iona l  
t u m o r s  loca ted  elsewhere.  

M a m m a r y  t u m o r s  were f o u n d  in 46% of  the  
female  ra ts  w i t h  a similar inc idence  a m o n g  the  
groups  fed d i f fe ren t  fats. Because of  the i r  
superf icial  loca t ion  they  were observed early 
and  were mos t ly  of  long du ra t ion .  The  average 
age at  d e a t h  for  m a m m a r y  t u m o r  bearers  varied 
f rom 728 days for those  fed corn  oil to  797 
days for  those  fed h y d r o g e n a t e d  vegetable  
shor ten ing .  T u m o r  weights  varied great ly;  15 
were u n d e r  50 g and 25 were over 250 g. The  
largest t u m o r ,  weighing 835 g, was f o u n d  in a 
ra t  dying  at  539 days and  had  been n o t e d  first  
at  296 days. The  body  weight  af ter  the  t u m o r  
was r e m o v e d  was 242 g. This  was the  younges t  
ra t  of  those  dying wi th  m a m m a r y  tumors .  
M a m m a r y  t u m o r s  were o f t e n  mul t ip l  e and  
some were bilateral .  The usual  p ic ture  was t h a t  
of a ben ign  f i b r o a d e n o m a .  Some s h o w e d  
chron ic  i n f l a m m a t o r y  r eac t ion  and  occas ional ly  
abscess fo rma t ion .  Adrena l  en la rgemen t  was 
associated wi th  these  t umors ,  of  33 adrena ls  
examined ,  24 showed  extens ive  h e m o r r h a g e  
o f t en  wi th  cort ical  l ipoidosis.  N o n m a m m a r y  
t u m o r s  were as f r equen t  in males  as in females.  

LIPIDS, VOL. 5, NO. l 



RESPONSES OF RATS TO HEATED FATS 135 

Relat ively few t u m o r s  deve loped  wi th  diets  
con ta in ing  h y d r o g e n a t e d  vegetable  shor ten ing .  
Ben ign  t u m o r s  p r e d o m i n a t e d  in the  ra ts  fed 
c o t t o n s e e d  oil. Th e  h ighes t  inc idence  of malig- 
n a n c y  was observed  in the  an imals  fed corn  oil 
b u t  too  few t u m o r s  were involved to es tabl ish  
the  s ignif icance of these  f indings.  Neop l a sms  in 
these  ra ts  were ma in ly  of connec t ive  t issue 
origin ( sa rcomas)  r a the r  t h a n  of  epi thel ia l  tis- 
sues  (ca rc inomas) .  Skin t u m o r s ,  five in male  
ra ts  and  two in females  were l is ted as epi- 
t h e l i o m a s  s ince t h e y  showed  excess ive  g rowth  
of  cells, f o r m a t i o n  o f  ke ra t in ized  epi thel ial  
pearls  and  local inf i l t ra t ion ,  bu t  were of  low 
ma l ignan cy  and  p ro b ab ly  s econda ry  to chron ic  
u lcera t ion .  No d i s t an t  spread was p resen t  
e x c e p t  in one  928 day  old female  wi th  a large 
t u m o r  be tween  t h e  legs wh ich  had  some  
n o d u l e s  in the  m esen t e ry .  S u b c u t a n e o u s  t u m o r s  
were f o u n d  in n ine  males  and  five females .  In 
t he  male ,  seven were ben ign  and  two  sarco- 
m a t o u s .  In the  female  all bu t  one  were malig- 
nan t ,  o f  these  one  was c a r c i n o m a t o u s .  An  
a d e n o c a r c i n o m a  of  the  salivary g land  migh t  also 
be added  to this  group.  In n o n e  of  these  were 
d i s t an t  me ta s t a se s  f o und .  A b d o m i n a l  t u m o r s ,  
inc lud ing  those  of  the  gas t ro in tes t ina l ,  endo-  
crine and  r ep roduc t ive  sys t ems ,  were f o u n d  in 
10 males  and  14 females .  In male  rats,  th ree  
were ben ign  and  seven mal ignan t ,  m o s t l y  dif- 
fuse  and  involving the  gas t ro in tes t ina l  t ract ;  five 
of  these  were s a r c o m a t o u s  and  two  carcino-  
m a t o u s .  In female  ra ts  the re  were five ben ign  
and  n ine  ma l ignan t  t u m o r s .  The  ben ign  t u m o r s  
i nc luded  two a d e n o m a s  o f  the  adrena l  gland,  
two  of  the  pancreas  and  one  u te r ine  f ibro- 
m y o m a .  In con t ra s t  to males,  t u m o r s  of  t he  
r ep roduc t ive  s y s t e m  were c o m m o n ,  six occur-  
r ing in the  u t e ru s  and  adnexas  of  wh ich  five 
were mal ignant .  A pancrea t ic  d u c t  ca rc inoma  
was the  on ly  t u m o r  wi th  d i s tan t  me ta s t a se s  to 
the  lung.  Th e  on ly  p r ima ry  t u m o r  in the  liver 
was a bile duc t  ca rc inoma.  Two di f fuse  l y m p h o -  
s a rcomas  were f o u n d  involving m o s t  of  the  
a b d o m i n a l  viscera. 

Age I ncidence of Nonmammary Tumors 

The  average age at dea th  for  males  wi th  
ben ign  or ma l ignan t  t u m o r s  was over 675 days.  
F e m a l e  rats  wi th  ben ign  t u m o r s  averaged 691 
days ,  those  wi th  ma l ignan t  t u m o r s  546 days.  
T h e  earlier dea ths  occur red  m o s t l y  in those  
w i th  t u m o r s  of  the  r ep roduc t ive  sys t em.  
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Fatty Acids: XXII  1 Partial Synthesis of Racemic 
Helenynolic Acid From Crepenynic Acid by a Possible 
Biosynthetic Route and the Discovery of 
cis-9,10-Epoxyoctadec-12-ynoic Acid in 
Helichrysum bracteatum Seed Oil2 

H. B. S. CONACHER 3 and F. D. GUNSTONE,  Chemistry Department, 
Purdie Building, The University of St. Andrews, St. Andrews, Scotland 

ABSTRACT 

Racemic helenynolic acid has been 
prepared from crepenynic acid by epoxi- 
dation followed by base-catalyzed re- 
arrangement. This may be the pathway 
by which helenynolic acid is produced in 
Helichrysurn bracteatum seed oil from 
the crepenynic acid also present. A re- 
investigation of the epoxy acids in this oil 
has shown that cis-9,10-epoxyoctadec- 
12-ynoic acid accompanies the coronaric 
acid previously identified. 

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

The many long chain acids which have been 
discovered in recent years include a number of 
conjugated 9,11,13 and 8,10,12 octadeca- 
trienoates, some hydroxy conjugated octadeca- 
dienoates, and several epoxy acids. It has been 
proposed recently that these are biogenetically 
related and that the conjugated trienoic acids 
are produced from the very common linoleic 
acid via epoxy monoenoic and hydroxy dienoic 
acids as in Scheme 1 (1,2). 

There is no proof of this hypothesis but the 
smooth conversion of vernolic acid to coriolic 
acid has been demonstrated in vitro. This 
change occurs in high yield under mild con- 
ditions (0C,  1 hr) under the influence of 
lithium diethylamide (2). Attention has been 
drawn to the correlation of absolute configura- 
tion which should exist between these natural 
acids and it has been suggested that other 
stereoisomers await discovery (2). 

Helichrysum bracteatum seed oil is known 
to contain several unusual acids including (in 
addition to palmitic, stearic, oleic and linoleic) 
coronaric acid, hydroxy dienoic acids (in- 
cluding possibly a-dimorphecolic), crepenynic 

Ipart XX1, Chem. Phys. Lipids 3:203 (1969). 
2presented at the AOCS Meeting, New York, 

October 1968. 
3present address: Food and Drug Directorate, 

Dept. of National Health and Welfare, Ottawa, 
Canada. 

acid, and helenynolic acid, this last being a new 
hydroxy enynoic acid (3-5). (Following the 
d e s i g n a t i o n  of  natural eleostearic acid 
(9c I I t 13t) as the r isomer and the all trans acid 
as the~-isomer, we use (14,15) the symbols a 
and/~ with coriolic and dimorphecolic acids to 
indicate the cis, trans and trans, trans isomers 
respectively). If o~-dimorphecolic acid arises 
from linoleic acid via coronaric acid then it 
seems likely that helenynolic acid might be 
formed from crepenynic acid via an undis- 
covered epoxy acetylenic acid. 

We have now shown that crepenynic acid 
readily furnishes racemic helenynolic acid by 
epoxidation and rearrangement and, en- 
couraged by this, we have re-examined the 
epoxy acids of Helichrysum bracteatum seed oil 
and shown them to contain the hitherto un- 
known cis-9,10-epoxyoctadec- 12-ynoic acid. 
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EXPERIMENTAL PROCEDURES 

All solvents were dried and distilled before 
use. Petroleum refers to the fraction of bp 
40-60 C. 

TLC was carried out with thin layers of silica 
(0.3 mm for analytical purposes and 1.0 mm 
for preparative purposes); When required, silver 
nitrate (15%). was incorporated into the silica 
layers. The developing solvent was ether mixed 
with benzene or petroleum and these mixtures 
are indicated by symbols such as PE30 in- 
dicating a 70:30 mixture of petroleum and 
ether. 

A Pye 104 was used for GLC. It was fitted 
with a column (5 ft x 1/4 in.) packed with Gas 
Chrom Z (70-80 mesh) coated with diethylene 
glycol succinate (DEGS 20%) or Apiezon L 
(ApL 5%) and normally operated at 190 C or 
210 C, respectively. In the following account 
symbols such as DEGS, 20.0 indicate a carbon 
number (equivalent chain length) of 20.0 on a 
DEGS column. 

Infrared spectra were run on Perkin Elmer 
spectrophotometers (137,237, or 261) using 
thin films in sodium chloride discs or t% 
solutions (carbon disulphide) in 1 mm path- 
length cells. Ultraviolet spectra were recorded 
in methanol solution with a Unicam SP/800 
spectrophotometer. A Perkin Elmer R10 
spectrometer (60 Mc/sec) was used to record 
NMR spectra on 15% solutions in carbon tetra- 
chloride. 

Methylation was carried out with boron tri- 
fluoride-methanol (6) and yon Rudloff oxi- 
dation as recommended by Tulloch and Craig 
(7). 

Conversion of Methyl Crepenynate to 
Racemic Methyl Helenynolate 

A[zelia cuanzensis seed oil (2.36 g) was re- 
fluxed for 15 min with methanolic sodium 
methoxide (25 ml, 0.1 N) and the methyl esters 
(2.28 g) recovered by petroleum extraction of 
the acidified reaction mixture. The esters con- 
tained about 40% of methyl crepenynate 
(DEGS, 21.6) and this was isolated by prepara- 
tive silver ion TLC (PE25). GLC showed it to 
be pure, apart from methyl linoleate (3%). 
Methyl crepenynate (285 rag, 1 mmole) reacted 
overnight with an ethereal solution of mono- 
perphthalic acid (5 ml, 2.2 mmole) and the 
monoepoxide (202 mg; DEGS, 26.0) was 
readily separated from unreacted crepenynate 
(24 mg) and diepoxide (10 mg) by preparative 
TLC (PE30). 

This epoxy ester (240 mg) was also prepared 
(more conveniently) directly from Afzelia 
esters (1.0 g) by reaction with a 10-fold excess 
of monoperphthalic acid. Preparative TLC 

(PE30) gave a mixture of epoxystearate and 
epoxyoctadecynoate which was then separated 
by preparative silver ion TLC. 

In a nitrogen atmosphere, diethylamine (0.4 
ml) in anhydrous ether (10 ml) was slowly 
added, dropwise, to an ice cold solution of 
phenyl-lithium (8) (5 ml, 4 mmole) in an- 
hydrous ether (10 ml). After 10 min, epoxy 
ester (250 mg) in anhydrous ether (10 ml) was 
added, and after stirring for 1 hr at 0 C, the 
reaction product (270 rag) was recovered by 
ether extraction. This was separated by prepara- 
tive TLC (BE25) into four main fractions: 
epoxy ester (20 mg, 9%), hydroxy ester (120 
mg, 53%) and (presumably) epoxy amide (28 
mg, 12%) and hydroxy amide (60 mg, 26%). 

Proof of Structure 

The major product of the rearrangement 
reaction was shown to be methyl 9-hydroxy- 
octadec-trans-10-en-12-ynoate on the following 
evidence: 

(a) Compared with methyl 9-hydroxy- 
octadeca-trans-1 O, cis-12-dienoate the rearrange- 
ment product had a slightly lower Rf value on 
silica (PE40) and a slightly higher value on silica 
impregnated with silver nitrate (BE25). After 
conversion to its trimethysilyl ether with hexa- 
methyldisilazane and trimethylchlorosilane it 
gave a single peak on GLC (DEGS, 23.4). 

(b) The ester had strong absorption bands at 
3595, 1730 and 950 cm -1 in its IR spectrum. 
Its UV spectrum showed an absorption peak at 
228 E~!o  E lcm1% 6 0 0 ) a n d a n i n f l e x i o n a t  238 
m/a ( 510). The NMR spectrum is sum- 
marized: 

6.47- (s) 

CH 3.(CH 2)3.C1t 3.CiC. CIt :C|t.CIt(Ott L(CH 2)6 '( ' t l  2 "COOC113 

/ I 9.17- ( t)  (d) I 

4.25-4.77- 3.7-4.25r 7.5-8.17- (m) 

(c) The rearrangement product (20 mg), 
hydrogenated in methanol solution (5 ml) with 
palladium-charcoal (10%, 20 mg), gave a mix- 
ture of methyl hydroxy- and oxostearates 
(DEGS, 25.9 and 24.9 respectively). Dissolved 
in acetic acid (2 ml), this mixture (15 rag) was 
stirred at room temperature for 2 hr with a 
solution of chromium trioxide (120 mg) in 
acetic acid (2 ml). Thereafter the mixture was 
diluted with water (25 ml), treated with sulfur 
dioxide to destroy excess of oxidant, and 
extracted with petroleum (2 x 10 ml). After 
esterification, GLC showed the presence of 
methyl octanedioate and nonanedioate. 
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(d) yon Rudloff oxidat ion gave hexanoic and 
nonanedioic acids. 

(e) The hydroxy ester (43 mg), dissolved in 
ether (3 ml), was added to a suspension of 
lithium aluminium hydride (200 mg) in an- 
hydrous ether (2 ml), and the mixture refluxed 
for 2 hr. The recovered product (37 mg) was 
purified by preparative TLC (PE60) and the 
major component  (33 mg) was shown to be an 
allene by its IR absorption at 1950 cm - l .  

(f) Refluxed with methanolic hydrogen 
chloride (7 ml, 0.1 N) and isolated by prepara- 
tive TLC (PE30), the hydroxy ester (24 mg) 
furnished an ether (IR absorption at 1080 and 
1100 cm -1) as major product (18 mg). GLC 
(DEGS, 25.2) indicated that some minor com- 
ponents were also present. 

(g) The hydroxy ester (40 mg) was stirred 
with potassium azodicarboxylate (1.2 g) in an- 
hydrous methanol (3 ml) and a mixture of 
methanol-acetic acid-water (1 : 1 : 1) was slowly 
added, dropwise, until the yellow color disap- 
peared. The product  (34 mg) was divided into 
three fractions by preparative silver ion TLC 
(BE15): H1; 17 rag; 63%; DEGS, (TMSi deriva- 
tive) 23.4; IR absorption at 3595 and 950 cm-1 
unreacted hydroxy  enyne: H2; 3 mg; 11%; 
DEGS, (TMSi derivative) 20.8; IR absorption at 
3595, 980 and 945 cm-l ;  hydroxy cis, trans 
diene: H3; 7 mg; 26%; DEGS, (TMSi derivative) 
21.6; IR absorption at 3595 cm-1, hydroxy 
yne. Von Rudloff oxidation of H1 and of H2 
gave hexanoic and nonanedioic acids; oxidation 
of H3 gave hexanoic acid and (presumably) the 
lactone of 4-hydroxydodecanedioic acid (IR 
absorption at 1770 and 1730 cm-1; DEGS, 
29.0; ApL, 17.2). Oxidation of methyl 
9 -hydroxyoc tadec - I  2-enoate gave products 
with the same chromatographic and spectro- 
scopic properties. 

Isolation of an Acetylenic Epoxy Acid From 
Helichrysum bracteatum Seed Oil 

Helichrysum bracteatum seeds (9.8 g) 
extracted with petroleum gave a yellow oil 
(2.02 g) which was shaken at room temperature 
overnight with anhydrous methanolic sodium 
methoxide (25 ml, 0.1%). The methyl esters 
(1.67 g) were recovered and separated into four 
fractions by preparative TLC (PE30): A, 1.01 g, 
68%;B, 0.21 g, 14%;C, 0.19g,  13%;D, 0 .08g,  
5%. Fract ion B, with the same Rf value as 
methyl 12,13-epoxyoleate showed only three 
peaks in its GLC: X; 6%; DEGS, 24.0: Y; 69%; 
DEGS, 24.6: Z; 25%; DEGS, 26.0. At tempts  to 
separate these by silver ion TLC were unsuc- 
cessful. Fraction B (200 mg) was therefore 
treated overnight at room temperature with 
excess of monoperphthal ic  acid in ether (5 ml, 

-2.2 mole).  The product  was separated by 
preparative TLC (PE30) into monoepoxide (56 
mg) and diepoxide (121 mg). The monoepoxide 
contained only two components  [DEGS, 24.0 
(20%) and 26.0 (80%)] and these were sepa- 
rated by preparative silver ion chromatography 
(PE30) into an upper (11 mg) and lower (42 
rag) band. 

Proof of Structure 

Compound Z was shown to be identical with 
the methyl cis-9,10-epoxyoctadec-12-ynoate 
previously obtained by epoxidation of methyl 
crepenynate. 

(a) The natural and synthetic esters were 
identical in their behavior on TLC (PE30), GLC 
(DEGS, 26.0; ApL, 19.1) and in their infrared 
and NMR spectra (no signal for olefinic proton,  
broad multiplet  centered on 7.27~- for epoxy 
ring protons). 

(b) The natural ester (20 mg) was subjected 
to acetolysis (9) by reaction first with acetic 
acid (2 ml) and then with aqueous methanolic 
(1:4) sodium hydroxide (5 ml, 8%). After 
recovery (18 mg), part of the product  (10 rag) 
was hydrogenated with palladium-charcoal. 
Von Rudloff  oxidation furnished hexanoic and 
nonanedioic acids from the nonhydrogenated 
ester and nonanoic and nonanedioic acids from 
the reduced product.  

The acetylenic dihydroxy ester, the satu- 
rated dihydroxy ester, and methyl threo-9,10- 
dihydroxystearate showed identical behavior on 
a TLC plate impregnated with boric acid (5%, 
PE50) (10). 

(c) Base-catalyzed isomerization (lithium 
diethylamide) of the natural ester (17 mg) gave 
a product  (27 mg) from which hydroxy ester (7 
rag) was isolated by preparative TLC (PE45). 
This had an ultraviolet spectrum (X max 228 

1% I% m/.t, E lcm 500; 238 m~t E lcm 430) and an 
IR spectrum (absorption at 3595 and 950 
cm -1) identical with those obtained from the 
product of a similar reaction on the synthetic 
epoxy ester. 

Component  X was shown to be methyl cis- 
9,10-epoxystearate. After acetolysis and hy- 
drolysis it gave methyl  dihydroxystearate which 
was oxidized to nonanoic and nonanedioic 
acids and which behaved in the same way as 
authentic methyl threo-9,10-dihydroxystearate 
on thin layer plates treated with boric acid. 

Examination of Dimorphotheca pluvialis ringens 
and D. aurantiaca Seed Oils 

Seeds were extracted with petroleum and 
the oils converted to methyl esters by overnight 
reaction with cold dilute sodium methoxide.  
Epoxy esters were then isolated by TLC (PE30) 
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and examined further by GLC, silver ion TLC, 
and IR spectroscopy. 

The esters from D. pluvialis ringens seed oil 
gave an epoxide fraction of only 1%. This was 
epoxystearate (10%) and epoxyoctadecenoate 
(90%) but the latter showed no significant 
absorption in the 900-1000 cm-1 region of its 
IR spectrum. 

D. aurantiaca seed oils also gave about 1% of 
epoxy esters comprising saturated (15%) and 
unsaturated (85%) components. The latter 
showed no evidence of trans saturation in its IR 
spectrum. 

DISCUSSION 

We have already shown (~) that suitably con- 
structed epoxides (1) rearrange, under the 
influence of lithium diethy!amide, to the trans 
enol (2). Under the conditions examined this 
occurs only when the CH 2 group a to the 
epoxide is activated by some adjacent group X. 
Reaction proceeds smoothly when X is a 
double bond and not at all when X is a 

LiNEt2 t 
- H . C H 2 . X  ~-CH(OH).CH=CH. X 

(1) (2) 

saturated polymethylene chain. It was of 
interest to know whether this reaction would 
occur when X is a triple bond since this would 
make possible a partial synthesis of racemic 
helenynolic acid from crepenynic acid and pro- 
vide (perhaps) a chemical analogy for a possible 
biosynthetic pathway. 

c ( ~  t 
C~==(',CIt 2.('It=Ell = (~=('.Cih. II It ( ' ~C . ( ' I I = ( ' I I .C I I (O l l )  

(13) (9) 
('rcpcnynic acid Ilclcnynolic acid 

Using Afzelia cuanzensis (11) as a source of 
crepenynic acid the desired epoxy acid was pre- 
pared by epoxidation with monoperphthalic 
acid. Rearrangement occurred at 0 C in 1 hr 
and a hydroxy ester (53%) was isolated by 
TLC. As with the olefinic compounds already 
examined the yield of ester is reduced by a 
competitive reaction leading to hydroxy 
N,N-diethylamide (20%). The IR and UV 
spectra of the hydroxy ester showed the 
presence of a conjugated trans-enyne system 
and a hydroxyl group. The NMR spectrum was 
the same as that reported for natural 
helenynolic ester (4). The hydroxyl  group was 
attached to C 9 since oxidation of the perhydro 
hydroxy ester gave octanedioic and non- 
anedioic esters. Since von Rudloff oxidation 
gave hexanoic and nonanedioic acids the 

hydroxy enyne system must lie between C 9 and 
CI3. The synthetic ester was reduced by 
lithium aluminium hydride to an allene and 
etherified, rather than dehydrated, with 
methanolic hydrogen chloride as described by 
Powell et al. (4) for the natural acid. Unsatu- 
ration was shown to be 10-en-12-yne by partial 
reduction with di-imide (generated from azo 
dicarboxylic acid) which furnished, among 
other products, a hydroxy ynoic acid oxidized 
to hexanoic acid and (probably) the lactone of 
4-hydroxy-dodecanedioic acid. An authentic 
sample of methyl 9-hydroxyoctadec-12-enoic 
acid gave the same oxidation products. 

If helenynolic acid is produced naturally 
from crepenynic acid by an enzyme-catalyzed 
rearrangement of the epoxide it seemed pos- 
sible that the epoxide of crepenynic acid might 
occur in Helichrysum bracteatum seed oil. The 
epoxy esters in this oil were readily isolated by 
TLC, and GLC showed the presence of three 
components which, from their carbon numbers, 
could be saturated, olefinic, and acetylenic 
epoxy esters. Attempts to separate these by 
silver ion chromatography were not successful 
but this difficulty was overcome by treating the 
natural epoxy esters with excess of mono- 
perphthalic acid. The olefinic epoxide was con- 
verted to a diepoxide but the saturated and 
acetylenic epoxides were unchanged. After 
separation from the diepoxide the two mono- 
epoxides could be separated by silver ion TLC. 

The epoxyoctadecenoate (about 10% of 
total esters) was not examined fiarther and is 
presumably the metbyl coronarate already 
reported. The saturated epoxide (1%) was 
shown to be methyl cis-9,10-epoxystearate and 
the acetylenic epoxide (3%) was identified as 
methyl cis-9,10-epoxyoctadec-12-ynoate and 
was thus identical with epoxidized crepenynic 
acid. 

The natural and synthetic acids were identi- 
cal in their chromatographic (TLC and GLC) 
and spectrosopic (IR, NMR) behavior. The 
natural epoxy ester, by acetolysis, hydrolysis 
and re-esterification, gave an acetylenic di- 
hydroxy ester, some of which was hydro- 
genated to a saturated dihydroxy ester. Oxi- 
dation of the unsaturated and saturated di- 
hydroxy esters gave hexanoic and nonanedioic 
acids and nonanoic and nonanedioic acids 
respectively showing the position of the 
epoxide [C9-C10] and of the unsaturated 
center (A12). Since the saturated and unsatu- 
rated dihydroxy esters run with methyl threo- 
9,10-dihydroxystearate on boric acid impreg- 
nated TLC plates (10) all three must be threo 
diols and the epoxide from which two of them 
were derived must be cis. Finally, base- 
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catalyzed rear rangement  gives a p roduc t  identi-  
cal with tha t  previously ob ta ined  f rom 
synthe t ic  epox id ized  crepenynic  ester. This 
p roduc t  is p resumably  the  same as natural  
helenynol ic  ester. 

Since me thy l  he lenyno la te  has the 9D con- 
figuration we expec t  the  new acetylenic  epoxy  
acid to have the  9D, 10D conf igura t ion  and, by 
analogy, we predic t  tha t  coronar ic  acid and the  
hyd roxy  dienoic acid also present  in this seed 
oil may be 9D, l OD-epoxyoctadec-cis-12-enoic 
acid and 9D-hydroxyoc tadeca- t rans -  1 O, cis- 12- 
dienoic acid (a -d imorphecol ic ) .  This coronar ic  
acid would  then  be the  s te reo isomer  of  the  9L, 
10L isomer  recognized in Xeranthemum 
annuum seed oil (12).  

f l -Dimorphecolic  acid (9 -hydroxyoc tadeca -  
trans-lO, trans-12-dienoic acid) can be f i t ted  
in to  our  b iogenet ic  proposals  (1,2) ei ther  by 
postulat ing a cis, trans s t e reomuta t ion  at some 
stage or by star t ing wi th  the  9c,12t  or 9 t ,12t  
s te reoisomer  of  linoleic acid. Morris and 
Marshall (13) have recent ly  shown tha t  
Dimorphotheca aurantiaca seed oil conta ins  
b o t h  f l-dimorphecolic  acid and the 9c,12t  iso- 
mer of  linoleic acid. Encouraged by our  success 
wi th  Helichrysum bracteatum seed oil we 
examined the  seed oils of  D. aurantiaca and D. 
pluvialis ringens to  see if these conta ined  any 
epoxy  trans m o n o e n o i c  acids. Both conta ined  
about  1% of  e p o x y  esters which were mainly 
olefinic but  we could f ind no infrared evidence 
of  trans unsa tura t ion .  
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SHORT COMMUNICATIONS 

Cholesterol Absorption With Different Fats Following 
Thoracic Duct Cannulation of the Rat1 

ABSTRACT 

Radioactive choles terol  in three un- 
sa tura ted fats was absorbed  in to  the 
l y m p h  to the same ex ten t  as cholesterol  
in three  sa tura ted fats or in fats which 
had been s t r ipped of  sterols. Absorp t ion  
on the first day fol lowing cannula t ion  
was less than hal f  tha t  on subsequent  
days. 

The degree to which exogenous  cholesterol  
may  par t ic ipate  in accumula t ion  of  excessive 
choles terol  i n  mammal ian  tissues is related to 
the a m o u n t  of  fat which accompanies  the cho- 
lesterol  in the diet  and also may be related to 
the source and degree of  unsa tura t ion  of  the 
d ie tary  fat. In this paper,  we have observed by 
direct  analysis of  the thoracic  duct  l y m p h  the 
relative amoun t s  of  labeled choles terol  re- 
covered when  solut ions  of  the  cholesterol  in 

Ipublished as Journal Paper No. 3815 A.E.S., 
Purdue University. 

d i f fe rent  fats are placed in the s tomach  of  the 
rat. 

The exper imenta l  condi t ions  were similar to 
those  which Sylven and Borgst rom (1,2) 
emp l o y ed  in their  examina t ion  of  choles terol  
absorp t ion  f rom triolein and f rom triglycerides 
of  d i f fe rent  chain length.  The labeled choles- 
terol  was e i ther  3H-cholesterol  (Amersham-  
Searle) or 4 J 4 C - c h o l e s t e r o l  (New England 
Nuclear  Corp.)  o f  radiochemical  pur i ty  96+%. 
The fol lowing test  fats were con t r ibu ted  by 
suppliers: saff lower  oil (Pacific Vegetable  
Corp. ,  R i chmond ,  Calif.); beef  tal low (Swif t  & 
Co., Chicago); hyd rogena ted  coconu t  oil 
(Procter  & Gamble,  Cincinnati) ;  lard and corn 
oil which  has been  s t r ipped of  sterols by 
molecular  dist i l lat ion (Disti l lation Products  Co., 
Roches te r ,  N.Y.). The following were pur- 
c h a s e d  commercia l ly :  triolein (Matheson,  
Coleman and Bell); co t tonseed  oil (Wesson Oil); 
corn oil (Mazola); lard (Stark & Wetzel). Rats 
of  the  Wistar strain (150-250 g) were in jec ted  
wi th  2.5 mg/100  g body  weight  o f  sodium 
pen tobarb i t a l  (Nembuta l )  and the thoracic duct  

TABLE I 

Changes in Ability of the Rat to Absorb Cholesterol 
Following Cannulation of Thoracic Duct a 

Variables Total radioactive cholesterol 
0zmoles) in lymph during 0 to 8 hr 

Preoperative Test 
Sex treatment Anesthetic dosage Heparin Day 1 Day 2 Day 3 

M Not fasted Pentobarbital Oral Once 4.3 (13) 10.4 (1 1) 10.7 (8) 
F Not fasted Pentobarbital Oral Once 3.2 (14) 5.7 (8) 5.9 (2) 
F Not fasted Pentobarbital Oral Twice 3.6 (5) 7.1 (5) 9.7 (4) 
M Fasted Pentobarbital Oral Once 4.9 (4) 11.0 (3) --- 
M Fasted Ether Store. cann. Twice 2.8 (7) 8.4 (6) --- 
M Fasted Pentobarbital Stom. cann. Twice 3.1 (12) 11.2 (10) --- 
F Fasted Pentobarbital Stom. cann. Twice 2.6 (10) 7.2 (4) --- 
M Fasted Pentobarbital Store. cann. Twice None b 11.$ (3) 10.9 (3) 

aAfter surgery to secure cannulae in the thoracic duct (and in the stomachs of some animals), rats were held 
in restraining cages overnight with free access to water containing 0.64% NaCI and 0,04% KCI. On the subse- 
quent three days all except the last group in the Table received, in 0.8 ml of safflower via stomach intubation or 
cannula, 2.5 /.tC of 3H-cholesterol (Day 1), 0.5 /2C of 4-14C-cholesterol (Day 2) and 2.5 /2C of 3H-cholesterol 
(Day 3). Cholesterol was extracted from the collected lymph with acetone-ethanol (1:1), then radioactivity was 
determined by scintillation counting. Heparin, 125 USP units, was injected intraperitoneally during surgery and, 
when given twice, 30 hr later. All numbers are mean values of the number of rats shown in parentheses. 

bNo cholesterol was added to the safflower oil on Day 1; 3H-cholesterol was added on Day 2 and 4-14C - 
cholesterol on Day 3. 
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TABLE II 

Recovery From Lymph of Radioactive Cholesterol 
Given in Different Fats to Male Rats a 

143 

No. of experiments Total radioactive cholesterol 
(/amoles) in lymph during 

Test fat Day 2 rats Day 3 rats 0-8 hr 0-24 hr 

Triolein 6 6 10.1 + 1.5 19.6 "1"2.5 
Safflower oil 7 3 10.8 --- 1.4 16.6 + 1.6 
Tallow 5 6 9.8 + 1.5 15.7 - 1.6 
Cottonseed oil 13 10 8.7 -+ 0.9 12.9 4- 1.0 
H. coconut oil 11 13 6.0 +-0.7 9.6 +-0.9 
Lard --- 9 9.8 +- 0.9 14.3 + 1.1 
Stripped lard 9 --- 9.3 +- 1.5 14.4 + 1.8 
Corn oil --- 10 10.7 -1"0.8 14.7 ---0.8 
Stripped corn oil 10 --- 9.9 + 1.1 15.0 - 1.2 

aRats were fasted overnight, their thoracic ducts and stomachs were cannulated under 
pentobarbital anesthetic, then each was given an injection of heparin. The following day 
(Day 1) each rat was given 0.8 rnl of the test fat without added cholesterol and a second 
injection of heparin. The next day (Day 2) each rat was given by stomach cannula SO 
//moles of cholesterol, containing 2.5 pC of 3H-cholesterol, in 0.8 ml of the test fat. The 
following day (Day 3) 50 prnoles of cholesterol, containing 0.5 pC of 4-14C-cholesterol, was 
given in a different test fat except in the case of triolein. Tests with the stripped fat 
preceded those with the comparable intact fat in each case. Values are expressed as mean 
and standard error for the total number of Day 2 and Day 3 rats. 

was c a n n u l a t e d  (3)  wi th  p o l y e t h y l e n e  tub ing ,  
( 3 0 0 2  I rv ing ton  size 24,  b lack) .  S t o m a c h s  of  
fas ted  ra ts  also were c a n n u l a t e d  (4)  w i th  poly-  
e thy lene  t u b i n g  PE-60.  To inh ib i t  c lo t t ing  of  
l y m p h ,  125 USP uni t s  of  hepa r in  was in jec ted  
in t r ape r i tonea l ly .  Rats  which  p r o d u c e d  30  ml  
or more  of  l y m p h  overn ight  were  used for  the  
e x p e r i m e n t s .  A tes t  dose of  l abe led  cho les t e ro l  
in  0.8 ml o f  fa t  at 40  C was adm i n i s t e r ed  by  
gastric i n t u b a t i o n  or via the  s t o m a c h  cannula .  
The  cannu l a  was r insed w i th  2.0 ml  o f  0.9% 
NaC1 so lu t ion .  Af te r  admin i s t e r ing  a tes t  dose, 
l y m p h  was co l lec ted  over per iods  of  0-8 h r  and  
8-24 hr  in  flasks con ta in ing  hepar in ,  200  USP 
un i t s  per  flask. Choles te ro l  was e x t r a c t e d  f rom 
a p o r t i o n  of  the  co l lec ted  l y m p h  by  the  m e t h o d  
of  Sperry  and  Webb  (5).  A p o r t i o n  of  the  
ex t r ac t  was t h e n  p laced  in a sc in t i l la t ion  vial, 
t he  so lvent  evapora t ed  and  15 ml  of  t o l uene  
sc in t i l la t ion  f luid was added.  Sc in t i l l a t ion  
c o u n t i n g  eff ic iencies  were d e t e r m i n e d  by  the  
channe l s  ra t io  m e t h o d  and  a b s o r b e d  e x o g e n o u s  
cho les te ro l  was ca lcu la ted  f r o m  rad ioac t iv i ty  
data .  

A b s o r p t i o n  of  labe led  choles tero l ,  as 
measu red  in the  l y m p h ,  was usual ly  less t h a n  
ha l f  as m u c h  on  the  first  day  fo l lowing surgery 
as o n  the  s econd  and  th i rd  days  (Table  I). This  
slow increase  of  abi l i ty  to  abso rb  cho les te ro l  
fo l lowing surgery has  n o t  b e e n  r e p o r t e d  pre- 
viously.  I t  appears  no t  to  be  a f u n c t i o n  of  sex, 
fast ing,  t ype  of  anes the t ic ,  hepa r i n  in j ec t ion  or  
m o d e  of  admin i s t r a t i on  of  the  tes t  dosage. It  
m a y  ref lect  a lag in recovery  of  n o r m a l  phys io-  

logical processes  fo l lowing surgery.  A b s o r p t i o n  
dur ing  the  s econd  and  th i rd  days was essent ial ly  
cons tan t .  There fo re ,  for  tes ts  of  the  in f luence  
of  d i f fe ren t  fats  u p o n  a b s o r p t i o n  in s u b s e q u e n t  
work  all an imals  were given an add i t iona l  day 
for  recovery  be fo re  tes t  dosages were adminis-  
tered.  

The  degree of  u n s a t u r a t i o n  appears  n o t  to  be  
a f ac to r  in  e i the r  the  ra te  or e x t e n t  of  absorp-  
t ion  of  choles tero l ,  as i nd ica t ed  by  its appear-  
ance in tho rac ic  duc t  l y m p h .  Thus ,  saf f lower  
oil, co rn  oil and  c o t t o n s e e d  oil d id  n o t  p r o d u c e  
resul ts  measu rab ly  d i f f e ren t  f rom those  w i th  
t r iole in ,  bee f  ta l low or  lard (Tab le  II). Our  
obse rva t ions  w i th  h y d r o g e n a t e d  c o c o n u t  oil 
con f i rm  recen t  f indings  (2)  t h a t  cho les te ro l  
a b s o r p t i o n  f r o m  a fa t  is d i rect ly  re la ted  to  the  
chain  l eng th  of  the  f a t t y  acids in the  tr iglycer-  
ide of  the  fat .  Our  resul ts  for  cho les te ro l  
a b s o r p t i o n  dur ing  a 24 hr  pe r iod  are sl ightly 
lower  t han  t hose  of  Sylven and  Borgs t rom (1 ,2)  
b u t  the  relat ive t o t a l  a m o u n t s  of  cho les t e ro l  
abso rbed  f rom c o c o n u t  oil and  t r io le in  are 
a b o u t  the  same as theirs .  S t r ipping  of  s terols  
and  o the r  re la t ively  volat i le  mate r ia l  f r om the  
t r iglycerides  of  e i the r  lard or co rn  oil also 
p r o d u c e d  n o  measu rab le  ef fec ts  u p o n  choles- 
te ro l  abso rp t ion .  Earl ier  ev idence  (6 ,7)  t h a t  
p l an t  s terols  may  specif ical ly i nh ib i t  cho les te ro l  
abso rp t ion  f r o m  vegetable  oils has  no t  been  
s u p p o r t e d  by  r ecen t  work  (8)  n o r  b y  the  
p resen t  s tudies.  I t  is possible  t h a t  s i tos te ro l  and  
o t h e r  p lan t  s terols  are less effect ive  inh ib i to r s  
of  cho les te ro l  a b s o r p t i o n  t h a n  was fo rmer ly  
believed.  
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From the data presented in this paper  it 
appears that  any hypocholes te ro lemic  effect  of  
highly unsaturated fats is not  due to suppressed 
absorpt ion of  cholesterol .  
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Tropaeolum speciosum Seed Fat  A Rich Source of 
cis-15-Tetracosenoic and cis-17-Hexacosenoic Acids 

ABSTRACT 

Tropaeolum speciosum seed fat con- 
tains 41.6 wt % cis-15-tetracosenoic acid 
and 7.6 wt % cis-17-hexacosenoic acid. 
Unlike nas tur t ium seed fat (Tropaeolum 
ma/us), the 22:1,  24:1 and 26:1 in T. 
spec iosum t r iglycerides are almost  
entirely esterified at the 1,3 positions. 

T h e  c o m m o n  g a r d e n  n a s t u r t i u m  
(Tropaeolum ma/us) contains the highest level 
of  erucic acid ( - 7 9  mole %) found in any seed 
fat ( 1 ) a n d  produces  unique triglycerides having 
substantial  amounts  of  22:1 esterified at the 2 
posi t ion (2). In view of these unusual character- 
istics, it was of  interest  to study the fa t ty  acid 
composi t ions  of  o ther  species f rom the small 
T r o p a e o l a c e a e  f a m i l y .  E x a m i n a t i o n  of  
Tropaeolum speciosum seed fat has revealed 
that  it is a rich new source of  cis-15-tetra- 
cosenoic and cis-17-hexacosenoic acids. A de- 
tailed character izat ion of  T. speciosum fa t ty  
acids and tfiglycerides is presented here. 

Tropaeolum speciosum (perennial  flame 
f lower)  seeds were purchased f rom Harry E. 
Saier, Dimondale ,  Mich., and f rom the Geo. W. 
Park Seed Co., Greenwood,  S.C. After  damaged 
seeds and foreign material  had been removed,  
the seeds were ground in a Waring blender,  
placed in a paper thimble ,  and ext rac ted  with 
pe t ro leum ether  for 4 hr on a Soxhlet  ex- 
t ract ion apparatus. The seeds contained 26.0% 
fat, wet basis. A por t ion  of  the total  lipid was 
conver ted  into  the corresponding me thy l  esters 

by KOH-catalyzed methanolysis  (3). The fat ty 
acid composi t ion was determined by gas chro- 
matography at 185 C on 1.82 m x 2.4 mm i.d. 
co lumns packed with 10% EGSSX or 10% 
E G S S Y  on 100/120 mesh Gas Chrom Q 
(Applied Science Laboratories) .  F i f teen  peaks 
were observed in the resultant  chromatogram.  
These were identif ied (Table l) by co-chromato-  
graphy with pure standards, by graphing the 
logari thm of the re ten t ion  times vs. carbon 
number ,  and by sample hydrogenat ion.  

T h e  i d e n t i t y  o f  cis-15-tetracosenoic 
(nervonic)  acid was verif ied by several methods.  
Infrared spectroscopy of  the methyl  esters pre- 
pared f rom T. speciosum seed fat showed no 
absorpt ion band in the 10.0-10.5/J region; thus 
all unsaturat ion was presumed to have a cis-con- 
figuration. A fract ion containing > 95% 24:1 
was isolated f rom the total  methyl  esters by 
preparative GLC on a 1.82 m x 12 m m  i.d., 
15% SE-30 column opera ted  at 300 C. After  
pur i f icat ion by preparative thin layer chromato-  
graphy (pet roleum ether-diethyl  ether-acetic 
acid,  96:3:1) ,  the 24:1 was subjected to 
reduct ive ozonolysis  by the procedure of  Stein 
and Nicolaides (4). GLC of  the products  on an 
EGSSX column at 85 C and 185 C identif ied 
nonanal  and a C 15 aldehyde-ester  as the  sole 
products .  Thus T. speciosum seed fat contains 
41.6 wt % cis-15-tetracosenoic acid. 

The ident i ty  of  cis-17-hexacosenoic acid was 
established in a similar manner.  After  prepara- 
tive GLC and TLC to isolate the 26: 1, reductive 
ozonolysis  produced only nonanal  and a C 17 
aldehyde-ester.  Therefore  T. speciosurn seed fat 
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From the data presented in this paper  it 
appears that  any hypocholes te ro lemic  effect  of  
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Tropaeolum speciosum Seed Fat  A Rich Source of 
cis-15-Tetracosenoic and cis-17-Hexacosenoic Acids 

ABSTRACT 

Tropaeolum speciosum seed fat con- 
tains 41.6 wt % cis-15-tetracosenoic acid 
and 7.6 wt % cis-17-hexacosenoic acid. 
Unlike nas tur t ium seed fat (Tropaeolum 
ma/us), the 22:1,  24:1 and 26:1 in T. 
spec iosum t r iglycerides are almost  
entirely esterified at the 1,3 positions. 

T h e  c o m m o n  g a r d e n  n a s t u r t i u m  
(Tropaeolum ma/us) contains the highest level 
of  erucic acid ( - 7 9  mole %) found in any seed 
fat ( 1 ) a n d  produces  unique triglycerides having 
substantial  amounts  of  22:1 esterified at the 2 
posi t ion (2). In view of these unusual character- 
istics, it was of  interest  to study the fa t ty  acid 
composi t ions  of  o ther  species f rom the small 
T r o p a e o l a c e a e  f a m i l y .  E x a m i n a t i o n  of  
Tropaeolum speciosum seed fat has revealed 
that  it is a rich new source of  cis-15-tetra- 
cosenoic and cis-17-hexacosenoic acids. A de- 
tailed character izat ion of  T. speciosum fa t ty  
acids and tfiglycerides is presented here. 

Tropaeolum speciosum (perennial  flame 
f lower)  seeds were purchased f rom Harry E. 
Saier, Dimondale ,  Mich., and f rom the Geo. W. 
Park Seed Co., Greenwood,  S.C. After  damaged 
seeds and foreign material  had been removed,  
the seeds were ground in a Waring blender,  
placed in a paper thimble ,  and ext rac ted  with 
pe t ro leum ether  for 4 hr on a Soxhlet  ex- 
t ract ion apparatus. The seeds contained 26.0% 
fat, wet basis. A por t ion  of  the total  lipid was 
conver ted  into  the corresponding me thy l  esters 

by KOH-catalyzed methanolysis  (3). The fat ty 
acid composi t ion was determined by gas chro- 
matography at 185 C on 1.82 m x 2.4 mm i.d. 
co lumns packed with 10% EGSSX or 10% 
E G S S Y  on 100/120 mesh Gas Chrom Q 
(Applied Science Laboratories) .  F i f teen  peaks 
were observed in the resultant  chromatogram.  
These were identif ied (Table l) by co-chromato-  
graphy with pure standards, by graphing the 
logari thm of the re ten t ion  times vs. carbon 
number ,  and by sample hydrogenat ion.  

T h e  i d e n t i t y  o f  cis-15-tetracosenoic 
(nervonic)  acid was verif ied by several methods.  
Infrared spectroscopy of  the methyl  esters pre- 
pared f rom T. speciosum seed fat showed no 
absorpt ion band in the 10.0-10.5/J region; thus 
all unsaturat ion was presumed to have a cis-con- 
figuration. A fract ion containing > 95% 24:1 
was isolated f rom the total  methyl  esters by 
preparative GLC on a 1.82 m x 12 m m  i.d., 
15% SE-30 column opera ted  at 300 C. After  
pur i f icat ion by preparative thin layer chromato-  
graphy (pet roleum ether-diethyl  ether-acetic 
acid,  96:3:1) ,  the 24:1 was subjected to 
reduct ive ozonolysis  by the procedure of  Stein 
and Nicolaides (4). GLC of  the products  on an 
EGSSX column at 85 C and 185 C identif ied 
nonanal  and a C 15 aldehyde-ester  as the  sole 
products .  Thus T. speciosum seed fat contains 
41.6 wt % cis-15-tetracosenoic acid. 

The ident i ty  of  cis-17-hexacosenoic acid was 
established in a similar manner.  After  prepara- 
tive GLC and TLC to isolate the 26: 1, reductive 
ozonolysis  produced only nonanal  and a C 17 
aldehyde-ester.  Therefore  T. speciosurn seed fat 

LIPIDS, VOL. 5, NO. 1 



SHORT COMMUNICATIONS 145 

TABLE I 

Fatty Acid Composition of 
Tropaeolum speciosum Seed Fat 

Total 2 Position of 
Fatty lipids Triglycerides triglycerides 
acid wt % mole % mole % 

14:0 Trace Trace --- 
16:0 0.7 1.2 0.6 
16:1 0.1 0.2 0.6 
17:1 0.1 O.I 0.2 
18:0 Trace Trace --- 
18: lt, o9 29.7 33.5 89.1 
18:2to6 1.4 2.7 6.3 
18:3 0.5 0.9 2.3 
20:1 0.4 0.6 0.3 
22:0 0.2 0.3 --- 
22:lt,~9 16.8 15.4 0.3 
24:0 0.2 0.2 --- 
24: I to9 41.6 36.3 0.3 
26:lto9 7.6 7.6 --- 
28:1 0.7 1.0 --- 

contains  7.6 wt % cis-17-hexacosenoic acid. 
The 22:1 was also isolated by preparative 

GLC and TLC. Ozonolysis  gave only nonanal  
and a C13 aldehyde-ester ,  identifying erucic 
acid. A C 18 fract ion was similarly purified and 
subjected to ozonolysis .  The products  were al- 
most entirely nonanal  and a C 9 aldehyde-ester,  
ident ifying oleic acid. A small amount  of  
hexanal was also observed,  no doubt  originating 
from the linoleic acid present.  The posi t ion of  
the double  bond in the minor  monoene  acids 
was not  established, but  it seems probable that  
the 20:1 and 28:1 are also of  the w9 series of  
acids. 

Since T. maius is unique among seed fats in 
having large amounts  of  22:1 esterified at the 2 
posit ion of  the triglycerides, it was also of  
interest  to examine T. speciosum tr iglycerides 
by lipase hydrolysis.  The triglycerides were iso- 
lated f rom the total  lipids by column chromato-  
graphy on activated Florisil (5). A por t ion  of  
the triglycerides was conver ted to methyl  esters 
and analyzed for its fa t ty  acid composi t ion ,  and 
another  por t ion  was subjected to lipolysis by 
pancreat ic  lipase using the procedure of  Luddy 
et al. (6). The resultant 2-monoglycerides were 
isolated by preparative TLC, converted to 
methyl  esters, and their  fa t ty  acid composi t ion  
was determined by GLC. The composi t ions  
found are reported in mole  per cent in Table 1. 
It is clear that  22:1,  24:1 and 26:1 are almost  
entirely esterified at the 1,3 posit ions of  T. 
speciosum triglycerides. This same type of  
posi t ioning occurs in T. peregrinurn seed trigly- 
cerides which contain 9.6 mole % 20:1 and 
31.9 mole % 22:1 (Litchfield,  unpublished 
data). On the basis of  these results, T. majus 
remains unique in its posit ioning of  substantial  

22:1 at the 2 posi t ion of  its seed triglycerides. 
Al though cis-15-tetracosenoic acid is com- 

monly found in animal sphingolipids, it is an 
unusual componen t  in seed fats. Three Ximenia 
species conta in  3-7% nervonic acid (7). Some 
24:1 is found in Cruciferae seed fats, but  it 
rarely amounts  to more than 1-2% of the total  
fa t ty  acids (8). Art" except ion  is Lunaria annua 
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Cycloheximide and Chloramphenicol" Effect on 
Rat Liver Acetate Metabolism I 

A B S T R A C T  

Conversion of  isotopic acetate to cho- 
lesterol,  to fa t ty  acids and to CO 2 by rat 
liver homogenates  is dramatical ly cur- 
tailed within 3 hr fol lowing inject ion of  
ch loramphenicol  or  cycloheximide.  Cho- 
l e s t e r o l  synthesis f rom mevalonate  
remains unaltered,  indicating that  this 
does not  imply generalized depression of  
all metabol ic  processes. This apparent  
shu tdown of  acetate metabol i sm suggests 
that  caut ion be exercised when these 
drugs are employed  as specific inhibitors 
of  prote in  synthesis. 

Cycloheximide  and chloramphenicol ,  widely 
used as specific, reversible inhibitors of  prote in  
synthesis, block transfer of  amino acid residues 
f rom aminoacyl - t -RNA into po lyr ibosome-  
bound polypept ide  (1,2). Chloramphenicol ,  a 
po ten t  inhibi tor  for microorganisms,  is rela- 
t ively ineffect ive in mammal ian  systems o ther  
than mi tochondr ia  (3). Cycloheximide  readily 
blocks synthesis in yeast or mammal ian  systems 
(2) but  is a relatively ineffect ive inhibi tor  of  
bacterial or mammalian mi tochondr ia l  prote in  
synthesis. It  is perhaps less widely known that  
these drugs affect  processes o ther  than prote in  
synthesis. Chloramphenicol  inhibits ion accu- 
mulat ion by maize mi tochondr ia  (4) and 
NADH oxidat ion  by beef  heart  mi tochondr ia  at 
a step prior to cy tochrome  b (5), while cyclo- 
heximide  blocks ACTH-st imulated conversion 
of  cholesterol  to pregnenelone in rat adrenal  
gland (6). While a t tempt ing  to use these drugs 
as protein synthesis inhibitors,  we no ted  that  
both  drugs rapidly and profoundly  depress 
three major routes  of acetate  metabol ism in rat 
liver. Our results suggest that  caut ion should be 
exercised in interpret ing effects  of these drugs 

1Journal Paper No. 3631 of the Purdue University 
Agricultural Experiment Station. 

solely in terms of  inhibi t ion of  protein synthe- 
sis. This is part icularly true for  metabolic  path- 
ways or react ions where acetate serves as an 
amphibol ic  in termediate .  

Female  Wistar rats (100 g) injected intra- 
peri toneal ly wi th  0.9% saline, chloramphenicol 
succinate (750 mg/kg) in saline, or cyclo- 
heximide (2 mg/kg) in saline were killed 0-6 hr  
after inject ion.  Liver homogenates  prepared in 
buffer  (The buffer  was: 50 mM potassium phos- 
phate (pH 7.0), 250 mM sucrose, 7.5 mM 
MgC12, 1.5 mM glutathione,  30 mM nicotin- 
amide, 150 mM KCI and 1 mM EDTA; 2.5 ml 
of buffer  were used per gram wet tissue.) were 
centrifuged 10 rain at 700 X g, and the super- 
natant  l iquid centr i fuged 15 min at 10,000 X g. 
Cholesterol  synthesis, fa t ty  acid synthesis and 
CO 2 produc t ion  were then studied (7) using the 
10,000 X g supernatant  l iquid as enzyme.  

Cholesterol  synthesis f rom acetate by liver 
homogenates  was depressed within 2 hr fol- 
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FIG. 1. Effect of addition of varying concen- 
trations of cycloheximide in liver homogenates pre- 
pared from untreated animals. The assay and analysis 
conditions were those of Table I. Incorporation of iso- 
tope from 1-14C-acetate into cholesterol (0), fatty 
acids (I), and CO 2 (e) was measured. 
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FIG. 1. Effect of addition of varying concen- 
trations of cycloheximide in liver homogenates pre- 
pared from untreated animals. The assay and analysis 
conditions were those of Table I. Incorporation of iso- 
tope from 1-14C-acetate into cholesterol (0), fatty 
acids (I), and CO 2 (e) was measured. 
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TABLE I 

Cholesterol, Fatty Acid and CO 2 Formation From 1-14C-Acetate and From 2-14C-Mevalonate in 
Liver Homogenates From Cycloheximide-Treated Rats a 

147 

Radioactivity (cpm x 10 "3) incorporated into 
Elapsed time 

after Cholesterol from Fatty CO 2 from 
injection, acids from 

hr Acetate Mevalonate acetate Acetate Mevalonate 

0 32.5 +4.9 21.9 -+0.5 169 -+29 300 -+6 13 -+2 
2 9.0 -+ 2.2 24.3 -+ 1.3 43 -+ 5 216 -+ 2 13 --- 1 
4 7.9 -+ 1.t 15 -+ 8 182 -+4 17 +0.1 
6 0.4 -+0.03 27.3-1-5.9 4.3 + 0.3 68 -+4 13 -+0.3 

alncubation flasks (25 ml) contained 2.5 ml 10,000 X g supernatant liquid, 4/2moles ATP, 1.0/lmole CoA, 9 
/2moles glucose-l-phosphate, 2 //moles NADP, 2/2moles glutathione and either 3/tiC (4.7 btg) of 1-14C-acetate or 
0.1 /dC (4.4/2g) of 2-14C-mevalonate. A removable center well contained 0.5 ml of Hyamine 10X (Packard) to 
trap CO 2. Incubation was for 2 hr at 37 C. Fatty acids, cholesterol and CO 2 were then isolated and counted as 
described by Siperstein and Guest (7). Data are mean values, and standard deviation for triplicate deter- 
minations. 

lowing inject ion of  cyc lohex imide  (Table I). By 
contras t ,  choles terol  synthesis  f rom mevalonate  
was unaffec ted .  Comparable  results were 
ob ta ined  using livers f rom chloramphenico l -  
t r ea ted  rats (Table II). We nex t  inquired 
whe the r  o the r  metabol ic  pa thways  originating 
wi th  acetate  were similarly affected.  We found  
(Table I) tha t  b iosynthes is  no t  only of  choles- 
terol  but  of fa t ty  acids was depressed wi thin  2 
hr by cyc loheximide  p re t r ea tmen t .  CO 2 pro- 
duc t ion  f rom aceta te  also was depressed in the 
same t ime interval.  These ef fec ts  were no t  
observed when  cyc loheximide  was added to  
homogena te s  of  liver f rom un t rea ted  rats (Fig. 
1), nor  were the effects  of  in ject ion of cyclo- 
heximide  reversed by addi t ion  to incubat ion  
mixtures  of  f rom 1 to 80 /~moles of gluta- 
th ione .  

These data demons t r a t e  p r o m p t  depressant  
effects  of in jec ted  cyc lohex imide  or chlor- 
amphen ico l  on th ree  sequences  of  metabol ic  
react ions,  measured  in vitro, originating wi th  
acetate:  the b iosyn the t i c  pa thways  leading to  

choles terol  and to  fa t ty  acids, and the citric 
acid cycle.  Al though  catabol ism (CO 2 pro- 
duc t ion)  also is a f fec ted  wi thin  3 hr, the  bio- 
syn the t i c  pa thways  are more  drastically cur- 
tailed. The results  cannot  be a t t r ibu ted  to  a 
general tox ic  effect  of  the admi t t ed ly  large 
doses of  ant ibiot ics  adminis tered,  for  ne i ther  
choles terol  synthesis  nor  CO 2 p roduc t ion  f rom 
mevalonate  was significantly af fec ted .  Direct 
enzyme  inhib i t ion  also can be ruled ou t  by our 
failure to  demons t r a t e  any effect  of  cyclo- 
hex imide  added  in vitro on the above processes.  
Add i t i on  of  g lu ta th ione  was tes ted because 
Munro et  al. (8) have repor ted  reversal by 
g lu ta th ione  of  the purely inhib i tory  ef fec ts  of  
cyc lohex imide  on  in vitro pro te in  synthesis  by 
rat liver. We no ted  no such reversal. 

We suggest two  explanat ions .  The in vivo 
aceta te  pool  size may be vastly increased by 
these drugs, di lut ing out  added  14C-acetate.  
Al ternat ively,  a par t ic ipat ing enzyme,  possibly 
aceta te  th iokinase ,  is rapidly degraded in vivo. 
Inh ib i t ion  by drugs of  synthesis  of  new 

TABLE II 

Cholesterol Synthesis From Acetate and From Mevalonate in Liver Homogenates 
From Chloramphenicol-Treated Rats a 

Radioactivity (cpm x 10 "3) in isolated 
cholesterol after incubation with Elapsed time after 

injection, hr 1-14C.acetat e 2-14 C_mevalonate 

Saline, 0 25.8 --- 10.1 29.3 -I- 3.2 
Chloramphenicol, 0 26.3 • 7.7 42.1 -+ 14.4 
Chloramphenicol, 3 0.3 +0.06 27.2 + 4.9 
Chloramphenicol, 6 2.6 - 0.2 27.9 + 4.0 
Chloramphenicol, 9 1.2 • 0.5 25.1 -+ 1.4 
Chloramphenicol, 12 8.5 + 1.3 37.6 + 5.2 
Chloramphenicol, 15 0.5 • 36.6 + 3.7 

alncubation and assay conditions are those of Table I. Data again represent mean value, 
and standard deviation for triplicate incubations. 

LIPIDS, VOL. 5, NO. 1 



148 SHORT COMMUNICATIONS 

enzyme would then Cause decreased acetate 
utilization. 
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Monounsaturated Fatty Acids 

ABSTRACT 

The occurrence of  the various posi- 
tional isomers of monounsaturated fatty 
acids of mouse skin surface lipids was 
s t u d i e d  by  conventional  oxidative 
cleavage-gas liquid chromatography tech- 
niques. The pattern observed could be 
acc ommodated by the biosynthetic 
scheme proposed elsewhere for rat skin 
fatty acids, except that 18:A9 replaced 
16:A9 as the main precursor. 

Observations by Nikkari and Haahti that rat 
skin surface lipids possessed fatty acids of 
unusually great chain length (1) were extended 
to mouse skin lipids (surface and epidermal)in 
an earlier communication (2). In the mouse, the 
monounsaturated nature of these chains, and 
their existence in the sterol ester fraction, were 
demonstrated. More recently, Nicolaides and 
Ansari have investigated the relative amounts of 
the various double bond positional isomers in 
the monoene fatty acids of  rat surface lipids 
(3). They concluded that even-carbon chains 
were biosynthesized by desaturation of sat- 
urated C14 through C20 chains at the ninth 
carbon, followed by chain elongation or 
shortening by C 2 units, the former being 
strongly preferred. Their results suggested that 
elongation of 16:A9 was the major pathway: 

16:A9-~ 1 8 : A I l ~  2 0 : A 1 3 ~  etc. because 

LIPIDS, VOL. 5, NO. 1 

of Mouse Skin Surface Lipids 

the 6o7 series of isomers formed by this pro- 
cedure generally accounted for 80-90% of the 
isomers at each chain length. 

The present report describes results for 
mouse surface lipids. A large pooled sample 
(700 rag) was collected from 20 albino mice, 
strain BAL/Bc, with acetone over a period of 
four weeks, and the fatty acids were obtained 
as methyl esters by techniques already de- 
scribed (2). The monoene ester fraction was iso- 
lated by the method of Anderson and Hollen- 
bach (4). Individual esters were obtained by 
preparative GLC using a column (180 X 0.6 
cm) packed with 4% OV-1 phase on Chromo- 
sorb G (70-80 mesh) which was temperature- 
programmed from 130 C to 300 C at 4* per 
minute. Samples of 2 mg were injected and 
emerging esters condensed in glass tubes. The 
purity of each ester was checked on an analyti- 
cal GLC column (300 X 0.2 cm) packed with 
3% OV-I on Chromosorb W (100-120 mesh) 
and programmed 130-300 C, before oxidative 
degradation by the method of  Chang and 
Sweeley (5). Fission fragments from esters with 
14 through 22 carbons were analyzed on a GLC 
column (300 X 0.2 cm) packed with 7% 
F-60/1% EGSP-Z on Gas Chrom P (80-100 
mesh) which was programmed 55-210 C at 4 ~ 
per minute. Fragments from esters C24 through 
C34 were analyzed on the 3% OV-I column 
described above, and programmed 55-270 C. In 
both cases, relative amounts of positional iso- 
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TABLE I 

Occurrence of Double Bond Isomers in 
Monoene Fatty Acids of Mouse Surface Lipids 

Percentage 
of Percentage 

monoenes Fatty acid Isomer of isomers 

0.3 C14 5 51 
7 26 
9 21 

9.8 C16 7 86 
9 14 

13.2 C18 9 90 
11 10 

21.5 C20 9 5 
11 76 
13 19 

15.5 C22 9 4 
11 4 
13 74 
15 15 

4.2 C24 13 3 
15 82 
17 14 

2.5 C26 15 3 
17 85 
19 11 

3.1 C28 17 2 
19 86 
21 10 

5.6 C30 19 3 
21 83 
23 14 

10.8 C32 21 3 
23 85 
25 I I  

8.5 C34 23 3 
25 85 
27 11 

mers  were ca lcu la ted  f rom peak  areas as be fo re  
(6). 

The  c o m p o s i t i o n  of  the  m o n o e n e  f a t t y  acids 
of m o u s e  surface  l ipids  was f o u n d  to  r e semble  
t h a t  of  the  ra t ,  w h e n  each  chain  l eng th  was 
expressed  as a pe rcen tage  of  the  whole .  Resul ts  
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for  even-ca rbon  acids are given in Table  I. Odd-  
c a r b o n  and  b r a n c h e d  acids f o r m e d  5.1% of  the  
to ta l  and  were no t  i nc luded  in th is  s tudy .  The  
on ly  n o t a b l e  d i f fe rence  b e t w e e n  the  p a t t e r n  for  
the  m o u s e  (Table  I) and  the  ra t  (3)  lies in the  
fact  t h a t  20:1 is mos t  a b u n d a n t  in the  m o u s e  
and  18:1 in the  rat .  

E x a m i n a t i o n  of  the  relat ive a m o u n t s  of  
pos i t i ona l  isomers ,  however ,  suggests t h a t  
a l t h o u g h  the  same cha in  e longa t ion  processes  
are obvious ly  opera t ing  in mouse  as well as ra t  
skin,  the  ma in  p recurso r  is 18 :A9 ins tead  of  
16:A9.  The  pr inc ipa l  p a t h w a y  is thus :  16:A7 
<-- 18 :A9  -~ 2 0 : A l l  -> 2 2 : A 1 3  -% etc.,  and  
i somers  of  the  (o9 series p r e d o m i n a t e ,  whi le  the  
6o7 series is of  s econda ry  i m p o r t a n c e .  This  is 
the  exac t  reversal  of  the  p a t t e r n  for  the  ra t .  The  
general  resul t  is tha t ,  for  any  given cha in  length ,  
the  p r inc ipa l  i somer  in the  case of  the  m o u s e  
has  i ts doub le  b o n d  loca ted  neare r  to  the  car- 
b o x y l  by  two  ca rbons  t h a n  the  c o r r e s p o n d i n g  
i somer  in the  rat .  E l o n g a t i o n  of  14:A9,  giving 
rise to  a 605 series, was n o t  de tec ted .  
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The Reduction of Alkyl Sulfate to Alkane With Lithium 
Aluminum Hydride 

ABSTRACT 

A general  r eac t ion  is descr ibed for  the  
r e d u c t i o n  of  alkyl  sul fa te  esters to  
a lkanes  by  use  of  l i t h i um  a l u m i n u m  
hydr ide .  The  m e t h o d  has b e e n  appl ied to  
sod ium dodecy l  sulfate  and  sod ium hexa-  
decyl  sulfate.  

Shor t ly  a f te r  the  obse rva t ion  of  Schmid  and  
Kar re r  (1)  t h a t  a l iphat ic  t o luene  su l fonic  esters,  
l ike alkyl  hal ides,  are r educed  to  t he  cor- 
r e s p o n d i n g  a lkanes  by  l i t h i u m  a l u m i n u m  
hydr ide ,  Karrer  and  J u c k e r  (2)  a t t e m p t e d  the  
same r eac t ion  on  p h o s p h a t e  esters.  Unl ike  the  
tosy la tes  the  hydr ide  a t t a c k e d  the  p h o s p h o r o u s  
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atom producing phosphine, phosphine oxides 
and the corresponding aliphatic alcohol. This 
applied to a monoalkyl phosphate (cetyl phos- 
phate) and a dialkyl phosphate (lecithin). 
Several attempts have been made to cleave 
sulfate groups from sugars with lithium alumi- 
num hydride (3-6). In one case (5,6) the 
lithium aluminum hydride appeared to have no 
e f f e c t  on  m e t h y l  fl-D-galactopyranoside 
6-(ammonium sulfate) after refluxing in tetra- 
hydrofuran for 70 hr. Apparently the original 
sugar sulfate was isolated from the reaction 
mixture. In Grant and Holt's study (3,4), how- 
ever, the sulfate group was removed from a 
variety of methyl glycoside sulfates, including 
di-O-isopropylidene-a-D-galact opyranose 6-sul- 
fate. In this case the product was not the 
deoxysugar, which results from tosylate 
cleavage (7), but the original sugar. This data 
suggests that the sulfur atom is attacked as is 
the case with phosphate esters (2). 

In connection with structural studies on 
natural alkyl sulfates in the phytoflagellate 
Ochromonas danica (8-10) the author investi- 
gated the reaction of lithium aluminum hydride 
on typical alkyl sulfates as a means of cleaving 
the sulfate group. The first laboratory attempts 
of this reaction produced largely dodecanol and 
small amounts of dodecane. The absence of 
reduced sulfur, however, made it apparent that 
hydrolysis had occurred rather than reduction 
of sulfate. Rigorous drying conditions were 
employed which permitted a high yield of 
alkane, a yield comparable to lithium aluminum 
hydride reduction of tosyl esters. 

Sodium dodecyl sulfate (SDS) was obtained 
from Mann Research Laboratories. Sodium 
hexadecyl sulfate was synthesized from sulfotri- 
oxide pyridine in the usual manner (11). The 
alkyl sulfates were dried at 80 C at 3 mm over- 
night and stored for two weeks at 60 C in a 
vacuum disiccator over concentrated sulfuric 
acid. Dodecane was obtained from K and K 
L a b o r a t o r i e s .  Thin layer chromatography 
(TLC)  was conducted in Supelcosil 12B 
(Supelco Laboratories, Belafonte, Pa.) using 
hexane as the solvent. Gas chromatographs 
were obtained on a column of 3% JXR on Gas 
Chrom Q (Supelco) at 100C by.procedures 
published elsewhere (12). 

SDS (144 rag, 0.5 mmole) was added to a 
suspension of lithium aluminum hydride (34 
mg, 1.0 mmole an eighffold excess) in tetra- 
hydrofuran (3.0 ml, previously distilled from 
lithium aluminum hydride). The mixture was 
refluxed for 24 hr after which 5 ml of water 
was cautiously added with cooling followed by 
clarification of the suspension by the dropwise 
addition of 6N hydrochloric acid. The product 

was extracted with three successive extractions 
of 10 ml portions of hexane. The combined 
hexane was back washed with water, dried over 
sodium sulfate and evaporated under reduced 
pressure. The product (81 mg) was examined 
with TLC and GLC. The latter procedure 
showed 98% dodecane and traces of decane and 
tetradecane judging from the relative retention 
data and peak size. A sample of the sodium 
dodecyl sulfate was solvolysed in moist dioxane 
(10). The dodecanol was examined by gas 
chromatography and found to contain the same 
contaminants in the same proportions. The in- 
frared spectrum was taken in carbon tetra- 
chloride with a Perkin Elmer Infracord Model 
137 infrared spectrophotometer. 

An identical procedure was applied to 
sodium hexadecyl sulfate. In this case the yield 
was 98.7% hexadecane. 

The infrared spectrum of the product of 
lithium aluminum hydride reduction of SDS 
showed absorption bands typical of alkanes 
(2950, 2925, 2875, 1470, 1380, 723 cm -1) and 
was virtually identical to that of authentic 
dodecane. Likewise thin layer and gas chroma- 
tographic behavior of the two substances con- 
firmed the assignment. These results show that 
sulfate esters are cleaved by hydride attack with 
lithium aluminum hydride. The mechanism is 
presumably that of a Walden inversion as in all 
other hydride reductions on tetrahedral carbon 
a toms  (13 )  including the tosylates. This 
reaction opens the possibility of using the sul- 
fate as an intermediate in the reduction of 
hydroxyl groups and in stereospecific labeling 
of hydrogen atoms with deuterium or tritium 
(14). 

The results of repeated runs with alkyl sul- 
fate prepared under a variety of drying con- 
ditions suggested that the amount of alcohol 
obtained was directly proportional to the 
amount of water present in the alkyl sulfate 
preparation. This technique could therefore 
provide a convenient method for assaying the 
water in an aliphatic sulfate preparation. 

This report would appear to contradict pre- 
vious reports on the reductive cleavage of sul- 
fate esters with lithium aluminum hydride in 
that these reports did not find the reduced car- 
bon, but an alcohol (3-6). It is clear, however, 
from the above that the sulfate ester pre- 
pa ra t i ons  previously used contained small 
amounts of water, probably a mole of crystal- 
lization. It would appear that a vigorously dried 
sugar sulfate preparation could be reduced to 
the deoxy sugar and the position of the sulfate 
thereby identified. 

Reduction of natural sulfatides and steroid 
sulfates with lithium aluminum hydride would 
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yie ld  more  volat i le  p r o d u c t s  t h a n  hydro lys i s  or 
solvolysis t h e r e b y  faci l i ta t ing the  use of  gas 
c h r o m a t o g r a p h y  in the  analysis  of  these  sub- 
stances.  Such  an a t t e m p t  was made  on  the  
1 , 1  4 - d o  c o s a n e d i o l -  1 , 1 4 - d i s u l f a t e  o f  
Ochromonas danica (10) .  U n f o r t u n a t e l y  the  
presence  of  c h l o r o h y d r i n  sulfa tes  (15)  in th is  
s u l f a t i d e  m i x t u r e ,  especial ly threo-(R)-13- 
c h t o r o - 1  - ( R ) - 1 4 - d o c o s a n e d i o l  1,14-disulfate,  
p r o d u c e d  a comp lex  and  u n i n t e r p r e t a b l e  p rod -  
uct .  
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The Densities of Three Classes of Marine Lipids 
in Relation to Their Possible Role as Hydrostatic Agents 

ABSTRACT 

Wax esters, diacyl  glycerol  e thers  and  
t r iglycer ides  were isola ted f rom mar ine  
oils by  prepara t ive  th in  layer  c h r o m a t o -  
graphy.  The i r  densi t ies  ind ica ted  t h a t  wax 
esters wou ld  near ly  equal  squalene in 
ef fec t iveness  as a b u o y a n t  agent  and  t h a t  
diacyl g lycerol  e thers  would  surpass tri- 
glycerides.  Thei r  com pos i t i ons  were l isted 
to pe rmi t  compar i son  wi th  lipids f rom 
o t h e r  sources.  

Lipids have long been  t h o u g h t  to  serve as 
hyd ros t a t i c  agents  by  which  some fa t ty  mar ine  
animals  a t t a in  neu t ra l  b u o y a n c y  (1). However ,  
an  eva lua t ion  of  the  relative ef fec t iveness  of the  
several l ipid classes which  might  c o n t r i b u t e  
b u o y a n c y  has  been  h a m p e r e d  by  a lack of  data  
on  the i r  densit ies.  Of the  more  c o m m o n  lipids, 
on ly  the  densi t ies  of squalene,  two wax esters 
and  five t r ig lycer ides  are r epo r t ed  (2,3).  No 
data  are given for diacyl glycerol  ethers .  In con- 
t ras t ,  the re  is cons iderable  i n f o r m a t i o n  on  the  
densi t ies  of  mar ine  oils (4) bu t  it is of  l i t t le  

value in th is  regard because  it general ly refers to  
oils consis t ing of several l ipid classes. This  com- 
m u n i c a t i o n  repor t s  the  densi t ies  of  wax esters, 
diacyl glycerol  e thers  and  t r iglycer ides  isola ted 
f rom oils of  mar ine  origin. The i r  c o m p o s i t i o n  is 
inc luded  to al low es t imates  to  be made  of  the  
densi t ies  of s imilar  classes of  l ipids f rom o the r  
sources.  

Indiv idual  classes of l ipids were isola ted by  
prepara t ive  TLC f rom the  fo l lowing oils: wax 
esters f rom the  s t o m a c h  oil of  the  wander ing  
a lba t ross ,  Diomedea exultans (5) ;  diacyl  

TABLE I 

Densities of Classes of Lipids Isolated 
by Preparative TLC 

Density 
Lipid Source 21 [4 

Wax esters (2) Albatross stomach 0.8578 
oil (average) 

Diacyl glycerol Shark liver 0.8907 
ethers (2) oil (average) 

Triglycerides-I Antarctic krill 0.9168 
Triglycerides-2 Fish body oil 0.9154 
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several l ipid classes which  might  c o n t r i b u t e  
b u o y a n c y  has  been  h a m p e r e d  by  a lack of  data  
on  the i r  densit ies.  Of the  more  c o m m o n  lipids, 
on ly  the  densi t ies  of squalene,  two wax esters 
and  five t r ig lycer ides  are r epo r t ed  (2,3).  No 
data  are given for diacyl glycerol  ethers .  In con- 
t ras t ,  the re  is cons iderable  i n f o r m a t i o n  on  the  
densi t ies  of  mar ine  oils (4) bu t  it is of  l i t t le  

value in th is  regard because  it general ly refers to  
oils consis t ing of several l ipid classes. This  com- 
m u n i c a t i o n  repor t s  the  densi t ies  of  wax esters, 
diacyl glycerol  e thers  and  t r iglycer ides  isola ted 
f rom oils of  mar ine  origin. The i r  c o m p o s i t i o n  is 
inc luded  to al low es t imates  to  be made  of  the  
densi t ies  of s imilar  classes of  l ipids f rom o the r  
sources.  

Indiv idual  classes of l ipids were isola ted by  
prepara t ive  TLC f rom the  fo l lowing oils: wax 
esters f rom the  s t o m a c h  oil of  the  wander ing  
a lba t ross ,  Diomedea exultans (5) ;  diacyl  

TABLE I 

Densities of Classes of Lipids Isolated 
by Preparative TLC 

Density 
Lipid Source 21 [4 

Wax esters (2) Albatross stomach 0.8578 
oil (average) 

Diacyl glycerol Shark liver 0.8907 
ethers (2) oil (average) 

Triglycerides-I Antarctic krill 0.9168 
Triglycerides-2 Fish body oil 0.9154 
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T A B L E  II 

C o m p o s i t i o n  in Weigh t  Per Cen t  o f  
S a p o n i f i e d  Lip ids  as D e t e r m i n e d  b y  G L C  a 

F a t t y  ac id  m e t h y l  es ters  

C o m p o n e n t  W.E.  G.E.  Trig-1 Trig-2 
0 t=Glycero l  

e the r s  b A l c o h o l s  c 

14 :0  
1 5 : 0  
16 :0  
16:1  
17 :0  
17:1 
18 :0  
18:1  
18 :2  
20 :1  
2 0 : 5  
22:1  
2 2 : 5  
2 2 : 6  

5 .4  4 . 4  2 .0  4 .0  
2.1 

8.9 28 .0  16.9  24 .6  43 .5  
2 .6  7 .3  7 .4  8.9 4 .3  

2 .4  

2 .9  6 .3  
90 .7  57 .2  2 9 . 0  28 .7  

2 .9  
5.1 18.1 5 .4  5 .6  

12.5  7 .0  
11 .5  

2 .6  
6.1 8.1 

6 .3  
4 .2  5 .4  

52 .7  29 .6  

8.8 

a C o m p o n e n t s  ~--2% are  o m i t t e d .  

b A s  i s o p r o p y l i d e n e  der iva t ives .  

CAs t r i f l u o r o a c t e t a t e s .  

glycerol ethers from the liver oil of the black 
shark, Dalatias licha (5); triglycerides-1 from 
the lipids of antarctic krill, Euphausia superba; 
triglycerides-2 from fish body oil of tarakihi, 
Cheilodactylus macropterus. After elution, the 
lipids were freed of solvent by dry nitrogen 
over a warm water bath until they reached con- 
stant weight. The densities, relative to water at 
4 C, were determined at room temperature (ca. 
21 C) in a 0.1 ml pipette which had been 
standardized with distilled water. Tiae densities 
listed (Table I) are the averages of six 
weighings. Duplicate determinations of t ae 
densities of two lots of wax esters and diacyl 
glycerol ethers agreed within -+ 2 X 10 -4. The 
measured densities of TLC-purified squalene 
(Eastman Kodak 90%) and ethylene glycol 
(May & Baker 95%) were within + 3 X 10 -4 of 
the values listed (3). 

The lipids were saponified and the fatty 
acids methylated by BF3-methanol (6). The 
fatty alcohols were converted to trifluoro- 
acetates (7) and the a-glycerol ethers to iso- 
propylidene derivatives (8). The lipids were 
analyzed by GLC using a Pye Model 104 instru- 
ment equipped with flame ionization detectors 
and 180 X 0.6 cm stainless steel columns filled 
with acid washed, silanized, 80-100 mesh Celite 
containing 5% Apiezon L or 10% diethylene 
glycol succinate. The derivatives were identified 
by comparison of the semilog plots of their 
relative retention values with those of reference 
compounds. The percentage compositions were 
calculated from peak areas obtained with a Disc 
Integrator. 
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Some of the bathypelagic fishes and crusta- 
ceans contain large amounts of wax esters (9) 
which have been regarded as possible buoyant 
agents (10). Oleyl oleate and cetyl palmitate 
have densities of 0.8600 30/4 and 0.8324 50/4 
respectively (2,3), but under physiological con- 
ditions the amount of saturated wax esters 
would be limited by their high melting points. 
The wax esters of this study had an average 
density of 0.8578. This value is close to that of 
oleyl oleate and reflects the characteristic pre- 
dominance of monoenes in naturally occurring 
wax esters. It is also similar to that of squalene, 
0.8562 20/4 (3), and illustrates the hydro- 
carbon character of wax esters which has been 
discussed by Mead et al. (11). 

Diacyl glycerol ethers occur in large amounts 
in the livers of many elasmobranch fishes (12) 
where they undoubtedly contribute buoyancy, 
though they may also serve as metabolic 
reserves. The fractions isolated in this study had 
an average density of 0.8907. Their compo- 
sition (Table II) was similar to that of the wax 
esters in having unsaturation limited to mono- 
enes which comprised 89.4% of the fatty acids 
and 69% of the a-glycerol ethers. 

The two triglyceride fractions had densities 
which were very similar to that of triolein, 
0.915 20/4 (3). The triglyceride iodine values 
of 140 (calculated) and 150 (Wijs) are in the 
middle of the range found in marine oils (ca. 
100-200), suggesting that their densities are 
nearly average. Bailey (4) gives a range of 
densities for fish body oils which extends some- 
what higher, 0.913 to 0.937 (temperature 
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1 5 . 5 6 C ) .  A l t h o u g h  the  dens i ty  of a more  
highly u n s a t u r a t e d  oil (I.V. 190, non-sap  1.4%) 
can reach  0 .927 (4)  the  uppe r  l imit  of  this  
range p r o b a b l y  refers  to oils con ta in ing  rela- 
t ively large a m o u n t s  of  choles te ro l  (D 20 /4  = 
1 .067)  or shor t  cha in  acids such as isovaleric (D 
15/4  = 0 .9373) .  

These  resul ts  reveal  t ha t  squalene and wax 
esters would  be near ly  equal  in ef fec t iveness  as 
h y d r o s t a t i c  agents  and  great ly  surpass diacyl  
glycerol  e thers  and  tr iglycerides.  Pr is tane,  
having a dens i ty  of  0.78 ( t e m p e r a t u r e  no t  
specif ied)  (13) ,  is p r o b a b l y  the  mos t  effect ive 
of  the  na tu ra l ly  occur r ing  b u o y a n t  agents  bu t  it 
rarely occurs  in s ignif icant  amoun t s .  

R. W. LEWIS1 
F o o d  Chemis t ry  Division, 
D e p a r t m e n t  of  Scient i f ic  and  

indus t r i a l  Research,  
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Plasma Cholesterol Turnover and Esterification in the Pigeon 

ABSTRACT 

The p lasma choles te ro l  t u rnove r  and  
se rum cho les te ro l  es ter i fying sys tem was 
s tud ied  in Whi te  Carneau pigeons.  Eight  
p igeons  received a single in j ec t ion  of  
1 ,2-3H-choles terol  in t r avenous ly  and  the  
decl ine  in p la sma  cho les te ro l  specif ic  
ac t iv i ty  was measu red  at intervals  f rom 
1-64 days. Kine t ic  analysis  of  the  p lasma 
cho les te ro l  die-away curves indica tes  t h a t  
p lasma choles te ro l  t u r n o v e r  in the  p igeon 
c o n f o r m s  to a 2 poo l  model .  The  mass  of  
poo l  A (cho les te ro l  in b l o o d  and  those  
t issues wh ich  are rapid ly  equ i l ib ra t ed  
w i th  b l o o d )  in p igeons  ma in t a in ing  con-  
s i s ten t ly  h igh  se rum choles te ro l  levels 
(=900  m g / 1 0 0  ml)  was 988  mg and  the  
daily f rac t iona l  t u r n o v e r  of  poo l  A was 
19.7% c o m p a r e d  wi th  676  mg and  12.2% 
f o u n d  in p igeons  ma i n t a i n i ng  cons i s t en t ly  
low ( - '400  m g / 1 0 0  ml)  serum cho les te ro l  
levels .  Serum choles te ro l  es te r i fy ing  
act iv i ty ,  in vi t ro ,  showed  a posi t ive cor- 
r e l a t ion  ( r x y = 0 . 8 0 6 )  w i th  serum choles-  

te ro l  c o n c e n t r a t i o n  in the  pigeon.  The  
p igeon differs,  in th is  regard,  f rom the  
ch icken ,  rat  and  r a b b i t  in which  a nega- 
t ive cor re la t ion  has  been  repor ted .  

Individual  d i f fe rences  in the  c o n t r o l  o f  
se rum choles te ro l  levels o f  m o n k e y s  fed an 
a the rogen ic  diet  have been  inves t iga ted  in this  
l a b o r a t o r y  (1,2).  The  f indings  ind ica ted  t ha t ,  in 
general ,  an imals  ma in t a in ing  the  h ighes t  se rum 
cho les te ro l  levels have lower  f r ac t iona l  t u r n o v e r  
rates  of  cho les te ro l  in  the  more  rap id ly  miscible  
pool.  In work  wi th  the  pigeon,  i t  was obv ious  
t h a t  ind iv idual  birds also vary great ly  in  the i r  
responses  to  a cho les t e ro l - con ta in ing  diet .  In  an 
a t t e m p t  to  s tudy  th is  p h e n o m e n o n  m o r e  
closely we have e x a m i n e d  the  p lasma choles-  
te ro l  t u r n o v e r  in  two  groups  of  p igeons  espe- 
cially se lected for  t he i r  abi l i ty  to  m a i n t a i n  
e i the r  cons i s t en t ly  h igh  ( h y p e r r e s p o n d e r s )  or  
cons i s t en t ly  low ( h y p o r e s p o n d e r s )  se rum cho-  
les terol  levels w h e n  m a i n t a i n e d  on  an a thero-  
genic d ie t  (p igeon pel le ts  coa t ed  w i t h  a m i x t u r e  
of  lard and  choles tero l ,  to  give a f inal  concen-  
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1 5 . 5 6 C ) .  A l t h o u g h  the  dens i ty  of a more  
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can reach  0 .927 (4)  the  uppe r  l imit  of  this  
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1 .067)  or shor t  cha in  acids such as isovaleric (D 
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These  resul ts  reveal  t ha t  squalene and wax 
esters would  be near ly  equal  in ef fec t iveness  as 
h y d r o s t a t i c  agents  and  great ly  surpass diacyl  
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FIG. 1. Serum 1,2-3H-cholesterol die-away curves 
for White Carneau pigeons. Each value represents the 
mean and standard error of the mean from four 
pigeons. 

tration of 0.25% cholesterol and 5% lard; 
Purina Pigeon Pellets from Ralston-Purina Co., 
St. Louis, Mo.). The results are presented in this 
report. In addition, data are presented which 
suggest that the serum cholesterol esterification 
system in the pigeon differs from that of some 
other animals (3) in that the activity appears to 
increase rather than decrease, with hypercholes- 
teremia. 

A group of 2-month old White Carneau (WC) 
pigeons was fed the atherogenic diet for 11 
weeks; serum cholesterol levels were deter- 
mined weekly (4). At the end of 11 weeks, it 
was found that four of the pigeons (two males 
and two females) were hyporesponders and had 
maintained essentially the same serum choles- 
terol levels they had prior to cholesterol feeding 
(299-+11 vs. 355-+60 mg/100 ml) while four 
more were hyperresponders (two males, two 
females) whose serum cholesterol levels had in- 
creased significantly (P < 0 . 0 0 1 )  above the 
values prior to cholesterol feeding (305-+9 vs. 
801-+82 mg/100 ml). In order to study choles- 
terol turnover in these pigeons each was in- 
jected intravenously with 0.5 ml of a Tween- 
20-ethanol-saline (0.5: 1.5: 3.0 v/v/v) suspension 
containing 0.1 mg 1,2-3H-cholesterol (sp. act. 
117/ac/mg). Blood samples were obtained from 
the alar vein at intervals from 1-64 days after 
tracer administration and the decline in serum 
cholesterol specific activity was measured. 
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FIG. 2. Relationship between serum cholesterol 
concentration and cholesterol esterifying activity of 
serum. Line shown is the linear regression line, 
rxy=0.806. 

Radioactivity of serum cholesterol samples was 
assayed by counting in a Beckman DPM-100 
(Beckman Instruments, Inc., Fullerton, Calif.), 
a portion of the isopropanol extract of serum 
which was used also for the total serum choles- 
terol determination (4). Serum cholesterol 
levels of hypo- and hyperresponders remained 
essentially stable during the 64 days of the 
turnover study (the means and standard errors 
of I0 determinations made during this period 
were 442+26 and 936+42 mg/100 ml, respec- 
tively). 

The serum isotope die-away curves for the 
two groups of pigeons are shown in Figure 1. 
The double exponential curves derived by 
analysis of the data with an IBM 1620 
computer (International Business Machines 
Corp., White Plains, N.Y.) indicate that turn- 
over of serum cholesterol in the pigeon appears 
to conform to a 2 pool model (5,6). For this 
reason, the kinetic analysis for 2 pool systems 
(5,6) was applied to the data; the results are 
presented in Table I. The terms used here have 
been defined previously (1,5,6). 

The slopes of the linear portions (day 22-64) 
of the two die-away curves were significantly 
different (P < 0.02, t-test). 

The mass of pool A (MA), cholesterol in 
blood and those tissues which are rapidly equili- 
brated with blood, was smaller in the hypo- 
responders than in hyperresponders (676 vs. 
988 mg) as were the half-lives of the first and 

LIPIDS, VOL. 5, NO. 1 



SHORT COMMUNICATIONS 

TABLE I 

Kinetic Analysis of Serum Die-away Curves in White Carneau Pigeons 
Following Injection of 1,2-3H-Cholesterol 

155 

t - l /2 ,  days 

CA a CBb First Second MAd PRAe 
Group (dpm/mg) exponential exponential kAA c (mg) (mg/day) 

F.T.OAf 
(%) 

Hypo- 
responders 31000 6943 1.5 12.7 -.3747 676 133 
Hyper- 
responders 19679 6278 2.4 16.1 -.2098 988 120 

19.7 

12.2 

a,by-lntercepts of first and second exponentials composing the serum cholesterol die-away curve. 
c,d,esee text. 
fF,T.OA, % = fractional turnover of pool A expressed as a percentage of the size (rag) of pool A. 

second exponen t i a l s  (1.5 and  12.5 vs. 2.4 and  
16.1 days).  In add i t i on  the  ra te  c o n s t a n t  for  
removal  of  cho les te ro l  f rom poo l  A (kAA),  pro-  
duc t ion  ra te  (PR A, represen ts  the  ra te  of  en t ry  
of  cho les te ro l  i n to  poo l  A, exc lud ing  recycled  
mater ia l  o r ig ina t ing  in poo l  A) and  daily frac- 
t iona l  t u r n o v e r  of  poo l  A (F.T.O.  A) were all 
grea ter  in  the  h y p o r e s p o n d e r s  and  are com- 
pat ib le  w i th  the  smaller  size of  poo l  A and  the  
lower  se rum choles te ro l  levels f o u n d  in th is  
group.  

The  m e c h a n i s m  by wh ich  h y p o r e s p o n d e r s  
m a i n t a i n  low levels of  se rum choles te ro l  c a n n o t  
be d e t e r m i n e d  f rom these  da ta  since whole  
b o d y  cho les t e ro l  t u r n o v e r  c a n n o t  be  o b t a i n e d  
f rom the  2 poo l  mode l  (6).  However ,  i t  is clear 
t ha t  ind iv idua l  response  to  choles te ro l -con-  
ta in ing diets  is qui te  variable.  Since th i s  
p h e n o m e n o n  has  been  observed  in pigeons  and  
in n o n h u m a n  pr imates ,  i t  m ay  also be a f ac to r  
involved in h y p e r c h o l e s t e r e m i a  in the  h u m a n  
being.  

Individual  serum samples  ( f rom noncho les -  
terol - fed or  choles te ro l - fed  WC) con ta in ing  
penici l l in  and  s t r e p t o m y c i n  (446  IU and  0.2 
m g / m l  respec t ive ly)  were i n c u b a t e d  in s top-  
pered  25 ml  E r l e n m e y e r  flasks for  18 h r  at  37 C 
in a m e t a b o l i c  shaker .  F ree  cho les te ro l  concen -  
t ra t ions  were measu red  (7)  i m m ed i a t e l y  p r io r  
to  i n c u b a t i o n  (0 t ime)  and  a f te r  18 hr  incu-  
ba t ion .  The  decrease  in se rum free cho les te ro l  
c o n c e n t r a t i o n  b e t w e e n  0-18 h r  i n c u b a t i o n  was 
t aken  as a measure  of  the  cho les te ro l  es ter i fy ing 
act ivi ty  of  the  se rum (3,8).  The  resul ts  are 
s h o w n  in Figure  2. The  increase  in se rum cho-  
lesterol  es ter i fy ing  act ivi ty  cor re la ted  h ighly  
( rxy=0 .806 )  w i th  se rum choles te ro l  concen -  
t ra t ion .  By con t ras t ,  h y p e r c h o l e s t e r e m i a  de- 
creased the  es te r i f ica t ion  ra te  of  serum choles-  
te ro l  in the  rabb i t ,  ra t  and  ch icken  in v i t ro  (3) .  
These  resul ts  do  n o t  appea r  to  be a f u n c t i o n  of  

age or  sex s ince the  es ter i fy ing act ivi ty  of  the  
serum f rom 8 -mon th -o ld  male  and  female  hypo-  
r e sponder s  was similar  to t h a t  f o u n d  in the  
2 - m o n t h - o l d  noncho le s t e ro l - f ed  male  and  
female  p igeons  w i th  similar se rum cho les te ro l  
levels. 
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Incorporation of U -1 4C-Leucine Into the Serum Lipoproteins 
and Proteins of Partially Hepatectomized Rats 

ABSTRACT 

The incorporation of  U-14C-leucine 
into five classes of serum lipoproteins and 
into lipoprotein-free serum proteins was 
investigated in partially hepatectomized,  
sham operated and normal rats. The 
serum concentration of very low density 
l ipoprotein and the predominant  subfrac- 
tion of high density l ipoprotein (HDL 2) 
was considerably reduced in partially 
hepatectomized rats as compared with 
both normal and sham operated rats. The 
incorporat ion of U-14C-leucine into 
HDL 2 of partially hepatectomized rats 
was only one third and one fourth of that  
observed with normal and sham operated 
rats, respectively. On the other hand, the 
incorporat ion of the label into low 
density l ipoproteins and into serum pro- 
teins was slightly greater in partially 
hepatectomized rats as compared with 
normal rats. In sham operated animals, 
the incorporation into most fractions was 
considerably greater than those observed 
with lobectomized and normal rats. 

There have been no investigations on the 
synthesis of the subclasses of serum high 
density lipoproteins (HDL) in normal rats or on 
the synthesis of serum lipoproteins in partially 
hepatectomized rats (1). In this communicat ion 
data is presented on the incorporat ion of 
U-14C-leucine into five classes of  serum lipo- 
proteins and into lipoprotein-free serum pro- 
t e i n s  in partially hepatectomized,  sham 
operated and normal rats. 

Partial hepatectomy was performed on six 
male rats (av. wt. 298 g, Holtzman strain) as 
described earlier (1). Sham operation was con- 
ducted on six male rats (av. wt. 299 g). Six 
other nonoperated male rats (av. wt. 313 g) 
were used as external controls. The animals 
were fasted 24 hr prior to the operation and 
were not  fed postoperatively. Twenty hours 
after the operation, 5 pc of U-14C-leucine (24 
mc/mmole,  Volk Radiochemical Co., Calif.) 
was injected intraperitoneally into each animal 
and the blood obtained from the abdominal 
aorta 2.5 hr after injection. 

For  ultracentrifugal isolation of the serum 
lipoproteins,  2 ml of serum from every rat in 
each group was used to fill two pollyallomer 
tubes of  6.0 ml capacity. The fractions isolated 
at 10 C using a type 40.3 rotor  were: very low 

density l ipoprotein (VLDL) d < 1.006; low 
density l ipoprotein (LDL), 1.006 < d < 1.050; 
h i g h  d e n s i t y  l i p  o p r o t e i n  ( H D L 1 ) ,  
1.050 < d < 1.063 (2); high density l ipoprotein 
(HDL2) , 1.063 < d < 1.125; high density lipo- 
protein (HDL 3), 1.125 < d < 1.21 ; and bo t tom 
fraction proteins (BFP), d > 1.21. The time of 
centrifugation at 114,480 x g was 19 hr for 
VLDL, LDL and HDL1 and 23 hr for HDL~ 
and HDL 3. The ultracentrifugal fractions were 
dialysed exhaustively against physiological 
saline containing 0.005% versene and 0.05% un- 
labeled leucine. An aliquot of the dialysed 
samples were solubilized in NCS reagent 
(Amersham/Searle,  Ill.) and counted at approxi- 
mately 75% efficiency in a Tricarb Scintillation 
spectrometer  (3,4). By counting the lipid 
extracts of  the various fractions it was 
established that U-14Cqeucine was almost 
entirely incorporated (between 90% to 95%) 
into the protein moieties of the lipoproteins. 
Protein and lipid determinations were made as 
described earlier (1). 

As observed earlier, the level of  LDL was 
increased as a result of either partial 
hepatectomy or sham operation (Table I). The 
serum concentration of HDL 1 and HDL 3 were 
approximately the same in the three groups 
while that  of  VLDL was less in lobectomized 
rats. The concentrations of BFP were somewhat 
less in the operated rats. The present results 
have demonstrated that the striking decrease in 
total HDL observed earlier (1) in partially 
hepatectomized rats was almost entirely due to 
the predominant  subfraction of high density 
l ipoproteins (HDL 2). 

The highest specific activity (dpm/mg pro- 
tein) in normal rats was in the LDL fraction 
and was very close to the specific activity of the 
HDL 2 fraction. The specific activity of HDL 1 
was less than that of  LDL or HDL 2 but was 
considerably greater than that  of the HDL 3 
fraction. The specific activities of LDL and 
HDL 2 were between sevenfold to ninefold of  
that observed for BFP. 

In view of  the changes in serum lipoprotein 
concentrations in operated animals as compared 
with normal animals, it is perhaps more useful 
to compare the data on total incorporation 
(dpm/ml fraction) rather than the data on 
specific activities (dpm/mg protein). In sham 
operated rats, the total  incorporation into most 
fractions was greatly increased as compared 
with both lobectomized and normal rats. It is 
possible that  certain serum lipoproteins and 
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TABLE 1 

Incorporat ion of U -14C-Leucine Into Serum Lipoproteins and 
Proteins in Sham Operated, Partially Hepatectomized and Normal Rats 

TL a Protein LP b 
Total no. Lipoprotein 

Treatment of rats fraction (mg/ l  O0 mi serum) T c SA d 

Sham 
6 VLDL 43 9 e 52 1083 2222 

Operation 
Partial 

6 VLDL 23 6 e 29 533 1588 
Hepatectomy 
Nonoperated 

6 VLDL 57 7 e 64 691 1721 Control 

Sham 
Operation 6 LD L 42 12 54 2133 3814 

Partial 
6 LDL 47 12 59 1564 2898 Hepatectomy 

Nonoperated 
6 LDL 29 7 36 1295 3870 Control 

Sham 
Operation 6 HDL i 23 8 31 833 2535 

Partial 
6 HDL I 19 9 28 676 2029 Hepatectomy 

Nonoperated 
6 HDL 1 20 8 28 864 2818 Control 

Sham 
6 HDL 2 81 47 128 6050 3741 Operation 

Partial 
Hepatectomy 6 HDL 2 33 17 50 1559 2623 

Nonoperated 
6 HDL 2 65 40 I05 4510 3251 Control 

Sham 
6 HDL 3 26 33 59 1616 1903 Operation 

Partial 
Hepatectomy 6 HDL 3 23 32 55 857 1063 

Nonoperated 
6 HDL 3 25 39 64 t 102 1092 Control 

Sham 
6 BFP 29 4823 29159 950 Operation 

Partial 
Hepatectomy 6 BFP 40 5336 17794 521 

Nonoperated 
6 BFP 41 5736 15924 435 Control 

aTotal lipid. 

bLipoprotein.  

CTotal activity,  dpm/ml  fraction. 

dSpecific activity, dpm/mg protein. 

eThe high values obtained may in part be due to turbidi ty  encountered in the determinat ion of protein in 
this fraction. 

proteins are required for tissue repair as well as 
to augment defense potential and therefore 
their synthesis was increased in sham operated 
rats. 

The total incorporation of leucine into LDL 
and BFP fractions was slightly higher in the 
serum from rats with regenerating liver than in 
the serum of normal rats (Table I). In the case 
of VLDL, HDL l and HDL 3 from partially 

hepatectomized rats, a small decrease in the 
total incorporation of the label was observed as 
compared to the incorporation in normal rats. 
However, in the case of HDL2, the total incor- 
poration decreased to almost a third of the 
value observed in the case of normal rats and to 
almost a fourth of the value observed in the 
case of sham operated animals. 

When the total incorporation was corrected 
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for the weight of the liver, it was observed that 
the incorporation (dpm/ml/g liver) was higher 
in all lipoprotein and protein fractions, except 
HDL2, from partially hepatectomized rats as 
compared with both normal and sham operated 
rats. That the capacity of the regenerating liver 
to synthesize lipids and proteins is undimin- 
ished is well known (1). Therefore the pro- 
nounced decrease in the total incorporation 
(dpm/ml/g liver) of the label into serum HDL2 
of partially hepatectomized rats is difficult to 
explain. It has been previously suggested that 
HDL are perhaps utilized in the formation of 
structural components of cells (1). In order to 
explain the present data, it may be postulated 
that not all the newly synthesized HDL 2 is re- 
leased into circulation, but that a substantial 
portion of it is utilized in liver regeneration. 

K. ANANTH NARAYAN 
Burnsides Research Laboratory 
University of Illinois, Urbana, Illinois 61801 
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Animal Endogenous Triglycerides: I. Swine Adipose Tissue 
ROBERT E. ANDERSON 1, NESTOR R. BOTTINO and RAYMOND REISER, 
Department of Biochemistry and Biophysics, Texas A&M University, College Station, Texas 77843 

ABSTRACT 

The objective of this study was to 
define the composition of endogenous 
glycerides of swine adipose tissues as a 
basis for further studies on the influences 
of diet and other environmental factors. 
It was also hoped that the endogenous 
triglyceride composition might suggest a 
fresh approach to the oroblem of the bio- 
synthetic pathway of natural triglyceride 
mixtures. Swine were fed a fat-free diet 
from the age of 17 days to 5 months, 
and the triglycerides of their mesenteric, 
perirenal and inner and outer back adi- 
pose tissues analyzed by silver ion thin 
layer chromatography and gas liquid 
chromatography. Four silver ion fractions 
were found, $3, S2M , SM 2 and M 3 (S, 
saturated; M, monounsaturated fatty 
acids). Corresponding fractions from dif- 
ferent adipose tissues had identical fatty 
acid composition. The fatty acid com- 
positions of the 2 position of the frac- 
tions were also identical. However, the 
fatty acid composition of the unfrac- 
tionated triglycerides varied from tissue 
to tissue. It is concluded therefore, that 
the various adipose tissues of swine con- 
tain the same triglycerides in varying con- 
centrations. Stearic and oleic acids were 
located mainly in the combined 1 and 3 
positions. Myristic, palmitoleic and pal- 
mitic were in the 2 position, with almost 
90% of the saturated acids being palmitic. 
This specific distribution of the major 
fatty acids can explain the marked 
simplicity of swine endogenous triglycer- 
ides. 

INTRODUCTION 

With rare exceptions (1-3), published 
analyses of animal adipose tissue triglycerides 
have been performed on samples obtained from 
animals which had consumed fat, often of un- 
known composition. However, it has been 
known for decades that dietary fats are 
deposited, and for several years that endo- 
genous fatty acid synthesis is inhibited during 

I present Address: Department of Ophthalmology, 
Baylor University College of Medicine, Houston, Texas 
77025 

exogenous fatty acid ingestion. Therefore, in 
order to determine the influences of exogenous 
fat, of temperature, and of other environmental 
factors on adipose tissue triglyceride compo- 
sition, one must know the composition of 
endogenous fat under known environmental 
conditions. 

This series of papers reports the composition 
of the endogenous triglycerides of swine, rat 
and chicken adipose tissues and livers. These 
animals were selected because they represent 
groups purported to produce different types of 
triglyceride mixtures, and because of their avail- 
ability. 

EXPERIMENTAL PROCEDURES 

Two male, uncastrated, Yorkshire-Hamp- 
shire cross pigs of the same litter were raised 
from 2 1/2 weeks to five months of age on a 
fat-free diet (4, diet No. 16). Although the ani- 
mals developed certain characteristics ascribed 
to essential fatty acid deficiency (5-8), coarse 
hair, a waxy exudate in the ear and neck region, 
and eventually black liquid stools alternating 
with hard gray stools, their growth was com- 
parable to that of littermates fed conventional 
swine diets (6). In this laboratory analogous 
symptoms (except the exudate) have been ob- 
served in swine fed the same fat-free diet plus a 
marine oil supplement. 

At slaughter, samples were taken of sub- 
cutaneous adipose tissue at various positions 
along the back and the morphologically distinct 
inner and outer back fats were separated. 
Portions of mesenteric and perirenal fat and 
liver tissue were also removed. Lipids were ex- 
tracted by the method of Folch et al. (9). After 
isolation by magnesium silicate (Florisil) 
column chromatography (10), adipose tissue 
triglycerides were fractionated by silver ion thin 
layer chromatography (Ag § TLC) on 200 X 
400 X 0.5 mm layers containing 20 g silver 
nitrate per 100 g of silica gel (Adsorbosil-l, 
Applied Science Labs, State College, Pa.) using 
the sandwich technique of Brenner and Nieder- 
wiesser (11) as modified by deVries and 
Jurriens (12). Thiophene-free benzene, con- 
taining 0.2-0.3% water, was used as the 
developing solvent. The plates were then 
sprayed with a methanol solution of 2',7'-di- 
chlorofluorescein and viewed under ultraviolet 
light. Four bands corresponding to trisaturated 
($3), monounsaturated (S2M), diunsaturated 
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TABLE I 

Fatty Acid Composition of the Triglycerides of Four Swine Adipose Tissues  

Adipose tissues 

Fatty acid Mesenteric Perirenal Inner back Outer back 

mole % 
14:0 1.8 1.4 1.3 1.4 
16:0 31.8 30.0 28.4 27.4 
16:1 3.5 3.5 3.4 3.9 
17:0 0.4 0.6 0.6 0.6 
17:1 0.4 0.8 0.8 0.9 
18:0 18.7 16.6 15.0 13.6 
18:1 42.5 45.7 49.0 50.9 
18:2 0.1 0.3 0.2 0.3 
20:0  0.2 0 .3  0 .3  0.2 
20:1 0 .6  0 .8  1.0 1.0 

(SM2) and triunsaturated (M3) triglycerides 
were visible. All unsaturated acids were 
monoenes. These fractions will be called silver 
ion fractions in the text. The triglycerides from 
each band were eluted with diethyl ether and 
stored in ethereal solution under nitrogen at 
-20 C. 

Quantification of the various silver ion frac- 
tions was achieved by gas liquid chromato- 
graphic (GLC) analysis of  the triglyceride fatty 
ac id  methyl  esters, using methyl pentadeca- 
noate as an internal standard (13). 

With the exception of the $3 fraction, pan- 
creatic lipase hydrolysis was performed in dup- 
licate on 5 mg samples by the method of Luddy 
et al. (14). For hydrolysis of $3, methyl oleate 
was added as a carrier as suggested by Barford 
et al. (15). Substrate, carrier, bile salts and cal- 
cium chloride were warmed to 40 C and shaken 
for 30 sec prior to the addition of the enzyme 
solution. After shaking the complete mixture 
for 5 min at 3,000 strokes per minute, the 
2-monoglyceride products of hydrolysis were 
extracted and isolated by preparative TLC and 
converted to methyl esters by heating on a 
steam bath for 20 min in 2 ml of 0.5 N sodium 
methoxide in methanol. 

A Beckman GC-5 gas chromatograph with 
two flame ionization detectors was used for 
methyl ester analyses. The column was 6 ft X 
1.8 in o.d. stainless steel packed with 10% 
methyl silicone-ethylene glycol succinate poly- 
mer (EGSS-X) on 100-120 mesh Gas Chrom P 
(Applied Science Labs, State College, Pa.). 
Analyses were run in triplicate. 

Quantitative results with National Heart 
Institute Fatty Acid Standard D agreed with 
the stated composition data with a relative 
error of less than 5% for major components 
(>10% of total mixture) and less than 33% for 
minor components (<  10% of total mixture). 
Weight percentages obtained by GLC were con- 
verted to mole percentages. 

RESULTS AND DISCUSSION 

Fatty Acid Composition 

The fatty acid compositions of endogenous 
swine adipose tissues given in Table I show that 
palmitic, stearic and oleic acids comprise more 
than 90% of the acids in each tissue. There are 
small but important differences in the relative 
amounts of the fatty acids among the different 
tissues which will be discussed later. The s~earic 

TABLE lI 

Swine Adipose Tissue Triglycerides a 

Silver ion fraction 

Adipose tissue S 3 

S2M SM 2 

SSM a SMS SMM MSM M 3 

Mesenteric 11.2 
Perirenal 8.5 
Inner  back 6.2 
Outer back 4.7 

mole % 
42.2 1.5 6.4 32.0 6.7 
40.2 1.1 6.7 34.7 8.7 
35.3 1.5 7.8 38.5 10.7 
32.3 1.8 7.1 43.0 11.1 

as, saturated; M, monounsaturated fatty acid. 
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TABLE III 

Composition of the Diunsaturated (SM2) Triglycerides of Swine Adipose Tissuesa, b 

SM 2 triglycerides 
2-Monoglycerides after pancreatic 

lipase hydrolysis of SM2C 
Fatty 
acid Mes. Peri. IB OB Mes. Peri. IB OB 

mole % 
14:0 1.5 1.2 1.3 1.5 4.6 
16:0 26.1 26.6 26.1 27.0 75.7 
16:1 4.6 3.7 3.7 4.0 4.0 
17:0 --- 0.1 . . . . . .  
17:1 0.5 0.8 0.8 0.8 
18:0 5.4 5.6 5.9 5.5 3.2 
18:1 60.7 60.5 60.5 59.5 12.0 
18:2 0.2 0.3 0.3 0.4 
20:1 1.0 1.2 1.3 1.2 

mole % 
3.1 3.3 3.9 

77.1 76.5 78.8 
3.8 3.5 3.0 

3.0 3.2 2.7 
11.9 12.7 10.8 

aThe other three silver ion fractions, $3, S2M and M 3 also had similar composition in different tissues. The 
values in the different tissues were therefore averaged and presented in Table IV. 

bMes., mesenteric; Peri., perirenal; IB, inner back; OB, outer back. 
CLypolysis by pancreatic lipase. Results for fatty acids present in more than 1% in the original triglycerides 

are reported. 

to oleic acid ratio is higher than that  in adipose 
tissue of  o ther  nonruminan t  animals (16), being 
comparable  to subcutaneous  adipose tissues in 
the reminant  (17). Unpubl ished data f rom this 
labora tory  show a direct re lat ion be tween  the 
stearic and oleic acid ratio and levels of  s tearoyl  
desaturase activity,  in sheep, swine, chicken and 
rat. This suggests that  the level of  act ivi ty of  
this enzyme may be the determining fac tor  in 
the stearic-oleic acid compos i t ion  of  the adi- 
pose tissues of these animals. 

Triglyceride Composition 
Ideally a tr iglyceride analysis of  a natural  fat 

should include the percentage of  the various tri- 
glycerides, including stereoisomers.  Since the 
me thodo logy  for this has no t  ye t  been per- 
fected,  the present discussion will be l imited to 
the relative amounts  of  the fract ions obta ined 
by Ag + TLC and the dis t r ibut ion of  the con- 
s t i tuent  fa t ty  acids be tween  the 2 posi t ion and 
the combined  1 and 3 posit ions of  each frac- 
t ion.  

In conf i rmat ion  of  much  older  reports  (17), 
the  data in Table I show that  the deeper  the 
tissue the higher the level of  saturated fa t ty  
acids. Examina t ion  of  the data  in Table II 
reveals that  this is due to high concent ra t ions  of 
t r isaturated and disaturated triglycerides in the 
deeper  tissues. 

Within the limits of  exper imenta l  error, the 
fa t ty  acid compos i t ion  of  each silver ion frac- 
t ion was found to be ident ical  in all adipose 
tissues. This is demons t ra ted  in Table II, in 
which the SM 2 fract ion is taken as an example.  
The table shows fur ther  that  the fa t ty  acids of  
the 2 posi t ion of  the various fract ions also have 
iden t ica l  composi t ion .  Thus, within these 

criteria the tr iglycerides of  the  various adipose 
tissues are identical,  and the variat ion in fa t ty  
acid compos i t ion  of  the adipose tissues are due 
to variations in the relative amounts  of  i d e n t i c a l  
triglycerides. 

Since the compos i t ion  of  each silver ion frac- 
t ion is constant ,  regardless of  tissue (Table II), 
the  values for aU tissues were pooled  and the 
averages of  the compos i t ion  of  each silver ion 
fract ion,  of  the 2 posi t ion and of  the combined  
1 and 3 posit ions are presented in Table IV. 
Myristic and palmit ic  acids are highly concen-  
t rated in posi t ion 2, whereas stearic and oleic 
acids are in the end positions.  Interest ingly,  
palmitoleic  is dis tr ibuted dif ferent ly  in the 
various triglycerides.  The high degree of  con- 
centra t ion of  most  major  acids in specific 
posit ions,  as well as the small number  of  fa t ty  
acids present  can explain the similari ty o f  the 
tr iglycerides in the  different  adipose tissues, 
since these condi t ions  reduce the possible 
number  of  dominan t  triglycerides. Support ing 
this in terpre ta t ion  are the results of  a prelimi- 
nary stereospecif ic  analysis of  the mesenter ic  
S2M fract ion in this labora tory  which shows 
that  stearic acid is highly concent ra ted  in the 1 
posi t ion and oleic in the 3 posit ion.  

However ,  the similarity of  the tr iglycerides 
of  the various adipose tissues requires a more  
basic mechanis t ic  explanat ion.  It  could be the 
result  of  a c o m m o n  biosynthet ic  pat tern,  a 
c o m m o n  remodel ing system, or  both .  If  there is 
a single b iosynthet ic  pat tern,  the ques t ion arises 
as to whether  the tr iglycerides of  the various 
tissues have a c o m m o n  origin or utilize similar 
enzyme systems. If there is a c o m m o n  source, it 
cannot  be the liver, since the hepat ic  trigly- 
cerides of  swine are markedly  dif ferent  f rom 
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TABLE IV 

Fatty Acid Composition of Swine Adipose Tissue Triglycerides a 

$3 S2M SM2 M 3 
Fatty 
acid TG C2 b C1,3 c TG C 2 C1, 3 TG C 2 C1, 3 TG C 2 C1, 3 

mole % 
14:0 2.7 3.9 2.1 1.9 4.0 0.9 1.4 3.7 0.3 . . . . . . . . .  
16:0 46.7 88.1 26.0 37.5 88.2 12.2 26.5 77.0 1.3 . . . . . . . . .  
16:1 . . . . . . . . .  1.5 0.9 1.8 4.0 3.6 4.2 13.0 27.1 6.0 
17:0 0.5 2.3 --- 0.6 0.4 0.7 --- 0.3 . . . . . . . . . . . .  
17:1 . . . . . . . . . . . .  0.2 --- 0.7 0.3 0.9 2.0 4.7 0.7 
18:0 47.2 5.9 67.9 26.8 3.6 38.4 5.6 3.0 6.9 . . . . . . . . .  
18:1 1.4 --- 2.1 31.0 2.1 45.0 60.3 11.9 84.5 83.3 68.2 90.0 
18:2 . . . . . . . . . . . . . . . . . .  0.3 --- 0.5 . . . . . . . . .  
19:0 0.9 --- 1.4 . . . . . . . . . . . . . . . . . . . . . . . . . . .  
20:0 0.9 --- 1.4 0.4 --- 0.6 . . . . . . . . . . . . . . . . . .  
20:1 . . . . . . . . .  0.5 --- 0.8 t.2 --- 1.8 1.6 --- 2.4 

aMesenteric, perirenal, outer back and inner back adipose tissues. Since differences between tissues 
were within the limits of the experimental error, the data were pooled and averaged. 

bFatty acid composition of the 2-monoglyceride products of pancreatic lipase hydrolysis. 
CFatty acid composition of the 1,3 positions calculated by the equation C 1 3 = (3TG-MG)/2 where TG 

equals proportion of a particular fatty acid in the unfractionated triglyceride~; MG equals proportion of 
that acid in the 2-monoglyceride products of pancreatic lipase hydrolysis. 

t h o s e  o f  the  ad ipose  t i ssues  (18) .  
T h e  m e c h a n i s m s  w h i c h  c o n t r o l  the  s y n t h e s i s  

o f  a t r ig lycer ide  m i x t u r e  o f  c o n s t a n t  c o m p o -  
s i t ion  u n d e r  c o n s t a n t  c o n d i t i o n s  m u s t  be  a 
series o f  i n t e r r e l a t ed  p h e n o m e n a  w h i c h  involve 
n o t  o n l y  the  p o s i t i o n i n g  o f  f a t t y  acids o n  the  
g lycero l  b u t  also the  c o n t r o l  o f  t he  p r o p o r t i o n s  
o f  f a t t y  acids p r o d u c e d .  I t  is i n t e r e s t ing  and  
p ro f i t ab l e  to  specu la t e  on  the  poss ib i l i ty  t h a t  
the  c o m p o s i t i o n  o f  t he  t r ig lycer ide  m i x t u r e  is a 
qua l i t y  d e t e r m i n e d  b y  genet ic  f ac to r s ,  and  t h a t  
the  f a t t y  acid c o m p o s i t i o n s  o f  the  t r ig lycer ides  
are the  c o n s e q u e n c e s  and  n o t  the  d e t e r m i n a n t s  
o f  s u c h  m i x t u r e s .  The  t r ig lycer ide  m i x t u r e s ,  in 
t u rn ,  m a y  be  var ied b y  such  f ac t o r s  as t e m p e r a -  
tu re ,  a var iable  w h i c h  exp la ins  d i f f e rences  in 
s a t u r a t e d  t r ig lycer ide  c o n t e n t  o f  p l an t  and  
an ima l  t i ssues  e x p o s e d  to  h igh  and  low tem-  
pe ra tu r e s .  S o m e t h i n g  s imilar  can be said fo r  
d ie t a ry  var ia t ions .  

A t  a n y  ra te ,  o n l y  the  p r e d e t e r m i n a t i o n  b y  
s o m e  cod ing  s y s t e m  u n d e r  t he  c o n t r o l  o f  basic  
gene t ic  m e c h a n i s m s  o f  the  c o m p o s i t i o n  o f  the  
e n d o g e n o u s  t r ig lycer ide  m i x t u r e s  can a c c o u n t  
fo r  the  u n i f o r m i t y  o f  the  e n d o g e n o u s  tr igly- 
cer ides  in a n y  given species.  
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ABSTRACT 

The endogenous adipose tissue trigly- 
cerides of rat and chicken differ markedly 
in composition from those of swine 
although all three contain the same major 
fatty acids. The main difference is that 
the swine triglycerides have saturated 
fatty acids in the middle position, where- 
as in rat and chicken that position is pref- 
erentially occupied by unsaturated acids. 
In swine adipose tissue triglyccrides the 
order of preference for the middle 
p o s i t i o n  is 16 :0>16 :1>18 :0>18 :1 ,  
whereas in rat and chicken triglycerides 
the order is 18:1>16:1>18:0>16:0 .  
Generalizing, in swine the order of pref- 
erence for the 2 position is chain length 
over unsaturation, shorter chains over 
longer chains, and saturation over unsatu- 
ration. In rat and chicken, the degree of 
unsaturation prevails over chain length, 
longer chains over shorter chains, and un- 
saturation over saturation. 

INTRODUCTION 

In the preceding paper (1) it was shown that 
the mixtures of endogenous triglycerides of 
swine adipose tissues are quite simple, various 
tissues differing only in the relative amounts of 
triglycerides of identical constitution. The small 
number of major triglycerides appears to be the 
product of a high affinity of the major fatty 
acids for specific positions on the glycerol 
moiety. 

Privett et al. (2) have reported the trigly- 
ceride composition of rats fed a fat-free diet. 
However, these authors did not perform fatty 
acid distributional analyses on the fractionated 
triglycerides. 

To the authors' knowledge no information is 
available on the composition of chicken endo- 
genous triglycerides. 

EXPERIMENTAL PROCEDURES 

Rat 

Fifteen albino male rats of the Cheek- 
Houston strain were raised from weaning to 13 

lpresent Address: Department of Ophthalmology, 
Baylor University College of Medicine, Houston, Texas 
77025. 

weeks of age on a fat-free diet (3). In spite of 
slightly less than normal growth, significant 
amounts of fat were deposited. The usual 
symptoms of essential fatty acid deficiency in 
rats were observed. After the animals were 
killed, portions of their perirenal and epididy- 
mal fat pads and of their livers were excised for 
lipid analysis. 

Chicken 

Fifteen white Leghorn chickens were fed a 
fat-free diet (4) from hatching to 9 weeks of 
age. Ross and Adamson (4) reported 78% mor- 
tality in chickens raised for 6 weeks under 
analogous conditions. In the present study, 
mortality was 53%. ltowever, weight gain per 
week was less in the present experiment than in 
that of the above authors. The chicks that sur- 
vived after nine weeks had very little depot fat. 
Only about 10 g of adipose tissue was collected 
from various carcass locations of the remaining 
8 chicks. There is evidence that the degree of 
lipogenesis in chicken adipose tissue is very 
limited (5,6). 

The methods of lipid extraction, frac- 
tionation, and analysis were as described in the 
first paper of this series (1). Analyses were run 
in triplicate. 

RESULTS AND DISCUSSION 

Rat Endogenous Adipose Tissue Triglycerides 

The composition and distribution of fatty 
acids in rat perirenal and epididymal fat pad 
triglycerides are presented in Tables I and II, 
respectively. There is a marked similarity in 
fatty acid composition and intramolecular dis- 
tribution between the unfractionated triglycer- 
ides and the SM 2 fraction of both tissues. Per- 
haps this should not be surprising since there is 
an average 33% saturated and 67% unsaturated 
acids in the unfractionated and the SM 2 frac- 
tions of both the perirenal and epididymal tis- 
sues. 

Whereas the fatty acid composition of any 
silver ion-thin layer chromatography fraction is 
the same in all swine adipose tissues (1), in rats 
the composition of the fractions varies with tis- 
sue (Tables I and I1). There are several reasons 
for this difference between the two species. 
Swine are unique in having the middle position 
of their triglyceride molecules occupied almost 
entirely by palmitic acid, position 1 by stearic 
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acid and position 3 by oleic acid (7). This 
results in a relatively simple triglyceride mix- 
ture. 

The rat has less specific orientation of the 
fatty acids (7) and therefore a larger number of 
predominant triglycerides. In addition, swine 
adipose tissues seem unable to incorporate 
either partial or intact hepatic triglycerides 
without previous rearrangement (8) whereas it 
is known that in rats, partial glycerides can pass 
through adipose cell walls (9,10)�9 When these 
partial glycerides are fully reesterified inside the 
cell, the composition of the resulting triglycer- 
ides may or may not resemble that of the tri- 
glycerides produced in situ from glycerol pre- 
cursors. The result is a mixture of triglycerides 
of varioUs origins and different structural char- 
acteristics. 

Triglyceride Positional Isomers 

The relative amounts of the triglyceride frac- 
tions obtained by silver ion-thin layer chro- 
matography were determined. From these 
values and the lipolysis data the relative 
amounts of the possible positional isomers were 
calculated (Table IV). 

The data show that the slightly higher satu- 
ration of the epididymal tissue over the peri- 
renal tissue (Tables I and II) is due to higher 
levels of S2M and S a triglycerides in the 
former�9 Therefore, the endogenous triglycerides 
of the various adipose tissues of the rat differ 
among them not only in the fatty acid compo- 
sition of their component silver ion fractions as 
discussed above but also in the relative propor- 
tions of those fractions. 

Chicken Endogenous Adipose Tissue Triglycerifles 

Recent reports have shown that hen adipose 
tissue has limited lipogenic activity (5) even 
with low fat diets (6). This may explain the 
very small amounts of adipose tissue produced 
by the birds in the present experiment since 
they were fed a fat-free diet from hatching. In 
contrast, lipogenesis is stimulated in rats 
receiving a fat-free regimen (11). In spite of 
these differences between the two animals, 
there are close similarities in the composition 
and distribution of fatty acids in rat (Tables I 
and 1I) and chick (Table III) adipose tissue tri- 
glycerides. Also as in rat tissues, the SM 2 frac- 
tion of chickens closely resembles the compo- 
sition and distribution of acids in the unfrac- 
t ionated triglycerides. The composition of 
chicken triglycerides (Table IV) is very close to 
that of rats. 

Comparative Aspects 

Fatty Acid Composition and Distribution. 
The distribution of fatty acids in the silver ion 
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TABLE IV 

Triglyceride Composition of Rat and Chicken Adipose Tissuesa, b 
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Adipose tissue S 3 SSM SMS SMM MSM M 3 

Rat perirenal 1.1 6.7 15.9 44.8 4.5 27.0 
Rat epididymal 2.7 8.0 15.9 42.5 3.5 27.5 
Chicken (pooled tissues) 3.1 6.6 16.5 39.7 4.5 29.7 
Swine perirenal c 8.5 40.2 1.1 6.7 34.7 8.7 

as, saturated fatty acid; M, monounsaturated fatty acid. 
bMole %. 
CData from first paper of this series (1). 

f r ac t ions  of  the  adipose  t issues of  the  th ree  
species can be b e t t e r  compared  if  t he  da ta  are 
expressed  as per  cent  of  each  f a t t y  acid p resen t  
in  the  2 pos i t ion ,  ca lcula ted  accord ing  to  the  
fo rmu la  given in Table  V. The data  show t h a t  in 
each  an imal  the  r ank ing  of  p re fe rence  of  the  
f a t t y  acids for  pos i t ion  2 is ana logous  for  all 
fou r  silver ion f ract ions .  However ,  u p o n  com- 
par ing  animals~ it is seen t ha t  ra ts  and  ch ickens  
have ana logous  r ank ing  of  p re fe rence  for  
pos i t ion  2, n a m e l y  1 8 : 1 > 1 6 : 1 > 1 8 : 0 ; > 1 6 : 0 ,  
whereas  the  order  in swine adipose  
t issue t r iglycer ides  is qui te  d i f fe ren t :  
1 6 : 0 > 1 6 : 1 > 1 8 : 0 > 1 8 : ; i .  In  o t h e r  words ,  in rat  
and  ch icken  adipose  t issues t he  degree of  unsat -  
u r a t i o n  is more  i m p o r t a n t  t han  chain  l eng th  in 
d e t e r m i n i n g  the  p re fe rence  for  the  midd le  
pos i t ion .  F u r t h e r m o r e ,  the  longer the  cha in  and  
the  h igher  the  u n s a t u r a t i o n ,  the  grea ter  the  
p re fe rence  for  the  2 pos i t ion .  In swine adipose  
t issues,  a reversed s i tua t ion  is obse rved ;  chain  
l eng th  prevails over  u n s a t u r a t i o n ,  sho r t e r  chains  
over  longer  chains,  and  sa tu ra ted  acids are pre- 
fe r red  over  the  u n s a t u r a t e d  acids for  the  2 

pos i t ion .  O t h e r  e n d o g e n o u s  t r iglycer ides  of  
swine such  as those  of  the  in te s t ina l  mucosa  
seem to share these  reverse character is t ics .  On 
the  o t h e r  hand ,  swine liver e n d o g e n o u s  trigly- 
cerides have pos i t iona l  specif ici t ies  similar to  
those  of  ra t  and chick  adipose  tissues and  livers 
(8). 

The  o rde r  of  p re fe rences  f o u n d  for  the  ra t  
and  ch i cken  can p r o b a b l y  be  e x t e n d e d  to  mos t  
o t h e r  animals ,  since the  unusua l  charac ter is t ics  
of  swine depo t s  are k n o w n  to be shared  on ly  by  
peccaries  (12)  and  e l ephan t s  (13).  If  th is  is so, 
the  d i f ferences  in f a t t y  acid c o m p o s i t i o n  and  
d i s t r i bu t ion  f o u n d  a m o n g  an imals  fed con- 
v e n t i o n a l  diets  are mos t ly  a re f l ec t ion  of  the  
l i p id  c o m p o s i t i o n  o f  t he i r  diet  and  of  the  ef fec t  
of  the  l ipid .ifitake on  the  degree of  l ipogenesis.  

Triglyceride Composition. The  da ta  in Table  
IV show a close analogy in t r ig lycer ide c o m p o -  
s i t ion  b e t w e e n  rat  and  ch icken  ad ipose  tissues. 
On the  o t h e r  hand ,  m a r k e d  di f ferences ,  b o t h  
quan i t a t ive  and  qual i ta t ive ,  are a p p a r e n t  when  
the  adipose  t issue t r ig lycer ides  of  ra t  and  
ch icken  are c o m p a r e d  w i th  those  of  swine.  

TABLE V 

Fatty Acid Preference for the 2 Position a of the Endogenous 
Adipose Tissue Triglycerides of Swine, Rat and Chicken 

Silver ion Swine Rat Chicken 
TLC fraction Fatty acid b perirenal, %c perirenal, % (pooled tissues), % 

S 3 16:0 63 35 29 
18:0 4 30 44 

S2M 16:0 78 15 12 
18:0 4 15 23 
16:1 20 48 50 
18:1 2 71 72 

SM 2 16:0 97 9 8 
18:0 18 15 16 
16:1 30 28 23 
18:1  7 48 48 

M 3 16:1 69 22 17 
18:1 27 36 36 

aCalculated from: % in 2 position = (% in MG X 100)/(% in TG X 3) (14). 
bData for myristic acid were too low to allow for meaningful calculations. 
COrder of preference of fatty acids for 2 position in swine triglycerides: 16:0~16: 1~18:0~18:1.  
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Swine have less M 3 and SM 2 than  rats and 
chickens.  In rats  and chickens  SMS>SSM, 
whereas  in" swine the relat ion is reversed. The 
amoun t s  of  SM 2 in all three  animals are more  
or less in the same range; however  the  
MMS>MSM in rats and chickens while the  
inverse s i tua t ions  exists in swine adipose tissues. 
It is qui te  surprising tha t  t r iglycerides differ ing 
so little in to ta l  fa t ty  acid compos i t ion  differ  so 
m u c h  in the  type  of  f ract ions  of  which they  are 
composed .  
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Department of Biochemistry and Biophysics, Texas A&M University, College Station, Texas 77843 

ABSTRACT 

The endogenous triglycerides of swine, 
rat and chicken livers were fractionated 
by silver ion thin layer chromatography 
and the resulting fractions were analyzed 
for their fatty acid composition and dis- 
tribution. Whereas the endogenous trigly- 
cerides of swine adipose tissue differ 
markedly from those of rat and chicken 
adipose tissue in the location of the major 
fatty acids, the liver triglycerides of the 
three species are quite similar. They also 
resemble rat and chicken adipose trigly- 
cerides. 

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

In the first two papers of this series (1,2) it 
was shown that the endogenous triglycerides of 
swine adipose tissue differ markedly from those 
of rats and chickens. Although the triglycerides 
of all three species are composed of the same 
acids, swine adipose tissues have a simpler tri- 
glyceride population than the adipose tissues of 
the other two species of animals. Since adipose 
tissue triglycerides may arise either by synthesis 
in situ or by recombination of glycerides 
derived from the plasma, and since the liver is a 
prime source of plasma triglycerides, knowledge 
of the composition of liver triglycerides is 
important for a complete understanding of the 
origin and composition of endogenous adipose 
tissue triglycerides. 

In the present study, the endogenous trigly- 
cerides of swine, rat and chicken liver were frac- 
tionated and the resulting fractions were 
analyzed for their fatty acid composition and 
distribution. 

EXPERIMENTAL PROCEDURES 

The sources of the tissues and all procedures 
have been described previously (1,2). Analyses 
were run in triplicate. 

Silver ion thin layer chromatography frac- 

1present address: Department of Ophthalmology, 
Baylor University College of Medicine, Houston, Texas 
77025. 

2present address: CSIRO, Division of Animal 
Husbandry, Prospect, N.S.w., Australia. 

tionation of the liver glycerides provided one 
more band than the four obtained in the adi- 
pose tissue fractionation. The fifth band con- 
sisted of all the triglycerides of more than three 
double bonds and lay between the three double 
bond band and the origin. Due to the presence 
of dienoic and trienoic acids in the fifth band, 
it has been labeled >3DB, meaning more than 
three double bonds. 

RESULTS A N D  DISCUSSION 

Fatty Acid Composition 

In general, the relative abundance of liver 
triglyceride fatty acids (column 1, Tables I-III), 
follows the pattern found in the rat and chick 
adipose tissue: 18 :1>16:0>16:1>18:0  (2). 
Since the animals were reared on fat-free diets, 
eicosatrienoic acid, characteristic of essential 

501 ADIPOSE TISSUE �9 SWINE 

~0 

2O 

I0 

0L 

RAT 

CHICKEN 

SSS SSM SMS SMM MSM MMM 

6o l 

40 ] 

6 
~30. 

LIVER 

sss SSM ~MS SMM MS~ MMM .>3 DB 

FIG. 1. Composition of adipose tissue and liver 
triglycerides of swine, rat and chicken. S, saturated 
fatty acid; M, monounsaturated; >3 DB, silver ion 
fraction containing triglycerides with more than three 
double bonds. 
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ANIMAL ENDOGENOUS TRIGLYCERIDES 

TABLE IV 

Preference of the Major Fatty Acids for the 2 Position a 
of Liver Endogenous Triglycerides of Swine, Rat and Chicken 

175 

Silver ion 
fraction b Fatty acid Swine, % Rat, % Chicken, % 

S 3 16:0 28 36 31 
18:0 43 32 31 

S2M 16:0 22 11 15 
18:0 26 13 12 
16:1 35 66 49 
18:1 60 '71 66 

SM 2 16:0 15 4 8 
18:0 18 0 16 
16:1 31 30 26 
18:1 45 49 4'7 

M 3 16:1 19 21 15 
18:1 37 34 36 

DB 16:0 30 9 18 
18:0 32 0 11 
16:1 17 27 22 
18:1 32 54 51 
18:2 127 26 27 
20:3 28 38 48 

aCalculated by the equation % in 2 position (% in MG x 100)/(% in TG x 3) (5). TG, 
unfractionated triglycerides; MG, 2-monoglyceride products of pancreatic lipase hydrolysis. 

bs, saturated fatty acid; M, monounsaturated fatty acid; ) '3 DB, triglycerides containing 
more than three double bonds. 

fa t ty  acid deficiency,  is present in the triglycer- 
ides of  all three livers. There are some dif- 
ferences be tween swine on the one hand and rat 
and chicken on the other .  Palmitic acid is much  
lower,  and 18:3 and 20:3 are much higher. 
Also, the swine liver contains significant 
amounts  of  17:0 and 17:1 acids which are 
absent  or present only in trace amounts  in the 
o ther  two species. The ratio o f  saturated to un- 
saturated acids in swine liver is about  1:3 
whereas it is about  1:2 in the chicken and rat 
livers. 

Fatty Acid Distribution 

The fat ty  acid composi t ion  of  the triglycer- 
ides derived by silver ion TLC (f rom now on 
designated as silver ion fract ions) and their  pan- 
creatic lipase monoglycer ide  products  is given 
in Tables I-III along with the calculated values 
for the fat ty  acids on the primary positions.  
Since the saturated triglycerides and those with 
one or  two  double  bonds contain no l inoleic 
acid, and those with three double  bonds  only 
traces, for all practical  purposes the trigly- 
cerides with none,  one,  two,  or three double  
bonds  may be considered as $3, $2 M, SM 2 and 
M3, respectively,  where S is a saturated acid 
and M is a monoeno ic  acid. 

The  de te rmina t ion  of  the posi t ional  distri- 
bu t ion  of  a fat ty acid in the unfrac t ionated  tri- 
glyceride mix ture  may be a misleading indi- 

cation of  its p lacement  in the const i tuent  frac- 
tions. A glance at the data in Tables I-III shows 
that  the ratios of  the concent ra t ions  of  an acid 
in the 2 posi t ion to its concen t ra t ion  in the 1,3 
posi t ions is of ten different  in the various silver 
ion fract ions than what  it is in the unfrac- 
t ionated  triglycerides. A good example  of  this is 
palmitole ic  acid. 

Fa t ty  acid dis tr ibut ions in silver ion frac- 
t ions f rom different  tissues and animals may 
be best compared when expressed as per cent 
in the 2 posit ion,  as in Table IV. All liver 
tr iglycerides have very similar fa t ty  acid dis- 
t r ibut ions,  the order of  preference of  the 
major  fat ty acids for the 2 posi t ion being 
1 8 : 1 > 1 6 : 1 > 1 8 : 0 > 1 6 : 0 .  

Comparison of  swine adipose tissue triglycer- 
ides (1) with those of  liver shows that  they are 
different.  For  example,  the adipose tissue trigly- 
cerides are characterized by a highly specific 
p lacement  of  palmitic acid in the middle 
posit ion while in liver tr iglycerides oleic is the 
acid preferent ial ly in the 2 posit ion.  Because of  
these differences,  it is reasonable to assume that  
swine liver makes lit t le if any cont r ibut ion  of  
ei ther  intact or partial glycerides to the depots ,  
but  that  the triglycerides of  the adipose tissue 
are produced  in situ. One must  assume, there- 
fore,  that  any plasma tr iglycerides entering the 
adipose tissue cell are ei ther  comple te ly  
hydro lyzed  prior to entry ,  or  are rapidly re- 
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TABLE V 

Composition of the Endogenous Liver Triglycerides of Swine, Rat and Chickena, b 

Source S 3 SSM SMS SMM MSM M 3 ~ 3  DB 

Swine 1.1 5.8 6.2 33.6 6.7 34.7 11.9 
Rat 0.7 4.4 13.1 52.1 2.6 23.5 3.5 
Chicken 2.9 7.3 13.7 43.7 4.8 24.2 3.4 

a~>3 DB, triglycerides containing more than three double bonds; S, saturated fatty acid; M, mono- 
unsaturated fatty acid. 

bMole %. 

a r ranged  once  en t ry  is r~ade. In con t ras t  to  
swine,  ra t  adipose  t issues liave been  r epo r t ed  to  
i n c o r p o r a t e  glycerides d i rec t ly  f rom plasma,  
a f te r  p~rt ial  hydrolys is  (3,4) .  Thus ,  the  endo-  
genous  t r iglycer ides  of  the  adipose  tissues o f  
t ha t  an imal  should  be a m i x t u r e  of  those  
der ived f rom the  liver and  those  syn thes ized  in 
situ. In t he  p resen t  s tudy ,  u n c o m p l i c a t e d  by  
diet  fat ,  t he  c o m p o s i t i o n  and  d i s t r i bu t ion  of  
the  f a t t y  acids in ra t  liver and  adipose  t issue 
t r ig lycer ides  were f o u n d  to  be qui te  similar.  
Thus ,  the  two  tissues e i the r  p roduce  the  same 
type  of  t r iglycer ides  or there  is an in t e rchange  
b e t w e e n  tissues. 

The  relat ive a m o u n t s  of  the  var ious  silver ion 
f rac t ions  f rom rat ,  ch icken  and  swine livers are 
given in Table  V. 

Comparison of Species 

The  s imilar i ty  of  the  f a t t y  acid c o m p o s i t i o n  
of  the  e n d o g e n o u s  t r iglycer ides  of  swine,  ra t  
and  ch icken  adipose tissue (2)  applies  also to  
the i r  livers (Table  VI). However ,  swine adipose  
t issue t r iglycer ides  differ  in having  more  stearic  
t h a n  h e x a d e c e n o i c  acid and  the i r  livers in 
having s ignif icant  a m o u n t s  of  C 17 acids. 

There  are also m a r k e d  d i f fe rences  in the  pro-  
po r t i ons  of  the  t r iglycerides  (Fig. 1). Ra t  and  
ch i cken  adipose  t issue and  rat ,  ch icken  and  
swine liver t r iglycer ides  all fo l low a c o m m o n  
pa t t e rn .  SMM is the  mos t  a b u n d a n t  f rac t ion ,  

fo l lowed  by  MMM and SMS, the  th ree  con-  
s t i tu t ing  more  t h a n  75% of  the  tr iglycerides.  
The i r  c o m m o n  character is t ic  is an unsa tu r a t ed  
f a t t y  acid in the  middle  pos i t ion .  The  p redomi-  
nan t  f rac t ions  in swine adipose  tissue, on  the  
o t h e r  hand ,  are SSM and  MSM, which  have a 
s a tu ra t ed  fa t ty  acid in the  cent ra l  pos i t ion .  

The  d i f ferences  in the  p r o p o r t i o n s  of  the  tri- 
glycerides  o f  swine adipose  t issue can thus  be  
seen as the  resul t  of  d i f ferences  in the  
pos i t iona l  d i s t r i bu t ion  of  the  sa tu ra ted  and  un-  
sa tu ra ted  f a t t y  acids b e t w e e n  the  1,3 and  2 
pos i t ions ,  for  example ,  SMM vs. MSM. The  SM 2 
f rac t ion  serves well for  compara t ive  purposes  
since it is the  mos t  a b u n d a n t  and  because it has  
sa tu ra ted  and  u n s a t u r a t e d  f a t t y  acids in approx-  
imate ly  the  same p r o p o r t i o n s  as in the  unf rac-  
t i o n a t e d  tr iglycerides.  The  f a t t y  acid compo-  
s i t ions of  the  SM 2 f rac t ions  f rom the  var ious  
t issues and  animals  are given in Figure  2. 
Excep t  for  sl ight d i f ferences  in the  concen-  
t r a t i on  of  h e x a d e c e n o i c  acid,  the  profi les of  the  
samples  s tud ied  are qu i te  similar.  

The  f a t t y  acid d i s t r ibu t ion  in the  SM 2 frac- 
t ions  is dep ic ted  in Figure 3. Oleic acid const i -  
tu tes  more  t h a n  75% of the  f a t t y  acids in the  
midd le  pos i t ion  of  ra t  and  ch icken  adipose  tis- 
sues and  of  the  t h r ee  liver t r iglycerides.  On the  
o the r  hand ,  the  middle  pos i t ion  of  swine adi- 
pose t issue t r iglycerides  is occup ied  main ly  by  
pa lmi t ic  acid. 

TABLE VI 

Major Fatty Acids of Adipose Tissue and Liver 
Endogenous Triglycerides of Swine, Rat and Chicken 

Swine Rat Chicken 

Pooled 
Fatty acid Perirenal fat Liver a Perirenal fat Liver adipose tissue Liver 

mole % 

14:0 1.4 1.4 1.7 1.1 0.9 0.9 
16:0 30.1 17.1 25.8 27.7 25.1 25.0 
16:1 3.5 7.1 11.7 9.8 6.4 5.8 
18:0 16.6 5.0 3.8 2.3 8.4 8.6 
18:1 45.8 56.6 55.4 56.0 58.0 57.9 

aSwine liver also contains 17:0, 2.5%; 17:1, 3.5%; 18:3, 1.7% and 20:3, 2.2%. 
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FIG. 2. Major fatty acid composition of the di- 
monounsaturated triglycerides (SM2) of swine, rat and 
chicken adipose tissue and liver. 

Figure 4 was designed to compare the degree 
of preferences of fatty acids for the 2 position 
calculated according to the formula given on 
the figure. The various silver ion fractions are 
depicted on the "x" axis, the major fatty acids 
on the "z" axis, and the percentages of the 
latter on the "y" axis. The shape of the peaks is 
mere idealization, only their heights being rele- 
vant. The left part of the figure represents an 
average of the relative preferences for the 2 
position in rat and chicken adipose tissue, and 
swine, rat and chicken liver triglycerides. The 
figure on the right describes the situation in 
swine adipose tissue triglycerides. If one looks 
along the "z" axis of the left figure one can see 
that all the silver ion fractions in this 
group have their fatty acids in equal 
order of preference for the 2 position: 
18: 1>16: 1>18:0>16:0.  In other words, unsat- 
urated acids possess greater preference for the 2 
position than saturated acids, and at equal 
degree of unsaturation longer chain acids pre- 
vail over shorter ones. Examination of the 
figure on the right shows that in swine adipose 
tissue triglycerides the order of preference for 
the 2 position is also equal in all silver ion frac- 
tions but the order is different from that ob- 
s e r v e d  i n  t h e  l e f t  f igu re ,  b e i n g  
16 :0>16 :1 )18 :0>18 :1 .  Therefore, in the 
middle position of swine endogenous adipose 
tissue triglycerides, shorter chain acids prevail 
over longer chain ones, and at equal chain 
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FIG. 3. Major fatty acid composition of the 
2-monoglyceride products of pancreatic lipase 
hydrolysis of SM 2 from swine, rat and chicken adipose 
tissue and liver. 

length saturated acids predominate over unsatu- 
rated ones. What is' seen in the right figure is 
almost the complete reversal of what is ob- 
served in the left, thus explaining the unusual 
characteristics of the endogenous swine adipose 
tissue triglycerides. These triglycerides appear 
to be unique since other animals, with the pos- 
sible exception of peccaries and elephants, have 
fatty acid populations and distribution charac- 
teristics similar to those of the rat and chicken. 
One must therefore conclude that with those 
exceptions, there is uniformity in the mech- 
anisms of biosynthesis of endogenous triglycer- 
ides whether by different animals or by dif- 
ferent organs or tissues of the same animal. This 
is obviously the result of a rigid homeostatic 
control. Whether this homeostatic effect results 
from the existence of similar biosynthetic sys- 
tems or from similar remodeling effects cannot 
be determined from the present data. 

Comparison of Experimentally Obtained and 
Theoretically Calculated Triglyceride Compositions 

Several distribution hypotheses have been 
proposed for predicting the composition of 
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FIG. 4. Degree o f  preference o f  the major fat ty  acids for the 2 posit ion o f  swine, rat  and chicken 
adipose tissue and liver triglycerides. 

natural triglyceride mixtures  The data gathered 
in the present series of studies provide an 
oppor tuni ty  for testing the validity of some of 
t h o s e  h y p o t h e s e s .  T h e r e f o r e ,  t h e  t r i g l y c e r i d e  
c o m p o s i t i o n  d a t a  p r e s e n t e d  in T a b l e  IIl  o f  t h e  
f i rs t  p a p e r  in th i s  ser ies  (1) ,  in T a b l e  IV o f  t h e  
s e c o n d  p a p e r  (2) ,  a n d  in T a b l e  IV o f  t h e  
p r e s e n t  p a p e r  we re  c o m p a r e d  w i t h  t h o s e  ca l cu -  

lated according to the following distribution 
h y p o t h e s e s :  (a)  R a n d o m  d i s t r i b u t i o n  (6) ;  ( b )  
R e s t r i c t e d  r a n d o m  d i s t r i b u t i o n ,  K a r t h a  (7) .  T h e  
s i m p l i f i e d  c a l c u l a t i o n s  o f  H a m m o n d  a n d  J o n e s  
were  u s e d  (8) ;  (c)  G u n s t o n e ' s  h y p o t h e s i s  (9 ) ;  
( d )  1 , 3 - r a n d o m - 2 - r a n d o m  d i s t r i b u t i o n ,  
V a n d e r W a l  ( 1 0 )  a n d  C o l e m a n  a n d  F u l t o n  (1 1). 

A F o r t r a n  IV c o m p u t e r  p r o g r a m  a n a l o g o u s  

TABLE VII 

Experimental  and Calculated Values of  the Composi t ion of  Endogenous  Animal Tissues: Adipose Tissue a 

Hypotheses  S 3 S2M SM 2 M 3 SMS SSM MSM MMS 

mole % 
Swine perirenal adipose tissue b 

Experimental  8.5 41.3 41.4 8.7 1.1 40.2 34.7 5.7 
Random 11.8 36.7 38.2 13.3 12.2 24.5 12.7 25.5 
Restricted random 8.5 41.7 38.2 11.7 13.9 27.8 12.7 25.5 
Guns tone ' s  0 54.0 39.0 7.0 54.0 0 0 39.0 
1,3-random-2-random 8.7 37.9 45.1 8.3 2.0 35.9 37.0 8.1 

Rat perirenal adipose tissue 
Experimental  i . l  22.6 49.3 27.0 15.9 6.7 4.5 44.8 
Random 3.1 20.3 44.3 32.3 6.8 13.5 14.8 29.6 
Restricted random 1.1 22.6 56.6 30.6 7.5 15.1 15.2 30.4 
Guns tone ' s  0 22.2 49.8 28.0 22.2 0 0 49.8 
1,3-random-2-random 1.6 21.1 47.5 29.7 16.8 4.4 2.9 44.6 

Chicken adipose tissue (pooled) 
Experimental  3.1 23.1 44.2 27.7 16.5 6.6 4.5 39.2 
Random 4.1 23.3 44.4 28.2 7.8 15.5 14.8 29.6 
Restricted random 3.1 24.5 44.9 27.5 8.2 16.3 15.0 30.0 
Guns tone ' s  0 26.6 49.9 23.4 26.6 0 0 49.9 
1,3-random-2-random 3.2 24.2 46.3 26.3 16.1 8.1 5.2 41.1 

as,  saturated; M, monounsa tura ted .  U, unsaturated.  
bSince the composi t ion of  the various adipose tissues differed very little, only one is included. 
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TABLE VIII 

Experimental  and Calculated Values of  the Composi t ion of  Endogenous  Animal  Tissues: Liver a 

179 

Hypotheses  S 3 S2M SM 2 U 3 SMS SSM MSM MMS 

mole % 

Swine liver 
Experimental  1.1 12.0 40.3 46.6 6.2 5.8 6.7 33.6 
Random 2.0 16.2 43.2 38.6 5.4 10.8 14.4 28.8 
Restricted random 1.1 17.1 44.0 37.7 5.7 11.4 14.7 29.4 
Guns tone ' s  0 16.6 48.3 35.0 16.6 0 0 48.3 
1,3-random-2-random 1.9 16.1 43.7 38.3 7.6 8.5 9.6 34.1 

Rat  liver 
Experimental  0.7 17.5 54.7 27.0 13.1 4.4 2.6 52.1 
Random 3.2 20.5 44.4 32.0 6.8 13.7 14.8 29.6 
Restricted r andom 0.7 23.4 45.9 30.0 7.8 15.6 15.3 30.6 
Guns tone ' s  0 22.5 49.9 27.7 22.5 0 0 49.9 
1,3-random-2-random 1.3 21.5 48.1 29.1 18.1 3.4 2.2 45.9 

Chicken liver 
Experimental  2.9 21.0 48.5 27.7 13.7 7.3 4.8 43.7 
Random 4.1 23.4 44.4 28.1 7.8 t 5.6 14.8 29.6 
Restricted random 2.9 24.9 45.0 27.2 8.3 16.6 15.0 30.0 
Guns tone ' s  0 26.8 49.9 23.3 26.8 0 0 49.9 
1,3-random-2-random 2.9 24.3 46.6 26.1 16.9 7.3 4.5 42.1 

as ,  saturated; M, monounsa tu ra ted ;  U, unsaturated.  

t o  t h a t  o f  P e r k i n s  a n d  H a n s o n  ( 1 2 )  was  u s e d  for  
t h e  c a l c u l a t i o n s .  

T h e  r e s u l t s  ( T a b l e  VI I )  s h o w  t h a t  o f  t h e  
h y p o t h e s e s  t e s t e d ,  t h e  1 , 3 - r a n d o m - 2 - r a n d o m  
d i s t r i b u t i o n  v a l u e s  c o m p a r e  m o s t  c l o se l y  w i t h  
t h o s e  o b t a i n e d  e x p e r i m e n t a l l y .  H o w e v e r ,  t h e  
s imi l a r i t i e s  m a y  be  f o r t u i t o u s .  T h e  1 , 3 - r a n d o m -  
2 - r a n d o m  h y p o t h e s i s  a s s u m e s  e q u a l  d i s t r i b u t i o n  
b e t w e e n  t h e  1- a n d  3 - p o s i t i o n s ,  b u t  s t e r eo -  
spec i f i c  a n a l y s e s  o f  u n f r a c t i o n a t e d  s w i n e  d e p o t  
( 1 3 )  a n d  ra t  l iver  ( 1 4 )  i n d i c a t e  t h a t  s a t u r a t e d  
f a t t y  ac ids  a re  p r e f e r r e d  a t  t h e  1 p o s i t i o n  a n d  
u n s a t u r a t e d  ac id s  a t  t h e  3 p o s i t i o n .  
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The Effect of Temperature on the in vitro 
Formation of Methyl Esters in Mouse Liver 

ETIENNE MUE LLER, SR. and JON J. KABARA, Michigan College of Osteopathic Medicine, 
Department of Pharmacology, 900 Auburn Road, Pontiac, Michigan 48057 

ABSTRACT 

The appearance of methyl esters of 
fatty acids in lipid extracts was studied. 
Experimental evidence indicates that 
these esters are both natural components 
of tissues as well as products of technical 
manipulation. Effect of temperature on 
the latter process was studied. The results 
of these experiments show that the post- 
mortem increase of fatty acid methyl 
esters could best be explained by postu- 
lating an enzymatic rather than a chemi- 
cal process. 

INTRODUCTION 

In recent years the nature of tissue fatty acid 
methyl esters has been raised. Some have 
regarded these esters as artifacts of tis- 
sue extraction (19,20,29,30) or extract man- 
ipulation (10,11). Others have considered the 
esters as natural components of the tissue 
(3-5,15,17,21,27). 

The issues regarding the presence of fatty 
acid methyl esters have not all been resolved. 
The present paper investigates the effect of 
temperature on in vitro methyl ester formation. 
The postmortem increase of methyl esters was 
considered to arise chemically, enzymatically, 
or both. 

MATERIALS AND METHODS 

All chemicals in these studies were reagent 
grade and were used without further purifi- 
cation. Reagent blanks were tested for the 
presence of spurious spots or peaks by thin 
layer chromatography (TLC) and gas liquid 
c h r o m a t o g r a p h y  ( G L C ) .  The absolute 
methanol, ethyl ether and heptane were pur- 
chased from Baker and Adamson. Fischer 
petroleum ether (bp 34.8-53.6 C) and Merck 
hexane were also used. 

Methyl esters standards were obtained from 
Applied Science Laboratory and found to be 
pure by both TLC and GLC. Multibore columns 
(Med-Chem Laboratories, Detroit, Mich.) were 
used for all fractionation studies (8). The 
adsorbent Florisil (60/100 mesh, Floriden Co., 
Tallahassee, Fla.) was hydrated to contain 7% 
water. 

TLC was carried out on frosted glass plates 

(14) with silicic acid (Camag Kieselgel G, 
Arthur H. Thomas Co.) as the adsorbent. 

Methyl esters were analyzed on a Packard 
(No. 7800) dual column chromatograph 
equipped with hydrogen flame detectors. Argon 
was used as the carrier gas. Coiled glass columns 
(6 X 4 mm i.d.) were packed with silane treated 
Gas Chrom P coated with 14.5% EGSS-X 
(ethylene glycol succinate with a silicone) or 
the less polar SE-30 (1%) on Gas Chrom Z. 

The lyophilizer used in these experiments 
consisted of an all glass apparatus attached to a 
two stage vacuum pump (10 u/in.2). 

E xtractions 

Nine to ten-week old normal white male 
mice were fed Purina Mouse Chow and water ad 
lib. Mice were killed by ether anesthesia and 
livers surgically removed, washed in distilled 
water, blotted dry and quick-frozen in a dry 
ice-acetone mixture. Tissues were stored at 
-30 C. 

Before extraction, the frozen tissues were 
thawed at room temperature and immediately 
homogenized in distilled water. The aqueous 
solutions were rapidly extracted with chloro- 
form-methanol (2: 1). The ratio of solvent to 
tissue was approximately 10: 1. 

Methanol Detection and Measurement 

As a check of instrument sensitivity for 
methanol, serial dilutions of the alcohol in 
water were measured by injection of these 
solutions into a gas chromatograph. Both SE-30 
and EGSS-X liquid phase columns were run iso- 
thermally at 100C; flame detectors, being 
water insensitive, were employed. Methanol 
could be detected at a level as low as .05 pg per 
sample. Sensitivity level for tissue samples were 
set at this limit. Aqueous extracts of liver as 
well as organic solvents used in the study were 
all examined for their alcohol content. 

Effect of Lyophilization 

Tissue samples (1.0 g) were homogenized 
with 10 ml methanol and deliberately incu- 
bated for 24 hr at room temperature, so as to 
induce an increase of artifactual esters. At the 
termination of incubation, 2-3 ml of water were 
added and the sample tubes f roien in a dry 
ice-acetone mixture. Control samples were rep- 
resented by liver tissue extracted immediately 
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with chloroform-methanol (2:1) to avoid arti- 
fact formation (9). 

Aliquots of samples were analyzed for 
methyl esters before and after lyophilization. 
Methyl stearate was added to specific specimens 
when losses during sample manipulation were 
being measured. Both residue and condensate 
were checked during these procedures for pos- 
sible loss of fatty acids during lyophilization. 

Effect of Temperature on Methyl Ester Formation 

Livers from 10 mice were homogenized in 
distilled water in ratio of 10 ml/gm tissue. Dis- 
tilled water was used instead of buffer since our 
results were more relevant to lipids than 
enzyme chemistry objectives. The total volume 
was divided into 22 5 ml aliquots. Three 
samples were incubated for 24 hr at each tem- 
perature interval: -30 C, -5 C, +5 C, 25 C, 37 C, 
50 C and 100 C. Several control samples were 
set up as a check on loss through volatilization 
during reflux and for destruction of esters 
already present in the tissue. Some samples 
were refluxed with a known amount of a 
standard ester and checked for percentage 
recovery. Other samples were brought to 100 C 
immediately and refluxed prior to incubation at 
the opt imum temperature (37 C). After 24 hr 
incubation, each sample was extracted rapidly 
with chloroform-methanol (2: 1). Extracts were 
evaporated under nitrogen and crude extracts 
dissolved in hexane for chromatography. 

Chromatography 

Column. Cholesterol esters were separated 
from crude lipid extracts by placing the crude 
lipid dissolved in hexane on a Florisil multibore 
column. The hydrocarbon fraction was re- 
moved with additional hexane and the choles- 
terol ester fraction was eluted with hexane- 
ether (95:5). The latter fraction contained 
sterol esters as well as esters of other alcohols. 

Thin Layer. Cholesterol ester was subfrac- 
tionated further by TLC. Frosted glass plates 
covered with Kieselgel were activated for 2 hr 
at 110 C. Plates were developed by petroleum 
ether-ether (95:5) or heptane-ethyl ether- 
petroleum ether-acetic acid (60:20:20:1).  
Samples were visuahzed by water spray. The 
methyl ester spots were eluted with ether. 

Gas liquid. Methyl ester samples were dis- 
solved in 0.04 ml hexane containing methyl 
heptadecanoate as an internal standard. The 
instrument was calibrated with known amounts 
of methyl esters. The injection port was kept at 
300 C, the detectors at 250 C, and the column 
was temperature programmed from 100 to 
200 C (3.5 C/min). Samples were routinely run 
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FIG. 1. Mouse liver homogenates were incubated at 
different temperatures for 24 hr. Fatty acid methyl 
esters were extracted and measured for each incu- 
bation temperature period. 

by both polar (EGSS-X) and nonpolar (SE-30) 
columns. 

Peaks obtained from biological samples were 
compared with retention times of standard 
fatty acid methyl esters. Quantification was 
accompanied by use of standard and peak 
height measurements. Response of the chro- 
matograph to known concentration of several 
standards was determined. Measurements on 
peaks representing C 8 to C22 methyl esters 
were obtained. 

RESULTS 

The aqueous solution of extracted tissues 
was checked as a possible source of free 
methanol. Under the conditions of our experi- 
ments, a minimum of 0.05 pg of methanol per 
sample could be detected by GLC. In agree- 
ment with previous results (7), no extractable 
m e t h a n o l  from biological material was 
detected. 

In attempts to determine whether the more 
volatile methyl esters were lost during lyophih- 
zation procedures, both residue and condensate 
were measured for appearance of esters on 
GLC. There was no difference between 
amounts of methyl esters found in lyophilized 
and nonlyophihzed tissue residue. Also, as 
expected from the results of the first part of 
the experiment, no peaks were found in the 
condensate of the lyophilized extracts. 

The results from homogenates of mouse hver 
incubated for 24 hr at various temperatures are 
presented in Figure 1. Increasing amounts of 
methyl esters were formed as temperatures 
increased (-30-37.5 C). At temperatures greater 
than 37.5 C, i.e., 50 C and 100 C, a marked 
decrease in methyl esters was measured. Again, 
volatile methyl esters were not lost during 
reflux since control samples demonstrated 96% 
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recovery. Aliquots of the tissue denaturated by 
raising the temperature to 100 C for 1 hr and 
refluxe~ immediately show no increase in ester 
upon incubation at the opt imum temperature 
(37.5 C). However, aliquots of  similar samples 
when not  first refluxed at i00  C doubled in 
amount  of ester formation when incubated at 
37.5 C. 

DISCUSSION 

Whether methyl  esters of fat ty  acids are 
present in tissue as a natural component  or as 
an artifact has been a question in need of clari- 
fication. Some researchers have isolated the 
presumably natural esters from various tissues 
with both  methanolic and nonalcoholic solvents 
(4,5,15). Large amounts were identified in both 
the human and dog pancreas (17,27). More 
recently, lesser amounts were again analyzed in 
the human pancreas by another laboratory 
(21). 

On the other hand, the presence of  car- 
bonate ion in methanol has been reported as a 
catalytic agent in artifact formation of  methyl  
esters (20,22,29). Other researchers considered 
the methyl  esters as artifacts produced during 
extraction procedures or extract manipulat ion 
(10,11,19,30). 

However, both  sources of the esters have 
been cited by yet  another researcher, and an 
enzymatic factor has been implicated (3). Our 
own laboratory previously reported a residue of 
natural ester which could be increased by 
methanolic incubation (7). It is known that 
ethanol has been detected in some tissues 
(6,8,23,24) and also enzymatic formation of 
ethyl esters has been studied (12,23,25). How- 
ever, the present investigation could again 
detect  no free methanol on the tissue, though 
an enzyme directed group transfer is a distinct 
possibility (1,2; also, Axelrod,  personal com- 
munication). Conflicting evidence for the ident- 
ification and amounts of methanol found on 
other tissues has been reported (6,16,18). 

Though this investigation was not  designed 
with an enzymatic reaction in mind, our finding 
gives rise to such consideration and several 
important  points: (a) There is no doubt  that  
methyl  esters can be induced in tissue by the 
presence of  exogenous alcohols, aided by such 
factors as time, temperature,  etc. (b) The 
residual natural es te rs  are not  lost through 
volatilization, even at 100 C. (c) There is some 
factor in the tissue that  is able to increase the 
amount  of ester in the absence of exogenous 
alcohol. The in vitro formation of methyl  esters 
and rapid drop at 50-100 C seems to implicate 
an enzymatic  type reaction. The temperature 
control  (denaturat ion at 100C for 1 hr) prior 

to incubation excludes a chemical reaction at 
higher temperatures or destruction of the ester 
already present. 

Obviously a methyl donor source is available 
to the tissue. While not  explaining the actual 
product ion of the esters, this study does point  
to the fact that some methyl  esters can occur 
by enzymatic reaction. It is believed that these 
considerations are important  from an analytical 
viewpoint. In addition, they raise questions of 
other metabolic significance. 
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Antioxidant Properties of a-Tocopherol Derivatives and 
Relationship of Antioxidant Activity to Biological Activity 
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ABSTRACT 

A series of t~-tocopherol analogs substi- 
tuted at the 5-methyl group were evalu- 
ated for their ability to protect/3-carotene 
dissolved in hydrogenated, tocopheroI- 
stripped corn oil from air oxidation. 
These results were compared with the 
abili ty of these compounds to prevent the 
development of dietary necrotic liver 
degeneration in rats and vitamin E defi- 
ciency-induced muscular dystrophy in 
rabbits. Although a good correlation was 
seen between the antioxidant activities of 
some of the compounds and their bio- 
logical activities, in the case of other com- 
pounds the correlation was poor. The 
importance of the phyty l  side chain of 
the tocopherols and their derivatives for 
their antioxidant  activities was evident 
from these studies. 

INTRODUCTION 

The antioxidant activities of the tocopherols 
and the relationship between their activities as 
antioxidants and their biological activities has 
been much discussed. A comparison of the anti- 
oxidant  activities of a-, 7- and ~-tocopherol was 
recently made using tocopherol-stripped hydro- 
genated corn oil as the substrate. It was found 
that the antioxidant effect of 7-tocopherol was 
greater than that  of 5-tocopherol which was 
greater than that of a- tocopherol  in protecting 
this material from air oxidation (1). Adding 
additional amounts of the tocopherol  to the 
corn oil above a certain opt imum level resulted 
in no greater protect ion from oxidation or in 
the case of very high concentrations even less 
protect ion occurred. In most biological tests, 
a- tocopherol  has greater biological activity than 
does 7- or ~-tocopherol. This is rather 
remarkable in view of the slight differences in 
their structures. For example, 7-tocopherol 
(which differs from a-tocopherol  only in having 
no methyl group in the 5-position) has approxi- 
mately one fifth the activity of a- tocopherol  in 
a variety of biological systems such as resorp- 
tion sterility (2) and respiratory decline in liver 
homogenates of vitamin E deficient animals (3). 
In vitamin E deficiency-induced muscular 
dyst rophy in rabbits, 7-tocopherol was reported 

to be 30% as active as a- tocopherol  (4). 
Recently a series of 5-substituted analogs of 

a- tocopherol  and of a model of cz-tocopherol, 
6 -hy  d roxy-2 ,2 ,5 ,7 ,8 -pen tamethy l  chroman, 
were synthesized and evaluated in a number of 
biological test systems (5,6). We now wish to 
report  the evaluation of these 5-methyl-substi- 
tuted analogs as antioxidants in protecting 
13-carotene from air oxidat ion in tocopherol-  
stripped hydrogenated corn oil. 

EXPERIMENTAL PROCEDURES 

The procedure used was essentially that  of 
Stern, et al. (7). /3-Carotene was added to 
tocopherol  stripped corn oil (1) to give a 900 

TABLE I 

a-Tocopherol Model Compounds 

. o 

R x ~ C H 3 0 ~ ' ~ C  H 3 

c . ~ .  O.c.3 c ~ . o %  3 c'3"~cc"~ "%"31" 'l_ ~-c.3 

Orthoquinone Tetracyanocthylene 
Adduct 

A a B b 
Half-life Per cent 

R R' (hr) Protection 

OH -H 394 24 
OH 4~H 3 375 82 
OH 42H2OH 244 -- 

OH - C H 2 O C H 2 ~  179 61 

OAc CH2CI -- 82 
OH 42H2OCH2CH 3 171 67 
OH -CH2OCH 3 169 15 
OA CH21 -- 24 

OH -CH 2 O C O - ~ _ \ ~  66 0 
1 

OH -CHO 62 21 
Orthoquinone 41 0 
Tetracyanoethylene Adduct -- 0 

OH 42H2N~ /kO 39 19 

OH ~ t t 2 N r - ~  38 3 

OH -CH2N(CH3) 2 35 2 
OH -CH2SC(NH)NH2.HCI 27 2 
- -blank oil 12 

aAntioxidant activity of compounds in protecting #..carotene in hy- 
drogenated tocopherol stripped corn oil at 50 C. 

bpreventive effects of compounds on dietary necr6tic liver rats eval- 
uated at l 0 mg/100 g of diet. 
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a-TOCOPHEROL DERIVATIVES 

TABLE II 

Tocophernl Compounds 

185 

O 
R' CH 3 CH 3 O ~ h / ~  

CH3 CH3 CH CH 
C C 1CH 3 C16H33 

CH 3 C16H33 - ~CH 3 C16H33 UH3 C16H333 

Tocopherolhydro- Tocopherol- Tocopherol- 
Quinone Diacetate quinone orthoquinone 

Aa B b C c 
Half-rife Averse day EDs0 (mg/100 g) 

R R' (hi') of death of diet 

OH CH 3 570 -- 0.53 
Ac CH 3 -- 26 -- 
OH CH2OCH2-C6H 5 263 15 No protection 
OH CH2OCH2CH 3 225 12 12.8 
OH CH2OCH 3 221 24 7.0 
OH CH2SCH2CH 3 180 -- -- 
Ac CH2SCH2CH 3 -- 14 9.6 

OH CH2N/ '~O 58 10 24.0 

OH CH2N O 37 9 No protection 

Ac CH2SCNH(NH2) -- -- No protection 
OH CH2N(CH3) 2 24 16 No protection 
Ac CH2CI -- 18 12.3 
Tocopherolhydroquinone diacetate - -  12 - -  

Tocopherolquinone -- -- No protection 
Tocopherolor thoquinone -- -- No protection 
Blank oil 12 - -  -- 
Negative control -- 7 -- 

aAntioxidant activity of compounds in protecting f-carotene in hydrogenated tocopherol free corn oil at 50 C. 
bpreventive effects of compounds on vitamin E deficiency-induced muscular dystrophy in the rabbit (doses were 50 

mg/g i.v. except a-tocopherol acetate was given at 25 mg/g i.v.). 
Cpreventive effects of compounds on dietary necrotic liver degeneration in rats. 

/~g/ml  s o l u t i o n .  T h e  t o c o p h e r o l  de r i va t i ve s  a n d  
m o d e l  c o m p o u n d s  we re  d i s s o l v e d  in  e t h a n o l  a t  
a c o n c e n t r a t i o n  o f  0.1 m g / m  I a n d  a l i q u o t s  were  
a d d e d  t o  10 m l  o f  t h e  off to  give a f i na l  c o n c e n -  
t r a t i o n  o f  0 . 2 3 3  g m o l e / m l .  T h e  a l c o h o l  w a s  
r e m o v e d  in  v a c u o  a n d  t h e  oi l  was  w a r m e d  
s l o w l y  u n t i l  i t  m e l t e d .  T h e  m i x t u r e  w a s  s t i r r ed  
in  v a c u o  u n t i l  c o m p l e t e l y  m i x e d .  F ive  mi l l i l i t e r s  
o f  t h i s  s o l u t i o n  w e r e  p l a c e d  in  a t u b e  a n d  air 
b u b b l e d  t h r o u g h  it  a t  50  C + 0 .5  C. T h e  d i sap-  
p e a r a n c e  o f  J3-carotene was  f o l l o w e d  s p e c t r o -  
p h o t o m e t r i c a l l y  b y  r e d u c t i o n  o f  a b s o r p t i o n  a t  
4 6 2  m/l .  R e a d i n g s  were  m a d e  t w i ce  da i ly  o n  
c o n t r o l s  a n d  daf fy  o n  s a m p l e s .  T h e  c u r v e s  we re  
p l o t t e d  so t h a t  t h e  ha l f - l i fe  c o u l d  be  de t e r -  
m i n e d .  

RESULTS AND DISt~tUSSION 

T a b l e  I s u m m a r i z e s  t h e  r e s u l t s  o f  t h e  an t i -  
o x i d a n t  s t u d i e s  w i t h  t h e  m o d e l  c o m p o u n d s .  
Hal f - l i fe  v a l u e s  are  ave r ages  o f  a t  l ea s t  t w o  
s e p a r a t e  d e t e r m i n a t i o n s .  As  in  t h e  case  o f  3'- 
t o c o p h e r o l ,  t h e  7 - m o d e l  is a b e t t e r  a n t i o x i d a n t  
t h a n  is t h e  a - m o d e l .  H o w e v e r ,  t h e  a - m o d e l  is 

m u c h  b e t t e r  as a n  a n t i o x i d a n t  t h a n  are  a n y  o f  
t h o s e  a n a l o g s  w h e r e  ~he 5 - m e t h y l  g r o u p  is s u b -  
s t i t u t e d .  

T a b l e  II s u m m a r i z e s  t h e  r e s u l t s  o f  t h e  an t i -  
o x i d a n t  s t u d i e s  u s i n g  a - t o c o p h e r o l  de r iva t ives .  
A g a i n  a - t o c o p h e r o l  is a m u c h  b e t t e r  an t i -  
o x i d a n t  t h a n  are  a n y  o f  i t s  de r i va t i ve s  s u b s t i -  
t u t e d  in  t h e  5 - m e t h y l  p o s i t i o n .  W h e n  o n e  c o m -  
p a r e s  t h e  r e s u l t s  o f  T a b l e  I ( m o d e l  c o m p o u n d s )  
a n d  T a b l e  II ( t o c o p h e r o l  de r i va t i ve s )  t h e  
i m p o r t a n c e  o f  t h e  p h y t y l  s ide  c h a i n  o f  t h e  
t o c o p h e r o l s  as fa r  as a n t i o x i d a n t  a c t i v i t y  
b e c o m e s  a p p a r e n t ,  e.g. ,  t h e  ha l f - l i fe  o f  a -  
t o c o p h e r o l  ( 5 7 0  h r )  vs. t h a t  o f  t h e  m o d e l  c o m -  
p o u n d  ( 3 5 6  hr) .  S imi l a r  c o m p a r i s o n s  o f  t h e  
b e n z y l o x y ,  m e t h o x y  a n d  e t h o x y  de r iva t ive s  
a lso  e m p h a s i z e  t h e  i m p o r t a n c e  o f  t h e  p h y t y l  
s ide  cha in .  S ince  a t  t h e  c o n c e n t r a t i o n s  u s e d  in 
t h e  oil ,  all  o f  t h e s e  de r i va t i ve s  a re  c o m p l e t e l y  
s o l u b l e ,  m o l e c u l a r  c o n f i g u r a t i o n  a n d  o r i e n t a -  
t i o n  in  t h e  oil m u s t  be  i n v o l v e d  in  t h e  g r e a t e r  
p r o t e c t i v e  p o w e r  o f  t h e  t o c o p h e r o l  de r iva t ives .  

T h e r e  is a g e n e r a l  a g r e e m e n t  b e t w e e n  t h e  
r a n k i n g  o f  t h e  v a r i o u s  5 - s u b s t i t u t e d  a n a l o g s  in  
t h e  t w o  ser ies  i n d i c a t i n g  t h a t  s t r u c t u r a l  c h a n g e s  
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in the 5-position influence the antioxidant 
activity in ~ regular manner. It appears that the 
introduction of a basic function on the 
5 - m e t h y l  group (morphofine, piperidine, 
dimethylamino) is detrimental to its antioxi- 
dant activity. 

Tables I and II summarize results previously 
found o~ the preventative effects of tocopherol 
models and derivatives on dietary necrotic liver 
degeneration in rats (5,6). A comparison of 
these data show a certain similarity in rankings 
of biological activities. Here, as in the antioxi- 
dant activities, the importance of the phytyl 
side chain is apparent. It should be recognized, 
however, that we are comparing antioxidant 
activities toward protecting /3-carotene in 
hydrogenated tocopherol stripped corn oil and 
biological activity in protecting against dietary 
necrotic liver degeneration. 

In all cases, the greatest antioxidant activity 
and biological activity of these derivatives is 
with the 5-methyl group intact. However, the 
"r-model had a better antioxidant but poorer 
biological effect. Both ethoxy derivatives show 
good correlation between antioxidant activity 
and biological activities but the methoxy model 
compound does not. The benzyloxy model 
shows a good correlation but the benzyloxy 
tocopherol analog does not. The basic substi- 
tuted derivatives of a-tocopherol and of the 
model compound have both poor antioxidant 
effects and poor biological activity. 

Table II summarizes the biological effects of 
the tocopherol derivatives in vitamin E defi- 
ciency-induced muscular dystrophy in the 
rabbit. None of the model compounds were 
active in this biological system (5). Again, a- 
tocopherol had the greatest biological activity. 
In addition, the methoxy derivative had both 
good biological activity and antioxidant 
activity. However, the dimethylamino deriva- 
tive showed good biological activity but was a 
poor antioxidant. The benzyloxy derivative was 
a good antioxidant but had only fair biological 
activity. 

Bieri and Prival (8) have shown that N- 
methyl-{5-tocopherolamine and N-methyl-7- 
tocopherolamine have high tocopherol like bio- 

logical activity. They also have shown that 
N-methylation of j3- and 7-tocopherolamines 
greatly improves the compounds deposition and 
retention in the liver and their biological 
activities. Gloor, et al. (9) have provided evi- 
dence with 7-tocopherol, a compound with low 
biological activity, that its absorption by tissues 
is not greatly different from that of a- 
tocopherol. 

While some correlation can be seen between 
in vitro antioxidant effects of these vitamin E 
derivatives and certain of their biological 
activities, in vitro antioxidant activity is only 
one of several factors to be considered in 
relating structure to biological activity. It 
would appear that there are some discrepancies 
in the correlation of the antioxidant activities 
of the tocopherol derivatives with their bio- 
logical activities that require explanation 
beyond simply uptake and turn-over of the 
compounds by the tissues and their in vitro 
antioxidant effects. 
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Characterization of the Nonvolatile Compounds Formed 
During the Thermal Oxidation of 1-Linoleyl-2,3 Distearin: 
I. The Nonacidic Fraction 1 
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ABSTRACT 

A compound isolated from the non- 
acidic fraction of thermally oxidized 
1-1inoleyl-2,3-distearin was shown to be 
18-pentatriacontanone. A combination of 
chemical and instrumental analyses was 
used to determine the structure. 

INTRODUCTION 

A review of the literature has shown that 
relatively few nonvolatile nonacidic compounds 
formed in fats heated in the presence of air 
have been identified. Sen Gupta reported 
9-octadecene as a major decomposit ion product  
of methyl oleate heated in an inert atmosphere 
(1). Reddy et al. (2) characterized hydro- 
carbons of 18 carbons or less, alcohols of 10 
carbons or less, aldehydes of 15 carbons or less, 
and ketones of 12 carbons or less, which were 
formed in heated hydrogenated cottonseed oil. 
A n f i n s e n  identified 1-decyl-2-(dec-6"-enyl)- 
cyclohexane as a decomposit ion product  of 
thermally oxidized triolein (3). More recently 
Nawar (4) has reviewed the current literature 
dealing with thermally induced reactions 
occur r ing  under nonoxidative conditions. 
Mechanisms for the formation of hydrocarbon 
and ketonic products are discussed. In this 
report  the isolation and characterization of the 
major nonacidic component  (18-pentatriaconta- 
none) formed as a result of the thermal oxi- 
dation of 1-1inoleyl-2,3-distearin are presented. 

EXPERIMENTAL PROCEDURES 

T e t r a b r o m o s t e a r i c  acid was prepared 
according to the method originally described by 
Rollett  (5) and modified by Frankel  and Brown 
(6 ) .  1 -M ono-(9,10,12,13-tetrabromo)-stearin 
was synthesized by the method of Hartman (7) 
as modified by Anfinsen and Perkins (8). The 

IThis w o r k  represents a portion of  a thesis 
presented by L. R. Wantland as partial fulfillment of  
the requirements  for the Ph.D. degree at the Uni- 
versity of  Illinois. 

2present address: Mead Johnson & Co., Evansville, 
Indiana. 

isopropylidene glycerol was obtained com- 
mercially (Aldrich Chemical Company).  Stearic 
acid was purified by distilling the methyl  esters 
of Neo Fat  18-S (courtesy of Armour  and Com- 
pany). The methyl  stearate (9.9.9%) was saponi- 
fied and the resulting stearic acid was converted 
to the corresponding acid chloride with oxalyl 
chloride according to the method of  Bauer (9). 
1 - (9,10,12,13-Tetrabromo)-stearyl-2,3-distearin 
was synthesized according to the methods of 
Daubert and Baldwin (10) and Hartman (11). 
Debromination (12) of the above gave 1-1ino- 
leyl-2,3-distearin, mp 32-33 C (lit. mp 32-33 C) 
(10). 

Analysis calculated for C57H10606" C, 
77.14;H,  12.04; Found:  C, 77.02; H, 12.06. 

The purity of the synthesized triglyceride 
was further established by the lipase hydrolysis 
procedure of Ast and Vander Wal (13) using 
Lipase 448 (Nutrit ional Biochemical Corpo- 
ration). Gas liquid chromatographic (GLC) 
analysis of the methyl  esters of the resulting 
free fat ty acids indicated the presence of 50.4% 
by weight of linoleate and 49.6% stearate in the 
1 and 3 positions of the triglyceride. GLC 
analysis of the methyl esters of the fat ty acids 
resulting from the acidic hydrolysis of the tri- 
glyceride indicated the presence of 33.7% lin- 
oleate and 66.3% stearate. The percentage of 
isolated trans double bonds in 1-1inoleyl-2,3- 
distearin as quantitatively determined by infra- 
red spectrometry (14,15) using rapeseed oil and 
trielaidin as standards was 5.1%. 

1-Linoleyl-2,3-distearin (147 g) was heated 
for 24 hr at 200 C in a 250 ml round bo t tom 
flask fi t ted with a thermometer ,  a fri t ted glass 
gas dispersion tube, and a heating mantle. The 
flow of compressed air, bubbled through the 
oil, was maintained at a rate of 0.10 ml/min/g 
of oil. Before entering the oil, the air was 
passed through a trap containing 5A molecular 
sieve and anhydrous calcium chloride. During 
the oxidation,  the volatile degradation products 
were allowed to evaporate from the flask. 

GLC was carried out on a Barber-Colman 
Model 10 instrument equipped with a flame 
ionization detector.  Components  were sepa- 
rated on a 6 ft X 4 mm glass column-packed 
with 15% ethylene glycol succinate coated on 
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60-80 mesh Chromosorb W (AW) (Applied 
Science Laboratories, State College, Pa.). The 
column was operated a t 1 8 5  C; detector  210 C 
and injector at 225 C. A column flow of 60 
cc/min o f  Argon was used. 

Carbon hydrogen analyses were carried out 
by  the Clark Microanalytical Laboratory,  
Urbana, Illinois. Infrared spectra were deter- 
mined on a Beckman Model IR-7 spectrophoto- 
meter. Thin layer chromatography (TLC) was 
carried out according to the method of Stahl 
(16). Mass spectra were obtained on a Hitachi 
Perkin-Elmer RMU-6E single focusing instru- 
ment  as previously described (17). A gas chro- 
matographic inlet system was employed for the 
analysis of  mixtures (17). 

Trimethylsilyl ethers were prepared by 
mixing 1 mg of sample with 0 .5  ml of 
bis(trimethylsilyl)acetamide (BSA) and heating 
the mixture under reflux for 10 rain at 110 C. 
Excess BSA was removed under reduced pres- 
sure (0.05ram) at room temperature.  

18-Pentatriacontanone (courtesy of L. Met- 
calf, Armour  & Co., Chicago, IlL) was reduced 
to the corresponding secondary alcohol by 
LiA1H 4. To a suspension of 2 mg of LiA1H 4 in 
20 ml of dry diethyl ether in a 100 ml flask, 
was added dropwise, a solution containing 5 mg 
of the ketone in 30 ml of dry diethyl ether. The 
contents of the flask was swirled throughout  
the addition of the ketone. After  allowing the 
reaction to stand for 20 rain, 30 ml of  H20  and 
3 ml of dilute sulfuric acid were added. The 
ether layer was drawn off and the aqueous layer 
re-extracted with a 20 ml port ion of  diethyl 
ether. The combined ether layers were washed 
free of mineral acid and dried over anhydrous 
MgSO 4. Evaporation of the solvent under 
reduced pressure yielded the alcohol which was 
used without  further purification. 

A modification of the method of Bryant and 
Smith (18) was employed to prepare the oxime 
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derivative of 18-pentatriacontanone. A 10 mg 
sample of the ketone and 10 mg of hydroxyl-  
amine hydrochloride were added to a solution 
of 0.I ml of pyridine and 5 ml of absolute 
ethanol contained in a 10 ml round bot tom 
flask. The mixture was refluxed on a steam 
bath  for 3 hr. The solvent was then removed 
under a stream of  nitrogen and the residue 
washed well with water. The oxime derivative 
was recrystallized from absolute ethanol. 

Isolation of Compound A 

The oxidized triglyceride was saponified 
with 2 N KOH in ethanol to release the substi- 
tuent  fat ty acids. Extraction of the potassium 
soaps with redistilled SkeUysolve F and evapo- 
ration of the petroleum ether resulted in the 
isolation of 991 mg of a light brown nonacidic 
residue. It was noted that  when at tempts to 
dissolve the residue in solvents varying in 
polari ty from n-hexane to methanol at room 
temperature,  a white precipitate persisted. The 
nonacidic mixture was taken up in diethyl 
ether, brought to a boil, and the resulting slurry 
containing the white material was filtered while 
hot. Crystallization of the white material from 
a benzene-ethanol (2: 1) solution yielded 83 mg 
of a substance designated as Compound A 
which represented 8.4% of  the nonacidic frac- 
tion or 0.067% of the  isolated saponification 
mixture. 

RESULTS AND DISCUSSION 

Compound A, isolated from the nonacidic 
fraction of oxidized 1-1inoleyl-2,3-distearin was 
a white crystalline solid, mp 88-89 C. Infrared 
spectrometry (KBr pellet) showed bands at 
1708 cm-1 (ketone) and 721, 732 cm-] (tetra- 
methylene).  Elemental analysis of A found: C, 
83.16; H, 13.78. A mass spectral analysis of A 
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FIG. 2. Mass spectrum of 18-pentatriacontanone (22 ev). 
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(Fig. 1) indicated a molecular weight of 506. 
The molecular weight and the elemental 
analysis are consistent with an empirical 
formula of C35H7oO. Additional support for a 
large number  of carbon atoms was derived from 
the intensity of the mass 507 peak in the mass 
spectrum. It had an intensity, relative to the 
mass 506 peak of 38.1%, which corresponds to 
the presence of 35 carbon atoms (19). 

The base peak in the mass spectrum of com- 
pound A at m/e 267 was assigned to a 
C17H35-C~O + ion fragment and the intense 
p e a k  a t  + 2 8 2  Was ass igned  to  a 
C 17HaS-C(OH)=CH2 fragment. Compound A 
was thus tentatively identified as 18-penta- 
triacontanone (lit. mp 88.4 C) (20). Authentic 
18-pentatriacontanone was compared with 
Compound A as follows; the admixed com- 
pounds melted at 88-89 C and could not be re- 
solved by TLC and GLC. The, oxime of 
18-pentatriacontanone has two reported 
melting points, 62-63 C and 67 C (21). The 

oxime of the unknown melted at 67 C and that 
of the authentic compound at 62-63 C. Re- 
crystallization of both oximes failed "to alter 
their melting points. Finally, the mass spectrum 
of the standard (Fig. 2) was superimposable 
upon that of Compound A. 

Saturated hydrocarbon ions of the formula 
CnH2n+ 1 (n=3-t7) and olefinic ions of the 
formula CnH2n. 1 (n=4-t7) are observable in 
both spectra. The intense peak at m/e 283 may 
be a rearrangement of the m/e 282 fragment. 
Peaks occur in the mass spectrum (70 ev) of 
11-henecosanone at mass 184 (t3-cleavage)and 
at m/e 185 (22). Fragments at mass 58 ~n 
Figures 1 and 2 are+attr ibuted to H20- 
C(CH2)=CH 2 and CHaC(OH)CH 2" ion s (23). 

To further compare Compound A with 
18-pentatriacontanone, both compounds were 
reduced with LiA1H 4 and then silylated with 
BSA. The mass spectrum of the TMS derivative 
of reduced compound A appears in Figure 3 
and is superimposible upon the spectrum of the 

,oo': 

~ 75' 

Z 

5C 

25 

105  
/ 

7.S83 
9Z I I~l l~5 155 Ip7 57 

71 ~" 139 

40 80 L20 160 
M/E 

2 3 9  2~7 
I l I 

zbo z4o zgo s~o 

FIG. 3. Mass spectrum of trimethylsilyl ether of reduced Compound A. 

341 

LIPIDS, VOL. 5, NO. 2 



190 L. R. WANTLAND AND E. G. PERKINS 

TMS derivative of 18-pentatriacontanol. Peaks 
at m/e +75 and 103 we+re assigned to 
(CH3)2Si=OH and (CH3)3Si=OCH 2 fragments, 
respectively, and the intense peak at m/e 341 to 
a CH3(CH2)I6CH=0Si(CH3) 3 fragment. On 
the basis of the reported evideaace, the structure 
of Compound A was established as 18-penta- 
triacontanone. 

18-Pentatriacontanone has been previously 
prepared chemically by heating stearic acid 
with mineral salts (24-29). Since free fatty acids 
are formed by the thermal oxidation of tri- 
glycerides (30), stearic acid exists in the 
reaction medium of thermally oxidized 1-1ino- 
leyl-2,3-distearin. Thermal reaction of this 
stearic acid with trace amounts of metallic salts 
may lead to the formation of 18-penta- 
triacontanone in this manner. 

The formation of 18-pentatriacontanone via 
the oxidation of a triglyceride can be 
rationalized by the following free radical 
mechanism. 

A .O 2 
-CH-OC(CH2) 16CH 3 �9 'C(CH2)I6CH 3 

II II 
0 0 

(l-linoleyl-2,3-distearin) 
2R- 

2 .C(CH2)I6CH 3 t [CH3(CH2) 15_CH=C=O] 2 

IIO I H20'KOH 

CH3(CH2)i 6~(CH2)16CH3 

O 

The "CO-(CH2)  1 6CH3 radical presented above, 
would be stabilized by the location of the un- 
paired electron on either the carbon or the 
oxygen atom of the carbonyl group. Abstrac- 
tion of a proton by a R" species could then lead 
to a ketene dimer. Reaction of the dimer with 
water during saponification would give a /3- 
keto-acid, and subsequent further saponifi- 
cation, the ketone. 
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Characterization of the Nonvolatile Compounds Formed 
During the Thermal Oxidation of l-Linoleyl-2,3-Distearin: 
I1. The Acidic Fraction 1 
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ABSTRACT 

Four  compounds were isolated from 
the acidic fraction of 1-1inoleyl-2,3- 
distearin which was heated at 200 C for 
24 hr with aeration. Following saponifi- 
cation of the oxidat ion mixture, the fat ty 
acids were part i t ioned between ethanol 
and pentane-hexane (Skellysolve F). The 
ethanol soluble acids were subsequently 
esterifled with methanol and subjected to 
further separation by preparative thin 
layer and gas liquid chromatography. A 
combination of  chemical and instru- 
mental analyses as well as a comparison 
with standard compounds was used to 
determine the structures. Substances 
characterized were isomeric C 18 aromatic 
esters, isomeric methyl keto-octadeca- 
n o a t e s ,  isomeric methyl keto-octa- 
decenoates and dimethyl undecane-l ,11- 
dioate. 

INTRODUCTION 

Many workers have characterized the volatile 
degradation products  of thermally oxidized 
fats, however, few have studied the thermal oxi- 
dation products of synthetic triglycerides (1-3). 
In this report,  the characterization of several 
compounds which were isolated from the non- 
volatile acidic fraction of  a synthetic triglycer- 
ide, 1-1inoleyl-2,3-distearin, is presented. 

E X P E R I M E N T A L P R O C E D U R E S  

S y n t h e t i c  1 - l ino leyl -2 ,3-d is tear in  was 
thermally oxidized at 200 C for 24 hr in the 
presence of air (0.10 ml/min/g) (4). The 
resulting material was saponified and the non- 
acidic compounds removed (4). 

Fract ionat ion of  the fatty acids of  the 
saponifiable material was carried out  as sum- 
marized in Figure 1. A 20 g port ion of the oxi- 
dized fat ty acids was parti t ioned between equi- 

1This work represents a portion of a thesis pre- 
sented by L. R. Wantland as partial fulfillment of  the 
requirements for the Ph.D. degree at the University of 
Illinois. 

2present address: Mead Johnson Co., Evansville, 
Indiana. 

l ibrated 80% ethanol and redistilled Skellysolve 
F ( 5 ) .  

Esterification of the resulting polar and non- 
polar fatty acid fraction with 2% sulfuric acid 
in methanol yielded the corresponding methyl 
esters. 

The oxidized methyl  ester fraction was sub- 
jected to further separation by preparative thin 
layer chromatography (TLC) according to the 
method of Stahl (6). The plates were developed 
in a solvent system of Skellysolve F-diethyl 
ether (90:10). After developing and upon 
viewing the plates under ultraviolet light, four 
bands were observed which were scraped from 
each glass plate and pooled into four fractions 
(Fractions 1-4, Fig. 1), prior to extraction of 
the absorbed material with moist ether. An 
analytical TLC plate of  this fractionation is 
presented in Figure 2. 

Preparative GLC was carried out  on a Barber 
Colman Model 5000 gas chromatograph 
equipped with a thermal conductivity detector. 
Two different glass columns were employed:  a 
6 ft X 14.5 mm column packed with 3% OV-17 
coated on 80-100 mesh Chromosorb W (AW- 
DCMS) (Supelco, Inc.), and a 2.5 ft X 14.5 mm 
column packed with 3% OV-101 coated on 
80-100 mesh Chromosorb W (AW-DCMS) 
(Supelco, Inc.). Helium flow rate was 60 
cc/min; samples varying in weight from 2-100 
mg were injected directly onto the columns and 
fractions were collected in glass tubes, using the 
apparatus described by Wood and Reiser (7). 
The collection apparatus operated at approxi- 
mately 90% efficiency. 

Analytical gas liquid chromatograms were 
obtained on a Barber Colman Model 10 gas 
chromatograph equipped with a flame ion- 
ization detector.  Glass columns, 4 mm in 
diameter, contained one of three packings: (a) 
15% I-II-EFF-2BP (an ethylene glycol succinate 
polyester) coated on 60-80 mesh Chromosorb 
W (AW) (Applied Science Laboratories),  (b) 3% 
OV-1 coated on 80-100 mesh Chromosorb W 
(AW-DCMS) (Supelco, Inc.) and (c) 3% OV-17 
coated on 80-100 mesh Chromosorb W (AW- 
DCMS) (Supelco, Inc.). Argon was used as the 
carrier gas. Ester carbon numbers of the un- 
knowns were determined by the method of 
Miwa (8). 
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Fatty Acids from Thermally 
Oxidized I-Linoleyl 2,3 distearin 

I Partitioning Between 8 0 %  
F / Ethanol and Skelly F 
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�9 LEthan~ Soluble Fatty Acids Soluble 

Oxidized Fatty Acids 

l Esterification 
Oxidized Methyl Esters 

Preparative TLC 
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~ gNO 5 - TLC 

Compd C Compd D 

Origin FIG. 1. Fractionation of oxidized fatty acids. 
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Carbon, hydrogen (CH) analyses, deter- 
mination of infrared and mass spectra, analyti- 
cal TLC and preparation of trimefhylsilyl ether 
derivatives were carried out  as previously 
described (4). Ultraviolet (UV) spectra were 
obtained (ethanol solvent) on a Cary Model 11 
M s p e c t r o p h o t o m e t e r .  Nuclear magnetic 
resonance (NMR) spectrometry was performed 
on a Varian Associates Model HA-100 spectro- 
meter (courtesy of Sherwin-Williams Research 
Center, Chicago, Ill.). Quantitative hydro- 
genation of unsaturated fat ty esters (10 -s 
moles) was accomplished using a Brown Micro 
Hydro-Analyzer (Delmar Scientific Labora- 
tories) following the method of Brown (9). 

Substi tuted aromatic compounds (2 mg) 
were oxidized to the corresponding acids using 
the procedure of Vogel (10), except that the 
excess permanganate was removed by bubbling 
ethylene gas through the oxidation mixture. 
The method of  Argoudelis and Perkins was 
employed to determine the position of double 
bonds in unsaturated fat ty esters (11). 

Determination of C-methyl groups was per- 
formed using the Kuhn-Roth oxidat ion by the 
Clark Microanalytical Laboratory,  Urbana, 
Illinois. Neutralization equivalents were deter- 
mined according to the method of Schneider 
(12). 

12-Keto-octadec-9-enoic acid was synthe- 
sized by the procedure of Nichols and Schipper 
(13). 
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Solvent Sys tem- -  Skelly F-Diethyl  

ether ( 9 0 / 1 0 )  

FIG. 2. Thin layer chromatogram of methyl esters 
from thermally oxidized 1-1inoleyl 2,3-distearin. 

RESULTS AND DISCUSSION 

Examination of the nonpolar fat ty acids 
(Fig. 1) by TLC and GLC indicated that the 
acids consisted of approximately 95% unaltered 
fat ty  acids. These acids were 97% stearic acid 
and 3% linoleic acid. Fraction 1 (Fig. 1,2), 
upon analysis by both GLC and TLC, proved to 
be unaltered methyl  esters which were not  com- 
pletely removed by the solvent partit ioning 
process. These esters had the composition 
found for the nonpolar  fatty acid fraction. 

Aromatic Esters 
Preparatory GLC of Fraction 2 from the oxi- 

dized triglyceride methyl ester (Fig. 1) yielded 
Compound B, which on OV-1, OV-17 and EGS 
columns had carbon numbers of 18.7, 19.5 and 
2 3 . 7 ,  respectively. Infrared spectrometric 
analysis showed bands at 1180, 1745 cm q 
(ester); 1495, 1590 cm q (aromatic); and 760 
cm-1 (ortho-disubsti tuted benzene) (14). Ultra- 
violet spectrometric (UV) analysis showed the 
following )t max (log e): 263 m/~ (2.36), 272 
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m/a (2.36), and 278 m/a (1.02). These bands are 
characteristic of an ortho-disubstituted benzene 
(15,16). Oxidation of the unknown with 
KMnO 4 yielded a product whose UV spectrum 
exhibited ~ max at 274 and 281 m/.t. This 
spectrum was superimposable upon that from a 
phthalic acid standard. Esterification of the oxi- 
dation products with diazomethane gave acom-  

POund which could not be resolved by GLC 
from dimethyl phthalate. 

Mass spectral analysis (20 eV) of Compound 
B (Fig. 3) indicated that a base peak at m/e 290 
was the molecular ion. The intensity of the 
(M+I) peak relative to the molecular ion was 
21.0 which related to the presence of 19 carbon 
atoms. A series of prominent peaks was 

% 
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FIG. 4. Mass spectrum of saturated, cyclic monomer from linoleic acid. 
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FIG. 5. Nuclear Magnetic Resonance spectrum of Compound C. 

observed which corresponded to the formula, 
C6H5CnH2n (17). Peaks at m/e = 91, 105, 133 
and 147 (n = 1,2,4 and 5) were especially in- 
tense. The spectrum closely resembled that 
observed by Michael (18) for an aromatic ester 
isolated from anaerobically heated linoleate of 
structure I: 

I 

(x+y= 1 O) 

A standard containing a mixture of aromatic 
esters corresponding to the above formula 
(courtesy of J. P. Friedrick, Northern Regional 
Research Laboratory, Peoria, Ill.) was com- 
pared to Compound B. The mass spectrum of 
the standard (Fig. 4) closely resembled that of 
Compound B. From this comparison, Com- 
pound B was found to contain aromatic esters 
corresponding to the above structure whenever 
x = 2 - 6 and y = 4 - 8. In addition, the IR and 
UV spectra of the two compounds were super- 
imposable. Also, the admixed compounds could 
not be resolved by either TLC or GLC. Thus, it 
was established that Compound B was 
represented by the structure I. 

Keto-Octadecanoates 

Preparative GLC of Fraction 2 (Fig. 1) on 
OV-17 yielded a fraction whose ester carbon 
number was 21.0. However, analytical GLC 
analysis on an EGS column revealed the 
presence of two components with carbon 
numbers of 24.8 and 25.2. Preparative TLC on 

glass plates coated with AgNO3 impregnated 
silica gel (19), using an elution solvent of 
Skellysolve F-diethyl ether (90: 10), resulted in 
the isolation of two components, Compounds C 
(saturated) and D (unsaturated). Analysis of 
Compound C on an EGS-GLC column indicated 
that one component was present (carbon 
number 24.8). This represented 0.011% of the 
isolated methyl esters. 

Infrared spectrometry of the unknown com- 
pound showed bands at 1743, 1175 cm -1 
(ester); 1718 cm -1 (ketone); and 727 cm -1 
(tetramethylene). The presence of a ketonic 
functional group was confirmed by an NMR 
spectrum, reproduced in Figure 5. Overlapping 
triplets, centered at 7.62 and 7.72r were attri- 
buted to 6 protons on carbon atoms a to car- 
bonyl and carboxyl groups, respectively. A set 
of poorly resolved peaks centered at 8.457 was 
attributed to 6 protons on carbon atoms ~ to 
carbonyl and carboxyl functions. In addition, 
chemical shifts were observed at 6.34r 
(methoxy 3H), 8.727 (methylene 1 8 H ) a n d  
9.1 Or (terminal methyl 3H). 

The compound was then analyzed by com- 
bined GLC-MS (20 eV) (Fig. 6). The mass 
spectrum exhibited a parent ion of mass 312. 
This molecular weight was supported by a 
neutralization equivalent of 304 (determined 
on the fatty acid of the unknown). A Kuhn- 
Roth oxidation of the unknown gave 4.11% of 
terminal methyl groups, corresponding to one 
methyl group per molecule. The areas of the 
NMR peaks were then normalized on the basis 
of three terminal methyl protons. The above 
information and the results of an elemental 
analysis are consistent with an empirical 
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FIG. 6. Mass'spectrum of Compound C. 

formula of C19H360 3. Compound C was thus 
tentatively assigned the following structure: 

CH3(CH2)xC(CH2)yCO2CH 3 (x + y = 15) 

A mixture of the unknown and methyl  10 
and 12-keto-octadecanoate could not be 
resolved by TLC or GLC. Elemental analysis of 
Compound C found: C, 72.95; H, 12.12; calcu- 
lated for C19H3603 : C, 73.08; H, 11.54. 

To locate the posit ion of the carbonyl func- 
tion, the mass spectrum of Compound C was 
compared with the spectra of  methyl 10-keto- 
and 12-keto-octadecanoate, all of which had 
been obtained under identical conditions. In 
addition, the mass spectral fragmentation pat- 
tern of the compound was compared with those 
patterns established by Stenhagen for various 
isomeric methyl  keto-octadecanoates (20). 

The base peak in the mass spectrum of Com- 
pound C occurred at m/e = 98. A mass 98 peak 
was also prominent  in the 20 eV spectra of the 
standard keto-esters: 10-keto-Cl8 , 54%; 12 
keto-Cl8 ,  84% relative abundance. These m/e 
98 peaks and other peaks at m/e 84 and 112 
could possibly be represented by the cycloalka- 
none ions postulated in the spectra of long 
chain saturated dibasic esters (21). 

A series of intense peaks in the spectrum of 
Compound C was observed at m/e 129 + 14 n, 
(n = 0 to 11). The most prominent  peaks in the 

series were at masses 185, 199, 2 t3 ,  227, 241, 
255 and 269. Unfortunately,  this series can 
represent two ion fragment types (20): 

[O=C(CH2)yCO2CH3 ] + and 
[(CH2)y. 1 CO2CH3 ] + 

Both types were equally abundant in the 20 eV 
spectra of methyl  10- and 12-keto-octa- 
decanoate. Thus, the prominent  peaks in this 
series indicate that the ketonic group lies in the 
12 through 17 positions or in the 9 through 15 
positions of the C 18 methyl  ester or both.  

Intense peaks observed at masses 111, 125, 
139, 153, 167, 181 and 195 could represent 
[O=C=CH(CHz)y.2] + fragments, which would 
indicate the presence of methyl  8, 9, 10, 11, 12, 
13, 14 and 15-keto-octadecanoates, respec- 
tively. In addition, peaks at 242 and 256 
[ ( C H 2 ( C = O ) ( C H 2 ) y C O 2 C H a + H ]  + can be 
assigned to methyl  1 2 - a n d  13-keto-octadeca- 
noates, respectively, and peaks at 155, 141, 127 
and 113 [CHa(CH2)xC=O]+can be assigned to 
methyl  9, 10, 11 and 12-keto-octadecanoates, 
respectively. Finally,  peaks at 156, 142, 128 
and 11.4 [CHa(CH2)x(C=O)CH2+H]+can be 
at t r ibuted to methyl  10, 11, 12 and 13-keto- 
octadecanoates.  Elimination of a CH30 frag- 
ment from the molecular ion was observed at 
mass 281. 

According to Ryhage and Stenhagen, mass 
spectral fragmentation of 2-keto- and 3-keto- 
esters represent special cases (22). The strong 
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tendency to cleave between adjacent keto- 
groups leads, in the case of a 2-keto-ester, to 
the formation of acylium ions of m/e = (M - 
59), almost to the exclusion of other ions con- 
taining oxygen. Cleavage of a 3-keto-ester 
results in the appearance in the mass spectrum 
of a peak at m/e = (M - 58), which is inter- 
preted as due to the ion formed by loss of a 
molecule of acetone from the molecular ion. 
The absence of intense peaks at (M - 59) and (M 

58) in the mass spectrum of Compound C 
leads to the conclusion that 2- and 3-keto-esters 
are not present in amounts large enough to be 
detected by mass spectrometry. 

On the basis of the reported information, 
Compound C was identified as a mixture of iso- 
meric methyl keto-octadecanoates, with the 
ketone group located predominantly in the 9 
through 15 positions. The formation of ketones 
in heated fats has been postulated as a reaction 
involving the rearrangement of a hydroperoxide 
(23). The precursor of Compound C was likely 
the stearyl acyl group. A saturated C 18 keto- 
ester was recently isolated from heated soybean 
oil (24), but the ketonic positions were not 
determined. 

The compound which was resolved from 
Compound C by preparative TLC was desig- 
nated as Compound D (representing 0.002% of 
the isolated methyl esters). 

The infrared spectrometric analysis (KBr 
pellet) showed bands at 1743, 1175 cm -l 
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(ester); 1718 cm -1 (ketone); 727 cm-] (tetra- 
methylene); and 970 cm -1 (trans-double bond). 
The mass spectrum (20 eV) of Compound D 
(Fig. 7) indicated a molecular weight of 310, 
formally consistent with a methyl keto-octa- 
decanoate. Loss of CH30 + and (CH30 + H) + 
fragments from the molecular ion were repre- 
sented by peaks at m/e 279 and 278, respec- 
tively. As in the spectrum of Compound C, the 
base peak in the mass spectrum of Compound 
D was observed at m/e 98. 

When the remainder of the spectrum of 
Compound D was compared with that of Com- 
pound C, many similarities were observed. 
However, the spectrum of Compound D was 
more complex. Intense peaks which were dis- 
cernible only in the spectrum of Compound D 
were tentatively assigned to olefinic fragment 
ions. Because of the general indistinguishability 
of the spectra of double bond positional iso- 
mers (25), no conclusions about double bond 
positions in Compound D could be drawn from 
these olefinic fragment ions. 

Up on  quanti tat ive micro-hydrogenation 
(NaBH4) , the unknown absorbed 0.89 moles of 
hydrogen/mole sample. When the hydrogenated 
sample was mixed with a methyl 12-keto-octa- 
decanoate standard, the two components could 
not be resolved by either GLC on an EGS 
column, or by TLC on glass plates coated with 
silver nitrate-impregnated Silica Gel G. Mass 
spectrometric analysis indicated that the hydro- 
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FIG. 8. Mass spectrum of the di-trimethyl silyl ether derivative of hydroxylated Compound D. 

genated unknown had a molecular weight of 
312, corresponding to a keto-octadecanoate.  It 
was further observed that  the spectrum of the 
hydrogenated unknown was superimposable on 
that  of Compound C. 

Thus, it was assumed that the ketonic group 
in Compound D was located predominantly in 
positions 9-t5 as found in Compound C. 

In order to establish the positions of the 
double bond in Compound D, methyl 12-keto- 
octadec-9-enoate (II) was first examined. 
Hydroxylat ion followed by silylation of (II), 
gave the ditrimethylsilyl  ether derivative. This 
derivative should fragment between the carbon 
atoms bearing the substituent groups (11). 

The base peak in the mass spectrum (20 eV) 
of the silyl ether derivative occurring at mass 
259 has the structure at tr ibuted to the ion con- 
taining the ester function: 

+ 
(CH3)3-Si'O=CH(CH2)7 CO2 CH3 

The fragment corresponding to the remainder 
of the molecule (m/e 229), is as follows: 

0 II + 
CH3(CH2)5-C-CH2-CH=O Si (CH3) 3 

However, this ion was not observed, probably 
due to further decomposit ion of the carbonyl 
containing fragment. Other peaks occurred at 
mass 113, CH3(CH2)~; 157, +(CH2)TCO2CH3; 
399, [M - (CH~)3-SiO] +; 473, [M - CH 3 ] +; and 
75, (CH3)2 Si=OH. 

Unknown D was similarly treated with 

OsO4, followed by BSA. The mass spectrum of 
the di-TMS derivative (Fig. 8) (20 eV) exhibited 
a mass 75 peak, indicative of silyl ethers. In 
addition, two homologous series were observed: 
the first appeared at masses 159, 173, 187, 201, 
215, 229, 243, 257 and 271, and the second at 
masses 217, 231, 245 ,259  and 273. Addit ional  
peaks in the second series were observed at 
masses 315 ,329  and 343. 

For  an understanding of the possible origin 
of the ions represented by these two series, it is 
necessary to consider that Compound D can be 
represented by two structures (III) and (IV), 
which differ only in the relative positions of the 
double bond and the ketonic groups. 

(lII) 
CH3(CH2) 1 ~(CH2)mCH=CH(CH2)nCO2CH3 
(1 + r e + n =  13) 

(iv) 0 
CH3(CH2)rCH=CH(CH2)sC(CH2)tCO2CH 3 
( r §  13) 

If both  types (III) and (IV) are present in Com- 
pound D then two corresponding types of di- 
TMS derivatives, (V), and (VI), would be 
formed upon hydroxylat ion and subsequent 
silylation of Compound D. 

(111) (a) OsO 4 

(b) B S A ~  o(CH3'3~O ~0 (CH3,3 

c.3,c.2J, .2,Jc,- .,c.2,.co2c.3 
(v) 
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TABLE I 

Possible Fragment Ions Occurring From the Di-TMS Derivatives of CompoundsD 

O (CH3)3~iO o~i(CH3)3 (CH3)3~io i (CH3)30 

II I I I I II 
CH3(CH 2) IC(CH2)mCH-CH(CH 2 )nCO2CH 3 (V) CH3(CII2)rCH..('It(('II2)s('(cH2)tCO2CH 3 (VI)  

( l + m + n =  13) ( r + s + t  = 13) 

,o, 

ff 
O * +O O+ +O 
I I J I 
Si(CH3) 3 Si(CH3) 3 Si(('tl3) 3 Si(('tl3) 3 

(VII)  (VIII )  ( IX)  (X) 

Original Original Original Original 
double bond doublc bond doublc bond double bond 

l+m m/c position n m/e position r m/c position s*t In/e position 

1 159 14 4 217 6 3 159 13 2 217 5 
2 173 13 5 231 7 4 173 12 3 231 6 
3 187 12 6 245 g 5 187 II 4 245 7 
4 201 II 7 259 9 6 201 I0 5 259 8 
5 215 10 8 273 10 7 215 9 t~ 273 9 
6 229 9 II 315 13 8 229 8 9 315 12 
7 243 8 12 329 14 9 243 7 10 329 13 
8 247 7 13 343 15 10 257 t~ t i  343 14 
9 271 6 II 271 5 

(IV) (a) OsO 4 (CH3)35= Si(CH3) 3 
, / 

Ctt3(CH2lrCH-CHICH2lsCICH2)IC02CII 3 

(Vl) 

Mass spectral fragmentation of these two di- 
TMS derivatives between the carbon atoms 
bearing the silyl ethers, could then produce as 
many as four ion fragment types, (VII) to (X), 
all of which are presented in Table I. Each type 
can be represented by a homologous series. The 
individual ions that could be present in these 
four series are also illustrated in Table I. Un- 
fortunately, the series attributed to ion types 
(VIII) overlaps with the series assigned to ion 
type (IX), and the series assigned to ion type 
(VII) overlaps with the series assigned to ion 
type (X). Thus, from the data in Table I, it can 
be observed that the series of ions, appearing in 
the mass spectrum of the di-TMS derivative of 
Compound D, which ranges in mass from 159 
to 271, could be attributed to ion type (VII) or 
(IX). ttowever, since ions of type (VII) were 
not observed in the spectrum of the di-TMS 
model compound (II), the series ranging from 
159 to 271 was tentatively attributed to ions of 
type (IX). If this assumption is correct, it is 
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indicative that the double bond in Compound 
D is located in positions 5 to 13. 

Finally, the series which ranges from mass 
217 to 273 and from 315 to 343 can represent 
ion types (VIII) and(X).  It was not determined 
by a study of any model compound, whether 
either type predominates in a 20 eV spectrum. 
From Table I, it can be observed that this 
second series could indicate that the double 
bond in Compound D is located in positions 6 
to lOand 13to  15, or position 5 t o 9 a n d  12to  
14 or both. 

a,/3- Unsaturated ketones were apparently 
absent due to the lack of an absorption band at 
215-250 m# in the UV spectrum and at 
1665-1685 cm -I in the IR spectrum. 

On the basis of the reported information, 
Compound D was therefore identified as an iso- 
meric mixture of methyl keto-octadeccnoates, 
wherein the double bond is located pre- 
dominantly in the 5 to 15 position and the 
ketonic group in the 9 to 15 position. 

The formation of Compound D from linoleic 
acid can be rationalized by considering thc 
formation of an epoxide at one of the double 
bonds, and the subsequent rearrangement of 
the epoxide to a ketone (26) to give a mono- 
unsaturated keto-ester. The apparent absence of 
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FIG. 9. Mass spectrum of Compound E. 

an cz- /3- unsaturated keto group is evidence 
against the following mechanism: 

R CIt, C|t=CIt R' ~ R-CII C|I=(H R' 

I 
OOIl 

R-(H-('H=Ctl �9 R' R--f'-CH=CII-- R' 

O' 

A monounsaturated keto-ester was isolated 
from thermally oxidized soybean oil (24) but 
the authors did not determine the position of 
the double bond and the ketone group. 

Dibasic Ester 

Compound E (representing 0.005% of the 
isolated methyl esters) was isolated from Frac- 
tion 3 (Fig. 1) by preparative GLC on an 
OV-101 column. 

Infrared spectrometric analysis of the un- 
known compound indicated bands at 1740, 
1175 cm -1 (ester); and 727 cm "l (tetra- 
methylene). No absorption was detected in the 
UV spectrum. 

The mass spectrum (20 eV) of the unknown 
(Fig. 9) exhibited a base peak at m/e 98. This 
was also the base peak for unknown Com- 
pounds C & D, which were identified as keto- 
esters; but a ketonic absorption band was not 
visible in the IR spectrum of Compound E. 
However, as previously mentioned, a strong 

peak at m/e 98 is characteristic of long chain 
saturated dibasic esters (21). The mass 
spectrum of the unknown was, therefore, com- 
pared with published spectra of dibasic esters. 
According to Ryhage and Stenhagen (21), 
spectra of dibasic esters do not exhibit an 
intense molecular ion. However, strong peaks at 
(M - 31) and (M - 73) as well as at masses 98 
and 112 should be present. From Figure 9, a 
strong peak at mass 213 was interpreted as loss 
of a CH30 fragment from the small peak at 
244. A molecular weight of 244 is consistent 
with methyl undecane-l,11-dioate. Therefore, 
the mass spectrum of the unknown was com- 
pared with those of methyl decane-l,10-dioate 
and methyl dodecane-l,12-dioate, all of which 
were obtained under identical conditions. From 
this comparison, Compound E was identified as 
methyl undecane-l,11-dioate. 

Supportive evidence for this conclusion was 
obtained from three additional sources. First, 
the unknown had an experimental neutrali- 
zation equivalent of 113 (108 calculated for 
methyl undecane-l , l l -dioate) .  Second, when 
the  unknown  was mixed with methyl 
dodecane-l,12-dioate, resolution of the two 
components was not shown by TLC. Lastly, 
GLC analysis of Compound E indicated ester 
carbon numbers of 13.7 and 18.4 on OV-I and 
EGS columns, respectively, which is consistent 
with the literature (27). It has been suggested 
that dibasic acids could be produced by 
secondary oxidation of unsaturated fatty acids. 
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The Stereochemistry of Phytanic Acid in Refsum's Syndrome 
A. K. LOUGH, Rowett Research Institute, 
Bucksburn, Aberdeen, Scotland, AB2 9SB 

ABSTRACT 

Phytanic acid has been isolated from 
the total  lipids o f  the liver of a human 
suffering from the disease, Refsum's 
Syndrome (Heredopathia atactica poly- 
neuritiformis). Optical rotat ion measure- 
ments were made on the acid, and on the 
k e t one 6,10,14-trimethylpent adecan-2- 
one which resulted from the oxidative 
degradation of the acid and the reductive 
ozonolysis of phytol.  From a comparison 
of the optical ro ta tory  dispersion curves 
of the ketone and from the optical 
rotat ion data for the acid it is concluded 
that the phytanic  acid isolated has the 
configuration 3-DL 7-D l l -D  15 tetra- 
methylhexadecanoic acid with the 3-L 
diastereoisomer predominating. 

INTRODUCTION 

The  o c c u r r e n c e  o f  p h y t a n i c  acid 
(3,7,11,15-tetramethylhexadecanoic acid) in 
the tissue lipids of  humans suffering from 
Refsum's Syndrome (Heredopathia atactica 
polyneuritiformis) has been the subject of a 
number of investigations, among which are 
studies relating to the stereochemistry of the 
acid. From evidence obtained by means of gas 
liquid chromatography (GLC) using butanediol  
succinate polyester  as stationary phase in open 
tubular columns of high resolving capacity, it 
has been suggested (1) that phytanic acid from 
the tissues of Refsum's subjects comprises two 
isomers (in varying proportions),  namely the 
diastereoisomers 3-DL, 7-D, 1 I-D (DDD, LDD). 
However, these findings are somewhat equi- 
vocal since it has been pointed out (2) that on 
liquid phases and column support materials, 
both  of which are optically inactive, GLC does 
not  effect the separation of optical antimers 
(e.g., DDD from LLL and LDD from DLL). 

Isler et al. (3) established the absolute 
configuration of the centers of asymmetry in 
the side chain of phylloquinone by comparing 
the optical ro ta tory  dispersion (ORD) curves of 
the ketone 6,10,14-trimethylpentadecan-2-one 
prepared from natural phylloquinone with that 
of known configuration derived from natural 
phytol  (4,5).This procedure has now been applied 
tophytanic  acid which was isolated,post-mortem, 
from the tissues of a Refsum's subject (6). 

MATERIALS AND METHODS 

GLC Conditions 

GLC analyses were made with a Pye Argon 
Chromatograph at 185 C using 4 ft x 4 mm 
columns with column packings of 5% Apiezon 
L or 15% polymerized ethylene glycol adipate 
on acid-washed Celite 545 (Shandon). 

TLC Conditions 

Thin layers of Kieselgel G (Merck) were 
prepared on glass plates and chromatography 
was carried out as described by Malins and 
Mangold (7). 

Infrared Spectroscopy 

Samples of the ketone were subjected to 
infrared analysis as thin films between rock-salt 
discs by using a twin-beam spectrophotometer  
model SP 200 (Unicam). 

Optical Rotation Measurements 

Phytanic acid was examined in chloroform 
solution in a Peepol 60 (Bellingham and 
Stanley) fi t ted with an SP 500 monochromator  
(Unicam). Samples of the ketone were analyzed 
in methanol solution in a Polarmatic 62 
(Bellingham and Stanley/Bendix Ericsson) auto- 
matic recording spectropolarimeter.  

Reductive Ozonolysis of Phytol 

Phytol  (Koch-Light Laboratories Ltd.) was 
freed of  contaminants by column chromato- 
graphy on silicic acid ( M a l l i n c k r o d t ) f r o m  
which it was eluted with 3% diethyl ether in 
petroleum ether (40-60 C). The purified phytol  
(3 g) was subjected to reductive ozonolysis (8) 
and the resulting product  was chromatographed 
on a column of silicic acid using 1% diethyl 
ether in petroleum ether (40-60 C) as eluting 
solvent. The product  (1.8 g) showed a single 
component on TLC. GLC showed a single 
component of carbon number 15.1 on Apiezon 
L and 15.4 on polymerized ethylene glycol 
adipate. 

Isolation of Phytanic Acid From Liver 

A sample of liver obtained freshly post- 
mortem from a Refsum's subject (6) was finely 
ground and then refluxed for 11/2 hr with 0.5 N 
ethanolic KOH. The total  fa t ty  acids were 
converted to methyl  esters which were reacted 
with mercuric acetate according to Mangold 
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and Kammereck (9). The saturated fatty acids, 
as methyl esters, were segregated by chromato- 
graphy on a silicic acid column from which 
they were eluted with 1% diethyl ether in 
petroleum ether (40-60 C). Phytanate was iso- 
lated by passing a solution of  the saturated 
fat ty acid esters in iso-octane through columns 
of urea as described by Cason et al. (10). 

Ident i ty  of the phytanate,  which was 
produced in a yield of 4 g from 130 g liver, was 
e s t a b l i s h e d  b y co-chromatography with 
authentic methyl phytanate (11) using GLC on 
polar and nonpolar  phases; in addition, infrared 
spectroscopy of the ester as a thin film between 
KBr discs gave a spectrum which was identical 
with that  of synthetic phytanate (11). 

Phytanic acid isolated from liver had [a125 
-1.98Vc 10.0 2 d c in CHC13 and [a] ~o5o -2.80 ~ 
c l 0 . 0 2 d c i n C H C 1 3 .  

Oxidation of Phytanic Acid With Permanganate 

Phytanic acid (2.9 g) was refluxed with 
KMnO4 (29 g) in acetone (725 ml) for 30 hr. 
The ketonic products were isolated according 
to Murray (12), yielding 0.85 g material of 
which some 80% was found by GLC to com- 
p r i s e  the ketone,  6,10,14-trimethylpenta- 
decan-2-one (11 ). 

The ketonic fraction was subjected to a dry 
column procedure of chromatography (13) 
using a column 30 x 2 cm i.d. packed with 
silicic acid to a height of 25 cm. The mixture of 
ketones was added in 3 ml 3% diethyl ether in 
petroleum ether (40-60 C) and the column was 
developed with this solvent. When the entire 
column was wetted with solvent, the mixture 
was changed to 0.5% diethyl ether in petroleum 
ether (40-60 C) and chromatography was con- 
tinued until 500 ml solvent had passed through 
the column. Fractions obtained by ether 
extraction of 1 cm segments of the silicic acid 
were examined using TLC and GLC. It was thus 
found that two of the fractions consisted of a 
single component;  the carbon numbers of the 
component  on Apiezon L and on polymerized 
ethylene glycol adipate were 15.1 and 15.4, 
respectively. The ketone in the pooled fractions 
(450 rag) was found to co-chromatograph pre- 
cisely on GLC (polar and nonpolar phases) with 
6 ,10,14- t r imethylpentadecan-2-one prepared 
from phytol,  and gave an infrared spectrum 
(14) identical with that of the reference ketone. 

RESULTS AND DISCUSSION 

The ORD curves were determined for each 
ketone in methanol solution over the range of 
wavelength 230-400 rap. Each curve showed a 
single positive Cotton effect of similar form 

which was delineated by the following values: 
6 ,10 ,14- t r imethy lpen tadecan-2-one ,  derived 
from phytol;  ORD in methanol (c, 1.2), 25~ 
[r O~ [r  + 40~ [r -57~ [~]233 
-46 : ketone, derived from phytanic acid; ORD 
�9 O + O 
m methanol (c, 2.0), 25 ; [r  7 . 8 ,  
[~]300 + 35.3~ [r  -55~ [r  -59~ 

Since enantiomorphs have ORD curves 
which are mirror images about the zero ordi- 
nate (15), the close correspondence of the ORD 
curves (amplitudes of  +1.0 and +0.9 for the 
ketones from phytol  and phytanic acid, 
respectively) is indicative that the two ketones 
have essentially the same configuration, namely 
6-D, 10-D. The asymmetric centers at carbons 6 
and 10 of the ketone correspond to those at 
carbons 7 and 11 respectively of phytanic acid, 
and thus the configuration suggested by the 
results obtained from ORD measurements is in 
agreement with that assigned by Eldjarn et al. 
(1) from GLC investigation. 

The ORD curves of the two ketones are of 
closely similar form but are not  perfectly 
coincident. Though measurement of optical 
rotat ion at low wavelengths is known to present 
some difficulty (15,16) the possibility that 
isomers other than that of  the 6-0,  10-D 
configuration may also be present, albeit in 
small amount,  cannot be precluded. 

The ORD curves obtained by Mayer et al. 
(3) in their examination of the ketone 
6,10,14-trimethylpentadecan-2-one were of the 
plain positive type. That no Cotton effect was 
observed is presumably because rotat ion 
measurements were made using solutions of the 
ketone in a nonpolar  solvent, namely octane 
(16), and no measurements were made below 
340 rap. 

Kates et al. (14) established unequivocally 
the configuration of the phytanyl  groups in 
lipids of Halobacterium cuticubrum. Included 
among their results are optical rotat ion 
measurements of phytanic acid from which it 
can be deduced that the phytanic acid ([a]l~S 
-1.98) from the Refsum's subject has two 
consti tuent diastereoisomers (i.e., DDD and 
LDD) of which the LDD form predominates; 
the ratio LDD:DDD is about 2. This value for 
the ratio LDD :DDD is within the range 1.5-3.5 
reported by Eldjarn et al. (1) in their investi- 
gation (GLC) of phytanic acid from the plasma 
of a number of Cases of Refsum's Syndrome. 

It is concluded that the diastereoisomers 
DDD, LDD of phytanic acid from the liver of 
the Refsum's patient were derived either 
directly from phytol  [dietary chlorophyll 
(17-19)] or indirectly from phytol  as pre- 
formed phytanic acid, e.g., from fish (20), meat 
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i 21 ,22 )  and  da i ry  p r o d u c t s  (23 ,24) .  This  con-  
c lus ion  acco rds  w i t h  the  f ind ings  o f  E ld ja rn  et 
al. (1).  

ACKNOWLEDGMENTS 

P. M. Scopes, Westfield College, London, provided 
the optical rotatory dispersion measurements, and 
F. M. Black and L.J .  Anderson provided technical 
assistance. 

REFERENCES 

1. Eldjarn, L., K. Try, R. G. Ackman and S. N. 
Hooper, Biochim. Biophys. Acta 164:94-100 
(1968). 

2. Maclean, I., G. Eglinton, K. Douraghi-Zadeh, R. 
G. Ackman and S. N. Hooper, Nature (London) 
218:1019-1024 (1968). 

3. Mayer, H., U, Gloor, O. Isler, R. Ruegg and O. 
Wiss, Helv. Chim. Acta 47:221-229 (1964). 

4. Burrell, J. W. K., L. M. Jackman and B. C. L. 
Weedon, Proc. Chem. Soc. 1959:263-264. 

5. Burrell, J. W. K., R. F. Garwood, L. M. Jackman, 
E. Oskey and B. C. L. Weedon, J, Chem. Soc. 
1966:2144-2154. 

6. Lawson, I. R., P. V. Best and A. K. Lough, to be 
published. 

7. Malins, D. C., and H. K. Mangold, JAOCS 
37:576-578 (1960). 

8. Fischer, F. G., and K. Lowenberg, Justus Liebig's 
Annln. Chem. 464:69-90 (1928). 

9. Mangold, H. K., and R. Kammereck, Chem Ind. 
1961:1032-1034. 

10. Cason, J., G. Sumrell, C. F. Allen, G. A. Gillies 
and S. Elberg, J. Biol. Chem. 205:435-447 
(1953). 

11. Lough, A. K., Biochem. J. 91:584-588 (1964). 
12. Murray, K. E., Australian J. Chem, 12:657-670 

(1959). 
13. Loev, B., and K. M. Snader, Chem. Ind. 

1965:15-16. 
14. Kates, M., C. N. Joo, B. Palameta and T. Shier, 

Biochemistry 6:3329-3338 (1967). 
15. Klyne, W., "Advances in Organic Chemistry: 

Methods and Results," Vol. 1, Edited by R. A. 
Raphael, E. C. Taylor and H. Wynberg, Inter- 
science Publishers, Inc., New York, London, 
1960. 

16. Djerassi, C., "Optical Rotatory Dispersion: Appli- 
cations in Organic Chemistry," McGraw-Hill Book 
Co., New York, 1959. 

17. Stoffel, W., and W. Kahlke, Biochem. Biophys. 
Res. Commun. 19:33-36 (1965). 

18. Steinberg, D., J. Avigan, C. Mize and J. Baxter, 
Ibid. 19:412-416 (1965). 

19. Baxter, J. H., and D. Steinberg, J. Lipid Res. 
8:615-620 (1967). 

20. Ackman, R. G., and S. Hooper, Comp. Biochem. 
Physiol. 24:549-565 (1968). 

21. Hansen, R. P., Chem. Ind. 1965:303-304. 
22. Hansen, R. P., New Zealand J. Sci. 8:158-160 

(1965). 
23. Sonneveld, W., P. Haverkamp Begemann, G. J. van 

Beers, R. Keuning and J. C. M. Schogt, J. Lipid 
Res. 3:351-355 (1962). 

24. Hansen, R. P., F. B. Shorland and J, D. Morrison, 
J. Dairy Res. 32:21-26 (1965). 

[Rece ived  J u n e  ~, 1969]  

LIPIDS, v o L .  5, NO. 2 



Metabolic Control in Isolated Brown Fat Cells 1 

OLOV LINDBERG,  STANLEY B. PRUSINER 2, BARBARA CANNON,  TE MAY CHING 3 and 
R. H. EISENHARDT 4 Wenner-Gren Institute, University of Stockholm, Stockholm, Sweden 

ABSTRACT 

Experiments with brown fat cell prep- 
arations from the adult hamsters are de- 
scribed. The mitochondria of brown adi- 
pose tissue were shown to have a classical 
electron transport system. The basal 
respiration of brown fat cells was demon- 
strated to be coupled to oxidative phos- 
phorylation. Evidence is presented for 
partial uncoupling of oxidative phospho- 
rylation as a mechanism for controlling 
respiration during norepinephrine stim- 
ulation. Exogenously added fatty acids 
were found to mimick the norepinephrine 
s t i m u l a t i o n  of respiration. Norepi- 
nephrine and cyclic AMP were shown to 
have no effect on brown fat mito- 
chondria.  Experiments with labeled 
oleate showed that the triglyceride re- 
esterification cycle does not control 
respiration in brown adipose tissue. 

INTRODUCTION 

The general trend in phylogeny has been the 
development of systems for the conversion of 
chemically bound energy into physical work 
with the highest possible efficiency. Thus, oxi- 
dative systems have evolved whereby the re- 
quirements of the cell for energy regulate the 
release of chemical energy bound in the sub- 
strates. This device has reached its highest de- 
gree of efficiency in what we know as mito- 
chondrial oxidative phosphorylation. 

In recent years, one of the physiological 
roles of brown adipose tissue has been demon- 
strated to be heat production (1,2). In contrast 
to the usual situation noted above where nature 
attempts to conserve energy with highest pos- 
sible efficiency, the production of heat would 
seem to require a low efficiency system. 

It might be inappropriate to implicate the 
usual mechanisms for the regulation of respira- 

lone of nine papers to be published from the 
Symposium "Brown Adipose Tissue," presented at the 
AOCS-AACC Joint Meeting, Washington, D.C., March 
1968. 

2Fellow of Medical Student Research Training Pro- 
grams, University of Pennsylvania, Philadelphia, Pa. 

3Oregon State University, Corvallis, Oregon. 
4Harrison Department of Surgical Research, Uni- 

versity of Pennsylvania, Philadelphia, Pa. 

tion in brown adipose tissue since this tissue has 
as its objective the liberation of thermal energy. 

Electron micrographs of the brown fat mito- 
chondria show essentially the same features as 
the mitochondria of other tissues (3). However, 
brown adipose tissue appears to have several 
distinctive biochemical characteristics which 
separate it from other tissues. The experiments 
below attempt to illustrate some of these 
unique features. The results are discussed in 
terms of cellular mechanisms which conserve 
and dissipate energy. 

EXPERIMENTAL PROCEDURES 

The following experiments were carried out 
on brown fat cells isolated from adult hamsters. 
All of the respiratory measurements were made 
with a Clark type oxygen electrode equipped 
with an electronic differentiator in the 
recording circuit (6; also, Eisenhardt, personal 
communication, and Liljesvan, personal com- 
munication). 

As shown in Figures 1 and 2, the basal rate 
of oxygen consumption can be strongly stimu- 
lated by norepinephrine (NE) as well as suc- 
cinate or a-glycerol phosphate (GP). Other sub- 
strates did not increase oxygen consumption 
measureably. The NE-mediated respiration is 
pyridine nucleotide linked as seen by its 
rotenone sensitivity (Fig. 1). The entire system 

ROTENOIE 

" 1 

"Tsf 
o i i i i k li '~ 

Time I~ minutes 

FIG. 1. Stimulation and inhibition of 02 uptake in 
brown fat ceils incubated in Krebs Ringer phosphate 
buffer pH 7.4 at 23 C. Final suspension contained 2% 
cells by volume and 0.4% Pentex Bovine Serum 
Albumin, Fraction V. Additions: 10 mM succinate, 12 
mM GP, 0.04/~g/ml NE, 0.3 IIM rotenone. 
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T . 41 n 

o i t :t /, s 6 ') ii 9 Io 
Time in minuhts 

FIG. 2. Conditions as in Figure 1. Additions: 1 
pg/ml antimycin, 100 p.M TMPD, 1 mM azide. 

(Fig. 2) is inhibited by antimycin or azide, and 
the antimycin block can be bypassed by 
N , N , N ' , N ' ,  tetramethyl-p-phenylenediamine 
(TMPD). These experiments strongly suggest 
that brown adipose tissue has a classical mito- 
chondrial electron transport system as evi- 
denced by its normal response to inhibitors. 

The action of NE appears to proceed via the 
adenyl cyclase system that activates a lipase 
which then releases free fatty acids from trigly- 
ceride stores (2,3,5,7-9). The above demon- 
strated sensitivity of NE stimulated respiration 
to rotenone is consistent with this idea. Subse- 
quent experiments in this paper show that NE 
stimulated respiration can be mimicked by 
exogenously added fatty acids (5). 

The response of isolated cells to NE alone is 
shown in Figure 3. The initial, marked increase 
in oxygen consumption appears to be transient. 
The subsequent decrease in respiration is not 
caused by a loss of activity of added NE, as 
further addition has no effect. However it is 
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FIG. 4. Release 
brown adipose cells 
ditions as in Figure 
/.tg/ml oligomycin. 

and inhibition of respiration of 
by FCCP and oligomycin. Con- 
1. Additions: 7 p.M FCCP and 4 

probably caused by intermediates which 
accumulate when the cellular metabolism is 
stimulated by NE. 

The basal respiration can be increased by the 
addition of the uncoupler carbonyl cyanide 
p-trif luoromethoxyphenylhydrazone (FCCP), 
shown in Figure 4. The increased respiration is, 
however, of a transient nature and is followed 
by an inhibition which can be further 
accentuated by oligomycin. 

RESULTS A N D  DISCUSSION 

These results mean that the increased respir- 
ation is caused by an uncoupling of oxidative 
phosphory!ation. As fatty acids need to be 
activated by ATP prior to oxidation, the extra 
uptake of oxygen elicted by FCCP is presum- 
ably equivalent to the amount  of activated 
fatty acids present in the cell before the added 
FCCP cuts off the energy supply for substrate 
activation. The effect of oligomycin is also 
interpreted as an inhibition of the generation of 
ATP needed for substrate activation. Why the 
effect of the two agents is additive, however, is 
not known. 

130" 
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FIG. 3. Stimulation of brown adipose cells with 
NE. Conditions as in Figure 1. 

40J FCCP 

E 30 OEIGOM. 

0 1 2 3 4 w 6 7 II 
Time in minutes 

FIG. 5. Effect of FCCP and oligomycin on brown 
fat ceils stimulated with a half maximal dose of NE. 
Conditions as in Figure 1. 
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FIG. 6. Effect of FCCP on brown fat cells stimu- 
lated with a maximal dose of NE. 

The transient stimulatory effect of FCCP on 
isolated cell suspensions of brown adipose 
tissue is gradually decreased as the respiration 
of the cells is elevated by increasing concen- 
trations of NE. Figure 5 illustrates a study 
where a half maximal dose of NE was added, 
and Figure 6 a study where a maximal dose of 
NE was used to stimulate respiration. Figure 7 
shows how the FCCP-peak decreased with 
increasing amounts of NE being added. 

From these experiments it is quite obvious 
that brown fat cells can carry out electron 
transport coupled phosphorylation and that the 
basic respiration of these cells is controlled by 
phosphorylation according to the generally 
accepted concept for the respiration of other 
systems. In the NE stimulated cell, respiration 
may not be primarily limited by the capacity of 
the phosphorylating system which, however, is 
active enough to produce all the ATP needed 
for the activation of fatty acids. 

As the availability of frec fatty acids (FFA) 
increases upon NE stimulation of lipase 

FCCP 

o i 2 ~ i g i i i 
Time in minutes 

FIG. 8. Effect of FCCP on fp-mediated respiration. 

activity, the rate limitation imposed on the 
respiratory system by the phosphorylating 
system continuously decreases. This paradox 
can be explained in two ways. Either the 
system consumes more ATP per oxygen taken 
up as respiration increases, or the cells are 
equipped with a system that gradually un- 
couples phosphorylation from respiration as 
FFA dependent respiration increases. A com- 
bination of the two mechanisms is also possible. 
There may be a partial uncoupling, or loose 
coupling, of at least the two terminal sites of 
ATP formation in the electron transport system 
(Fig. 8). In this experiment, in which only 
fp-coupled substrates were oxidized because of 
the presence of rotenone, no release of respira- 
tion can be obtained by the addition of FCCP, 
nor can respiration be inhibited by oligomycin. 

The increased respiration evoked by FCCP 
addition to a succinate and ~-glycerophosphate 
supplemented system without rotenone can 
probably be accredited to a release of the 
coupling site in the NAD-fp region (Fig. 9). 

Loose coupling as a biological reality has 
previously been demonstrated by Ernster and 
Luft (10) in a patient suffering from an 
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FIG. 9. Effect of FCCP in the presence of suc- 
cinate and GP induced respiration. 
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FIG. 10. FCCP stimulation of respiration when NE 
action is prevented by propanolol. 

increased basal metabolic rate of extra- 
thyroidal origin. Thus loose coupling of oxi- 
dative phosphorylation is a reasonable postu- 
lation for the mechanism by which brown adi- 
pose tissue produces heat. Whether or not 
partial uncoupling is the only aspect of the 
mechanism is questionable, especially if it is 
based on the concentration of fatty acids 
liberated through NE action. To visualize how 
production of an equivalent amount of ATP 
needed for FFA activation could be balanced 
against the gradual uncoupling action of 
liberated FFA is particularly difficult. A coor- 
dinated action of NE on lipase activity and 
mitochondrial oxidative phosphorylation is one 
possible explanation; however, we have not  
been able to demonstrate any effect of NE on 
isolated mitochondria. Extensive electron 
microscopic studies of isolated cells elucidated 
no differences between the structures of the 
mitochondria before and after norepinephrine 
addition. The negative finding that NE did not 
exert a direct effect on mitochondria was also 
supported by the experiment in Figure 10. In 
this experiment the effect of NE on the lipase 
of isolated ceils was inhibited by the addition 
of propranolol, a H-receptor blocking agent (9). 
The subsequent addition of FCCP released 
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FIG. 11. Oleate mediation of respiration. 
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FIG. 12. The action 0.04 /Jg/ml of NE on a cell 
suspension stimulated with half maximal dose of 
oleate. 

respiration, indicating a coupled respiratory 
chain. 

Further experimental evidence that neither 
NE nor cyclic AMP have any effect on mito- 
chondria except that mediated by FFA, is 
presented in Figures 11-14. Figure 11 shows 
that the direct addition of fatty acids to the 
medium can mimic the NE effect. This experi- 
ment suggests that the primary action of NE is 
simply to release fatty acids which are then able 
to increase respiration. Figure 12 shows that 
the respiration evoked by a half maximal dose 
of oleate can be further increased by NE. 
Figure 13 shows the dose response curve for 
oleate and demonstrates the relationship 
between NE and oleate stimulated respiration. 
Other experiments, not shown here, in which 
the action of different inhibitors and stimu- 
lators of the NE and the oleate systems were 
compared, were all in accord with the 

& =total = oleate+NE 
x . . . .  x = NE 
O . . . . . .  O = oleote 
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FIG. 13. The relationship between increasing doses 
of oleate and a maximal dose of NE (0.04 /.tg/ml) 
when added as in Figure 12. 
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FIG. 14. Oleate-mediated respiration in a system 
where NE action is blocked by propranolol. 

hypothesis that the action of NE can be 
mimicked by oleate. The only striking differ- 
ence noted is that oleate can bypass the cyclic 
AMP system. As demonstrated in Figure 14, the 
action of NE was blocked by a prior addition of 
propanolol, but later addition of oleate still 
evoked increased respiration. The above experi- 
ments (Figs. 9-11) demonstrate that the action 
of NE is to release FFA from triglyceride 
stores. 

Returning to the problem of metabolic 
regulation of brown fat respiration, two main 
theories ought to be considered; one based on 
uncoupling of respiration from phosphorylation 
and one based on what we would like to call 
overall adenosine triphosphatase. The latter 
refers either to an adenosine triphosphatase or a 
system that rapidly consumes the ATP formed 
in oxidative phosphorylation by a series of 
reactions yielding orthophosphatase and ADP 
or AMP. Of the latter type, the reesterification 
theory is most clearly defined (2,8,11). It in- 
volves a reformation of hydrolyzed triglycerides 
from activated fatty acids and glycerophos- 
phate with corresponding loss of free energy. 
The incorporation of 9,10-3H-labeled oleate 
into glycerides of respiring brown fat cells has 
been followed. Table I presents the data from 
one of these experiments. Although a signifi- 
cant amount of 3H is incorporated in the trigly- 
ceride fraction, it cannot account for a reaction 
rapid enough to serve as a trapping system for 
the theoretical amount of ATP produced if the 
system were tightly coupled. The 3H-labeled 
water formed indicated that some of the oleate 
added had been oxidized. Furthermore, the 
presence of a potent glycerophosphate de- 
hydrogenase in brown fat, as well as the ability 
of oleate to mimic NE, make the reesterifi- 
cation theory an unlikely explanation for heat 
production in this tissue. 

The experiments presented here and in a 
recent communication (12) demonstrate that 
brown fat cells are at least partially coupled 
before NE stimulation. Spectrophoto- 
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FIG. 15. Nucleotide changes upon NE stimulation 
of respiration. The nucleotides were measured using a 
combination of 32p and thin layer chromatography 
(13). 

metric observations showed that after an initial 
oxidation of cytochrome b upon NE addition, 
dicumarol cannot cause a further oxidation of 
the respiratory chain (Prusiner, Williamson, 
Lindberg and Chance, unpublished obser- 
vations). These results suggest that some energy 
dissipation process, prior to ATP formation, is 
probably operating after NE has been added. 
While the main energy dissipation probably 
takes place prior to phosphorylation, the 
hydro lase - syn the tase  cycle we proposed 
recently might act as a fine control to regulate 
the ATP level needed for Acyl CoA formation 
(1 2). An indication of the low phosphorylation 
efficiency in brown fat cells following NE 
addition'is presented in Figure 15, where a drop 
in the ATP and GTP levels occurs while 0 2 
uptake is rising (13). The concept that partial 
uncoupling of oxidative phosphorylation occurs 
upon norepinephrine release of fatty acids from 
triglycerides is in agreement with the work of 
Karl Hittelman of our laboratory who has 
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TABLE I 

Incorporation of  3H-Oleate Into Different Componen ts  of  
Brown Fat Cells nMoles of  9, 103H-Oleate Incorporated 

2 0 9  

Time, min 

0 2 3 10 20 30 
(1.2/~Moles 3H-Oleate; (1.2/2Moles 3H-Oleate + 0.5/dg NE; 

Componen t  2% cell suspension vol 2.7 ml) 2% cell suspension vol 2.7 ml) 

Triglycerides 1 1 1 14 22 23 
Diglycerides 2 1 4 0 0 0 
Aqueous  extract 2 0 0 6 4 4 
H 2 0  5 14 24 65 96 106 
Respiration 
calculated 255 715 1225 3320 4900 5400 
(~tatoms O2) 

s h o w n  t h e  r e c o u p l i n g  o f  i s o l a t e d  b r o w n  f a t  
m i t o c h o n d r i a  b y  t h e  o x i d a t i o n  o f  e n d o g e n o u s  
f a t t y  a c id s  (14) .  T h e  a d d i t i o n  o f  A T P  a n d  
c a r n i t i n e  to  u n c o u p l e d  b r o w n  f a t  m i t o c h o n d r i a  
e v o k e d  t h e  o x i d a t i o n  o f  e n d o g e n o u s  f a t t y  ac id  
w h i c h  c o u l d  c o m p l e t e l y  r e c o u p l e  t h e  m i t o -  
c h o n d r i a .  T h e  r e c o u p l i n g  was  a lso  d e m o n -  
s t r a t e d  b y  3 2 p  u p t a k e  (14 ) .  
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A Mechanism for Hormonal Activation of Lipolysis and 
Respiration in Free Brown Fat Cells1 

,JOHN N. FAIN and NORA REED, Division of Biological and 
Medical Sciences, Brown University, Providence, Rhode Island 02912 

ABSTRACT 

Free brown fat cells were obtained by 
digestion of minced brown adipose tissue 
with bacterial collagenase. Electron 
micrographs have shown many mito- 
chondria with tightly packed cristae in 
free brown fat cells. Lipolysis was acti- 
vated in free brown or white fat cells; 
however, only in brown fat cells was 
lipolysis accompanied by a marked stimu- 
lation of respiration. Insulin inhibits the 
catecholamine-induced respiration in the 
complete absence of glucose. Catechol- 
amines, theophylline and dibutyryl 
3',5'-AMP all appear to activate lipolysis 
and respiration by a process dependent 
upon energy derived from mitochondrial 
oxidative phosphorylation. Uncoupling 
agents such as m-chlorocarbonyl cyanide 
phenylhydrazone stimulated respira- 
tion. The addition of oligomycin prior to 
that of catecholamine inhibited the in- 
crease in respiration to a much greater 
extent than if it was added after the cate- 
cholamine. The increase in respiration 
due to lipolytic agents appears to be the 
result of increased free fatty acid release 
mediated through activation of lipolysis 
by cyclic 3',5'-AMP, since the addition of 
octanoate or palmitate to brown fat cells 
mimicked the effects of lipolytic agents 
on respiration. The activation of energy 
metabolism may be the result of a large 
increase in the energy-dependent cyclic 
transport of K +, as a result of alterations 
in the mitochondrial membrane by free 
fatty acids. This hypothesis is based on 
the following findings. The activation of 
respiration by fatty acids or lipolytic 
agents was dependent upon the presence 
of K + in the medium. The addition of 
K +, Rb + or Cs +, but not NH4 +, to fat 
cells isolated and incubated in K+-free 
buffer restored the ability of lipolytic 
agents to increase respiration. Valino- 
mycin, an antibiotic which stimulates up- 

1One of nine papers to be published from the 
Symposium "Brown Adipose Tissue," presented at the 
AOCS-AACC Joint Meeting, Washington, D.C., March 
1968. 

take of K + by mitochondria and increases 
the permeability of lipid membranes to 
K +, was a potent stimulator of respiration 
in free brown fat cells in the presence of 
K +. The stimulation of respiration by 
theophylline or valinomycin was blocked 
by nigericin which also increases the K + 
permeability of membranes but blocks 
the uptake of K + by mitochondria. The 
lipolytic action of theophylline was 
virtually unaffected by K + or nigericin. 

INTRODUCTION 

Free brown fat ceils can be obtained by di- 
gestion of brown adipose tissue with col- 
lagenase (1) and have been found useful as a 
model system for examining hormonal regu- 
lation of brown fat metabolism (1,2). Because 
of the high rate of respiration by brown fat in 
the presence of lipolytic agents, free brown fat 
ceils are particularly useful for respiration 
studies. The present studies are primarily con- 
cerned with the elucidation of the mechanism 
by which lipolytic agents act to increase brown 
fat thermogenesis. Our studies have led us to 
favor the hypothesis that the increased respira- 
tion due to lipolytic agents is secondary to in- 
creased utilization of energy for K + uptake by 
mitochondria to compensate for leakage of 
mitochondrial K + resulting from the increased 
intracellular concentration of free fatty acids. 

EXPERIMENTAL PROCEDURES 

Dorsal interscapular brown adipose tissue 
was obtained from sexually immature female 
albino rats (Sprague-Dawley) starved for 18 hr 
prior to being killed. Brown fat cells from male 
rats were equally as responsive to low concen- 
trations of epinephrine as those from female 
rats (1). The rats (130-160 g) were maintained 
on laboratory chow except for those used in 
the experiments shown in Figure 2 which were 
fed a high fat diet for 1-2 weeks and weighed 
160-190 g. Brown fat cells were isolated by col- 
lagenase digestion of brown fat (1,2). The phos- 
phate buffer was made up fresh daily and 
adjusted to pH 7.4 after addition of 4% bovine 
fraction V albumin powder (Pentex No. 55). 
The buffer contained the following: NaC1, 128 
mM; CaC12, 1.4 mM; MgSO4, 1.4 mM; KC1, 5.2 
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FIG. 1. An electron micrograph of a portion of a multilocular brown fat cell. Part of the nucleus is 
visible in the upper left hand side. A large lipid droplet is visible in the upper right hand side and 
several other smaller lipid droplets are present along with numerous mitochondria containing tightly 
packed ctistae. The magnification is 17,500 (reduced approximately 15%). 

mM; and Na2HPO 4, 10 mM (pH adjusted to 7.4 
with HC1). 

Oxygen uptake was measured polarograph- 
ically with a collodion coated platinum elec- 
trode for short-term studies. The cells were 
incubated in air-saturated medium at 37 C. 
Oxygen consumption over a 4 hr period was 
measured in a respirometer. The Warburg side- 
arm respirometer flasks were siliconized prior 

to each experiment; additions were made from 
the side-arm after incubation of cells for 1 hr. 
The atmosphere of the respirometer flasks was 
gassed with 100% 02 for 3 min, the flasks were 
then closed and equilibrated for 30 min prior to 
the start of the experiments which were con- 
ducted at 37 C. Carbon dioxide was absorbed 
by adding 0.2 ml of 10% KOH to the center 
well. 
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FIG. 2. Comparison of epinephrine effect on respiration and lipolysis in brown and white fat cells. 
The values are shown as the delta due to epinephrine (3.3/Jg/ml) which was added at the end of the 
first hour of incubation. Fatty acid and glycerol release are expressed as the total for 4 hr incubation. 
Brown fat cells (35/Jmoles triglyceride per flask) and white fat cells (120/.trnoles of triglyceride per 
flask) were incubated in 3 ml of buffer containing 4% albumin and glucose (20 mM). The values are 
expressed as the means of eight paired replications in which brown and white adipose tissue were 
obtained from the same animals. 

The basal rate of oxygen consumption was 
linear over the 4 hr period of the respirometer 
studies. At the end of the incubation period an 
aliquot of the medium was taken for glycerol 
analysis by a modification (I)  of the enzymatic 
procedure of  Vaughan (3). Free fatty acids 
were determined by a modification of the pro- 
cedure of Dole and Meinertz (4) in which 
hexane was substituted for heptane and the 
hexane evaporated prior to titration of the 
sample with NaOH. Metabolic values were 
standardized to units per triglyceride content 
based on the total free acid content of the cells 
(1) as a convenient index of the amount of  cells 
added per flask. The amount of triglyceride per 
cell was probably greater in cells from animals 
fed a high fat diet (Fig. 2, Table II) which may 
account for the lower metabolic activity of 
these cells per unit of triglyceride. 

The sources of the chemicals were as 
follows: L-epinephrine, crystalline insulin, and 
oligomycin, Sigma; theophylline, Mallinckrodt; 
L - n o r e p i n e p h r i n e  bitartrate, Calbiochem. 
Nigericin was first dissolved in alcohol, then 
diluted to give a final concentration of 0.45 
mg/ml in water containing 4% albumin and 10% 
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alcohol. Valinomycin was also dissolved in alco- 
hol, then diluted to give a final concentration 
of 0.24 mg/ml in water containing 4% albumin 
and 5% alcohol. In all experiments with these 
antibiotics an equal amount of alcohol was 
added to control flasks. 

The procedures for fixing, embedding and 
staining fat cells for electron microscopy have 
been previously described (1). 

RESULTS A N D  DISCUSSION 

Suspensions of brown fat cells can be pre- 
pared by digestion of rat, hamster or gerbil 
dorsal interscapular brown fat with bacterial 
collagenase and readily separated from the 
other cells present in brown fat, since only fat 
cells float when cell suspensions are centrifuged 
for a few seconds. It has been estimated that 
only about 25% of the cells present in brown 
fat are fat cells (1). The free multilocular brown 
fat ceils are identical in appearance, based on 
electron microscopy, to cells present in intact 
tissue except for the absence of extracellular 
amorphous material (or basement membrane) 
exterior to the plasma membrane (I).  Figure 1 
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FIG. 3. Effect of prostaglandin El  (PGEI) on 
brown fat cell lipolysis. Free brown fat cells (3.3 
/anoles of triglyceride per flask) were incubated for 4 
hr in 1.5 ml of 3% albumin buffer without added glu- 
cose. Theophylline, 1 mM, dibutyryl 3',5'-AMP 
(DCAMP), 0.8 mM, and L-norepinephrine, 2.5 pg/ml 
were added at the start of the experiments. The values 
are the means of seven paired experiments and the 
clear bars represent values in the absence while striped 
bars represent those in the presence of 0.1 pg/ml of 
prostaglandin E 1. Prostaglandin E 1 significantly 
reduced (P /--0.05 by paired comparfsons) the acti- 
vation of both glycerol and fatty acid release by theo- 
phylline and that of fatty acid release by norepi- 
nephrine. 

is an electron micrograph of part of a single 
multilocular brown fat cell containing many 
mitochondria with tightly packed cristae sur- 
rounding the lipid droplets. 

In free brown fat cells (1), as in the intact 
tissue (5), catecholamines are potent stimu- 
lators of lipolysis while ACTH has little effect 
unless very high concentrations are used. Brown 
fat cell lipolysis did not respond to growth hor- 
mone and glucocorticoid which activate white 
fat cell lipolysis (1). 

Catecholamines markedly stimulate respira- 
tion in free- brown fat cells in addition to 
accelerating lipolysis. Figure 2 shows that the 
addition of epinephrine at a concentration Suf- 
ficient to maximally stimulate l ipolysis  in 
brown (1) or white fat cells (6) produced a 
slightly greater stimulation of glycerol release 
per mmole of triglyceride in brown than in 
white fat cells from the same animals, while 
epinephrine markedly stimulated respiration 
only in brown fat cells. It is not surprising that 
brown fat shows a higher ratio of fatty acid to 
glycerol release since epinephrine did not 
markedly stimulate fatty acid re-esterification 
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FIG. 4. Inhibitory effect of insulin on stimulation 
of respiration by catecholamines, Free brown fat ceils 
(5 banoles of triglyceride per flask in the upper two 
traces and 3.3 in the bottom trace) were isolated and 
then incubated in 1.5 ml of 4% albumin buffer with- 
out added glucose. L-norepinephrine (Arterenol) at a 
concentration of 0.12 pg/ml was added as indicated. 
The curves represent the oxygen electrode tracings 
from a typical experiment and the mean rate of 
oxygen consumption per minute after norepinephrine 
addition was 0.30 pl O2/pmole triglyceride in three 
experiments but if cells were preincubated with 0.17 
mU/ml of insulin the increase due to catecholamine 
was only 0.18 pl 02. The average increase in fatty acid 
release over the first 5 min after addition of catechol- 
amine was significantly reduced from 62 to 41 
/.anoles/mmole of triglyceride by prior incubation with 
insulin. (P f---,0.05 by paired comparisons). 

with t~-glycerophosphate derived from glucose 
metabolism in brown fat cells (1). 

In white fat cells it is thought that the hor- 
monal regulation of lipolysis involves activation 
of the triglyceride lipase by 3',5'-AMP. The 
concentration of this nucleotide can be in- 
creased by catecholamines through activation 
of adenyl cyclase which catalyzes the con- 
version of ATP to 3',5'-AMP or inactivation of 
the phosphodiesterase which converts 3',5'- 
AMP to AMP (7). Theophylline and other 
methyl xanthines appear to activate lipolysis by 
inhibiting the phosphodiesterase (8) while pro- 
staglandin E 1 reduces lipolysis by inhibiting 
adenyl cyclase (7). 

The mechanism for activation of lipolysis in 
brown fat cells appears to involve activation of 
lipase by 3',5'-AMP since theophylline and 
dibutyryl 3',5'-AMP increased fatty acid and 
glycerol release (Fig. 3). In brown fat cells pro- 
staglandin E 1 inhibited the lipolytic action of 
theophylline but not that of dibutyryl 3',5'- 
AMP (Fig. 3). In white fat cells prostaglandin 
E 1 had no effect on the lipolytic action of 
cyclic nucleotide (9). The amount of pro- 
staglandin E] required to inhibit the lipolytic 
action of theophylline was quite small and 1 
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FIG. 5. Oligomycin and catecholamine-induced res- 
piration. Free brown fat cells (3/~noles of triglyceride 
per flask in the upper trace and 2.2 in the lower trace) 
were incubated in 1.5 ml of 4% albumin buffer with- 
out added glucose. L-norepinephrine (Arterenol) at a 
concentration of 0.12 pg/ml and oligomycin, 7.5 
pg/ml, were added as indicated. The curves are the 
actual oxygen electrode tracings from one experiment. 
In another series of three experiments the rate of 
oxygen consumption per minute during the first 5 rain 
after addition of norepinephrine was 0:26 /~1 
O2/pmoles of triglyceride in the absence of added oli- 
gomycin (3.75 pg/ml), 0.14 in ceils incubated with 
oligomycin for 1 min prior to catecholamine addition 
and 0.21 ff oligomycin was added 30 sec after the 
catecholamine. 
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FIG. 6. Failure of theophylline to stimulate respi- 
ration in the absence of K +. Brown fat cells (14 
//moles of triglyceride per flask) were incubated in 3 
ml of phosphate buffer containing 4% albumin and 20 
mM glucose. The cells in the left part of the figure 
were isolated and incubated in K + free buffer, while 
those in the right part were isolated and incubated in 
buffer containing 5.5 mM K +. TheophyUine, 1 mM, 
was added at the end of the first hour of incubation 
(triangles). The curves represent the average of five 
paired experiments. Basal fatty acid release was nil 
while that due to theophylline was 80 in the absence 
and 95 in the presence of K +. 

ng /ml  of  p ros tag land in  E 1 gave a lmos t  50% 
i n h i b i t i o n  of  the  l ipolyt ic  ac t ion  o f  1 mM theo -  
phy l l ine  in b r o w n  fat  cells (9).  In  b r o w n  fa t  
cells p ros t ag land in  E 1 did n o t  ef fec t  the  in- 
crease in glycerol  release due  to  ca t echo l amines  
bu t  did i nh ib i t  f a t t y  acid release (Fig. 3). 

Insul in  has  an  an t i l ipo ly t i c  ef fec t  on  l ipolysis  
in free b r o w n  fat  cells t ha t  is i n d e p e n d e n t  of  i ts  
ac t ion  of  glucose me tabo l i sm (1).  The  resul ts  
ind ica te  t h a t  insul in  is also able to  inh ib i t  t he  
s t imu la t i on  of  resp i ra t ion  due to ca t echo l amine  
add i t i on  to  b r o w n  fat  cells in the  c o m p l e t e  
absence  of  glucose (Fig. 4). There  was no  ef fec t  
of  insul in  a lone  on  resp i ra t ion  bu t  i n c u b a t i o n  
of  cells for  on ly  3 min  wi th  insul in  marked ly  
r educed  the  response  to ca techo lamines .  

The  ac t iva t ion  of  b o t h  respi ra t ion  and  
l ipolysis by  cyclic nuc leo t ide  and o t h e r  l ipo- 
ly t ic  agents  appears  to  requi re  energy derived 
f rom oxida t ive  p h o s p h o r y l a t i o n .  The  incu-  
b a t i o n  of  cells for  1.5 hr  w i th  an uncoup le r  of  
oxida t ive  p h o s p h o r y l a t i o n ,  such as m-chloro-  
c a r b o n y l c y a n i d e  p h e n y l h y d r a z o n e ,  p r io r  to  
add i t i on  of  l ipolyt ic  agents  a lmost  comple te ly  
p r even t ed  the  s t imu la t ion  o f  l ipolysis or  respira- 
t ion  by  these  agents  (2).  I f  t he  uncoup le r  was 
added  wi th  the  l ipolyt ic  agents  it did no t  in- 
h ib i t  the i r  ac t ion  over  the  nex t  3 hr  (2). Incu-  
b a t i o n  of  cells wi th  m - c h l o r o c a r b o n y l c y a n i d e  
p h e n y l h y d r a z o n e  for  as b r i e f  a per iod as 3 m in  
pr ior  to  add i t i on  of  c a t echo l amine  marked ly  
i nh ib i t ed  the  s t imu la t ion  of  respi ra t ion  and  

TABLE I 

Effect of M-Chlorocarbonylcyanide Phenyihydrazone (M-C1CCP) 
on Catecholamine Action in Brown Fat Cells a 

Oxygen consumption Fatty acid release 
#1 02/#mole of /./moles/mmole 

triglyceride triglyceride 

Control 1.29 83 
+ M-CICCP added 3 

min before catecholamine 0.44 45 
+ M-C1CCP added 30 
sec after catecholamine 1.70 78 

aFree brown fat cells were isolated and then incubated in 1.5 ml of 4% albumin buffer 
without added glucose. The values are the means of three paired experiments and are shown 
as the increase over controls during the first 5 min after addition of norepinephrine (0.016 
gg/ml). The concentration of M-CICCP was 6 X IO-6M. 
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FIG. 7. Effect of adding K +, Rb +, Cs + and NH4 + 
at 1 hr to cells isolated andthen incubated for 1 hrin 
K + free buffer. Brown fat cells (12/./moles of triglycer- 
ide/flask) were incubated for 4 hr in K + free phos- 
phate buffer containing 4% albumin and 20 mM glu- 
cose. The values are shown as the difference (delta)in 
respiration during the incubation period due to addi- 
tion of the various cations over that seen in the 
absence of added cations. The cations, as their 
chloride salts, were added at the end of 1 hr incu- 
bation to give a concentration of 6 mM. Basal respira- 
tion for the incubation period in the absence of 
cations was 11 without and 8 with theophylline, 1 
mM, added at the end of the first hour of incubation. 
Fatty acid release due to theophylline without added 
cations was 105 banoles/mmole of triglyceride and not 
significantly affected by any of the cations. 

FIG. 8. K + requirement for stimulation of respira- 
tion by valinomycin. Brown fat cells (13 /dmoles of 
triglyceride/flask) were incubated for 4 hr in phos- 
phate buffer containing 4% albumin and 20 mM glu- 
cose. The values in the right part of the figure repre- 
sent the means of seven experiments with cells incu- 
bated in 5.5 mM K + in the absence (open circles) and 
presence of 2 pg/ml of valinomycin (open triangles). 
The values in the left part of the figure are the means 
of four experiments with cells isolated and then incu- 
bated throughout the incubation period in the absence 
of K + without (open circles) and with 2 pg/ml of 
valinomycin (open triangles). The filled circles (with- 
out vallnomycin) and filled triangles (with valino- 
mycin) represent the effect of adding K + at 1 hr to 
give a concentration of 6 mM. Fatty acid release was 
not significantly different between any of the various 
experimental groups. 

lipolysis by norepinephrine (Table I). 
Effects similar to those of uncoupling agents 

were seen with oligomycin. Incubation of free 
brown fat cells for 2 min with oligomycin 
markedly reduced the stimulation of respiration 
seen with catecholamine (Fig. 5). If oligomycin 
was added after the catecholamine it had much 
less effect (Fig. 5). 

The above results suggested that under basal 
conditions respiration is coupled to phos- 
phorylation in intact brown fat cells. This con- 
clusion was supported by the finding that un- 
coupling agents stimulated respiration in free 
brown fat cells but the increase was transient 
and largely occurred during the first 2 hr after 
their addition to free cells (2). Similar effects of 
uncouplers have been noted in free brown fat 
cells from hamsters (10). These results all sug~ 
gest that in intact brown fat cells as in most 
other cells respiration is governed by the rate at 
which the energy produced during electron 
transport in the form of ATP or high-energy 
intermediates of oxidative phosphorylation is 
utilized. If this hypothesis is correct then the 
increased respiration due to lipolytic agents 
would be secondary to activation of some pro- 
cess which utilized large amounts of energy. 

Williamson et al. (11) reported that about 
20-40 sec after epinephrine addition to brown 
fat cells there was an increase in cytochrome-b 
oxidation and flavoprotein reduction and these 
changes were accompanied by an increase in the 
ADP content of brown fat. 

Several workers postulated that phos- 
phorylation was uncoupled from respiration in 
brown fat based on in vitro studies with iso- 
lated mitochondria (12,13). Recently it was 
found that if brown fat mitochondria were 
incubated in the presence of defatted albumin 
they exhibited normal P/O ratios (14,15). We 
have defatted albumin by the pr9cedure of 
Guillory and Racker (15), but did not find any 
marked differences in the metabolism of intact 
cells between this albumin and untreated 
albumin. Brown fat mitochondria may be 
readily uncoupled by fatty acids normally 
present in albumin preparations and thus differ 
from other mitochondria which are u~affected 
by albumin-bound fatty acids. 

The available data suggest that respiration is 
coupled to phosphorylation under basal con- 
ditions. A major question is how to dispose of 
the energy derived from the large stimulation of 
respiration by catecholamines. If the increased 
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FIG. 9. Inhibitory effect of nigericin on stimu- 

lation of respiration by theophylline and valinomycin 
plus theophylline. Brown fat cells (10 /Jmoles of tri- 
glyceride/flask) were incubated for 4 hr in phosphate 
buffer containing 4% albumin and 20 mM glucose. The 
values in the upper half of the figure are for cells 
isolated and incubated without K + and are the means 
of three paired experiments. The values in the lower 
part of the figure are for cells incubated in 5.5 mM 
K +, and represent the means of five paired experi- 
ments. Nigericin, 1.5/Jg/ml, was added at the start of 
the incubation period and these values are shown in 
the right part of the figure. Valinomycin 2 b/g/ml, was 
also added at the start of the incubation period while 
theophylline, 1 mM, was added at the end of the ftrst 
hour of incubation. Respiration is shown as the 
amount of oxygen consumed over the 3 hr period 
from the second through fourth hours of incubation. 
The increase in fatty acid release due to theophylline 
was approximately 100/Jmoles/mmole of triglyceride 
in the absence of K + and 60 in the presence of K + and 
was not significantly affected by either nigericin or 
valinomycin. Nigericin significantly inhibited (P <.0.05 
by paired comparisons) the stimulation of respiration 
by theophylline and theophylline plus valinomycin in 
the presence of K + and of theophylline plus valino- 
mycin in the absence of K +. 

respirat ion is also coupled to phosphoryla t ion  
then t remendous  amounts  of  ATP will result. 
Ball (16) and Dawkins and Hull  (17) originally 
proposed  that  in b rown fat,  as in white  fat,  this 
ATP is uti l ized for re-esterif icat ion of  fa t ty  
acids. However ,  epinephrine had lit t le effect  on 
the re-esterif icat ion of  fa t ty  acids wi th  
a -g lyce ro -phospha te  derived f rom glucose 
metabol i sm (1). There is some direct phos- 
phory la t ion  of  glycerol  to give a-glycerophos-  
phate,  but  this process is no t  affected by glu- 
cose or  insulin in free b rown  fat cells (1), or  by 
epinephrine in brown adipose tissue (18). 

Prusiner et al. have suggested a system in 
which the ATP formed is degraded by the acyl 
CoA hydrolase via the fo rmat ion  of  activated 
fa t ty  acids (10). There is no evidence as ye t  
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FIG. 10. Stimulation of respiration by palmitate 
and octanoate. Brown fat cells (10//moles of triglycer- 
ide per flask) were incubated for 4 hr in phosphate 
buffer containing 4% albumin and 20 mM glucose. The 
values in the left side of the figure are for cells incu- 
bated without while those in the right side are in the 
presence of 2 gg/ml of valinomycin and are the means 
of four paired experiments except for those in which 
fatty acids were added which are the means of three 
experiments. Sodium palmitate, 0.75 mM, and sodium 
octanoate, 0.6 mM, were added to the albumin buffer 
prior to addition of cells. There was no effect of either 
fatty acid on glycerol release. The stimulation of respi- 
ration by valinomycin alone or by added fatty acids 
was statistically significant (P ~-1).05 by paired com- 
parisons). 

that  such a system could uti l ize enough ATP to  
provide enough phosphate  acceptor  to maintain  
the high rates of  respiration.  

A more  at t ract ive possibil i ty is that  f a t ty  
acids produced  as a result  of  act ivation of  tri- 
glyceride lipolysis by cyclic nucleot ide media te  
an uncoupl ing effect .  This could be by a pro- 
cess such as ion t ransport  which by utilizing 
higher energy in termediates  o f  oxidative phos- 
phory la t ion  produces an apparent  uncoupl ing 
effect .  In the lat ter  case the energy of  oxidat ive 
phosphory la t ion  is uti l ized but  not  in the fo rm 
of  ATP. Energy derived f rom oxidative phos- 
phory la t ion  appears to be required for acti- 
vat ion of  respirat ion and lipolysis by cyclic 
nucleot ide  but  once the process is started it 
appears to be independent  of  ATP format ion .  
This is based on the f inding that  o l igomycin 
and uncouplers  have lit t le inhibi tory  act ion if 
added after  the  l ipolyt ic  agents. 

The fol lowing section presents data which 
have led us to the conclusion that  fa t ty  acids 
p roduced  during lipolysis alter the mi to -  
chondrial  membrane  resulting in an accelerat ion 
of  a K + dependent  process which utilizes large 
amounts  of  energy. This effect  could be 
media ted  by ei ther  increasing K + efflux f rom 
mi tochondr ia  resulting in a secondary acti- 
vat ion o f  the energy-dependent  K + transport  
process or  conversion of  the  activated state of  
the K + t ransport  carrier to an inactive state as 
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MATRIX SPACE 
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C * K + C ~ K + 

Ce K + C 4-Ca ++ C* K + 

" ~ K +  ~ VALINOMYCIN 
FREE FATTY ACIDS 

FIG, 11. A model for thermogenesis involving 
cyclic transport of K +. 

in the model of Lardy et al. (19) for K + trans- 
port in mitochondria. 

The activation of respiration by catechol- 
amines had an absolute dependence upon the 
presence of K + in the medium (Table II). In 
cells isolated, washed and then incubated in the 
absence of K § there was no stimulation of res- 
piration by norepinephrine but fatty acid 
release was unaffected by omission of K + 
(Table II). These results indicated that K + is 
required for the activation of respiration by 
free fatty acids rather than for stimulation of 
lipolysis by catecholamines. 

The lipolytic action of theophylline was the 
same in cells isolated, washed and then incu- 
bated in K+-free buffer as in cells incubated 
with K +. However, there was no stimulation of 
respiration by theophylline in the absence of 
K + (Fig. 6). 

The addition of K +, Rb +, or Cs + with theo- 
phylline to brown fat cells isolated and then 
incubated for 1.5 hr in K + free buffer resulted 
in a marked increase in respiration (Fig. 7). The 
addition of NH4 § or theophylline alone to cells 
inhibited respiration. Fatty acid release was ap- 
proximately the same regardless of whether or 
not cations had been added with the theo- 
phylline. 

Valinomycin is a macrocyclic antibiotic 
which increases both K + accumulation by iso- 
lated mitochondria (19) and the permeability 
of artificial and natural lipid membranes to K + 
(20-22). The addition of valinomycin to cells 
incubated with K + (Fig. 8) produced a marked 
and lasting stimulation of respiration. In the 
absence of K + there was no stimulation of res- 
piration by valinomycin (Fig. 8). However, if 
K + was added to cells isolated and then incu- 
bated for 1 hr without K + an increase in res- 
piration due to valinomycin was readily 
detected (Fig. 8). 

Niger ic in  is another antibiotic which 
increases the K + permeability of membranes 
but it blocks the stimulation of K + accumu- 
lation seen with valinomycin on isolated mito- 

TABLE II 

K + Requirement for Stimulation of 
Respiration by Norepinephrine a 

-K + +K+5.SmM 

Basal respiration in/~1 O2/ 
#moles triglyceride X 1 min 0.01 0.01 

Respiration after addition of 
1-norepinephrine, 2.5 ~tg/ml 0.02 0.50 

Fatty acid release in ~moles/ 
mmole triglyceride X 5 min 77 62 

aFree brown fat cells (8 ~moles triglyceride per 
flask) were incubated in 1.5 ml of buffer containing 
4% albumin. The values are the means of four paired 
replications. Respiration was measured with an oxygen 
electrode and the rate in the presence of catechol- 
amine was that for the second minute after addition 
of hormone. 

chondria (18). Nigericin also blocked the stimu- 
lation of respiration by theophylline or valino- 
mycin plus theophylline in intact brown fat 
cells (Fig. 9). Nigericin did not affect the lipo- 
lytic action of theophylline. There was no 
stimulatory effect of valinomycin alone in K + 
free buffer (Fig. 8) or of theophylline alone 
(Fig. 6,9) but there was a slight stimulatory 
effect when both agents were present and this 
was also blocked by nigericin. This is perhaps 
due to the possibility that some K + was present 
in the cells even though they had been isolated 
and washed with K + free buffer. 

The respiration of cells incubated in albumin 
buffer containing 0.75 mM palmitate or 0.6 
mM octanoate was much higher than in the 
absence of added fatty acid (Fig. 10), The fatty 
acids were added to the albumin solution as the 
sodium salts, but similar results have been seen 
after addition of the free acids. In all cases the 
pH of the buffer was adjusted, if necessary, to 
7.4 after addition of the fatty acids. All the 
fatty acids could be readily bound to the pri- 
mary binding sites on albumin since the molar 
ratio of fatty acid to albumin was kept between 
1 and 2. 

The stimulation of respiration by octanoate 
was dependent upon the presence of K + (Table 
III). We also investigated the effect of omission 
of divalent cations (Ca ++ and Mg ++) during iso- 
lation, washing and incubation of brown fat 
cells. The omission of Mg ++ had little effect on 
the stimulation of respiration due to octanoate 
but did decrease basal respiration (Table III). 
The omission of Ca ++ partly inhibited the stim- 
ulation of respiration by octanoate and the 
effect of omission of both cations was similar 
to that of buffer from which only Ca ++ was 
omitted (Table III). 

The results with free brown fat cells suggest 
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TABLE llI  

Effect of Cation Omission on Stimulation of Respiration by Octanoate a 

Oxygen consumption 
~zl/#mole Triglyceride 

Glycerol release 
/amoles/mmole Triglyceride 

Difference due to Difference due to 
sodium octanoate sodium octanoate 

Cation omitted Control (0.6 mM) Control (0.6 raM) 

None 12 +36• 0 +5• 
Ca ++ and Mg ++ 7 +20• 17 -2+4 
Ca ++ 17 +15• 26 -18--/"7 
M ~++ 4 +36• 13 +6• 
K ~ 6 -3• 2 -4• 

aBrown fat cells (7.9 /amoles of triglyceride per flask) were incubated for 4 hr in buffer containing 
4% albumin and 20 mM glucose. The difference due to sodium octanoate is the mean of four paired 
replications. 

t h a t  ox ida t ion  is coupled  to  p h o s p h o r y l a t i o n  
u n d e r  basal cond i t i ons  and  t ha t  energy  derived 
f rom this  source  is requ i red  for  ac t iva t ion  of  
l ipolysis by  cyclic nuc leo t ide .  The  t h e r m o g e n i c  
ac t ion  of  ca t echo lamines  appears  to  be 
seconda ry  to ac t iva t ion  of  l ipolysis and  
m e d i a t e d  t h r o u g h  an  uncoup l ing  ac t ion  of  free 
f a t t y  acid l ibe ra ted  dur ing  hydro lys i s  of  trigly- 
cerides.  The  u n c o u p l i n g  ac t ion  of  f a t t y  acids 
appears  to  be due to  increased K + f lux across 
m i t o c h o n d r i a l  m e m b r a n e s .  

A possible mode l  for  such a cyclic energy-  
d e p e n d e n t  t r a n s p o r t  of  K + is shown in Fig. 11, 
wh ich  is adap ted  f rom the  hypo thes i s  of  Lardy  
et al. (19)  for  ion  t r a n s p o r t  by  isola ted mi to-  
chondr ia .  The  s y m b o l  C rep resen t s  a mob i l e  
carr ier  wh ich  is freely dif fusible  across the  
m e m b r a n e .  Net  t r a n s p o r t  is accompl i shed  b y  
conver t ing  C in the  m a t r i x  space to an  active 
s ta te  C* via h igh energy  i n t e rmed ia t e s  -X of  
oxida t ive  p h o s p h o r y l a t i o n .  The  C*, wh ich  does 
no t  b ind  po tass ium,  diffuses t h r o u g h  the  mem-  
b rane ,  and  w h e n  c o n v e r t e d  to  C b inds  K +. 
Lardy  et al. (19)  have pos tu l a t ed  t h a t  the  ra te  
at  wh ich  C* is c o n v e r t e d  to C could  be rate-  
l imi t ing  for  K + u p t a k e  and  is in f luenced  by  
Ca ++ . These  inves t iga tors  (19)  suggested t ha t  
ac t iva t ion  of  this  process  by  va l inomyc in  could 
a c c o u n t  for  i ts  s t imu la t i on  of  m i t o c h o n d r i a l  K + 
up take .  Nigericin is pos tu l a t ed  to  b lock  con-  
vers ion of  C to C* (19) .  In add i t ion ,  b o t h  ant i -  
b io t ics  increase  the  passive pe rmeab i l i t y  of  
m i t o c h o n d r i a l  (20 ,21)  and  o t h e r  l ipid mem-  
b ranes  (21 ,22)  to  K +. The  mode l  shown  in Fig. 
11 pos tu la t e s  t ha t  free f a t t y  acids accelera te  
ef f lux of  K + f rom the  m i t o c h o n d r i a  via a pro- 
cess in which  energy  is n o t  conserved  and  which  
faci l i ta tes  the  convers ion  of  C* to C. The  
decreased  ra t io  of  m i t o c h o n d r i a l  to  cy top lasmic  
K + and  the  increased avai labi l i ty  of  carr ier  (C) 
resul ts  in increased K + up take .  The  ne t  resul t  is 
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increased  u t i l i za t ion  of  h igh-energy inter-  
med ia t e s  of  ox ida t ive  p h o s p h o r y l a t i o n  for  K + 
t r anspor t .  

In  t he  in terval  since submiss ion  of  this  
m a n u s c r i p t  we have pub l i shed  more  comple t e  
r epo r t s  on  the  role of  K + in the  s t imu la t ion  of  
b r o w n  fat  cell r e sp i ra t ion  (23)  and the  effects  
of  o l igomyc in  on  b r o w n  fat  cell me tabo l i sm 
(24) .  
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Some Aspects of Fatty Acid Metabolism in 
Brown Adipose Tissue1 

ERIC G. BALL, Department of Biological Chemistry, 
Harvard Medical School, Boston, Massachusetts 02115 

ABSTRACT 

The action of catecholamines on white 
and brow~a adipose tissue is compared. 
The available evidence indicates that 
lipolysis is initiated in both tissues by 
ho rmona l  action. There are, however, 
some differences in the behavior of the 
lipolytic process in the two tissues in 
their response to theophylline, nicotinic 
acid and insulin which remain unex- 
plained. It would appear that the release 
of free fatty acids triggers the stimulation 
of 0 2 consumption in both tissues. In 
brown adipose tissue no evidence has 
been obtained to indicate that the in- 
creased 0 2 consumption is geared to the 
production of ATP for the purpose of re- 
esterification of the released free fatty 
acids, as is the case in white adipose tis- 
sue. 

INTRODUCTION 

The addition of catecholamines to white or 
brown adipose tissue incubated in vitro results 
in a prompt and marked increase in 0 2 con- 
sumption (1-3). Our knowledge of the sequence 
of events that gives rise to this effect in white 
adipose tissue (WAT) is reasonably complete. In 
brown adipose tissue (BAT) the situation is less 
clear. It is the purpose of this paper to examine 
the process in BAT in the light of what is al- 
ready known about these processes in WAT. 

The action of catecholamines on WAT 
appears to be brought about by their ability to 
stimulate the production of 3',5'-cyclic AMP. 
This substance in turn is believed to convert an 
inactive triglyceride lipase to an active form 
(Fig. 1) which results in the breakdown of the 
tissue triglyceride stores to fatty acids and 
glycerol. Evidence in support of this chain of 
events is provided by the finding that after the 
addition of catecholamines to WAT there is an 
increased production of free fatty acids (FFA) 
and glycerol (4,5) and a concomitant rise in the 
level of cyclic AMP in the tissue (6). A sus- 

1One of nine papers to be published from the 
Symposium "Brown Adipose Tissue," presented at the 
AOCS-AACC Joint Meeting, Washington, D.C., March 
1968. 

tained and marked increase in 0 2 consumption 
will also occur if the tissue is able to produce 
glycerophosphate for the reesterification of the 
released FFA (7,8). 

In considering the action of catecholamines 
on BAT the first question that may be asked is 
whether cyclic AMP is involved. To the best of 
my knowledge no one has as yet measured the 
levels of cyclic AMP in this tissue before and 
after the addition of catecholamines. The fact 
that theophylline, which inhibits the destruc- 
tion of cyclic AMP (Fig. 1), mimics the action 
of epinephrine on BAT suggests the involve- 
ment of cyclic AMP. As shown in Table I, 
10-3M the ophylline produces a nearly threefold 
increase in the 0 2 consumption of BAT slices 
and no further increase occurs upon the 
addition of epinephrine. By contrast this con- 
centration of theophylline has a very small 
effect upon the 0 2 consumption of WAT 
(Table II), but the subsequent addition of epi- 
nephrine results in a maximum response. Fain 
and Reed have reported elsewhere in this 
symposium that both theophylline and the 
dibutyryl derivative of cyclic AMP mimic the 
action of catecholamines upon isolated brown 
adipose tissue cells. The evidence presently 
available thus suggests that the formation of 
cyclic AMP may be involved as the initial step 
in both BAT and WAT. 

The available evidence also indicates that in 
BAT as in WAT the addition of catecholamines 
in vitro stimulates lipolysis. Joel (2) showed 
that there was a concomitant rise in 0 2 con- 
sumption and FFA release in rat BAT slices as 
the concentration of the catecholamine in the 
media was increased over the range 0.01 to 1.0 
//g/ml. Dawkins and Hull (9) measured both 
FFA and glycerol release from BAT slices of 
both adult and newborn rabbits in the presence 
and absence of norepinephrine (2.5 pg/ml). The 
addition of the hormone produced a marked 
increase in the production of both products of 
lipolysis, the rise in glycerol production being 
most pronounced in tissue from the newborn. 
Fain et al. (10) have extended the earlier 
findings of these workers to include isolated rat 
BAT cells. In connection with glycerol release 
from BAT it should be noted that a species 
difference may exist due to variations in the 
occurrence of glycerolkinase. Glycerolkinase 
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FIG. 1. Schematic representation of the events in- 
volved in the hormonal activation of lipolysis in white 
adipose tissue. 

has been reported to be present in rat BAT (11) 
but absent in BAT of the newborn rabbit (9). 

Though lipolysis would appear to be 
initiated in both WAT and BAT by catechol- 
amines acting through cyclic AMP there is evi- 
dence that the processes involved may not be 
exactly identical in the two tissues. The differ- 
ence in the action of theophylline, already 
cited, is one case in point. Another is in the 
action of agents which display antilipolytic 
properties on WAT. For example, nicotinic 
acid, which was demonstrated to have antilipo- 
lytic action on WAT by Carlson (12), displays 
different actions on the 0 2 consumption of 
BAT and WAT. As shown in Table III, nicotinic 
acid at 10-3M has no effect upon the increase in 
respiration elicited in BAT by the addition of 
epinephrine. In WAT, nicotinic acid markedly 
depresses the respiratory response to epi- 
nephrine even at concentrations of 10-5M. As 
shown in Table II this inhibitory effect of 
nicotinic acid on WAT may be overcome if 
theophyl[ine is also present. This suggests, 
though it does not prove, that the antilipolytic 
action of nicotinic acid on WAT is a result of 
lowered levels of cyclic AMP in the tissue. It 
has been suggested that nicotinic acid exerts its 
antilipolytic action by enhancing the activity of 
the phosphodiesterase which catalyses the 

hydrolysis of cyclic AMP (13). The action of 
theophylline in counteracting nicotinic acid 
might thus represent its successful competit ion 
with nicotinic acid for a common site on the 
enzyme. 

Insulin is also able to exert an antilipolytic 
action on WAT when glycose is not present in 
the medium (14). The lipolytic response of this 
tissue to 0.1 #g/ml of epinephrine is 90% ~re- 
vented by insulin. As the epinephrine concen- 
tration is  increased the antilipolytic action of 
insulin diminishes and it disappears entirely 
even at low concentrations of epinephrine if 
glucose is added to the medium. If the magni- 
tude of the effect of insulin on lipolysis in BAT 
was the same as in WAT then one might expect 
insulin to exert an appreciable inhibitory effect 
on the stimulation of oxygen Consumption of 
BAT, which is elicited by low concentrations of 
epinephrine in the absence of glucose. As the 
data presented in Table I show, insulin with or 
without glucose has no pronounced effect upon 
the 02 consumption of rat BAT either in the 
absence or presence of epinephrine. Dawkins 
and Hull (9) have reported that insulin has no 
effect on the unstimulated respiration of new- 
born rabbit BAT in the presence of glucose. 
However, they did observe a significant increase 
in respiration when insulin was added to tissue 

~-stimulated by norepinephrine in the presence of 
glucose. 

We may now turn to the question of the 
cause of the increased respiration elicited in 
BAT by catecholamines. If the process is similar 
to that seen in WAT, most of the released FFA 
should be undergoing reesterification to trigly- 
ceride. One way of demonstrating this reesterifi- 
cation in WAT is to measure the incorporation 
of 14C labeled glucose into the glyceride- 
glycerol moiety (8). When experiments are run 
with rat BAT slices in the presence of U-14C - 
glucose it is found (15) that no increase in the 
labeling of the glyceride-glycerol fraction 

TABLE I 

Oxygen Consumption of Rat Brown Adipose Tissue Slices As Influenced By 
Insulin, Glucose and Theophylline in the Presence and Absence of Epinephrine 

Before a After a 
Insulin Glucose Theophylline /dl O2/100 mg/hr Increase % 

. . . . . .  191 -I- 24. 812 - 104. 325 
+ -- 222 -+ 27. 828 + 38. 273 
+ + -- 226 "t"21. 865 +32. 282 
. . . .  + 650 -I- 82. 589 +- 149. -9. 

aBefore and after the addition of epinephrine to yield a final concentration of 0.1 /./g/ml. 
Values are the average of 4 experiments + standard error of the mean. Krebs-Ringer 
phosphate, pH 7.4; temperature 37.2 C; gas phase 02; insulin 0.1 unit/ml; glucose 3 mg/ml; 
theophylline lo-3M. Other experimental details are the same as described by Hayward and 
Ball (3). 
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TABLE II 

Action of Theophylline and Nicotinic Acid on White 
Adipose Tissue in the Presence and Absence of Epinephrine 

02 Consumption Terminal Terminal 
tissue medium 

Nicotinic Theo- Before a After a FFA glycerol 
acid phylline //1/l 00 mg/hr /&nole/100 mg/hr 

. . . .  21 55 0.14l 1.33 
-- + 25 61 2.56 1.23 
+ -- 19 23 0.132 0.25 
+ + 21 52 1.85 1.15 

aBefore and after addition of epinephrine to yield 0.1 /./g/ml. Values for 02 consumption 
are the average of three experiments; FFA and glycerol values are for one experiment. Nico- 
tinic acid concentration was 5 x 10-4M; theophylline, 10-3M. All other experimental condi- 
tions were as described in Table I. 

accompanies  the marked  oxygen c o n s u m p t i o n  
elicited by the addi t ion  of  epinephr ine .  Such a 
result  m rat  BAT might,  however ,  be a t t r ibu ted  
to the fact  that  since this tissue conta ins  glycer- 
olkinase the glyceride-glycerol  mo ie ty  is derived 
f rom the  glycerol released during lipolysis. 
E x p e r i m e n t s  were the re fore  pe r fo rmed  in 
which  labeled glycerol  was added  to the 
medium.  Again no significant labeling of  the 
glyceride-glycerol  o f  the tissue occurred  as a 
result  O f ep inephr ine  addi t ion.  

In view of  these negative results  on intact  
tissue Kornacker  and Ball (15) invest igated the 
behavior  of  rat BAT homogena te s  as made  wi th  
0.25 M sucrose. The 0 2 consumpt ion  of  such 
h o m o g e n a t e s  is low and it is no t  increased by 
the  addi t ion  of  ca techotamines .  A 25-fold 
increase in 02 consumpt ion  occurs,  however ,  if 
ATP, carnit ine,  fumara te  and c o e n z y m e  A are 
added  to the homogena te .  The rate  of  respi- 
ra t ion thus  achieved is comparable  to that  
observed after  the addi t ion  of  ep inephr ine  to 
tissue slices. The addi t ion  of  any one of  these 
cofac tors  alone is wi thou t  effect .  The nature  of  

the cofac tors  and the fact  that  the R.Q. o f  the 
reac t ion  they  s t imulate  is less than 0.7 suppor t  
the  conclus ion  tha t  fa t ty  acids are being 
burned .  

This conclusion is fu r ther  suppor ted  by  the 
data of  Kornacker  and Ball (15), which  show 
tha t  when  trace amo u n t s  of  1-14C - pa lmi ta te  
are added  to the h o m o g e n a t e  the addi t ion  of  
cofac tors  markedly  s t imulates  the p roduc t ion  
o f  14CO2. Their  expe r imen t s  also indicate  tha t  
no increase in incorpora t ion  of  labeled pal- 
mi ta te  in to  tr iglyceride accompanies  the 
marked  increase in respirat ion p roduced  by 
addi t ion  of  cofactors .  I f  a -g lycerophospha te  is 
also added  to the incuba t ion  media then  an en- 
hanced  incorpora t ion  o f  labeled palmi ta te  in to  
tr iglyceride may  be observed.  This enhance-  
men t  is mos t  p r o n o u n c e d  when cofac tors  are 
also present ,  but  even then  the amo u n t  o f  F F A  
reester i f ied is only abou t  0.3 of  the amo u n t  
conver ted  to CO 2. It may  be calculated f rom 
the date  of  Fisher and Ball (8) that  in WAT 
during the increased 0 2 consumpt ion  p ro d u ced  
by  ca techolamines  the a m o u n t  of  F F A  reesteri-  

TABLE III 

Oxygen Consumption of White and Brown Adipose Tissue as Influenced by 
Epinephrine in the Absence and Presence of Nicotinic Acid a 

Nicotinic 
acid 

c o n e .  

molar 

White adipose a Brown adipose a 

Before b After b Increase, % Before b After Increase, % 

0 25-+8.9 72-1-5.5 188 2554"22. 822---13. 222 
]0 "3 274"3.8 344"2.9 26 2624"28. 8374" 19. 220 
10 -4 27 -I- 3.9 37 --4" 5.3 37 
10 -5 26 -+3.2 37 4"4.3 42 

a/t/O2/100 mg/hr. 
bBefore and after addition of epinephrine to yield 0.1 btg/ml. Values are the average of five experi- 

ments --- standard error of the mean. Insulin 0.1 unit/ml, and glucose 3 mg/ml present in medium. All 
other experimental details were as described in Table I. 
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l ied is 46 t imes  the  a m o u n t  of  F F A  t h a t  can be 
conve r t ed  to  CO 2. 

In s u m m a r y  we may  conc lude  t h a t  cer ta in  
similari t ies exis t  in the  process  w h e r e b y  l ipoly-  
sis is in i t i a t ed  by  ca t echo lamines  in WAT and  1. 
BAT.  There  are, how.ever, some di f ferences  in 2. 
the  behav io r  of  the  two  t issues in the i r  response  3. 
to  t heophy l l i ne ,  n i co t in ic  acid and  insul in  t h a t  
r ema in  unexp l a ined .  It  wou ld  appear  also t h a t  4. 
the  release of  F F A  is the  event  wh ich  triggers a 5. 
s t imu la t i on  of  0 2  c o n s u m p t i o n  in b o t h  tissues. 
In  WAT this  s t imu la t i on  ref lects  pr imar i ly  the  6. 

u t i l i z a t i o n  of  ATP for  the  purpose  of  reesterif i -  
ca t ion  of  the  released FFA.  In BAT no  evidence 

7. 
has been  o b t a i n e d  t ha t  a s imilar  d e m a n d  for  
ATP triggers 0 2  c o n s u m p t i o n .  Fai lure  in th is  8. 
regard,  however ,  does  no t  p e r m i t  one  to  cate- 
gorical ly rule ou t  the  i nvo lvemen t  of  an active 9. 
rees te r i f i ca t ion  process  in BAT.  F o r  example ,  10. 
the  poss ib i l i ty  exists  in BAT t h a t  reesterif i -  
ca t ion  p roceeds  ma in ly  at  the  m o n o -  or digly- 11. 
ceride stage in wh ich  case no  t u r n o v e r  of  the  12. 
glycer ide-glycerol  m o i e t y  could  be  de tec ted .  
F u r t h e r m o r e ,  it is possible  t h a t  on ly  a very  13. 
small  poo l  of  the  to ta l  t r ig lycer ide undergoes  a 14. 
rap id  cYClic process  o f l ipo lys i s  and  resynthes is .  
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Effects of Insulin and Norepinephrine Added in Vitro 
on the Metabolism of Brown Adipose Tissue in the 
Absence of Added Glucose 1 

CLIFFE D. JOEL 2, Departments of Biological Chemistry and Psychiatry, 
Harvard Medical School, and Massachusetts Mental Health Center, Boston, Massachusetts 02115 

ABSTRACT 

Rat interscapular brown adipose tissue 
slices incubated with succinate as sub- 
strate can be stimulated by norepi- 
nephrine to exhibit a rate of oxygen con- 
sumption that appears to exceed by a 
wide margin that reported for any other 
rat tissue under any conditions in vitro. 
This further supports the concept of 
brown adipose tissue as a specialized site 
of heat production. Brown adipose tissue 
slices under maximal stimulation by nor- 
epinephrine and incubated in the absence 
of added substrate consume oxygen 
linearly and at a high rate for at least 14 
hr. This is taken as further evidence that 
stored lipid can act as the major fuel to 
s u p p o r t  the  v i g o r o u s  o x i d a t i v e  
metabolism of which this tissue is cap- 
able. This unusually stable preparation 
appears to be attractive as a system for 
the study of relatively long-term effects 
of hormones in vitro. Brown resembles 
white adipose tissue in that insulin exerts 
an antilipolytic effect on both types of 
tissue in Krebs-Ringer phosphate buffer 
in the absence of added glucose. On the 
other hand, insulin stimulates the oxygen 
consumption of brown but not white adi- 
pose tissue under these conditions. A pro- 
cedure is described for the rapid and 
nearly quantitative removal of the inter- 
scapular brown adipose tissue from a rat, 
virtually free of contamination by muscle 
or white adipose tissue. 

INTRODUCTION 

Considerable interest has recently been 
focused upon brown adipose tissue due to the 
discovery that it serves a physiological role as a 
specialized site of heat production (1-3). It has 
been established that heat production by this 

1One of nine papers to be published from the 
Symposium "Brown Adipose Tissue," presented at the 
AOCS-AACC Joint Meeting, Washington, D.C., March 
1968. 

2present address: Department of Chemistry, 
Lawrence University, Appleton, Wis. 54911. 

tissue is of major quantitative importance in 
relation to the total body economy in the case 
of the newborn rabbit (3) and in the case of the 
ground squirrel during acute arousal from hiber- 
nation (2). The present communication repre- 
sents one of a series of studies from this labora- 
tory in which the metabolic properties of 
brown adipose tissue have been elucidated and 
also compared with the more commonly 
studied white adipose tissue (3,4-6). 

Most studies of the metabolism of white adi- 
pose tissue in vitro have been carried out in the 
presence of glucose as the added substrate. It 
has been shown, however, that white adipose 
tissue retains many aspects of its high sensiti- 
vity to hormones added in vitro even when the 
incubations are carried out in the absence of 
added glucose (7). In the present study it is 
demonstrated that brown adipose tissue re- 
sponds both to insulin and to catecholamines 
added in vitro in the absence of added glucose. 
In certain instances the responses of brown adi- 
pose tissue under these conditions are shown to 
differ radically from those normally observed 
with white adipose tissue under the same con- 
ditions. In addition, it is shown that the rate of 
oxygen consumption of brown adipose tissue 
under stimulation by norepinephrine added in 
vitro with succinate as substrate appears to 
exceed that reported for any other tissue of the 
rat under any set of conditions in vitro. Finally, 
slices of brown adipose tissue under stimulation 
by norepinephrine in vitro are seen to be a very 
stable preparation, consuming oxygen in a 
nearly linear fashion for at least 14 hr, even in 
the absence of added subst~ate. 

Portions of this work have been described 
previously in brief form (2,4). 

MATERIALS AND METHODS 

Male Holtzman rats were maintained at a 
room temperature of 22-27 C with a uniform 
daily cycle of artificial lighting and were 
allowed water and Purina laboratory chow ad 
libitum. The animals were decapitated by 
means of a guillotine (Harvard Apparatus Com- 
pany) with caution taken not to subject the 
animals to stress beforehand (8). The brown 
adipose tissue was removed and sliced as rapidly 
as possible. 
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FIG. 1. Oxygen consumption by brown adipose 
tissue slices with succinate as substrate. The main 
chamber of the Warburg flasks contained 16-22.5 mg 
fresh tissue suspended in 0.01 M sodium succinate in 
Krebs-Ringer phosphate buffer. The vessels were 
gassed with 100% oxygen for 5 min at 37 C, norepi- 
nephrine was then dumped from the sidearm, and 
readings were begun after an 8 min equilibration 
period. The final norepinephrine concentration was 
0.92 pg/ml. Each curve represents the mean of two 
incubations. The lipid-free dry weight was determined 
on portions of the same interscapular brown fat pads 
as were used in the incubations and was found to have 
a mean value of 12.2 mg/100 mg fresh tissue in the 
two 160 g rats used for the experiment shown in this 
Figure. 

The following dissection procedure was 
employed for removal of the interscapular 
brown adipose tissue from the rat. The proced- 
ure is designed for the removal of almost the 
entire interscapular brown fat pad with minimal 
amounts of elapsed time, mechanical damage to 
the tissue, and contamination by the sur- 
rounding muscle and white adipose tissue. The 
rat was pinned to the table top with its forelegs 
crossed beneath the body in order to exert a 
lateral stretch on the interscapular region. After 
cutting and taking back the overlying skin, the 
entire symmetrical brown fat pad was lifted by 
grasping the overlying white adipose tissue with 
a pair of forceps, and the brown fat pad was 
partially separated from the muscle lying 
directly below by cutting through the appro- 
priate connective tissue with a small pair of 
scissors. The right and left b rownfa t  pads were 
separated from one another by cutting through 
the white adipose tissue, connective tissue and 
blood vessels between them. The remainder of 
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FIG. 2. Incubation of brown adipose tissue slices 

for 14 hr in the presence of 10 pg norepinephrine per 
milliliter and in the absence of added substrate. The 
Warburg vessel contained 39 mg fresh tissue, taken 
from a 180 g rat. After 9 hr of incubation the vessel 
was opened, and 0.1 ml saturated aqueous NaOH was 
pipetted onto the filter paper wick in the center well 
in order to ensure continued efficient absorption of 
carbon dioxide. The vessel was then gassed with 100% 
oxygen and the incubation was continued. 

the dissection was carried out on one side at a 
time. The overlying white adipose tissue was 
removed by grasping it with the forceps and 
cutting it away with repeated small cuts. The 
brown fat was then separated from the adhering 
muscle around which it is wrapped, by making 
repeated small cuts between the muscle and the 
brown fat while either grasping the muscle 
firmly or holding the brown adipose tissue 
gently with the forceps. Finally, any last 
remaining traces of contaminating muscle or 
white adipose tissue were trimmed away from 
the brown adipose tissue sample. The tissue was 
kept moist during the dissection. As judged by 
gross inspection, the contamination by muscle 
and grossly visible white adipose tissue was less 
than 5%. The recovery of brown adipose tissue 
was nearly quantitative. The entire dissection of 
both right and left brown fat pads required ap- 
proximately 3 min. 

Except as otherwise indicated, the weighing 
of the interscapular brown adipose tissue and 
the epididymal  white adipose tissue, the prepa- 
ration of brown fat slices, the composition of 
the incubation media and gas phase, the prepa- 
ration of hormone solutions, the analytical 
methods, and other experimental conditions 
were the same as those previously described (5). 
The trypsin-treated amorphous pork insulin was 
assayed by the suppliers at 20 units of 
insulin/mg and was reported to contain no 
more than 0.005% glucagon. Sodium pyruvate 
and sodium succinate were from Calbiochem. 
Glycerol was determined by a slight modifi- 
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FIG. 3. Effects of insulin and norepinephrine on 
lipolysis and oxygen consumption in the absence of 
added glucose. Intact epididymal white adipose tissue 
pads and slices of brown adipose tissue were used from 
the same 170-335 g rats. Brown fat slices weighed ap- 
proximately 2 mg each. After a 5 min gassing period, 
norepinephrine and insulin or control solutions were 
dumped together from the sidearm. Then after an 8 
min equilibration period readings of oxygen consump- 
tion were begun. The final concentration of insulin 
was 10 -3 unit per milliliter in the case of white and 
10 -2 in the case of brown adipose tissue. With white 
adipose tissue, the final concentration of norepi- 
nephrine was 0.05 pg/ml in half of the instances and 
0.1 in the other half. The final concentration of nor- 
epinephrine with brown adipose tissue was always 0.1 
/Jg/ml. There were four replicates of each of the four 
types of vessels in the case of white adipose tissue. In 
the case of brown adipose tissue, 12 pairs of vessels 
were run without norepinephrine and 9 pairs with nor- 
epinephrine. Statistical evaluation of insulin effects 
was by the paired t-test. Standard errors of the differ- 
ences due to insulin are shown in the Figure. The P 
values shown are for insulin effects. NS means P ~0.1.  
The P for the effect of insulin on FFA accumulation 
in the absence of norepinephrine was 0.05 when calcu- 
lated by groups rather than by pairs. Attention is 
called to the fact that the scale for oxygen consump- 
tion by brown adipose tissue has been compressed by 
a factor of 10, which further points out the great 
emphasis on oxidative metabolism that characterizes 
brown adipose tissue. The open bars represent controls 
and the darker bars represent vessels containing 
insulin. 

cation of the method of Wieland and Suyter 
(9), following heating of the aliquots of incu- 
bation media in order to destroy the activity of 
any enzymes that may have leaked from the 
tissue slices. FFA in incubation media were 
determined by the method of Dole and 

Meinertz (10), and FFA in incubated tissues 
were assayed by a slight modification of the 
method of Trout, et al. (11). 

Due to the high rate of oxygen consumption 
of brown adipose tissue, it is mandatory to use 
100% oxygen or 95% oxygen-5% CO 2 in incu- 
bations with slices. For example, the rate of 
oxygen consumption in the presence of 0.02 M 
glucose was approximately two times higher in 
100% oxygen than in air, and when the tissue 
was stimulated with epinephrine (2 gg/ml) plus 
insulin (0.1 unit/ml), the rate was 3.5 times 
higher in 100% oxygen than in air. 

The most satisfactory method of preparing 
slices of  brown adipose tissue was to cut them 
free hand with a razor blade or scissors. Frag- 
ments prepared in this manner, weighing up to 
5 mg each, were found to be satisfactory for 
most purposes. On the other hand, slices of 
brown adipose tissue prepared by means of a 
Stadie-Riggs apparatus, set to give a slice 
thickness of 0.5 mm, yielded relatively low and 
variable rates of oxygen consumption either in 
the presence or absence of added catechol- 
amines and proved to be much less satisfactory 
than those prepared free hand by means of a 
razor blade or scissors. 

The rate of oxygen consumption was negli- 
gible when brown adipose tissue that had been 
heated to 100 C for 30 sec was sliced and incu- 
bated under the above conditions either in the 
absence of added hormones or in the presence 
of epinephrine at 10/ag/ml. 

RESULTS 

Oxygen Consumption With Succinate As Substrate 

Figure 1 shows the results of incubation of 
brown adipose tissue slices with succinate as 
substrate. Even in the absence of added norepi- 
nephrine the rate of oxygen consumption with 
succinate as substrate is much higher than rates 
we have previously reported for brown adipose 
tissue under similar conditions using glucose as 
substrate (4,5). Hook and Barron, using the 
ground squirrel, long ago reported a marked 
stimulation of the oxygen consumption of 
brown adipose tissue slices by succinate (12). 

As is shown in Figure 1, the oxygen con- 
sumption in the presence of succinate was 
markedly stimulated by addition of norepi- 
nephrine in vitro. The rate of respiration 
gradually diminished to a small extent 
throughout the incubation period. In a total of 
five experiments similar to that illustrated in 
Figure 1, it was found that the mean rate of 
oxygen consumption measured over the first 30 
min after the equilibration period in the 
presence of succinate and norepinephrine was 
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120 + 6/al/mg lipid-free dry weight per hour, or 
1370 + 70/21/100 mg fresh tissue per hour. In 
our hands, no other conditions have given as 
high a rate of oxygen consumption by brown 
adipose tissue slices as those employed for the 
experiments illustrated in Figure 1. In these 
experiments, the slices were cut with a razor 
blade and had an average weight of approxi- 
mately 1 mg. Use of scissors rather than a razor 
blade or use of 0.2 mg or 3-5 mg instead of 1 
mg slices resulted in slightly but significantly 
lower respiration rates. 

Prolonged Incubations 

The question arose as to how long the tissue 
slices might respire in the absence of added sub- 
strate at their characteristically high rate under 
maximal stimulation by catecholamines, there- 
fore experiments of the type illustrated in 
Figure 2 were performed. 

Slices of brown adipose tissue were incu- 
bated in the absence of added substrate but in 
the presence of norepinephrine at 10/~g/ml. In 
previous unpublished experiments in this 
laboratory it had been observed that in the 
presence of such a high concentration of cate- 
cholamine and in the absence of added sub- 
strate or bovine serum albumin, the rate of 
oxygen consumption of brown adipose tissue 
slices would eventually decline markedly, 
apparently due to the accumulation of toxic 
levels of free fatty acids (FFA) within the 
tissue, reminiscent of a similar situation seen in 
white adipose tissue, first reported by Hagen 
and Ball (13). Therefore bovine serum albumin 
was added at a concentration of 50 mg/ml in 
order to allow the liberated FFA to leave the 
tissue slices and not accumulate in toxic con- 
centrations. Penicillin was present in the incu- 
bation medium at a concentration of 0.6 mg 
(1000 units)]ml in order to inhibit bacterial 
growth. 

It is clear from Figure 2 that brown adipose 
tissue slices under maximal stimulation by nor- 
epinephrine under these conditions can con- 
sume oxygen at a very high rate which remains 
stable and nearly undiminished for at least 14 
hr. The respiration was in all likelihood due 
entirely to the brown adipose tissue itself and 
not to bacterial contamination, since no viable 
bacterial colonies could be detected when ali- 
quots of the incubation medium taken at the 
end of the 14 hr period were plated. The linear 
time course of the respiration is a further indi- 
cation of the lack of significant bacterial con- 
tamination. FFA release was not measured in 
this experiment, but in another incubation 
carried out for 9 hr under similar conditions a 
total of 18/amoles FFA were released per 100 

mg fresh tissue per hour, which is the same rate 
previously reported by us for much briefer 
incubations under these conditions (5) and sug- 
gests that the FFA release, just as is the case 
with oxygen consumption, remains stable over 
a prolonged period in brown adipose tissue 
slices in vitro under these conditions. 

Effects of Insulin With No Added Substrate 

It is well known that insulin can promote 
the conversion of glucose to fatty acids in adi- 
pose tissue. Insulin has also been shown to have 
certain effects on the metabolism of white adi- 
pose tissue in vitro in the absence of added 
glucose. Specifically, Jungas and Ball have 
shown that when glucose is absent, insulin in- 
hibits lipolysis in white adipose tissue either in 
the presence or absence of added catechol- 
amines (7). The experiments shown in Figure 3 
were carried out to determine whether or not 
this effect could also be observed in brown adi- 
pose tissue. Intact epididymal white adipose 
tissue pads and slices of interscapular brown 
adipose tissue from the same rats were incu- 
bated simultaneously in a medium composed of 
Krebs-Ringer phosphate buffer containing no 
glucose or serum albumin. Since albumin was 
absent, FFA could not leave the tissues and 
therefore the FFA measurements represent 
accumulation of FFA in the tissue and not in 
the incubation medium. The glycerol measure- 
ments represent glycerol in the medium. Except 
as noted, oxygen consumption was essentially 
linear throughout the 2 hr incubations, and it 
appeared that the norepinephrine concen- 
trations employed were low enough and the 
incubation time short enough to avoid 
poisoning of respiration due to accumulation of 
large amounts of FFA within the tissues. 

It can be seen from the results shown in 
Figure 3 that the antilipolytic effect of insulin 
reported by Jungas and Ball could be repeated, 
using 0.05 or 0.1/ag norepinephrine per milli- 
liter and 10-3 units insulin per milliliter, 
although the inhibition of FFA accumulation 
due to insulin in the absence of norepinephrine 
reached only borderline statistical significance 
in the four pairs of incubations that were per- 
formed. On the other hand, in experiments 
with brown adipose tissue not shown in Figure 
3, no antilipolytic effects of insulin could be 
demonstrated either in the presence or absence 
of 0.1 /~g norepinephrine per milliliter, when 
insulin was used at this same concentration of 
10-3 units per milliliter, regardless of whether 
the insulin was dumped from the sidearm at the 
same time as norepinephrine or 28 rain before 
addition of norepinephrine. 

When the insulin concentration used with 
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brown adipose tissue was raised to 10-2 units 
per milliliter, the positive results shown in 
Figure 3 were obtained. No antilipolytic effect 
of insulin was observed in the absence of added 
norepinephrine, but in the presence of 0.1 /~g 
norepinephrine per milliliter there was a statis- 
tically highly significant suppression of glycerol 
release by insulin. The simplest interpretation 
of this inhibi t ion of glycerol release is that it 
indicates an antilipolytic effect of insulin in 
brown adipose tissue slices. 

Several additional incubations were carried 
out with brown adipose tissue, using 0.05 
rather than 0.1/ag norepinephrine per milliliter. 
These experiments are not shown in Figure 3. 
At first glance these experiments appeared to 
be showing an inhibition of oxygen con- 
sumption by 10-2 units insulin per milliliter, 
but inspection of the time-course of the oxygen 
consumption showed that the difference was 
due to the fact that the stimulatory effect of 
0.05 /.tg norepinephrine per milliliter on oxygen 
consumption simply did not last as long as in 
the presence as in the absence of insulin. Per- 
haps norepinephrine autoxidizes more rapidly 
when insulin is present. On the other hand, as 
indicated above for the experiments illustrated 
in Figure 3, the oxygen consumption was 
essentially linear throughout the 2 hr incu- 
bation in the presence or absence of 0.1/ag nor- 
epinephrine per milliliter. 

An unexpected effect of 10 -2 units insulin 
per milliliter on the oxygen consumption of 
brown adipose tissue slices was observed and is 
illustrated in Figure 3. It can be seen that in the 
absence of norepinephrine there was a statis- 
tically highly significant 20% stimulation of 
oxygen consumption by insulin. This effect 
could not be demonstrated with 10-3 units 
insulin per milliliter. This effect was clearly not 
occurring in white adipose tissue in the same 
experiments and therefore represents a funda- 
mental difference between brown and white 
adipose tissue. 

In the Krebs-Ringer phosphate buffer used 
in these experiments, the stimulation of oxygen 
consumption of brown adipose tissue slices by 
insulin was seen only in the absence of added 
glucose. For example, in the presence of 0.01 M 
glucose, six samples containing 10 -z units 
insulin per milliliter consumed 0.1 + 0.8/2moles 
less oxygen per 100 mg fresh tissue per 2 hr 
than did their paired controls to which no 
insulin was added. 

DISCUSSION 

High Rate of Oxygen Consumption in 
Brown Adipose Tissue Slices 

The rate of oxygen consumption by brown 

adipose tissue in the type of experiments illus- 
trated in Figure 1 is exceedingly high for a 
mammalian tissue. The observed rate of 120/21 
oxygen per milligram lipid-free dry weight per 
hour appears to be considerably in excess of 
those reported from other laboratories for any 
other rat tissue under any conditions in vitro, 
including perfused systems (2). Comparable 
rates of oxygen consumption have been 
reported for slices of bat brown adipose tissue 
(14), free-floating isolated brown fat ceils (15), 
and homogenates of brown adipose tissue from 
the newborn rabbit (16). It appears that brown 
adipose tissue respires at an even higher rate in 
vivo (17). This capacity for exceedingly 
vigorous oxidative metabolism correlates well 
with the high contents of mitochondria (18-20) 
and cytochromes (21) that characterize this 
tissue and adds further support to other lines of 
evidence for a physiological role of this tissue as 
a specialized site of heat production of major 
quantitative importance. 

Prolonged I ncubations 

Since the 14 hr incubation of brown adipose 
tissue shown in Figure 2 was carried out in the 
absence of added substrate and since the 
glycogen content (2) of brown adipose tissue 
from rats under the dietary conditions 
employed in this laboratory is at least an order 
of magnitude too low to account for the total 
oxygen consumption, it is necessary to con- 
clude that the major fuel supporting the high 
and sustained rate of oxygen consumption 
under norepinephrine stimulation must have 
been lipid. It can readily be calculated that at 
least 10% of the entire lipid store of the tissue 
must have been oxidized during the 14 hr incu- 
bation period. It can also be calculated that 
approximately the same number of fatty acids 
are being oxidized as are being released from 
the tissue as FFA, and this serves to illustrate 
further the strong emphasis on oxidative pro- 
cesses in brown as compared to white adipose 
tissue. 

The high rate of fatty acid oxidation seen in 
brown adipose tissue correlates well with the 
unusually high content of carnitine reported to 
be present in this tissue (22) and offers strong 
support for the postulated role of carnitine in 
fatty acid oxidation. In this connection, carni- 
tine has recently been shown to be one of 
several cofactors required for maximal rates of 
oxygen consumption in brown adipose tissue 
homogenates (23). 

It has been shown that in white adipose 
tissue, exogenous glucose supplies a-glycero- 
phosphate for the reesterification of FFA, 
which in turn acts as an ATP-ase to support the 
accelerated rate of oxygen consumption seen 
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when this tissue is under stimulation by a com- 
bination of catecholamines and insulin (24). On 
the other hand, it is clear from the experiment 
with brown adipose tissue shown in  Figure 2 
that oxygen consumption can proceed at a very 
high rate in the absence of any exogenous pre- 
cursor for a-glycerophosphate. Likewise, there 
is not enough glycogen in brown adipose tissue 
(2) for an adequate supply of a-giycero- 
phosphate. Therefore it must be concluded that 
(a) there is another source of a-glycero- 
phosphate such as the action of glycerol kinase 
on freshly liberated glycerol (since glycerol 
readily permeates cell membranes and would 
probably rapidly leak out of the slices into the 
medium, this seems unlikely as an adequate 
explanation), or (b) that lipolysis proceeds only 
to the stage of mono- and di- giycerides, or (c) 
that the reesterification scheme simply does not 
operate in brown adipose tissue as the major 
factor allowing the high rate of oxygen con- 
sumption to proceed. Although isolated mito- 
chondria of brown adipose tissue have recently 
been shown to be capable of coupled oxidative 
phosphorylation (25-27), it may be that during 
norepinephrine stimulation of oxygen con- 
sumption the mitochondria become uncoupled 
in order to allow respiration and its concom- 
mitant heat production to proceed at a high 
rate. This matter is discussed in further detail in 
other papers presented in the present sym- 
posium. 

The  striking stability of the oxygen con- 
sumption seen in the 14 hr experiment illus- 
trated in Figure 2 suggests that brown adipose 
tissue offers an excellent system for the study 
of relatively long-term effects of hormones in 
vitro, such as the induction of the biosynthesis 
of new enzymes. We have not attempted incu- 
bation times longer than 14 hr. It has been pre- 
viously shown that the epididymal white adi- 
pose tissue pad is also a very stable system in 
vitro over a similarly long period of time (28). 

Inhibition of Lipolysis by Insulin 

Although a clear antilipolytic effect of 
insulin on brown adipose tissue slices appears to 
have been demonstrated by the experiments il- 
lustrated in Figure 3, it should be pointed out 
that the concentration of insulin required in the 
Krebs-Ringer phosphate buffer in order to 
demonstrate the effect was relatively high and  
well above the physiological range, namely 10 .2 
units per milliliter. A much lower concentration 
of insulin was sufficient to demonstrate the 
stimulation of fatty acid synthesis from added 
glucose by insulin in brown adipose tissue slices 
from similar rats, using Krebs-Ringer bicar- 
bonate buffer (6). Likewise, a much lower con- 
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centration of insulin will still exhibit an anti- 
lipolytic effect in white adipose tissue (7). 
Following completion of the experiments 
shown in Figure 3, Fain et al. showed that 
insulin at very low concentrations can inhibit 
lipolysis in isolated free-floating brown fat cells 
(15). It seems reasonable to conclude that 
brown and white adipose tissue are qualitatively 
similar insofar as both types of tissue exhibit 
the antilipolytic effect of insulin. 

Stimulation of Oxygen Consumption by Insulin 

The stimulation of oxygen consumption in 
brown adipose tissue slices in the absence of 
added glucose, shown in Figure 3, has pharma- 
cological interest but questionable physiological 
significance, not only because of the high con- 
centration of insulin required in order to 
demonstrate the effect but also because the 
stimulation is not observed when glucose is 
present. The effect is not due to contamination 
by glucagon. The insulin preparation has been 
assayed for glucagon by the supplier and would 
have yielded a glucagon concentration in the 
incubation medium of no more than 2.5 x 10 -s 
pg/ml, which is much too low to affect oxygen 
consumption in brown adipose tissue slices (5). 
Reports of the stimulation of oxygen consump- 
tion of tissue preparations by insulin in vitro 
in the absence of added substrate are rare 
(29,30). 

Whether or not insulin will stimulate or 
inhibit oxygen consumption in rat brown adi- 
pose tissue slices depends upon the nature of 
the incubation buffer, the presence or absence 
of glucose, and the previous history of the rat. 
For example, as noted above, insulin in the 
absence of added norepinephrine stimulates 
oxygen consumption by 20% in Krebs-Ringer 
phosphate buffer in the absence of added glu- 
cose. If on the other hand the incubation is 
carried out in Krebs-Ringer bicarbonate buffer 
(which contains the bicarbonate required for 
fatty acid biosynthesis) in the presence of 
glucose, insulin exerts a strong stimulation of 
oxygen consumption, to the extent o f  approxi- 
mately 50% (6). If norepinephrine is present in 
the glucose-containing Krebs-Ringer phosphate 
buffer, insulin exerts a stimulation of oxygen 
consumption if normal rats are used as the 
source of the brown adipose tissue slices (4), 
but if the incubation is carried out under 
similar conditions using rats that have been 
cold-adapted for several weeks and then placed 
at room temperature for 24 hr before killing, 
then insulin exerts a marked inhibition of 
oxygen consumption (C. D. Joel, unpublished 
experiments). The basis for these differences in 
insulin effects remains to be fully clarified. 
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The Composition and Metabolism of Developing Brown 
and White Fats 1 
R. L. SMALLEY, J. J. MINOR and L. ROWE, Department of Chemistry, 
Kansas State Teachers College, Empo~'ia, Kansas 66801 

ABSTRACT 

This investigation was concerned with 
analysis of the composition and meta- 
bolism of developing adipose tissues in 
the postnatal  hamster. Particular atten- 
tions were given to the development of 
brown fat and the relationship of brown 
and white fats to each other. Correlations 
with previous histological studies are 
stressed. The parameters studied were 
water content,  total  lipid content,  glyco- 
gen content,  fat ty acid compositions of 
total  lipid extracts, malic dehydrogenase 
activity as assayed from oxaloacetate to 
mala te ,  glucose-6-phosphate dehydro- 
genase activity and aldolase activity. 

INTRODUCTION 

In recent years much information has been 
obtained relating to the morphology, chemical 
composit ion and metabolism of adipose tissues. 
There is, however, a significant lack of infor- 
mation concerning the development of these 
tissues. This has become quite evident following 
t h e  recognition of an important  physiological 
role for brown fat. This tissue has been assumed 
by  many to be, in some manner, related to the 
embryonic form of white adipose tissue (1). 
Others have not accepted this relationship (2). 
In a recent report  (3), we discussed the develop- 
mental morphology of brown (multilocular) 
and white (unilocular) adipose tissues in the 
hamster. It was shown that  the development of 
brown fat deposits could be separated into 
several time stages, and these stages were rather 
unambigously separated in the hamster. This 
separation indicated that chemical and meta- 
boric studies might be readily correlatable with 
developmental histology. In addition, the 
developmental processes of brown and white 
fats can be readily compared in this species. 

In the present report  a survey of chemical 
composit ion and enzymology of developing 
hamster brown and white adipose tissues will be 
presented. Particular at tention will be given to 

1One of nine papers to be published from the 
Symposium "Brown Adipose Tissue," presented at the 
AOCS-AACC Joint Meeting, Washington, D.C., March 
1968. 

correlations of composit ion and metabolism 
with previously described histology. Our survey 
includes examinations of  the several parameters 
listed in the above abstract. 

MATERIALS AND METHODS 

Animals were obtained and maintained as 
described previously (3). Water content was 
determined by drying to constant weight at 
105 C. Tissue lipids were extracted with chloro- 
form-methanol (4), and quanti tated by the 
colorimetric method of Dales (5). This was 
modified extensively for use with small 
amounts ( <  10 mg) of tissue. Adult  hamster 
white fat lipid extracts were used for colori- 
metric standards. Glycogen was determined by 
the method of Montgomery (6). 

Fa t ty  acid compositions were determined by 
gas liquid chromatography (GLC) of methyl  
esters prepared by transesterification using 5% 
sulfuric acid in absolute methanol.  Analyses 
were made using butanediol  succinate or 
ethylene glycol adipate columns at 205 C, with 
helium as carrier gas. The rinearity of the flame 
ionization detector  was frequently verified by 
injection of standard mixtures of methyl  esters, 
obtained from the Hormel Foundat ion.  The 
instrument used was a Varian Aerograph 
1520B. 

Marie dehydrogenase (1.1.1.37), aldolase 
(4.1.2.b), and glucose-6-phosphate dehydro- 
genase (1.1.1.49) activities were determined 
with a Beckman DB-G spectrophotometer  using 
methods essentially as described by Weber (7). 
In the malic dehydrogenase assay cyanide was 
added to final concentration of 0.002 molar to 
inhibit NADH oxidation in the absence of  sub- 
strate. Enzyme activities are expressed on the 
basis of tissue wet weight. 

In all instances differences are assumed sig- 
nificant if P is less than 0.05 by Students '  t-test. 

RESULTS AND DISCUSSION 

In a discussion of adipose tissue develop- 
ment in the hamster there are recognized prob- 
lems of terminology. The adipose deposits of 
the scapular region will develop into the brown 
fat of the adult, although they are not  brown in 
color for the first few days of development and 
the cells are histologically unilocular. For  con- 
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FETAL CONNECTIVE TISSUE 

UNIL OCULAR CELLS 

IMMATURE BROWN FAT C E L L S  

MULTILOCULAR C E L L S  

0 5 I0 15 20  
DAYS OF AGE 

FIG. 1. Sequence of celt types present in developing hamster brown fat. See text for explanation. 

venience of presentation we still refer to these 
deposits as brown fat. Figure 1 is a highly dia- 
gramatic presentation of the major cell types 
present in brown fat deposits of the hamster at 
various ages. Fetal connective tissue is present 
at birth, and declines to an insignificant amount 
at about three days of age. Unilocular cells 
appear shortly after birth and increase in 
number, but their relative numbers decline after 
about eight days. Immature brown fat (IBF) 
ceils appear at about three days and sub- 
sequently increase in number. At about 15 days 
their number is maximal and they are trans- 
formed into the multilocular brown fat which 
persists into adulthood. The development of 
inguinal white fat in the hamster is essentially 
as shown in Figure 1, but IBF and multilocular 
cells do not appear and unilocular cells do not 
decline in relative numbers. 

A more detailed analysis of developmental 
histology has been presented in a recent report 
from this laboratory (3). 

Water Content 

The percentage of water correlated well with 
histology (Fig. 2). There is, as would be 
expected, a general inverse relationship between 
water and total lipid contents. 

~ 8 0 -  

uJ 4 0  

w 
Q. 

BROWN FAT WHITE FAT 

]n Nnn In nn  
- ~ ~ ,~ ~- ~ _  _ - =' ~ -~ b ~ 

DAYS OF AGE DAYS OF AGE 

FIG. 2. Water contents of hamster interscapular 
brown fat and inguinal white fat at various ages. 
Number of animals in each group is indicated on 
graph. Standard errors are shown. 

LIPIDS, VOL. 5, NO. 2 

Total Lipids 

At four days of age unilocular cells are the 
major cytological species present in brown fat 
deposits, but at 16 days unilocular cells are 
rarely seen. At this time immature brown fat 
cells are the major type present (Fig. 1). Lipid 
contents of the developing tissues correlate well 
with morphology. In brown fat deposits the 
levels decline from 50% to 25% of the wet 
weight as uniloct~lar cells are replaced by im- 
mature brown fat ceils. A significant increase (P 
< 0.01) in total lipid percentage occurs 
between days 16 and 20. This corresponds to 
the time in which the brown fat deposits are 
becoming multilocular. 

In our analysis of tissue lipid, interscapular 
and subscapular brown fat deposits are 
analyzed separately, but Figure 3 shows only 
data for interscapular tissue. For the first 16 
days lipid levels of subscapular and inter- 
scapular deposits are identical. In the adult the 
levels in subscapular tissue are approximately 
70% of those presented for interscapular brown 
fat. This difference is well correlated with 
morphological appearances. 

Inguinal white adipose tissue contains little 
lipid for the first four days. A significant in- 
crease occurs at about day five and the level is 
maintained at about 40% until  16 days, after 

801 BROWN FAT WHITE FAT l 

o ,~ ~ ~_ ~ ~ ~ _~ o ~ 
. . . . .  ~ , ~  - ~ = ~  ~ 

DAYS OF AGE DAYS OF AGE 

FIG. 3. Lipid content of hamster interscapular 
brown fat and inguinal white fat at various ages. Lipid 
content expressed as per cent of tissue wet weight. 
Number of animals in each group is indicated by 
numbers on the graph. Standard errors are shown. 
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FIG. 4. Glycogen content of hamster adipose tissues and heart at various ages. Glycogen content 
expressed as per cent of tissue wet weight. Number of animals in each group is indicated by numbers 
on the graph. Standard errors are shown. 

which there is an increase to 80% in the adult. 
The change in lipid level of white fat at about 
16 days is not correlated with readily visible 
morphological events. It does, however, occur 
very near the weaning age (15 days) at which 
time there is an obvious diet change. 

G l y c o g e n  

Glycogen content of all adipose tissues 
studied averages about 0.1% of the wet weight 
for the first 12-14 days of age (Fig. 4). It then 
increases sharply accounting for as much as 1% 
of the brown fat, and 0.6% of the white fat wet 
weight. Comparison of the 9-12 day animals 
with those 15-16 days of age reveals a six-fold 
glycogen increase in interscapular brown fat (P 
< 0.05). Similarly significant increases are 
noted in subscapular brown fat (five-fold in- 
crease, P < 0.05) and inguinal white fat (four- 
fold increase, P < 0.05). The glycogen increase 
is closely related to lipid accumulation in sub- 
sequent days. Glycogen accumulation prior to 

lipid storage has been described previously 
(8-10). Significant variations arc not seen in the 
glycogen content of heart. 

F a t t y  A c i d  C o m p o s i t i o n  

Palmitic, palmitolcic, stearic, oleic and 
linoleic are the major fatty acids seen in our 
studies, accounting for approximately 95% of 
the 12-20 carbon acids. This has been demon- 
strated previously (I 1-13). The percentages of 
thesc acids in total lipids at various stages of 
development are shown in Figure 5. The results 
are presented only for interscapular brown fat, 
but no significant differences in fatty acid com- 
positions of interscapular and subscapular 
deposits were noted at any stage of develop- 
ment. It should be emphasized that in animals 
older than 18 days our use of the term inter- 
scapular brown fat refers only to the brown 
colored tissue of the interscapular deposits. 

In the following discussion each of the pre- 
viously mentioned acids will be considered 
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FIG. 5. Fatty acid composition of hamster inter- 
scapular brown fat and inguinal white fat at various 
ages. The age scale is shown only at the bottom of the 
graph. The 10 bars on the left of figure are brown fat 
and the 10 bars on the right are white fat. Number of 
animals used at each age is shown on the 18:2 graph 
(bottom) and is the same for the other acids. Standard 
errors are shown. 

individually, in inguinal white fat, and in inter- 
scapular brown fat. All results are shown in 
Figure 5. 

The palmific acid (16:0) levels decline from 
about 34% to 28% in both brown and white 
fats between days four and six. This cor- 
responds to the time period in which adipose 
cells are replacing the fetal connective tissues. 
In brown fat the 28% level is maintained during 
the time period in which unilocular cells are the 
predominant  cellular type. As immature brown 
fat cells become numerous there is a decline in 
16:0 to about 23% (P < 0 .0 t ,  comparing 9-10 
with 15-16 days). The 16:0 level does not  
change significantly after 16 days. 

The percentage of  16:0 in inguinal white fat 
remains quite constant between days 5 and 18, 
averaging 27%. A minimum of 22% is reached 
at about 20 days of age (P < 0.01, comparing 
9-10 with 19-20 days). This is not  correlated 
with readily visible morphological events, lipid 
levels or other parameters studied. 

Palmitoleic acid (16:1) levels of developing 
brown fat remain constant (about 6%) during 
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FIG. 6. Major fatty adds of interscapular white 
adipose tissue. Five animals were used for 22-24 day, 
two for 30 day and five for adult determinations. 
Standard errors are shown. 

days 1-14. An increase to 9% is seen between 
days 14 and 20 (P < 0.05). The decrease to 7% 
seen in adult  brown fat is not significant. 

White fat 16:1 levels decline from 8% to 6% 
between days 8 and 14. Some preliminary data 
indicate that this d~cline may be a reflection of 
the changing composit ion of hamster milk. The 
increase in 16:1 between 14 and 20 days is sig- 
nificant (P < 0 .0 t ) .  

The stearic acid (18:0) levels of  brown fat 
deposits average about 6% during days 1-14. At 
about 14 days there is a sharp increase in 18:0 
levels to 11% (P < 0.01, comparing 13-14 with 
15-16 days). This corresponds to the time 
period just prior to the major lipid accumu- 
lation in brown fat (Fig. 1). Our preliminary 
studies indicate that this increase takes place in 
both the triglyceride and phospholipid fractions 
of  the tissue, and does not  appear to be a 
reflection of dietary change. The 18:0 level of 
brown fat drops from 1 I% to 9% between days 
16 and 20 (P < 0.01). The 9% level is main- 
tained into adulthood.  

The stearic acid levels of inguinal white fat 
average about 5% for the first 16 days of 
development,  followed by a significant (P < 
0.01) drop to 3% at 19-20 days. This level is 
maintained into adulthood.  

Oleic acid (18: 1) increases from 40% to 45% 
of  the total  as adipose cells are deposited in the 
fetal connective tissues [P < 0.01 ( B F ) a n d  
0.02 (WF)].  As immature brown fat cells are 
added to brown fat deposits a decrease in 18:1 
is noted,  reaching a minimum at 17-18 days 
(39%). This level is maintained with little 
change to adulthood.  

After appearance of unilocular ceils in white 
fat deposits there is no significant change of 
18:1 percentage in white fat total  lipids. 

Linoleic acid (18:2) content of developing 
brown fat shows no significant ctmnge for the 
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FIG. 7. Malic dehydrogenase activity of hamster adipose tissues and liver at various ages. Activity 
expressed as (micromoles NADH oxidized per gram wet weight per hour) (10-3). The number of 
animals used in each group is indicated on the graph. Standard errors are shown. 

first 10 days, averaging about 12%. It then 
increases during days 11-12 to 18% (P < 0.05). 
There is some indication of further increase in 
the adult, but this is not significant. 

In white fat the 18:2 levels increase rather 
slowly from 14% at 6 days to 22% in the adult. 

It is evident from the above presentation 
that the major changes in fatty acid compo- 
sition of brown fat deposits occur during pro- 
liferation of the immature brown fat cells and 
subsequent lipid accumulation. At present their 
significance with regard to cellular metabolism 
is unknown, as are the controlling factors 
underlying them. It should be emphasized that 
our animals are weaned at 15 days of age. 
Dietary influences are then of possible impor- 
tance. The changing composition of white fat 
after 15 days could indicate that diet is an 
important factor: the changes in white fat are 
not associated with readily visible morphologi- 
cal events. Preliminary studies of hamster milk 
composition, however, do not allow firm specu- 
lation regarding the influence of diet. 

Analysis of the data in terms of differences 
in fatty acid composition of brown and white 
fats is of interest. Each of the acids studied has 
been analyzed in this regard, at each of the ages 
given in Figure 5. The fatty acid compositions 
of brown and white fats do not differ from 
each other in any statistically significant respect 
for the first 10 clays of age. From days 11 to 
16, white fat contains significantly more 

palmitic acid than brown fat. The percentage of 
palmitoleic acid does not differ in developing 
tissues or in the adult. 

Previous works (11-13) have demonstrated 
that brown fat contains more stearic acid than 
white fat. This difference does not become 
apparent until  15 days of age in the hamster. 
After this time it is significant at all ages 
studied (P < 0.01 in all cases). Oleic and lin- 
oleic acid percentages in the total lipids do not 
differ in brown and white fats. 

White colored adipose tissue surrounds the 
brown colored tissue discussed above and dif- 
fers from the brown tissue in fatty acid compo- 
sition. Preliminary analysis of this interscapular 
white adipose tissue, which begins to appear at 
about 18 days of age, is shown in Figure 6. Its 
fatty acid composition closely parallels that of 
inguinal white fat (compare Fig. 5), although 
studies of its origin seem to indicate derivation 
from multilocular cells of the interscapular 
brown fat deposits (20). 

Enzyme Activity 

The foregoing studies have demonstrated 
major changes in the composition of brown and 
white fats as the tissues mature. These changes 
are seen in histological pictures, glycogen, lipid 
contents and fatty acid composition. The 
changes are most noticeable from about 12-18 
days of age. As a first step toward elucidation 
of the mechanism responsible, we have assayed 
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FIG. 8. Glucose-6-phosphate dehydrogenase activity of hamster adipose tissues and liver at various 
ages. Activity expressed as (micromoles NADP reduced per gram wet weight per hour) (10 -1 ). Number 
of animals in each group is indicated on graph. Standard errors are shown. 

the activity of certain key enzymes in maturing 
interscapular and subscapular brown fats, 
inguinal white fat and liver. The enzymes 
chosed were malic dehydrogenase (1.1.I .37),  
glucose-6-phosphate dehydrogenase (1.1.1.49) 
and aldolase (4.1.2.b). Each is important  in dif- 
ferent metabolic pathways. 

The activity of mallc dehydrogenase (MDH) 
increases significantly (P <(0.05)  in both inter- 
scapular and subscapular brown fat deposits 
between days 7 and 10, and again between days 
10 and 12 (Fig. 7). The 12 day level is main- 
tained to 16 days, followed by an increase 
during days 17-18. The 12 day level is reat- 
tained by day 25. Inguinal white fat MDH 
activity increases by a factor of 2.2 between 14 
and 18 days, but drops to its 14 day activity 
level at 20 days, remaining essentially constant 
to at least 30 days of  age. Liver MDH activity 
drops to 65% of its 5-8 day level during days 
9-10, followed by a significant increase at days 
11-12 (P < 0.05). The liver activity declines 
during days 13-14 to reach a level which is 
maintained to maturity.  

At  the present time it is felt that at tempts at 
interpretat ion of the significance of  variations 
in MDH activity are not  warrented. Previous 
work has shown that NADH linked MDH 
enzymes are found in both the soluble and 
mitochondrial  phases of cells (14-16). In a 

recent report  (17) it has been shown that  most 
of the MDH activity of brown fat is found in 
the supernate and microsomal fractions of the 
cell, with relatively little activity in the mito- 
chondria. Our assay system does not differ- 
entiate activity in these sites, therefore 
at tempts  at interpretat ion without further 
studies would be premature. 

Glucose-6-phosphate (G-6-P) dehydrogenase 
activity of both brown fat deposits increases by 
a factor of about 2.6 between days 16 and 20 
(P < 0.05, Fig. 8). Significant, but smaller in- 
creases are seen in white fat. Activity of this 
enzyme in liver remains essentially constant for 
the first 30 days of development. It is probable 
that the increases in G-6-P dehydrogenase 
activity of the adipose tissues reflect an increase 
in the activity of the pentose pathway during 
the 16-20 day time period. If it is assumed that 
most of the lipid accumulated in the tissues 
after 16 days is newly synthesized, then much 
of the NADPH needed for such synthesis could 
be supplied through this pathway. 

Aldolase activity of subscapular brown fat is 
significantly higher than that of interscapular 
brown fat for most of  the first 30 days, but  the 
activities of the adult brown fat deposits are at 
the same very low levels (Fig. 9). The changes 
in aldolase activity with age are in the same 
_direction for all four tissues studied; that  is, 
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FIG. 9. Aldolase activity of hamster adipose tissues and aver at various ages. Activity expressed as 
(mieromoles NAD reduced per gram wet weight per hour) (10-1). The number of animals in each 
group is indicated on graph. Standard errors are shown. 

there is a minimum at 15-16 days followed by  
an increase at days 17-18. The increase at 17-18 
days is significant in subscapular brown fat (P < 
0.05) and liver (P < 0.01), but not in the other 
two tissues. The activity decrease at 15-16 days 
corresponds to the histological time period just 
prior to the major lipid accumulation in brown 
fat. The decline in liver activity may indicate 
that the depression in aldolase activity is not  
closely related to lipid accumulation in brown 
fat. It was noted in Figure 4 that the glycogen 
content of the adipose tissues was maximal at 
15-16 days of age. It may be that the glycogen 
increases seen resulted from the decrease in 
glycolytic (as measured by aldolase) activity. 
Glycogen increases prior to lipid accumulation 
may then be secondary to decreased glycolysis. 

The studies reported here indicate that the 
composition and metabolism of developing 
brown fat correlate closely with the tissue his- 
tology. At  present little is known regarding con- 
trol of lipid storage in brown fat ceils of the 
hamster. The closeness of the time of major 
lipid accumulation to the weaning age strongly 
implicates dietary factors in the changes noted.  
In addit ion the control of lipid metabolism by 
numerous hormones suggests that the changes 
are controlled by the functioning of certain 
endocrine glands. The ages at which various 

glands become active in the hamster are not  
known. 

The results presented demonstrate  that,  in 
general, the composit ion and metabolism of 
unilocular cells in the brown fat and inguinal 
white fat deposits are similar. There is little dif- 
ference in lipid content and fat ty  acid compo- 
sition during those stages of development in 
which comparisons of unilocular cells are 
warranted. The tissues begin to differ when im- 
mature brown fat cells become numerous, and 
particularly when these cells are transformed 
into mature brown fat ceUs. 

This study has demonstrated that  the 
development of multi locularity in brown fat 
ceils is highly specialized. Therefore, it can no 
longer be accepted that the brown fat cells as 
found in the mature animal are identical with 
the multilocular cells found in developing white 
adipose tissue deposits of most mammalian 
species. This does not  necessarily imply that the 
multilocular brown fat cell cannot become 
transformed into "the "signet-ring" cell. Our 
investigations indicate that the white adipose 
tissue of the interscapular deposits arises from 
multilocular ceils of the brown Sat. 

It is not  necessary to assume that lack of 
identi ty of the brown fat cell with the so-called 
embryonic fat cell means that  the tissues are 
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ent i re ly  unre la ted .  The  s imi lar i ty  o f  e n z y m a t i c  
r e s ponse s  n o t e d  in th is  r epor t  and  o the r s  (18) ,  
ind ica te  a h igh  degree o f  me tabo l i c  re la t ionsh ip  
b e t w e e n  b r o w n  and whi te  fats ,  b u t  do no t  
prove  t h e m  ident ical .  The  q u e s t i o n  of  re la t ion-  
ships  c a n n o t  be answered  by morpho log ica l ,  
chemica l  or  m e t ab o l i c  s tudies  o f  the  m a t u r e  
an ima l  (19) ,  and  m u s t  await  f u r t he r  and  more  
deta i led  embryo log ica l  s tudies .  The  h a m s t e r  
s hou ld  be a good species  for  such  inves t iga t ions .  
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ABSTRACT 

Cuticular lipids cover nearly all parts 
of insects, and are the chief agent for 
restricting water loss. The structure of 
insect epicuticles is reviewed, with 
emphasis .on the role of cuticular lipids 
and the metabolism of cuticular lipids. 
The chemical composit ion of insect cuti- 
cular lipids are discussed with particular 
emphasis on the types in which hydrocar- 
bons, wax esters and fatty alcohols pre- 
dominate.  What little evidence is available 
on the biosynthesis of insect cuticular 
lipids is discussed. 

FUNCTION OF INSECT 
CUTICULAR LIPIDS 

Secretion of waxy materials by bees and 
similar insects has been known since antiquity 
and is reviewed by Tulloch (this symposium); 
however, the chemistry of somewhat smaller 
quantities of waxy materials on the surface of 
the insect cuticle was not studied until the 
work of Dusham (1) in 1918. Dusham sug- 
gested that the cuticular lipid "probably serves 
as a protection against moisture," Ramsay (2) 
was the first to demonstrate that a greasy 
material on the surface of  the cuticle was 
responsible for waterproofing the cockroach; 
subsequently, the work of Wigglesworth (3) and 
Beament (4) produced evidence that a thin 
layer of wax in the epicuticle covered nearly all 
parts of the insect and was the chief mechanism 
for restricting water loss. 

The large surface to volume ratio of insects 
makes it important  that excessive evaporation 
be prevented. Many investigators have measured 
the transpiration of water from insects. These 
studies are reviewed by Barton-Browne (5), 
Beament (6,7), Edney (8), Richards (9), 
Wigglesworth (10) and Locke (11). The evi- 
dence seems to agree that the cuticle of insects 
in dry air is relatively impermeable to water but 
is permeable in moist air, e.g., water vapor up- 
take. However, what passage of water occurs is 

lOne of six papers to be published from the 
Symposium on Natural Waxes, presented at the AOCS 
Meeting, San Francisco, April 1969. 

2present address: Department of Chemistry, 
Florida Technological University, Orlando, Fla. 
32816. 

due to passive diffusion because it has been 
demonstrated that it is immaterial whether the 
insect is alive or dead (3,12,13). 

Five main lines of evidence support  the role 
of  the cuticular lipid layer in the reduction of 
transpiration: 

I. Cuticles from which the surface lipids are 
removed with chloroform, ether or other 
organic solvents are relatively permeable to 
water. Vegetable oils (14), lecithin and a series 
of wetting agents and detergents show widely 
different effects on permeabili ty of  the cuticle 
to water (3,4). 

2. The waterproofing observed with intact 
insects is rather closely duplicated when 
extracted cuticular lipids are deposited on col- 
lodion membranes or intact wing membranes 
(4). 

3. The transpiration rate from an insect is 
found to increase rather abrupt ly at a tempera- 
ture that closely corresponds to the transition 
point or change of phase point of the lipids of  
the cuticle of the particular species. This transi- 
tion point is very near the melting range of the 
extractable lipid (3,4). 

4. Rapid desiccation occurs as a result of 
scratching the outer surface of the cuticle with 
abrasive dusts. The abrasion need be only deep 
enough to penetrate the epicuticle. Adsorption 
of the lipids onto the dust may also play a role 
to a certain extent,  especially on insects where 
the lipids are soft (3,15). 

5. If the abraded insect is kept in a moist 
atmosphere to prevent desiccation the lipid 
layer is restored, and along with this the resist- 
ance to desiccation returns. 

STRUCTURE OF INSECT 
CUTICULAR LIPID LAYER 

With the aid of electron microscopy, M. 
Locke (11,16) has made some observations on 
the structure of the epicuticle and his interpre- 
tations shed some light on the properties of this 
membranous structure. The epicuticle is recog- 
nized as having distinct sublayers defined from 
inside to outside as: inner epicuticle, cuticulin, 
lipid layer and cement layer (11,17-19) (Fig. 1). 
The thickness is generally about l/a, or only 
about 5% of the thickness of the cuticle. 

Hurst (20) postulated that the cuticular lipid 
consists of an innermost layer that orients the 
overlying or thorhombic crystals of paraffins 
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FIG. 1. Diagram of the most probable arrangement 
of lipid molecules in the epicuticle. The inner epi- 
cuticle may extend for about 1/./, that is, about 20 
times the thickness shown. Locke, M. (16), repro- 
duced with permission. Copyright 1965 by the 
American Association for the Advancement of 
Science. 

which form the main water barrier. The degree 
of organization of the outermost layer de- 
creases the more removed it is from the organ- 
izing effect of the innermost layer. The transi- 
tion in the temperature-permeability relation- 
ship, according to this theory, is an irreversible 
change from the orthorhombic to a hexagonal 
crystal system. 

Beament (4,6,17,21-23) presented evidence 
for an oriented monolayer attached to the sur, 
face of the cuticle (amounting to about 5% of 
the grease layer in the case of the cockroach 
cuticle), which is responsible for approximately 
25% of the impermeability to water. The transi- 
tion phenomenon is explained as a disorgani- 
zation of the oriented monolayer by thermal 
agitation of the constituent molecules. The 
theory postulates that the extreme permeability 
is due to additional oriented layers of lipid, 
however, the arrangement is not explained. The 
impermeability of cuticular lipids is impres- 
sively high compared with that of normal 
hydrocarbon layers (24). Insect cuticular lipids 
differ either physically or chemically or both 
from normal paraffinic hydrocarbons. 

Locke (25,26) finds that part of the epi- 
cuticle is penetrated by pore canals containing 
numerous lipid filaments. The lipid filaments 
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FIG. 2. Three lipid-water liquid-crystalline phases 
known from in vitro studies. If the middle phase 
(center) could change to either the complex hexagonal 
or the reversed middle phase within the epicuticle, 
there would be an increase in permeability to water. 
Locke, M. (16), reproduced with permission. Copy- 
right 1965 by the American Association for the 
Advancement of Science. 

appear as dense lines of indefinite length in an 
orderly hexagonal array when fixed with 
osmium and stained with lead. The lipid fila- 
ments and the surface monolayer are probably 
unsaturated or polar lipids or both since they 
are fixed by osmium tetroxide (27); they differ 
from most of the surface lipid, which is unfixed 
and mainly hydrocarbon (Locke, in prepara- 
tion). Locke suggests that the most probable 
arrangements of lipids in the epicuticular canals 
are middle phase (Fig. 2) with the possibility of 
some reversed middle phase and complex 
hexagonal phase [defined by Luzzati and 
Husson (28) and Stoeckenius (29)]. The fol- 
lowing aspects of cuticular permeability are 
explained by Locke (11) on the basis of the 
above arrangements of lipids. 

The transport of lipid from the site of 
synthesis across the endocuticle and epicuticle 
to the surface could be carried out in the 
hydrophobic center of the pore canal. Move- 
ment of polar lipids, on the other hand, might 
be by displacement of the lipid occupying the 
pore. 

The cuticle is permeable to lipid-soluble 
molecules (insecticides, pheromones, hor- 
mones) which could take up some of the space 
in the region occupied by the hydrocarbon ends 
of the pore lipids and eventually find their way 
into the insect. 

The nonabrasive dusts, which apparently 
function by adsorption of the lipid, could 
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FIG. 3. Structure of ceroplastol I (R=CH2OH) and 
ceroplasteric acid (R=COOH) (34). 

seemingly adsorb the lipid from the pore canals 
and thereby allow water to enter. With the lipid 
in the pore canals replaced by water, desic- 
cation of the insect is likely to occur. 

The possibility of some conversion of middle 
phase to reversed middle phase could explain 
the variation in water permeability [e.g., the 
cockroach is very impermeable to water loss, 
yet a drop of water on the cuticle rapidly disap- 
peared (6)]. The phase depends on the temper- 
ature and the lipid-water ratio, such that a 
change in environment might change the phase 
and thereby change the water permeability of 
the cuticle. 

CHEMISTRY OF INSECT CUTICULAR LIPIDS 

The dome-shaped covering of lipids over the 
scale of insects, Ceroplastes, is much larger than 
is usually seen on the epicuticle of insects, but 
its chief function is still most likely to protect 
the insect against desiccation (30). 

The lipid from Ceroplastes destructor 
(Newst.) has been examined by Hackman (30) 
and Gilby (31). The lipid consists primarily of 
wax esters of long chain normal fatty acids and 
alcohols. There are apparently a group of long 
chain acids and alcohols of average chain length 
about C27 and another group (average chain 
length about C 12) where the alcohols are unsat- 
urated with at least two double bonds per 
molecule. Paraffin hydrocarbons were not 
detected. The composition was not appreciably 
affected by the age of the insect or the type 
and locality of the host plant  (32). 

The scale insect Ceroplastes albolineatus 
secretes a lipid that has been studied in more 
detail (33,34). Saponification of the lipid gave 
n-alkyl alcohols, ceroplastol I, n-alkanoic acids 
and ceroplasteric acid. The structures of cero- 
plastol and ceroplasteric acid are shown in 
Figure 3. Rios and Colunga (33) report the 
additional presence of albolineol (C13H220) 
which has not been completely characterized, 
and ceroplastol II, which is apparently a struc- 
tural isomer of ceroplastol I. The presence of a 

~'6~9- HEPTACOSAOIENE ( 65 %) 

3-METHYLPENTACOSANE 120%)~ 

FIG. 4. GLC of P. americana hydrocarbons. 6 X 
1/4 in. OD, 1% SE-30 on Diatoport W (60-80 mesh). 
Programmed-120-350 C at 5 C/min. Baker, G. L, et al. 
(41), reproduced with permission. 

hydrocarbon mixture was also observed, but 
the mixture was not characterized. 

The composition of the saponified lipid 
from Ceroplastes rusci is shown in Table I (35). 
The number of carbon atoms in the chain is the 
only data presented on the structure of the 
components. 

A white crystalline powder that accumulates 
superficially on the larval cuticle of eri silk- 
worm [Samia cynthia ricini (Jones)] was found 
to be mostly (92.6%) a mixture of two straight 
chain saturated alcohols [99.4% n-tricontanol 
( C 3 0 H 6 2 0 )  and  0.6% n - o c t a c o s a n o l  
(C 28Hs 80)] (36). The function of this crystal- 
line powder of aliphatic alcohols on the surface 
of these larvae is not yet clear. The material 
does not form a contiguous sheet over the 
cuticle as do other insect cuticular lipid 
coverings, but is observed in the form of a fine 
dust or powder. The study of the orientation of 
an irregular-shaped, nearly pure alcohol layer 
would be interesting in view of its possible role 
in water conservation or possibly some other 
role. 

A summary of the cuticular lipid compo- 
sition from the Mormon cricket (Anabrus 
simplex Hald.) is shown in Table II (37). 
Measurable amounts of hydrocarbons, free 
fatty acids, esters, free cholesterol and acidic 
resins were characterized. The lipids were iso- 
lated and characterized by column chromato- 
graphy, gas chromatography and infrared 
spectrophotometry. 

The cuticular lipids of cockroaches were 
investigated as far back as 1918 (1). Dusham 
indicated that the lipid secreted by the wax 
glands of the German cockroach (Blatella 
germanica) has saponification and solubility 
characteristics similar to beeswax. Other than 
this, further information on the cuticular lipids 
of German cockroaches has not been reported. 

American cockroach (Periplaneta americana) 
cuticular lipids have been studied by Beament 
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T A B L E  I 

C o m p o s i t i o n  o f  the  S a p o n i f i e d  L ~ i d  S e c r e t e d  by  Ceroplastes rusci (Per  C e n t )  a 

H y d r o c a r b o n s  A l c o h o l s  Ac ids  

Lipid  c o m p o s i t i o n  11 .8  23 .6  64 .6  

N u m b e r  o f  c a r b o n  a t o m s  
in the  cha in  

1 4  . . . . . .  

16 . . . .  1.9 
18 . . . .  4 .2  
2 0  . . . .  5 .7 
22 . . . . . .  
2 4  -- 7 .0  1.4 
25 1.0 . . . .  
26  1.0 81 .2  1.2 
27  58 .0  . . . .  
28  2 .7  11.8  0 .9  
29 26 .4  
30  1.7 15.2 
31 9 .2  -- 
32 . . . .  56 .3  
33 
34  13.2 
35 

a F r o m  F a u r o t - B o u c h e t  a n d  Michel ,  (35) ,  r e p r o d u c e d  w i t h  p e r m i s s i o n .  

T A B L E  I1 

S u m m a r y  o f  the  C o m p o s i t i o n  o f  M o r m o n  Cr i cke t  Wax  a 

C h e m i c a l  class Per cen t  o f  w a x  Ind iv idua l  c o m p o n e n t  Per cen t  o f  class Per cen t  o f  wax  

C 1 2 , C 1 3 , C 1 4  CI  5 , C 1 6  12.5 6-7 
C 17,C 18, C 1 9 , C 2 0 , C 2  ! Equa l l y  

H y d r o c a r b o n s  4 8 - 5 8  C 2 2 , C 2 3 , C 2 4 , C 2 5 , C 2 6  d i s t r i b u t e d  
C 2 7 , C 2 8  20 .6  10-12  
C 3 0 , C 3 1  55 .3  27 -32  
C32 1 1.4 5-7 

C12  0 .4  i 
C14  1.7 0 .4  

Free  ac ids  15-18  C14  1 d o u b l e  b o n d  0 .5  0.1 
C 1 4  2 d o u b l e  b o n d s  0 .3  0.1 
C ! 4  3 d o u b l e  b o n d s  0 .6  0.1 
C16  7 ,9  1-1.4 
C 1 6  1 d o u b l e  b o n d  4 .0  0 .6  
C 1 6  2 d o u b l e  b o n d s  0 .3  0.1 
C16  3 d o u b l e  b o n d s  0 .7  0.1 
C 18 2 .4  0 .4  
C I 8  1 d o u b l e  b o n d  4 8 . 4  7-9 
C18  2 d o u b l e  b o n d s  2 6 . 8  4-5 
C 1 8  3 d o u b l e  b o n d s  6 .0  1 
C 2 0  Trace  Trace  

S a t u r a t e d  34  3 .2 -3 .9  
S a t u r a t e d  a n d  u n s a t u r a t e d  2 8  2 .7 -3 .3  

Esters  9-1 l S a t u r a t e d  a n d / o r  h y d r o x y  15 1 .4-1 .7  
U n s a t u r a t e d  a n d ] o r  h y d r o x y  23  2 .2 -2 .7  

Free  a l c o h o l s  2-3 C h o l e s t e r o l  2-3 

P o l y m e r s  12-14  Acid ic  res ins  o f  v a r y i n g  12-14  
m o l e c u l a r  size 

U n i d e n t i f i e d  2-4 2-4 

a B a k e r  et  ai. (37) ,  r e p r o d u c e d  w i t h  pe rmi s s ion .  
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C U T I C U L A R  LIPIDS  O F  I N S E C T S  

T A B L E  11I 

H y d r o c a r b o n  B iosyn the s i s  b y  Live P. amer icana 
( T h o r a x  in jec ted ,  I n c u b a t e d  18 hr )  
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Labe l ed  ac id  in j ec t ed  

d p m  

Diene  S a t u r a t e d - b r a n c h e d  R a t i o  

14 C. l -Ace t i c  ac id  3 2 5 0  2 8 1 0  I. 16:1 
! 4C- I -Ma lon i c  ac id  6 8 5 3  6591  1 .04:  1 
1 4 C - l , 3 - M a l o n i c  ac id  3 2 6 7  241  I 1 : ! , 0 2  
L - M e t h i o n i n e - C H 3 - 1 4 C  82 83 -- 
1 4 C - 3 - P r o p i o n i c  ac id  2267  5 7 0 5  1 :2 .52  
14C- I O-Decano ic  ac id  3 0 2 5  3 9 9 3  l : 1 .32 
1 4 C - l - P a l m i t i c  acid  1 6 9 6  2 1 7 8  i : 1 .28 
14C-U-Pa lmi t i c  ac id  1 5 6 0  2 8 0 0  I : 1.8 
14C- 16-Pa lmi t i c  ac id  8 9 7  2 4 3 3  1 :2 ,7  l 
Pa lmi t ic  a c i d - 9 , 1 0 - 3 H  170 1922  1 : 11.3  
14 C. ! -L ino le ie  acid  1 3 4 8  4 5 2  2 . 9 8 : 1  

(38) and by Gilby and Cox (39,40). Gilby (40) 
found that the American cockroach cuticular 
lipid extract consisted of about 75% hydrocar- 
bons, while fatty acids, esters and aliphatic 
aldehydes in roughly equal amounts made up 
the remaining 25%. The major hydrocarbon 
component was reported to be a 27 carbon un- 
conjugated diene, probably heptacosa-9,18- 
diene. Baker et al. (41) report that the most 
abundant hydrocarbon in the whole cockroach 
and in the cockroach hemolymph is a 27 car- 
bon diene (cis, cis-6,9-heptacosadiene). The gas 
chromatogram of American cockroach hydro- 
carbons is shown in Figure 4. In yet unpub- 
lished work on the cuticular hydrocarbons, we 
have also observed chromatograms similar to 
the one in Figure 4, and the presence of hydro- 
carbons of approximately 41 to 43 carbons. 

We have recently investigated the cuticular 
hydrocarbons of a number of cockroaches. 
Approximately 90% of the cuticular hydrocar- 
bons of the Madeira cockroach (Leucophaea 
maderae) and the Oriental cockroach (Blatta 
oriental is)  c o n s i s t e d  of n-heptacosane, 
1 1-methylheptacosane, 13-methyheptacosane 
and 3-methylheptacosane, and the remaining 
10% was apparently of a similar series with pre- 
dominantly 23,25,29 and 31 carbons in the 
chain (42). This is the first report of similar 
hydrocarbon compositions in insects of dif- 
ferent genera and also the first report of 
branched hydrocarbons in the cuticular lipids 
of insects. Leibrand (43), however, indicated 
the possibility of branched and cyclic hydrocar- 
bons in the cuticular lipids of the Mormon 
cricket (Anabrus simplex Hald.) and Baker et 
al. (41) found 3-methylpentacosane in the 
hydrocarbon extract of the whole American 
cockroach. Even more exciting is the presence 
of such large quantities of internally methyl 

branched hydrocarbons that are not of the iso- 
prenoid type. Internally methyl branched 
hydrocarbons were first discovered in plant 
waxes (for a review see Kolattukudy, this 
symposium); however, they were also found in 
an extract of homogenized house crickets, 
Acheta domesticus (44). It is not certain 
whether these hydrocarbons were originally on 
the cuticle or inside the insect; on the other 
hand, it is very unlikely that appreciable quanti- 
ties of hydrocarbons will be found inside an 
insect, even though they have been reported in 
hemolymph (41,45,46). The internally methyl- 
ated hydrocarbons found in the house cricket 
extracts were reported as a homologous series 
containing 31 (3%), 33 (6.5%), 35 (12.5%), 37 
(27%) and 39 (2.5%) carbon atoms where the 
methyl branch is located on the 13th, 15th and 
17th carbon atom in the chain (percentages as 
per cent of hydrocarbon fraction). Twenty per 
cent of the hydrocarbon fraction from the 
house cricket are 2-methyl alkanes where the 
two most abundant ones have 29 (8%) and 31 
(11.5%) carbon atoms. There appears to be an 
in te res t ing  difference between cockroach 
hydrocarbons (odd-numbered carbon chains 
with 3 methyl branches) and those of the house 
cricket (even-numbered carbon chains with 2 
methyl branches). 

The major cuticular hydrocarbons of the 
Australian cockroach (Periplaneta australasiae), 
the southern brown cockroach (Periplaneta 
brunnae) and the smoky brown cockroach 
(Periplaneta fuliginosa) are n-tricosane, 
3-methyl t r icosane,  l l -methyltr icosane and 
13-methylpentacosane (47). However, there are 
as yet unexplained quantitative differences 
between the hydrocarbon composition of males 
and females of 17. australasiae and P. fuliginosa 
since cis-9-tricosene is an additional major 
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TABLE IV 

Hydrocarbon Biosynthesis by Excised Integument of P. americana 
(Incubated 18 hr) 

Labeled acid applied 

dpm 

Diene Saturated-branched Ratio 

Applied on outside of integument 
14C-l-Acetic acid 387 397 -- 

Applied on inside of integument 
14C-I-Acetic acid 836 840 -- 
14C-1-Decanoic acid 887 1488 1:1 .68  
14 C. 1 -Palmitic acid 236  948  1 : 4.01 
14C-u-Palriaitic acid 84 557 1:6.50 
Palmitic acid-9,10-3H 777 23,522 1:31.5 
14C-16-Paimitic acid 415 13,296 1:32.2 
14C-I-Linoleic acid 42 115 -- 

hydrocarbon in the males only. A complete 
series of monomethyl  branched hydrocarbons 
ranging in chain length from 23 to 26 carbons 
with the methyl branch on the 13th carbon 
from one end was observed. 

The surface lipids of the aquatic and terres- 
trial life forms of the big stonefly, Pteronarcys 
californica, are found to differ in that a larger 
percentage of hydrocarbons, wax esters, free 
fatty acids and sterols are found on the terres- 
trial adult, while the aquatic naiad surface lipid 
has more triglycerides (48). It appears that this 
insect's surface lipid composition varies with 
life stage, depending upon the water conser- 
vation mechanism. 

BIOSYNTHESIS OF INSECT 
CUTICULAR LIPIDS 

It is generally accepted that acetate units are 
incorporated into the cuticular lipids of insects, 
e s p e c i a l l y  hydrocarbons (36,49-56), but 
beyond that the biosynthesis route to cuticular 
lipids is unknown. Nelson (57) has recently 
reported that the integument of the American 
cockroach can synthesize hydrocarbons from 
1-t4C-acetate and 1-14C-palmitate. The fat 
body was not capable of synthesizing hydrocar- 
bons. 

We find that whole American cockroaches 
will incorporate labeled fatty acids into the 
cuticular hydrocarbons. The cockroaches were 
injected in the thorax with labeled fatty acids 
and allowed to incubate for 18 hr. The whole 
roaches were then extracted with chloroform. 
The lipid extract was then separated by thin 
layer chromatography on silica gel and 
developed in hexane. Three fractions were 
assayed for radioactivity by liquid scintillation 
spectrometry. The fractions were: (a) satu- 
rated-branched hydrocarbons, mostly penta- 
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cosane and 3-methylpentacosane; (b) diene 
hydrocarbon, mostly cis, cis-6,9-heptacosadiene; 
and (c) mostly fatty acids and glycerides. The 
results of these incorporation studies are shown 
in Table III. In whole insects 1-14C-acetate, 
1 - 1 4 C - m a l o n a t e ,  1 - 1 4 C - d e c a n o a t e  and 
1-14C-palmitate are incorporated into the diene 
and saturated-branched fractions in nearly the 
same proportions. 1-14C-Linoleate was prefer- 
entially incorporated into the 6,9-heptacosa- 
diene, suggesting that linoleate is a direct pre- 
cursor of the diene hydrocarbon. 3-14C-Pro- 
pionate led to a disproportionately high activity 
in  the  saturated-branched hydrocarbons. 
L-methionine-CH3-14C did not give rise to any 
appreciable amount  of labeled hydrocarbon, 
indicating that most likely the methyl branched 
hydrocarbon does not come from methionine. 
Palmitate-9,10-3H gave 10 times the activity in 
the saturated hydrocarbons than in the diene, 
suggesting either preferential incorporation into 
the saturated hydrocarbons, or 9,10-3H loss 
during diene formation. 

We have worked out the conditions that pro- 
vide an excised integument capable of hydro- 
carbon biosynthesis. The cockroaches were 
killed by freezing for 15 rain at -29 C. The 
head, legs and wings were cut off and then the 
internal organs were removed by making a cut 
i n  the ventral side and removing the loose tis- 
sues. The dissection was carried out at 4 C. The 
excised integument was then warmed to room 
temperature in a chamber saturated with water, 
after which the labeled acids were inoculated 
on the inside of the integument (outside in one 
case). The reaction was allowed to proceed for 
18 hr. The data are shown in Table IV. The 
s y s t e m  i n c o r p o r a t e d  1-14C-acetate and 
1-14C-malonate just as observed with the whole 
insect (i.e., about equal counts were observed in 
the saturated-branched hydrocarbons and the 
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TABLE V 

Effect of Trichloroacetic Acid on Incorporation 
of 14C-I-Acetic Acid by Excised Integuments 

of P. americana 

dpm 

Saturated- 
TCA used Fatty acids Diene branched 

0.0 25,3'79 836 840 
0.5/ . /moles 15 ,826 831 875 
2.5 b/moles 3.663 239 86 

TABLE VI 

Effect of Chloroform Anesthetization on 
Incorporation of 14C-I-Malonic Acid 

by Live P. americana 

Saturated- 
Diene branched 

P. americana (dpm) (dpm) 

Control 13,580 13,112 
Treated 2,976 3,528 

diene hydrocarbon). Palmitate-9,10-3H and 
16 -14C-palmitate are preferentially incorpo- 
rated into the saturated-branched hydrocarbons 
at a ratio on the order of 30:1 over diene 
hydrocarbon, which, as with the whole insect, 
suggests preferential incorporation of palmitate 
into the saturated-branched hydrocarbons. 
1-14C-Palmitate is incorporated at a ratio of 
4.0:1, indicating that the carbonyl carbon is 
not incorporated to the same degree as is the 16 
carbon. The data from incorporation of 
1-14C-labeled fatty acids (Table III and Table 
I V )  are not easily interpreted, presumably due 
to some oxidation reactions on 1-14C-fatty 
acids that compete with hydrocarbon biosyn- 
thesis for substrates. The results with 1-14C - 
fatty acids are comparable to acetate incorpo- 
ration, leading us to believe that fl-oxidation is 
the principal competing pathway and some of 
the incorporation observed is from the resulting 
acetate. 1-14 C-Decanoate is incorporated 1.7:1 
into saturated-branched hydrocarbons over 
diene hydrocarbon. These results can be inter- 
preted in at least two possible ways: decanoate 
is more readily attacked by fl-oxidation than is 
palmitate, or when decanoate and palmitate 
combine in the condensation pathway of penta- 
cosane biosynthesis, the decanoate is decar- 
boxylated, resulting in less labeling from 
decanoate than from palmitate. 

The results to date, although informative, do 
not lead to unambiguous answers to the path- 
way for hydrocarbon biosynthesis. The hydro- 
carbon biosynthesis enzyme system must be 
obtained, free of competing enzyme systems. 

As a prelude to this development, two pos- 
sible inhibitors of hydrocarbon biosynthesis 
have been/investigated. Kolattukudy (58) has 
shown that in Brassica oderacea there is an 
inhibitionf of incorporation of C 2 to  C14 acids 
into hydrocarbons when as little as a fourfold 
excess 0"f trichloroacetic acid was present. He 
concluded that the C16 chain fatty acid is 
elongated to a C30 unit which on deearboxy- 
lation gives rise to the hydrocarbon. Trichloro- 

acetate at up to tenfold excess does not appear 
to be inhibitory in the case of the American 
cockroach hydrocarbon biosynthesis, which 
indicates that either the trichloroacetate cannot 
penetrate to the enzyme system or that the 
elongation mechanism of the Brassica type is 
not functioning in the American cockroach 
hydrocarbon biosynthesis (Table V). 

Chloroform has a strong inhibitory action on 
hydrocarbon biosynthesis by both whole 
insects and the excised integument systems. If 
insects were anesthetized with chloroform 
prior to incubation with labeled fatty acids, 
there was at least a fourfold decrease in incor- 
poration of label into hydrocarbon, compared 
to the incorporation by untreated cockroaches 
(Table VI). 

CONCLUSION 

It is almost universally accepted that the 
main function of insect cuticular lipids is to 
restrict water transpiration from the insect. The 
structure of the insect cuticular lipid layer is 
very likely not the same in all insects, but in 
general there is a lipid monolayer which orders 
the arrangement of the first layers of cuticular 
lipid. The outermost cuticular lipid may be in 
ordered blooms or in microcrys ta l l ine  form 
dispersed in a cement. There appears to be con- 
siderable diversity in the chemical composition 
of insect cuticular lipids, the types in which 
wax ester, fatty alcohol and hydrocarbon pre- 
dominate are discussed here. Even in the class 
where hydrocarbons predominate, there is con- 
siderable diversity in cuticular lipid components 
among the insects and at least in one case 
between sexes. Very little is known  about the 
biosynthesis of insect cuticular lipids, except 
that the integument in at least some cases is 
capable of converting fatty acids to hydrocar- 
bons. Now that the function and structure of 
the insect cuticular lipid layer is fairly well 
established, we feel that with the modern tech- 
niques of analytical organic chemistry and an 
improved knowledge of possible biosynthesis 
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pathways, the next few years should see an 
advance in insect cuticular lipid chemistry and 
biosynthesis. 
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The Composition of Beeswax and Other Waxes 
Secreted by Insects1,2 

A. P. TULLOCH, National Research Council of Canada, 
Prairie Regional Laboratory, Saskatoon0 Saskatchewan 

ABSTRACT 

This review deals with waxes of mem- 
bers of two quite different groups of' 
insects, the bees and the scale insects, 
which secrete large amounts of wax. The 
former use wax as a structural material 
and the latter as a protective material. 
The compositions of waxes from some of 
these insects are described and particular 
attention is paid to the compositions of 
the unhydrolyzed waxes and to the 
presence of hydroxy acids. New analyses 
of beeswax and of wax of a species of 
bumble bee are reported. The structures 
of the diesters, hydroxyesters and diols of 
beeswax are elucidated. The bumble bee 
wax contains major proportions of satu- 
rated and unsaturated hydrocarbons, and 
of long chain saturated, mono- and diun- 
saturated esters. The relationship between 
structure and function of the waxes is dis- 
cussed. 

INTRODUCTION 

Insects belong to the class of animals with 
the following characteristics: the body is 
divided into head, thorax and abdomen; the 
head carries a single pair of antennae; and the 
thorax carries three pairs of legs and usually 
one or two pairs of  wings. These features dis- 
tinguish them from crabs, lobsters, spiders, 
mites, miUepedes etc. 

Nearly a million species of insects have been 
described and several times this number may 
actually exist. Insects are divided into about 28 
orders; several include a very large number of 
species but most have only a few thousand. A 
simple introduction to insect biology has been 
written by Wigglesworth (1). 

The orders which contain some of the best 
known insects are listed in Table I together 
with the approximate number of species in the 
order; for convenience the other, less well 
known, orders have been omitted. The first 13 
orders contain those insects whose young are 

I lssued as National Research Council of Canada 
No. 11260. 

2One of six papers to be published from the 
Symposium on Natural Waxes, presented at the AOCS 
Meeting, San Francisco, April i 969. 

not too different from the adult~and the last 
seven contain those whose young are radically 
different from the adults. 

Most or all insects are protected from water 
loss by a thin film of wax in the cuticle; this 
type of wax is discussed by Jackson and Baker 
(this symposium). Clearly the study of the com- 
position of insect waxes is an enormous field 
which has barely been scratched. Jackson and 
Baker review two different species of cricket, 
four different species of cockroach, one species 
of moth and one species of scale insect. The 
huge orders of flies and beetles do not seem to 
have been examined at all. 

In this review I shall deal with a few mem- 
bers of two orders of insects which secrete 
much larger amounts of wax than those which 
produce only a thin waxy cuticle. The most 
important one to be discussed is the honey bee 
(genus Apis, family Apidae). I shall also deal 
with the wax of  bumble bees (genus Bombus, 
family Apidae). Bees are considered to be 
among the most highly developed insects. 

The other, more primitive, group of insects 
which secretes large amounts of wax is that 
comprising the scale insects. They are given this 
name because, in many species, the female is 
protected by a scale or shield consisting of a 
mixture of wax and cast skins. These insects are 
members of several families of the sub order 
Homoptera of the order Hemiptera (Bugs, 
Table I). The scale insects have been investi- 
gated because many of them are serious agri- 
cultural pests though a few are of commercial 
value. 

The appearance and function of the waxes is 
discussed later. 

The chemistry of waxes secreted by insects 
has  been studied over the last 150 years. Litera- 
ture prior to 1954 was reviewed by Warth (2), 
but more prominence was given to early 
theories of composition than to later, more 
reliable, results. The present review will deal 
only with what seem to have been the most 
important advances, particularly those obtained 
by modern chromatographic methods, and will 
report new analyses of beeswax and wax of a 
species of bumble bee. 

Beeswax 

At one time the word wax meant only bees- 
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TABLE I 

Some Orders of Insects (1) 

Order Approx. No. of Species 

Dragonflies (Odonata) 
May-flies (Ephemeroptera) 
Cockroaches and Mantids (Dictyoptera) 
Stone-flies (Plecoptera) 
Termites (Isoptera) 
Earwigs (Dermaptera) 
Stick-insects (Phasmida) 
Grasshoppers, Locusts, Crickets (Orthoptera) 
Book-lice (Psocoptera) 
Bird-lice (Mallophaga) 
Sucking-lice (Anoplura) 
Thrips (Thysanoptera) 
Bugs, Aphids, Scale Insects etc. (Hemiptera) 
Lacewings etc. (Neuroptera) 
Caddis flies (Trichoptera) 
Butterflies and Moths (Lepidoptera) 
Flies and Mosquitoes (Diptera) 
Fleas (Siphonaptera) 
Ants, Bees, Wasps etc. (Hymenoptera) 
Beetles (Coleoptera) 

S000 
1500 
6000 
1500 
1700 
1100 
2000 

10000 
1100 
2600 

230 
3000 

55000 
5000 
5000 

200000 
85000 

1100 
100000 
275000 

wax and as the most important insect wax it 
has attracted the most attention, in fact, Ikuta 
(3) has remarked that there were about 140 
publications dealing with beeswax chemistry 
between 1848 and 1930. Beeswax generally 
refers to wax of the European bee, Apis 
mellifera, but Asiatic species A. dorsata, A. 
florea and A. indica are sometimes also com- 
mercial sources of wax. This wax is known as 
East Indian beeswax or Ghedda wax. Func- 
tional group analysis of Ghedda wax (3-5) indi- 
cat  e s only minor qualitative differences 
between its composition and that of common 
beeswax. Results of investigations of Ghedda 
wax will, therefore, be included with those of 

beeswax .  Waxes of wild bees of the genera 
Trigona and Melipona (also in family Apidae) 
have been examined (6), but not by modern 
methods. Wax of a few species of Bombus has 
also been investigated (7). 

To compare properties of waxes and to con- 
sider their biosynthesis it is clearly important to 
know the composition of the natural unhy- 
drolyzed wax. Some early investigators did try 
to determine this, but most investigations have 
been carried out using saponification products. 
Since wax components are complex mixtures of 
homologs, it was difficult to make an accurate 
analysis prior to the application of gas liquid 
chromatography (GLC). The early investigators, 
however, were able to distinguish between com- 
ponents of medium chain length, with about 16 
carbons, and very long chain components with 
about 30 carbons. A critical review of investi- 
gations of beeswax up to 1962 was made by 
Callow (8). 
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In 1848, Brodie (9) reported that the free 
acids of unhydrolyzed beeswax, obtained by 
extraction with ethanol, were long chain com- 
pounds (C27) and also that part of the re- 
maining wax was a palmitate of a long chain 
alcohol (10). Later it was gradually established 
that beeswax was a mixture of hydrocarbons, 
esters and acids (2). 

Further advances were made by Gascard 
(11) and Damoy (12), who, however, studied 
only hydrolysis products. They concluded that 
the hydrocarbons, alcohols and long chain acids 
were all odd-numbered with 25-31 carbons. 
Chibnall et al. (13) reinvestigated their results, 
using x-ray crystallography, and showed that 
though the hydrocarbons were odd-numbered 
C25-C31 compounds the alcohols and long 
chain acids were in fact even-numbered with 
24-34 carbons. 

In 1961, Downing et al. (14) separated the 
components of hydrolyzed beeswax into hydro- 
carbons, alcohols, acids, diols and hydroxy 
acids and reduced them all to hydrocarbons. 
These were then analyzed by GLC with the 
results in Table II. The hydrocarbons, 16% of 
the wax, were mainly C25-C33, the principal 
alcohols were C24-C34 , palmitic acid was the 
major acid and the long chain acids were 
C24-C34.  These figures not only confirmed the 
qualitative conclusions of Gascard and Damoy 
concerning the hydrocarbons and of Chibnall et 
al. concerning the alcohols and long chain acids, 
but also Brodie's early isolation of palmitic 
acid. As the free acids of unhydrolyzed wax 
were not  examined separately, the composition 
of the acids is that of the total wax acids. 
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TABLE II 

Hydrocarbons Derived From Beeswax Fractions (wt. %)a 
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Naturally occurring 
n-Paraffin hydrocarbons 

hydrocarbon Monohydric 
carbon No. Wax A Wax B alcohols "Diols" Acids 

Hydroxy 
acids 

- I2 0.3 
14 0.8 
16 50.5 
17 0.3 
18 8.5 b 

0.5 0.3 19} Trace c 0.9 d 
21 0.8 0.8 . . . . . .  
22 0.3 0.2 Trace 2.0 
23 3.7 3.7 --- 0.3 
24 0.6 0.4 11.9 15.2 17.5 
25 7.5 8.8 . . . . . .  Trace 
26 1.2 1.0 10.1 19.6 4.9 
27 26.8 30.1 Trace Trace Trace 
28 2.2 1.3 14.8" 39.2 4.3 
29 19.3 16.5 Trace 2.6 Trace 
30 1.6 0.9 31.6 14.8 3.0 
31 20.8 19.0 Trace 2.2 Trace 
32 0.9 1.5 23.5 6.5 4.7 
33 13.8 15.5 . . . . . .  
34 5.4 2.0 
35 . . . . . .  
36 2.7 

Percentage of 
component in 
hydrolyzed wax 16 31 3 31 

0.4 
1.5 

58.5 
0.4 
9.8 

Trace 
4.1 

1.6 
0.4 
8.2 
0.5 
3.7 
0.3 
1.9 
0.5 
0.6 e 
1.5 e 
0.4 

13 

aDowning et al. (14), with permission. 
bConsists of 7.8% monounsaturated and 0.7% saturated by examination of the methyl esters. 
CTrace indicates present but in too small amount (ca. 0.1%) to be estimated satisfactorily. 
dlncludes saturated and unsaturated acids in approximately equal proportions. 
eA broad peak of the range shown; 3.4% is not absorbed by the Linde Molecular Sieve column. 

A l t h o u g h  Downing  e t  al. conc luded  t h a t  the  
h y d r o c a r b o n s  were en t i re ly  s t ra ight  chain  and  
sa tu ra ted ,  u n s a t u r a t e d  h y d r o c a r b o n s  have b e e n  
f r e q u e n t l y  r e p o r t e d  (2).  In 1966,  Stre ibl  et  al. 
(15)  showed  t h a t  a b o u t  31% of  beeswax  h y d r o -  
ca rbons  consis t  of  cis olef ins  wh ich  were ma in ly  
C31 and  C33 c o m p o u n d s ,  whereas  the  a lkanes  
are C 2 5-C29 c o m p o u n d s ;  very small  a m o u n t s  of  
b r a n c h e d  chain  h y d r o c a r b o n s  (16)  and  trans 
olef ins  (17)  were also i so la ted  and  ident i f ied .  

Tab le  II con ta ins  t w o  o t h e r  in t e res t ing  
i tems.  F i rs t  diols  (3% of  the  to ta l ) ,  wh ich  were 
i so la ted  for  the  first t ime ;  t h o u g h  w i t h o u t  eluci- 
da t ing  the i r  s t ruc tu re  apar t  f r o m  chain  l eng th ,  
and  second  h y d r o x y  acids (13% of  to ta l ) ,  wh ich  
have a longer  h i s tory .  

Beeswax h y d r o x y  acids were first m e n t i o n e d  
in 1919 w h e n  Lipp and  Kovacs  ( 1 8 ) r e p o r t e d  
t h a t  the  acids of  saponi f ied  G h e d d a  wax were 
ma in ly  C17 and  h y d r o x y  C17 acids. F ree  acids 
o f  th is  wax were very  long chain  c o m p o u n d s  
and  d i f fe ren t  f rom c o m b i n e d  acids (19) .  In 
1933 Iku t a  (20) ,  work ing  w i th  Japanese  bees- 

wax,  wh ich  comes  f r o m  a var ie ty  of  A. indica 
and  is s imilar  to  G h e d d a  wax,  showed  t h a t  the  
h y d r o x y  acid is a h y d r o x y p a l m i t i c  acid and  
t h a t  the  ma jo r  acid is pa lmi t ic  acid (21) .  
T o y a m a  and  Hirai  (22) ,  in 1951,  r e p o r t e d  t ha t  
Japanese  and  E u r o p e a n  beeswaxes  con t a in  the  
same h y d r o x y  acid. Af t e r  extens ive  frac- 
t i o n a t i o n  a p o r t i o n  of  the  h y d r o x y  acids (rep- 
resen t ing  on ly  a b o u t  10% of  the  or iginal  crude 
h y d r o x y  a c i d s ) a p p e a r e d  to  be  14-hydroxy-  
pa lmi t i e  acid. The  i so la t ion  of  t e t r adecaned io i c  
acid f r o m  the  p r o d u c t s  of  p e r m a n g a n a t e  oxi- 
d a t i o n  of  the  m o t h e r  l iquors  seemed  to  s u p p o r t  
the i r  s t ruc ture .  This  is more  l ikely,  however ,  to  
be  evidence  for  the  p resence  of  a 15-hydroxy-  
pa lmi t ic  acid since n i t r ic  acid o x i d a t i o n  of  
h y d r o x y  acids w i t h  p e n u l t i m a t e  h y d r o x y l  
groups  resul ts  mos t ly  in  the  loss of  2 c a r b o n  
a toms  (23) .  

The  nuc lea r  m a g n e t i c  r e sonance  (NMR) 
s p e c t r u m  of  beeswax  h y d r o x y  acids,  e x a m i n e d  
by  H o r n  et al. (24)  in 1964,  s h o w e d  con-  
clusively t h a t  the  pr inc ipa l  c o m p o n e n t  is a 
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15-hydroxypalmitic acid. In connection with 
this finding it is a remarkable coincidence that 
an osmo~hilic yeast of the genus Torulopsis, 
which was isolated from flowers and from 
bumble bee nests, produces glycosides of  
several hydroxy acids including 15-hydroxy- 
palmitic acid and also hydroxylates  palmitic 
acid giving a mixture of glycosides of 15- and 
16-hydroxypalmitic acids (25). Also 16-hy- 
droxypalmit ic  acid, as the macrocyclic lactone, 
is the major consti tuent of  the scent of two 
spec ies  of  solitary bee (genus Halictus) (26). 
Presumably this acid is produced by the bee 
concerned, but I thought that the yeast  
Torulopsis might perhaps be involved in for- 
mation of  beeswax hydroxy  acids. 

If ~hese acids had the same optical config- 
u r a t i o n  as hydroxy  acid produced by  
Torulopsis, a common origin could be indi- 
cated. I have isolated hydroxy  acids from bees- 
wax and measured their specific rotat ion.  
Torulopsis produces 15-L-hydroxypalmitic acid 
with [0~] D + 4.5, but hydroxy  acids from com- 
mercial (USP) beeswax had [a] D + 1.5, sug- 
gesting a mixture of racemate and L-isomer. 
Hydroxy  acids from natural sources are usually 
optically active, but  racemic hydroxy  fat ty  
acids have sometimes been isolated (27). 

Beeswax has been fractionated by column 
chromatography (28) and by thin layer chro- 
matography (TLC) (29) though the fractions 
were not  clearly identified. Since different 
optical isomers of 15-hydroxypalmitic acid 
might be present in different wax fractions, I 
have investigated the chromatographic sepa- 
ration of the whole wax. Honeycomb cappings 
were used since commercial wax might have 
been altered by bleaching and refining. In a 
TLC chromatogram of beeswax samples, all 
show the same components;  in particular there 
are several components with Rf's smaller than 
that  of  long chain monoester  (Fig. 1). Most of 
the fractions observed by TLC were isolated by 
silicic acid column chromatography and identi- 
fied by NMR spectroscopy, GLC and exami- 
nation of their hydrolysis products (A.P. 
Tulloch, to be published). 

Table III lists the fractions obtained in this 
way and compares them with a beeswax com- 
posit ion calculated by Findley and Brown (30) 
from the results of functional group analysis. 
The percentage of hydrocarbons is similar to 
that  repor ted before (14). Chromatography on 
silver nitrate silicic acid (15) gave alkanes and 
cis olefins (26%), and the compositions of these 
two fractions, determined by GLC, were very 
similar to  those reported by Streibl et al. (15). 

Mon0esters A (35%) contained 40-50 carbon 
atoms with C46 and C48 as major components.  

FIG. i.  Thin layer chromatograph of beeswax and 
bumble bee wax. 1, USP beeswax; 2, beeswax from 
honeycomb cappings; 3, mixture of trlacontane, 
octadecyl stearate, octacosanol and octacosanoic acid; 
4, bumble bee wax; 5, local, un~et'med beeswax. The 
letters A-G refer to ester fractions of beeswax. Plate 
was Silica Gel G, development solvent was benzene at 
32 C, spots were detected by spraying with 50% sul- 
furic acid and heating with an infrared lamp. 
Standards were synthesized as previously described 
(40). 
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TABLE III 

Composi t ion of Unhydrolyzed Beeswax 
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SiO 2 Column chromatography Composition a 

Hydrocarbons 15 23 
Esters A (monoesters) 35 45 
Esters B (diesters) 12 6 
Esters C (hydroxy  esters) 4 9 
Esters-D (hydroxy esters) 4 Acid esters 5 
Esters E (hydroxy esters) 4 Free alcohols 1 
Esters F (hydroxy esters) 8 -- 
Esters G (hydroxy esters) 4 -- 
Free acids 8 12 
Not identif ied 6 -- 

aCalculated by Findley and Brown (30). 

Hydrolysis yielded palmitic acid and only traces 
of longer chain acids, and C 2 4 - C 3 4  alcohols, 
the original esters are thus palmitates of these 
alcohols. Very recently Holloway (31) has re- 
ported similar results for the composition of 
beeswax monoesters. The presence of 15-hy- 
droxypalmitate in esters B-G was shown by 
NMR spectroscopy. NMR can also give an esti- 
mate of the extent to which the hydroxyl 
group is acylated, since studies of methyl 
hydroxystearates (32) and their acetates (A.P. 
Tulloch, unpublished work) show that the sig- 
nal due to the terminal CH 3 of a hydroxy acid 
with the hydroxyl group on the penultimate 
carbon atom undergoes a downfield displace- 
ment of about 0.05 ppm on acylation. 

Esters B are C56-C64 diesters, mainly with 
the structure: 

CH3 
CH3(CH2)I4CO2CH (CH2) 13CO2CH2 (CH2)nCH 3 

(n = 22-3o) 

On hydrolysis they give three groups of com- 
ponents: acids (almost entirely palmitic acid), 
hydroxy acids together with a minor amount of 
diols, and C24-C34 alcohols (approximately 
one molar proportion of each group). Diesters 
of 2-hydroxy acids and of 1,2-diols with chro- 
matographic properties similar to esters B have 
recently been isolated from the skin surface 
lipids of rat (33) and other animals (N. 
Nicolaides, H. C. Fu and M. N. A. Ansari, this 
symposium). 

Esters C and D consist partly, and esters E 
almost entirely, of C40-C50 esters with a free 
OH group. These hydroxy esters are mainly 
composed of C 2 4 - C 3 4  alcohols esterified with 
15-hydroxypalmi t ic  acid but monoesters 
(mostly palmitates and lignocerates) of diols are 
probably also present. Hydrolysis of esters F 
and G gave higher proportions of hydroxy acids 
and diols than the other ester fractions indi- 

cating the presence of hydroxy diesters and tri- 
esters. 

Palmitic acid was almost the only non- 
hydroxy acid obtained from esters A, B, C and 
F, but D and E gave lignoceric acid as well, and 
G gave C24-C34 acids only; the free acids were 
C 2 4 - C 3 4  and contained no palmitic acid, in 
agreement with Brodie's conclusions (9). 
Hydroxypalmitic acid formed at least 80% of 
the hydroxy acids from B-G and the remainder 
was an assortment of longer chain hydroxy 
acids. GLC examination of the acetylated 
methyl hydroxypalmitates (34) showed that 
they consisted of mixtures of about 85% 15- 
acetoxypalmitate and 15% 14-acetoxypalmitate 
except for those from esters D, which had 
about 50% of each. None of the hydroxy acid 
samples were optically pure, most having 
[~]  D " + 2.0~ Thus there seems to be no evi- 
dence so far for the involvement of the yeast 
Torulopsis in the formation of the hydroxy 
acids. 

Alcohols ( C 2 4 - C 3 4 )  w e r e  obtained from 
each ester fraction with only minor variations 
in the relative amounts of each alcohol. Diols 
from B to E were C24-C28 with C24 the major 
component,  but  F and G gave C 2 4 - C 3 0  diols 
with C28 the major component.  Esters with 
free carboxyl groups and free alcohols, sug- 
gested by Findley and Brown (30) were not 
detected in this investigation. Free alcohols are 
very minor components of unhydrolyzed bees- 
wax (8). 

The diols were shown to have the structure: 

CH3CH(CH2) n CH2CH2OH (n = 20-26) 
OH 

by examination of their NMR spectrum and 
that of their acetates and by comparison of 
their GLC retention times with those of syn- 
thetic model compounds. With o n e  primary 
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T A B L E  IV 

Compos i t i on  o f  Bumble  Bee Wax a 

H y d r o c a r b o n s  c EstersC, d 
Carbon b 
n u m b e r  Sa tu ra ted  e Monoeno ic  e Sa tu ra t ed  f Monoeno ic  f Dienoic f 

23 9 2 . . . .  
24 1 I . . . .  
25 59 47 . . . . . .  
26 1 1 . . . . . .  
27 12 25 . . . .  
28 1 1 . . . . . .  
29 12 17 . . . .  
30 1 1 . . . . . .  
31 4 5 . . . .  
34 . . . .  0.5 -- 1 
36 . . . .  0.5 -- 3 
38 -- 1 .5  1 2 
40 -- 12 2 6 
42 . . . .  18 17 19 
44 . . . .  11 38 30 
46  . . . .  6 9 8 
48 . . . .  40  20 18 
50 . . . .  8 11 11 
52 . . . .  2 2 2 
54 . . . .  0.5 . . . .  
56 -- 0.5 -- 

Per cent  o ~  
total  wax 28 9 6 19 4 

aBrood  cells and h o n e y p o t s  f r o m  nests  o f  Bombus rufocinctus suppl ied by G. A. Hobbs ,  Canada  
D e p a r t m e n t  o f  Agr icu l ture ,  Le thbr idgc ,  Alber ta ,  we re  ex t r ac t ed  wi th  ch lo ro fo rm .  The reddish orange  
wax  f o r m e d  30% of  the original we igh t ;  the residue cons is ted  of  insect debris  and the paperl ike walls 
o f  the cells. The  wax  has mp  35-45 C. 

bCarbon  n u m b e r s  measu red  as before  (40).  GLC p e r f o r m e d  wi th  an F &  M model  402 gas chro- 
m a t o g r a p h  wi th  f lame ionizat ion de tec tors .  Co lumn was �88 in. x 3 ft glass c o l u m n  packed  with 20-30 
mesh glass beads  coa ted  wi th  0.3% s i l i c o n e S E  30, He 45 m l / m i n ,  t e m p e r a t u r e  p r o g r a m m e d  at 3~ 
f rom t e m p e r a t u r e s  be twe e n  100-200 C to 325 C de pe nd in g  on sample .  O th e r  co lumns  were used as 
before  (40).  

CWax (2.17 g) on SiO 2 co lumn  (100  g Biosil A, Bio-Rad.  R i c h m o n d ,  Calif.). Elut ion with hexane  
gave h y d r o c a r b o n s  ( 0 . 8 2 g )  and wi th  hexane  con ta in ing  10-25% CHCI 3 gave esters ( 0 . 6 3 g ) .  Polar 
f rac t ion  (0 .73  g) ob t a ined  by elut ion wi th  CHCI 3. 

dCarbon  n u m b e r s  o f  esters are only  ten ta t ive  as hydro lys i s  p roduc t s  not  fully charac ter ized .  

e H y d r o c a r b o n s  (0 .76  g) c h r o m a t o g r a p h e d  on an AgNO3-SiO 2 co lumn  (80 g, 17, 41).  Elution wi th  
hexane  gave a lkanes  (0 .57 g) and wi th  hexane  con ta in ing  10% benzene  gave a lkenes  (0 .185 g). Alkenes  
(0.05 g) were  ox id ized  wi th  KMnO4-Na lO  4 (42)  and p r o d u c t s  ana lyzed  by GLC (43).  

fEsters  (0 .63  g) c h r o m a t o g r a p h e d  on AgNO3-SiO 2 co lu mn .  H e x a n e - b e n z e n e  ( 9 : 1 ) g a v e  sa tu ra t ed  
esters (0.1 lg),  h e x a n e - b e n z e n e  (3 :2 )  gave m o n o u n s a t u r a t e d  esters (0 .36) ,  hexane -benzene  (2 :3)  gave 
d iunsa tu ra t cd  esters (0 .075 g). E thanolys is  o f  esters and separa t ion  of  resul t ing ethyl  esters and alco- 
hols on SiO 2 c o l u m n  was as previous ly  descr ibed (40).  Sa tu ra ted  esters (O.11g) gave ethyl  esters 
(0 .055 g) and a lcohols  (0 .078 g), m o n o u n s a t u r a t e d  esters  (0 .36  g) gave e thyl  esters (0.13 g) and 
alcohols (0 .26  g), d iunsa tu ra t ed  esters (0 .084  g) gave e thy l  esters (0 .029 g) and alcohols (0 .064 g). 

g R e m a i n d e r  o f  wax (34%) was relat ively polar,  nonvola t i l e  f rac t ion.  This f ract ion (0.45 g) gave 
ethyl  esters (0.11 g), a lcohols  (0.05 g) and unident i f ied  g u m  (0.27 g) on e thanolys is .  

hydroxyl group and one at the penultimate 
position they could arise by reduction of the 
hydroxy acids though they contain at least 8-12 
more carbon atoms (A.P. Tulloch to be pub- 
lished). 

The variety of compounds obtained by sap- 
onification of beeswax, their peculiar chain 
length range, the difference in composition of 
the free and combined acids and the different 
proportions in which the components are corn- 
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bined to give esters A to G, all suggest complex 
biosynthetic pathways. Not surprisingly, there 
have been only a few reports dealing with the 
biosynthesis of beeswax. 

When bees were fed 1-14C-acetat e the 
hydrocarbons and free acids of the wax were 
strongly labelled but the esters (and the acids 
and alcohols of which they were composed) 
were not appreciably labelled (35). It appeared 
that different wax components were synthe- 
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TABLE V 

Yields Per Cent of Hydrolysis Products of Scale Insect Waxes a 
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Hydroxy 
Insect Hydrocarbons Alcohols n-Acids acids 

Gagcardia 
madagascariensis O. 6 28.0 38.0 33.4 

Coccus ceriferus 2.6 47.4 50.0 --- 
Tachardia lacca 1.8 77,2 21.0 --- 
Icerya purchasi 26.9 32.3 31.4 9.4 
Ceroplastes rusci 1 1.8 23,6 64.6 0 
Pulvinaria flocifera 8.3 39.2 32.2 2 O. 3 
Quadraspidio tus 

perniciosus 9.8 14.7 75.5 0 

aFaurot-Bouchet and Michel (52,53), with 

sized in different tissues. However, when 
2 -l 4C-acetate was injected into the body cavity 
of honey bees, esters and free acids both 
became labelled in a few hours though the non- 
saponifiable portion of the wax was more 
heavily labelled than the acids (36). 

Bumble Bee Wax 

Wax produced by several species of bumble 
bee was examined by Sundwik. Wax from B. 
m u s c a r u m  had mp 35-40 C (7) and this wax 
and wax from B. terrestris (37) gave long chain 
alcohols on hydrolysis. The alcohols were 
reported to give a neutral compound on treat- 
ment with strong alkali (38) in contrast to the 
alcohols of a plant louse wax which yielded 
acids. This could mean that the bumble bee 
wax alcohol was a secondary alcohol which was 
dehydrogenated to a ketone, or the neutral 
material could have been hydrocarbon impuri- 
ties in the alcohols. 

1 have investigated wax extracted from 
honeypots and brood cells of B. ruJbc inc tus ,  
which is a native of western North America, 
and a relatively good wax producer (39). TLC 
(Fig. 1) shows that hydrocarbons and mono- 
esters are major components, diesters B and 
esters C and D of beeswax are absent. The TLC 
pattern was hardly changed by diazomethane 
treatment of the wax showing that free acids 
are not present to any extent (methyl esters 
have an Rf similar to esters B). Fractionation 
on a silicic acid column gave hydrocarbons 
(37%), monocsters (29%) and a more polar frac- 
tion (34%). The procedures used are shown as 
footnotes to Table IV. 

NMR spectroscopy showed the presence of 
unsaturated compounds with isolated double 
bonds (44) in the hydrocarbons but appreciable 
amounts of branched chain hydrocarbons were 
absent. The hydrocarbons were separated into 
alkanes and alkenes (AgNO3-SiO2) and ana- 
lyzed by GLC with the results in Table IV. Un- 

permission. 

like beeswax hydrocarbons the two fractions 
had similar chain lengths with the C25 hydro- 
carbon the principal component.  Infrared 
spectroscopy showed that the alkenes were cis 
olefins and oxidative cleavage (KMnO4-NalO4) 
gave heptanoic acid and C16-C22 fatty acids 
showing that the double bond is at the 7,8- 
position. Beeswax olefins contain 10,1 l-unsatu- 
ration (15), but olefins with 7,8-unsaturation 
have been isolated from rose waxes (45). The 
composition of the hydrocarbons of bumble 
bee wax is of interest since Calam (46) has 
obtained saturated and unsaturated C21-C25 
hydrocarbons from the heads of males of 
several species of bumble bee. 

The esters are also partly unsaturated and 
were separated into saturated, monocnoic and 
dienoic fractions by AgNO3-SiO 2 chromato- 
graphy. GLC analysis gave the results in Table 
IV. 

Ethanolysis of the saturated esters gave 
mainly palmitate with a little stearate and a 
complex misture of saturated primary alcohols. 
NMR spectroscopy of these alcohols showed 
them to be branched chain compounds (44) 
with probably as many as four methyl 
branches. They may be related to derivatives of 
the dihydrofarnesols recently isolated from 
bumble bees (47). 

Ethanolysis of the monounsaturated esters 
gave mainly oleatc and saturated primary alco- 
hols which were largely straight chain. The 
principal alcohols were tentatively identified as 
tetracosanol and hexacosanol and the minor 
alcohols as odd-numbered C19-C23 alcohols. 
The components of the diunsaturated esters 
were not identified. 

Ethanolysis of the most polar wax fraction 
gave a complex misture of esters and alcohols 
(-30% of weight). The other products were not 
identified but GLC analysis and NMR spectro- 
scopy showed that 15-hydroxypalmitic acid 
was absent. There is thus no evidence that yeast 
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has been involved in hydroxy acid formation in 
this wax either. 

Though wax of only this one species of 
bumble bee has been investigated in any detail, 
the available evidence, as mentioned later, at 
least shows that the physical properties of the 
waxes of a number of species are similar so that 
a provisional comparison of bumble bee wax 
and honey bee wax can be made. My investi- 
gation shows that bumble bee wax has a com- 
plex composition but one that is considerably 
different from that of  beeswax. The principal 
differences are as follows: 

I. Beeswax contains appreciable proportions 
of difunctional components, the hydroxy acids 
and diols, so that about half of the beeswax 
esters are diesters (or higher esters, or hydroxy 
esters). Difunctional components arc appar- 
ently absent from bumble bee wax. 

2. Beeswax components are largely straight 
chain and saturated, the alcohols having mainly 
30-32 carbons. Bumble bee wax components 
are more unsaturated, some are branched chain 
compounds and the alcohols and hydrocarbons 
generally contain 4-6 carbons less than the cor- 
responding beeswax components. The physical 
properties of the waxes are naturally different, 
particularly the melting point, that of bumble 
bee wax being about 25 C lower than that of 
beeswax. 

Waxes of Scale I nsects 

Some scale insects produce enough wax to 
be commercially important; these are the 
Chinese wax inscct (Coccus ccri/erus) and the 
lac insect (Tachardia lacca). C. ccrifi'rus (in the 
family Coccidac) is (or was) cultivated in China 
on branches of the Chinese asia; the insects 
infest the twigs so closely that they are covered 
with a thick layer of wax which can bc scraped 
off (2). T. lacca (family Lacciferidae) is culti- 
vated on trees in India and is important as the 
source of lac from which shellac is derived. 
Crude lac is composed mainly of a resin of 
cross-linked hydroxy acids, but 5-10% of wax is 
also present. 

Chinese insect wax, was first investigated by 
Brodie (9) who concluded that it consisted 
ahnost entirely of a long chain ester of a long 
chain alcohol. Lac wax, as a by-product of the 
shellac industry, contains varying amounts of 
frec alcohols depending on the method used to 
separate wax from shellac (13). Gascard (11) 
showed that lac wax and Chinese wax gave long 
chain acids and long chain alcohols on hydroly- 
sis and these were later found to be C26-C30 in 
the case of Chinese wax and C30-C34 in the 
case of lac wax (13,48,49). 

Another  commercially interesting scale 

insect is Coccus cacti, the cochineal insect, 
which lives on a species of Cactus in Mexico 
and covers itself with a thick layer of hard wax. 
The wax gives 15-oxotetratriacontan-l-ol and 
13-oxo C30 and C32 acids on hydrolysis (50). 

A number of other scale insect waxes have 
been investigated, particularly in Japan (2), and 
long-chain monoesters seemed to be the major 
components of most of them. Wax of 
Tachardina theae (family Lacciferidae) was 
unusual in yielding 9-dodecenoic and 9-tetra- 
decenoic acids on hydrolysis (51), though these 
acids may have been derived from glycerides of 
the body lipids rather than from the waxy shell. 

The hydrolysis products of waxes of seven 
species of scale insect have been separated and 
analyzed by GLC by Faurot-Bouchet and 
Michel (52,53) with the results in Tables V to 
VII. Appreciable amounts of hydroxy acids 
were obtained from the waxes of Gascardia 
madagascariensis (family Lacciferidac), Icerya 
purchasi (the cottony cushion scale, family 
Margaroididae or ground pearl) and Pulvinaria 
flocifera (family Coccidae). These three and 
that of Coccus ceriferus also gave approxi- 
mately equal amounts of acids and alcohols but 
the  waxes of Ceroplastes rusci (family 
Coccidac) and Quadraspidiotus perniciosus (the 
San Jose scale which attacks deciduous fruit 
trees, family Diaspididae) gavc a large excess of 
acids and Tachardia lucca a large excess of al- 
cohols [as reported earlier by Chibnall (13)1. 

Hydroxy acids from G. madagascariensis 
were a mixture of C30-C34 acids with the 
hydroxyl group somewhere near the middle of 
the chain. The other hydroxy acids were not 
investigated. 

Itydrocarbons of the waxes were odd- 
numbered with 25-35 carbons, thc principal 
components were either C27 , C29 , C31 or C33. 
in agreement with earlier conclusions of 
Chibnall et al. (13,49), the acids and alcohols of 
Chinese insect wax were C26-C28 compounds 
and of lac wax were C28-C34. The original 
esters of the former wax would then be mainly 
C52 and of the latter C56-C62 esters. Acids and 
alcohols of the other waxes (Table VII) were 
similar, being mainly C26-C30 compounds. 
Waxes, which gave hydroxy acids on hydrolysis, 
were probably more complex, perhaps more 
like beeswax. 

There have been conflicting reports about 
the wax of Ceroplastcs pseudoceri]~,rus; 
Hashimoto and Mukai (54) found mainly C26 
acid and alcohols after hydrolysis, but Tamaki 
(55) found most of the alcohols to be branched 
or cyclic and that di- and triunsaturated e l 8  
acids were present in addition to saturated C26 
and C28 acids; resin acids were also present. 

I.IPIDS, VOL. 5, NO. 2 
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TABLE VIII 

Melting Points of Some Waxes Secreted by Insects 

Wax Melting point, C 

Bumble bee 
(Ref. 7 and this work) 35-45 

Honey Bee (2) 63-65 
Chinese Insect (2) 82-84 
Lac Wax (2) 72-82 
Icerya purchasi (2) 78 
Coccus cacti (50) 99-101 

But later Hashimoto et al. (56) stated that, 
while the saturated esters of this wax were true 
wax esters, containing long straight-chain acids 
and alcohols, the unsaturated esters were 
oleates and linoleates of branched (diterpenoid 
etc.) alcohols. A report that wax of the 
Comstock mealy bug Pseudococcus comstocki  
(family Pseudococcidae or mealy bugs) gives 
10-18% of tetradecanedioic acid (57) on 
hydrolysis, seems to be the first mention of 
dicarboxylic acids in waxes secreted by insects. 

There seem to have been no investigations of 
the biosynthesis of waxes of scale insects. 

Function of Waxes Secreted by Bees 
and Scale Insects 

Waxes produced by these two groups of 
insects have entirely different functions but, in 
both groups, production of large amounts of 
wax is related to the specialized way of life 
adopted by the insects. Wax is secreted in wax 
glands which consist of one or more specialized 
cells at or near the surface of the abdomen. 

Wax o f  Bees. Honey bees use wax to build 
the familiar honey comb. Wax is chewed by 
worker bees until soft and molded piece by 
piece to form the network of hexagonal cells. 
Larvae are reared in cells of the comb, different 
sized cells being used for workers, males and 
queens. Cells are also used to store honey and 
pollen. 

Since the structural basis of the cell consists 
only of wax, the wax must have suitable 
physical properties. Species of Apis occur in 
many tropical countries so that the melting 
point of the wax must be reasonably high; in 
most cases it is 62-65 C. Presumably some 
degree of plasticity and kneadability are also 
desirable. The unsaturated hydrocarbons of 
beeswax may act as plasticizers. 

The nest of the bumble bee is usually on or 
under the ground and is much less elaborate 
than that of the honey bee. It consists of a 
small group of rounded cells in which the larvae 
are raised and a few honeypots to store honey. 
The ceils are constructed of wax (58,59), or 

from a mixture of pollen and wax (60). The 
larvae also spin cocoons which are later coated 
with wax and converted to honeypots. Sladen 
(58), presumably referring to B. lapidarius and 
B. terrestris, remarked that the wax was much 
softer than that of the honey bee, I have found 
that waxes of B. rufocinctus and B. flavifrons 
have mp 35-45 C and Sundwik (7) gave mp 
35-40 C for wax of B. muscarum. 

Bumble bees are commonly found only in 
temperate climates, the nest temperature rarely 
exceeding 35 C (61); Hobbs (personal com- 
munication) has suggested that this probably 
accounts for the much lower melting point of  
bumble bee wax compared to honey bee wax. 
Also the relatively simple nest does not require 
a hard strong wax. 

Wax o f  Scale Insects. All scale insects, as 
members of the order of bugs, have the mouth 
parts modified for piercing and sucking up 
fluids. The adult females are degenerate, fre- 
quently having lost their legs, and are attached 
to the host plant by the mouth parts. It is 
probably because they are stationary that many 
species protect themselves with a waxy 
covering. The wax may also protect the eggs 
and young insects; lac of the lac insect has a 
similar function. In general scale insects require 
a hard, high melting wax (particularly as many 
occur in hot climates) to protect them from 
insect predators and from the weather. 

There is considerable variation in the way in 
which the wax is attached to the insect and 
some do not have a true scale. The San Jos~ 
scale (Q. perniciosus) has a hard scale of wax 
and cast skins which shelters the insect and its 
eggs. The female of C. ceriferus and of some 
species of Ceroplastes is covered with thick 
plates of wax. Other species, such as C. cacti 
and Pulvinaria spp., excrete a cottony mass of 
wax in which the eggs are laid. Others still have 
powdery lumps of wax on the surface, 
examples of  these are L purchasi and the 
Comstock mealie bug (and mealie bugs in 
general, as their name implies). 

One interesting problem which apparently 
has not been solved is that of how the insect 
can exude a very high melting wax. This 
problem applies to honey bees as well as to 
scale insects although, as Table VIII shows, the 
latter have the highest melting waxes. Wax of C. 
cacti has a melting point as high as 100 C. 

Wax presumably exudes through pores, but 
this has been disputed in the case of the honey 
bee (35). Some insects exude cuticle wax con- 
taining a volatile solvent (1), but there is no 
evidence that this method is used by bees or 
scale insects. It would probably require too 
much solvent. Beeswax is exuded as a liquid 

LIPIDS, VOL. 5, NO. 2 



258 A.P. TULLOCH 

and hardens  to  a waxy scale (2). This may  be 
t rue of  all the  high mel t ing insect  waxes though  
the  manne r  in which  it occurs  is no t  under-  
s tood.  Po lymer iza t ion  and cross linking of  
u n s a t u r a t e d  c o m p o n e n t s  canno t  be the  
exp lana t ion  as such c o m p o n e n t s  are found  to  
only  a small ex ten t .  

CONCLUSION 

Though  only  a minute  f rac t ion  of  the  to ta l  
n u m b e r  of  insects  has been  invest igated,  it is 
clear tha t  there  is considerable  variat ion in com- 
plexi ty  of  compos i t i on  of  waxes secreted by  
insects.  All r epor t s  indicate  tha t  Chinese insect  
wax has a simple compos i t i on  (consist ing 
mainly of  C52 monoes te r ) ,  bu t  some of  the 
o the r  waxes,  part icularly those  o f  bees and 
bumble  bees, conta in  a very large n u m b e r  of  
c o m p o n e n t s .  General ly,  w h e n  they  are investi- 
gated carefully by  the  mos t  m o d e r n  me thods ,  
waxes are f o u n d  to  be more  complex  than  was 
originally thought .  In addi t ion  to  straight chain 
sa tura ted c o m p o n e n t s ,  several series of  unsatu-  
ra ted  and b ranched  chain c o m p o n e n t s  may be 
present ,  thus  it was no t  unti l  very recent ly  tha t  
the exact  na ture  of  the h y d r o c a r b o n s  of  bees- 
wax was es tabl ished (15-17).  Before any bio- 
syn the t i c  invest igat ions can be carried out ,  it 
would  seem essential  tha t  the  exact  nature  of  
the  major  groups  of  c o m p o n e n t s  be establ ished.  
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ABSTRACT 

The surface of plants is covered with a 
complex mixture of lipids, often in 
crystalline form, called plant waxes. The 
chemistry, biosynthesis, catabolism and 
function of plant waxes are reviewed. The 
most common components are hydro- 
carbons, wax esters, free fatty alcohols 
and acids. Ketones, secondary alcohols, 
diols, aldehydes, terpenes and flavones 
are also found. The major function of the 
wax appears to be protection of the 
organism from water loss and other 
hazards of the environment. The alkanes 
are formed from fatty acids either by 
elongation followed by decarboxylation 
or by head-to-head condensation between 
two biochemically dissimilar fatty acids 
followed by specific decarboxylation of 
one of them. Fatty acyl-CoA is reduced 
to the aldehyde which in turn is reduced 
to the alcohol. The alcohol is then esteri- 
fied with acyl moieties from acyl-CoA or 
phospholipids. Plant waxes undergo very 
little catabolism in plants but animals can 
degrade them to a limited extent and 
microorganisms readily degrade them. 

INTRODUCTION 

The main emphasis of this paper will be on 
the biochemistry of plant wax components. I 
shall introduce it with a brief summary of the 
types of compounds most often encountered in 
plant waxes and conclude with some possible 
functions of waxes in plants. 

The plant cuticle (Fig. 1) consists of a mesh- 
work of polymerized hydroxy fatty acids, 
called cutin, which is embedded in wax. As 
described almost a century ago (1), in many 
plants, such as cabbage, wax is also found in the 
form of a bloom on the surface. Electron 
microscopy has recently been used to study the 
ultra structure of wax deposition (2-5) and its 
modification by environmental factors and 
chemical treatment (6-8). The shape of the wax 
crystals on the surface appears to be character- 
istic of the plant species (Fig. 2). The specific 

1One of six papers to be published from the 
Symposium on Natural Waxes, presented at the AOCS 
Meeting, San Francisco, April 1969. 

pattern of distribution of wax constituents has 
been used in chemotaxonomy (9-16). 

Waxes occur in plants primarily on the sur- 
face of leaves, fruits and stems. However, 
smaller quantities of waxy materials have been 
reported in almost all plant parts: flowers 
(17-23), roots (24,25), bark (26,27), cork 
(28-30), wood (31-33), seed otis (34-38), seed 
coats (39), and even in cell organelles (40). 

Plant waxes such as carnauba wax have been 
used for the manufacture of polishes, candles, 
etc., for centuries, but investigations into the 
chemistry of these compounds began only early 
in this century. The early literature is con- 
cerned mainly with such parameters as iodine 
number and saponification number. Even when 
the efforts were directed towards separation 
and identification of individual components in 
the wax, the techniques available for this pur- 
pose posed insurmountable difficulties to the 
early investigators. Therefore some of the early 
identifications should be taken with caution. 

In spite of such technical inadequacies, 
pioneers such as Chibnall et al. (41-53) success- 
fully identified components of many plant and 
animal waxes. With the advent of chromato- 
graphic techniques, especially gas liquid chro- 
matography, (GLC) the identification of wax 
components has become almost a routine 
matter. Furthermore,  technical developments in 
the area of mass spectrometry, in conjunction 
with GLC have greatly facilitated structure 
determination of the components. 

I l i  " - -  I i n . - - -I  
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FIG. 1. Left: Cross section of a leaf. 1. Cuticle 
with surface wax. 2. Palisade ceils. 3. Spongy tissue 
with many air Filled spaces (2 and 3 together make up 
mesophyU tissue). 4. Stomata, the pores through 
which the exchange of CO 2 and water vapor occurs. 
Right: Schematic representation of the structure of 
leaf cuticle. A. Surface wax. B. Cutin embedded in 
wax. C. A mixed layer containing some cutin, wax and 
carbohydrate polymers with possibly traces of protein. 
D. Pectin. E. Cellulose wall of theAg epidermal cells. 
(Courtesy of K. C. Clark, Conn. . Expt. Station, 
New Haven, Conn.). 
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FIG. 2a. Electron micrograph of cabbage "January King" adaxial leaf magnification (X 33,000) 
(reduced approximately 45%). 

CHEMISTRY 

Since the chemistry of plant waxes has been 
reviewed several times in many contexts in 
recent years (54-57) I shall discuss the matter 
only briefly. The most common plant wax com- 
ponents are hydrocarbons, wax esters, free 
fatty alcohols and fatty acids. Table I sum- 
marizes the composition of wax obtained from 
a leaf, a fruit, and a stem. 

Usually the plant wax hydrocarbon fraction 
represents a mixture of n-alkanes with 25 to 35 
carbon atoms with an overwhelming predomi- 
nance of odd chains. Very often 90% or more 
of the paraffin fraction is C 29 o r  C 31. In this 
respect, plant waxes are very much simpler than 
their counterparts in the animal and microbial 
systems (other papers in this symposium). 
There are many exceptions to this general- 
ization with respect to the chain lengths, struc- 
ture and proportion of components. Alkanes 
much shorter than C25 have been reported in 
some instances, although the more volatile 
hydrocarbons are likely to be lost from the 
plant surface as well as during the usual iso- 

lation procedures. In most algae, n-C 17 alkane 
is the major component (58-64). On the other 
hand much longer hydrocarbons may also be 
found occasionally-alkanes as long as n-C62 
were reported to be present in a cane grass wax 
(65). The relative insolubility of such hydro- 
carbons in the usual organic solvents reduces 
the chances of detecting them. Iso (2-methyl) 
and anteiso (3-methyl) branched alkanes are 
also found in substantial proportions (up to 
half) in some leaf waxes such as tobacco 
( 3 8 , 6 6 , 6 7 )  and in many other plants 
(17,68-72). The iso alkanes usually have an odd 
number of carbon atoms but anteiso alkanes 
usually contain an even number. Exceptions are 
the anteiso-C21 , iso-C2o and iso-C22 of lilac 
blossom, and the iso-C32 of rose and iso C3a of 
lavender blossom (17). Alkanes with cyclic 
structures have been reported (36,73,74). 
Internal and multiple branches are rare in plant 
waxes (37,69,75), but recently 4,-7,- and 
8-methyl-heptadecanes were identified in some 
species of blue green algae (64). Unsaturated 
hydrocarbons occur in some plants such as in 
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FIG. 2b. Electron micrograph of Eucalyptus Cloeziana adaxial leaf magnification (X 20,000) 
(reduced approximately 45%). 

the Rosaceae, but only as relatively minor com- 
ponents (17,59,61,68,69,76). Table II sum- 
marizes data on olefins found in some plant 
waxes. Straight chain terminal, cis-3, cis-5, 
cis-7 , cis-9 , cis-l O and trans monoenes, 
branched alkenes, and di- and trienes have been 
reported. 

Table III gives structural formulas of keto 
and hydroxy compounds most often en- 
countered in plant waxes. Ketones of chain 
length comparable to the hydrocarbons occur 
in many plant waxes, the carbonyl group being 
often in the middle of the chain. For example, 
nonacosan-15-one (42,52) and hentriacontan- 
16-one (48,80) are found in waxes where non- 
acosane and hentricontane, respectively, are the 
major paraffins. In certain plant tissues, such as 
rose petals where more complex mixtures of 
hydrocarbons are found, mixtures of ketones 
also occur (65,81). In some species such as 
Eucalyptus, /3-diketones are the major com- 
ponents of the wax. The/3-diketones, unlike the 
monoketones, do not correspond in chain 

length to the major paraffins of the same tissue 
(82-84). The most common 3-diketone appears 
to  be  tritriacontan-16,18-dione. Hydroxy 
derivatives of /3-diketones also appear in some 
plant waxes (85). Secondary alcohols cor- 
responding to the ketones (43,52,86-91), and 
hydroxy ketones are occasionally encountered 
(48,92). Occurrence of intermediate length 
alkan-2-ols ( C l l  , Cla  , C15 and C17) in 
Eucalyptus wax (84) is reminiscent of the 
methyl ketones observed in soils (93). 

The wax esters are usually made up of n- 
alkanoic acids, and n-alkan-l-ols mostly with 
even numbers of carbon atoms, usually in the 
range of  C12 - C32. Unlike animal and micro- 
bial waxes, branches and double bonds in this 
fraction are rare. Other derivatives of fatty alco- 
hols such as glycosides occur in some algae 
(94). The free fatty acids and fatty alcohols 
usually correspond in structure to those in the 
wax esters (Table I). Also occasionally found 
are many other derivatives of alkanols and 

a lkano i c  acids such as a, 6o-diols (95,96) 
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FIG. 2c. Electron micrograph of Zea mays adaxial leaf magnification (X 20,000) (reduced approxi- 
mately 45%). 

a - h y d r o x y ,  a n d  r  ac ids  
(30,65,95,97,98). In recent years the occur- 
rence of aldehydes in many plant waxes has 
been established (99-101) although they must 
be unstable when exposed constantly to the 
atmosphere. Even polymeric aldehydes of the 
trioxane type have been reported (103). 

A variety of alicyclic compounds occur in 
plant waxes, especially those from fruits and 
stems. The most common among them are tri- 
terpenes (104), such as ursolic acid and 
oleanolic acid, which occur as major com- 
ponents in the wax of some fruits including 
apple (105) and grape (101,102). Other com- 
ponents such as mono-, di- and sesquiterpenes, 
polyisopredoids, and flavones have also been 
reported occasionally (106-111). In rare cases, 
such as banana leaf wax, aromatic hydro- 
carbons of the anthracene and phenanthrene 
type have been found (112). Olive oil appears 
to contain a series of polycyclic aromatic 
hydrocarbons of unknown origin (113). 

Analysis of the total nonsaponifiable frac- 
tion from many plant lipids often reveals many 

other components such as sterols and quinones 
(20). 

BIOSYNTHESIS OF PARAFFINS 

The first investigation of paraffin bio- 
synthesis was the demonstration of 14C.acetate 
incorporation onto n-heptane in Pinus gifferii 
(114). The paraffins of apple fruit wax (n-C29) , 
on the other hand, did not become radioactive 
under conditions which allowed incorporation 
of 14C-acetate into all other wax components 
(115). However, labeled acetate was readily in- 
corporated into cabbage and broccoli leaf 
waxes, mostly into the C29 compounds (116). 
Since then labeled precursors were shown to be 
incorporated into the wax paraffins of pea, 
spinach, Senecio odoris and tobacco plants 
(117-121). 

The Classical Head-to-Head Condensation Mechanism 

The demonstration that actively expanding 
leaves readily incorporate exogenous labeled 
precursors into hydrocarbons (1 16) made pos -  
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TABLE II 

Olefins in Plant Waxes 

Olefin type  Per cent Range Major Source 

AIk-l-ene 5.9 C 19-C31 C27 Senedesrnus 
C20-C33 Sugar cane, Roses  

Alk-2-ene (trans) C20-C33 Sugar cane 
Alk-3-ene (cis) 5.86 C 17-C33 C27,C29,C31 Rose petal 
Alk-5-ene } 
Alk-7-ene (cis) 0.5-40.7 C17-C33 
Alk-9-ene 
Alk- 10-ene 20 C15-C33 
Alk-monoene 61.9 C 17-C33 
Alk-diene 92.8 C 21-C27 

C21-C33 
5.6 C25-C29 Alk-triene 

C27,C29,C31 Roses 

C31,C33 Sugar cane 
C27 Anacystis 
C21 Anacystis 
C29,C31 Botryococcus 
C25 Botryococcus 

sible study of the mechanism of paraffin bio- 
synthesis. When Clenshaw and Smeady-Maclean 
discovered n-C31 alkane in spinach, they sug- 
gested a head-to-head condensation between 
two molecules of n-C 16 acid as a plausible bio- 
synthetic route for this alkane (122) (Fig. 3a). 
The occurrence of n-nonacosan-15-one and 
n-nonacosane in Brassica oleracea prompted 
Channon and Chibnall (42) also to suggest a 
similar head-to-head condensation mechanism 
with two molecules of n-Ct5 acid (Fig. 3b). 
Although the absence of n-C 15 acid in plants 
led them to discard this hypothesis (47), the 
many gas chromatographic demonstrations of 
the occurrence of odd chain acids in leaves and 
the relatively recent discovery of active a-oxi- 
dation systems in young leaves (123,124) made 
the Channon-Chibnall hypothesis for the C29 
synthesis more plausible (116). As expected 
from such a hypothesis (Fig. 3b) the methyl- 
carbon of acetate (116) and C 2 of palmitate 
(125) gave rise to the carbonyl carbon of the 
ketone. According to this pathway the carboxyl 
carbon of n-C 16 acid should not be incorpo- 
rated into the C29 compounds. Thus 1-14C - 
palmitic acid in comparison to U -14C-palmitic 
acid should label the C29 compounds very 
poorly at best. However, incorporation of 14C 
into the C29 compounds from carboxyl-labeled 
n-CI 6 acid was identical to that from uniformly 

"fABLE III 

Structures of Carbonyl Compounds and 
Derivatives in Plant Waxes 

C14H29COC 14F129 

C 14H29CH(OH) C 14H29 

C9H 19CH(OH)C4H8 COC 14 I-129 

CI 5H31COCH2COCI 5H31 

C 15 H 31COCH2 COC4H8CH(OH)C8H 17 

LIPIDS, VOL. 5, NO. 2 

labeled C 16 acid. This shows that the carboxyl- 
carbon of Cl6 acid was not lost during its 
incorporation into C29 compounds (117). 
Experiments with 3H and 14C labeled Cj 6 acid 
showed that the exogenous Cl6 acid was not 
degraded to acetate prior to its incorporation 
into the C29 compounds. Such results are 
clearly inconsistent with the condensation 
hypothesis shown in Figure 3. 

The hypothetical intermediate of the con- 
densation route for n-C31 alkane biosynthesis, 
hentriacontan-16-one, has been found in some 
plant waxes (48,80). If two molecules of C 16 
acid condense as shown in Figure 3a, one of 
them should lose its carboxyl carbon. Thus in- 
corporation of label into the paraffin from 
1-14C-palmitic acid should be 50% of that from 
U-I 4C-palmitic acid or internally labeled n-C t 6 
acids. Young pea and spinach leaves readily in- 
corporated fatty acids into n-C 31 alkanc (120), 
but in both tissues carboxyl-labeled Cl6 acid 
was just as efficiently incorporated into the 
n-C31 alkane as was uniformly labeled Cl6 
acid. Thus the Ci6 acid did not lose its 
carboxyl-carbon during its incorporation into 
the paraffin. Such results are not consistent 
with the condensation hypothesis shown in 
Figure 3, unless the two condensing fatty acids 
are biochemically nonidentical (a possibility 
discussed later). 

One of the most attractive aspects of the 
condensation mechanism is that the hypo- 
thetical intermediates, the symmetrical ketone 
and the corresponding secondary alcohol are 
found in some plant waxes. H~wever, all 
attempts to show interconversion of the 
ketone, secondary alcohol and alkane in 
Brassica oleracea both in vivo and in vitro 
failed. For example, an emulsion of labeled 
nonacosan-15-one applied to the surface of a 
young broccoli leaf for evcn as long as four 
days did not undergo detectable conversion 
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FIG. 3. (a) Head-to-head condensation mechanism with two molecules of palmitic acid [based on 
the suggestions of Clenshaw and Smedley-Maclean (122)] ; fb) head-to-head condensation mechanism 
with two molecules of n-C 15 acid producing the three n-C29 compounds of Brassica oleracea [an 
extension of the suggestion by Channon and Chibnall (42}] �9 - -  

into any other wax component (117). The time 
course of incorporation of labeled acetate into 
the three C29 compounds of broccoli wax did 
not show any precursor-product relationship. 
At all times the alkane had the highest specific 
activity closely followed by the ketone. The 
secondary alcohol, on the other hand, had a 
much lower specific activity (117). Confirming 
such observations the ketone fraction of 
tobacco leaf was also less radioactive than the 
alkanes (126). Although the presence of large 
metabolically inert pools on the surface may 
complicate matters and enzyme-bound inter- 
mediates are possible, the free ketone and 
secondary alcohol do not act like intermediates 
in alkane synthesis. 

It is crucial for the condensation hypothesis 
that the carbonyl group of the ketone be 
derived from the carboxyl group of one of the 
condensing fatty acids. But the intact carbon 
chain of n-C 16 acid was incorporated into non- 
acosan-15-one (117) with the C 2 of palmitate 
becoming the carbonyl-carbon of the ketone 
(125). Furthermore the intact carbon chain of 
n-Cl8 acid was incorporated into the ketone 
fraction of broccoli wax three times as well as 
the C16 acid (117,127). Beckmann rearrange- 
ment of the oxime prepared from the ketone 
derived from labeled n,C 18 acid gave a substi- 
tuted amide, which on hydrolysis gave 
exclusively labeled C 15 acid, showing that the 
ketone was in fact nonacosan-15-one (127). 
Thus the carbonyl group of the ketone is not 
derived from the carboxyl group of one of the 
condensing fatty acids, a conclusion contrary to 
the mechanisms shown in Figure 3. Instead it 
appears that the carbonyl group is introduced 
into a prebuilt chain of carbon atoms (Fig. 4). 
Palmitone in the leaves of Anona senegalensis 
was suggested to be formed from n-C32 acid by 
dehydrogenation and hydration followed by 

oxidatio,n of the resulting secondary alcohol 
fol lowed by decarboxylation (80). Dehydro- 
genation at a specific position in a saturated 
alkane in Nocardia (128) and desaturation at 
the 9 position of n-C18 acid in leaves (129) are 
known to occur. The direct oxidation of a 
specific carbon atom in a performed chain is 
also possible. The source of the oxygen of the 
ketone may distinguish between these two pos- 
sibilities. 

Elongation-Decarboxylation Mechanism 

With such experimental evidence against the 
condensation mechanism alternate mechanisms 
were considered. One obvious alternative is 
elongation of a common fatty acid such as 
n-C16 to C30 or C32 acid followed by decar- 
boxylation to give the C29 or C31 paraffin 
(117). Chibnall and Piper (47) had suggested 
that biological paraffins originated from cor- 
responding acids by decarboxylation. Fatty 
acids are generally known to undergo elon- 
gation by addition of C 2 units and therefore 
the above mechanism appeared reasonable. The 
incorporation of the intact carbon chain of 
n-C16 acid into n-C29 and n-C31 paraffins in 
leaves is consistent with this mechanism, as is 
the observation that C 18 acid is incorporated 
into n-C29 paraffin in B. oleracea and n-C31 
paraffin in pea and spinach about three times as 
rapidly as n-C 16 acid. Moreover, the intact car- 
bon chain of stearic acid was incorporated into 
these paraffins (118,120). 

Attempts to  detect possible inter.mediates of 
the hypothetical elongation system showed that 
all tissues (spinach, pea, broccoli, cabbage, 
Senecio odoris) that incorporated labeled fatty 
acids into the paraffin also produced a range of 
labeled long chain fatty acids: n-C20 to n-C28 
(117,119,120). 

Similar results were obtained for branched 
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FIG. 4. Incorporation of the intact carbon chain of 
stearic acid into n-nonacosan-15-one of Brassica 
oleracea (127). 1. Reactions within the leaf leading to 
the formation of the ketone. 2. Treatment. of the 
ketone with hydroxylamine hydrochloride, Beckmann 
rearrangement and hydrolysis of the substituted 
amide. The fate of C1, C 4 and H on internal carbons 
of stearic acid are marked. 

paraffin synthesis a s  well. Branched starter 
chains originate from branched amino acids as 
shown in Figure 5. Valine yields isobutyrate 
which would give iso-C]6 and iso-C18 acids 
which when elongated and decarboxylated 
would produce iso-branched alkanes with an 
odd number of carbon atoms. The elongation 
intermediates should be very long iso-branched 
acids with an even number of carbon atoms. 
Isoleucine, on the other hand, produces an 
anteiso C 5 starter from which anteiso C 17 and 
C19 acids would result. On elongation these 
acids should produce very long anteiso 
branched acids with an odd number of carbon 
atoms and subsequently anteiso paraffins with 
an even number of carbon atoms. When excised 
tobacco leaves were provided with these labeled 
a m i n o  ac ids  the  p r e d i c t e d  paraffins 
(119,121,125) and appropriately branched very 
long fatty acids were labeled (Fig. 6) (119,125). 

Although the exact biochemical relationship 
between the very long fatty acids and the paraf- 
fins still remains uncertain, several lines of evi- 
dence suggest that they are related (125): (a) 
All plant tissues that incorporate labeled fatty 
acids into paraffins also labeled the very long 
cha in  acids, including the appropriately 

branched acids where branched paraffins were 
synthesized. (b) Longer acids such as C 18 were 
more efficiently converted into both paraffins 
and very long acids than were the shorter acids. 
(c) Synthesis of the common fatty acids (C i 6 
and C 18) in leaves is tightly coupled to photo- 
synthetic reactions and therefore is stimulated 
by light and inhibited by 3-(4-chlorophenyl)- 
1,1-dimethyl urea (CMU). On the other hand 
the synthesis of both paraffin and very long 
acids is unaffected by light and CMU. (d) Tri- 
chloroacetate at low concentrations (10-5 to 
10 -4 M) strongly inhibits paraffin synthesis as 
well as the synthesis of very long acids, while 
the synthesis of common fatty acids (C 16 and 
C18) is not  affected by this inhibitor. (e) The 
epidermal layer of cells which incorporated 
labeled acetate into paraffins also contained 
labeled very long acids, while the mesophyll tis- 
sue of the leaf failed to synthesize labeled 
paraffin and did not contain any labeled very 
long acids. (f) Anaerobic conditions strongly 
inhibited the synthesis of both very long acids 
and paraffins, and light partially reversed the 
inhibition in both cases. 

In spite of the above evidence suggesting 
that the very long acids are biochemically 
related to the paraffin, a time course of incor- 
poration of label into the very long acids and 
paraffin failed to show a typical precursor- 
product relationship (118). Although the v e r y  
long acids were labeled rapidly, the radio- 
activity in them did not decrease even several 
hours after the incorporation of label into 
paraffins ceased. This suggested that the labeled 
very long acids encountered in such studies 
were those that were diverted from the paraffin 
synthesizing site and trapped into a pool from 
which they were no longer available for paraffin 
synthesis. In support of such a suggestion, the 
very long acids were in fact found in the phos- 
pholipid fraction of the broccoli leaf tissue 
lipids (118). 

On the basis of the experimental evidence 
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FIG. 6. Left: GLC of alkanes isolated from tobacco leaves that metabolized labeled U-14C-iso- 
leucine, 1-14C-isobutyrate and U-14C-valine. The radioactivity tracings (top three) show that the 
major labeled alkanes were branched C30and (]32 from isoleucine, and branched C29, C31 and C33 
from both isobutyrate and valine (119). Right: GLC of the saturated fatty acid fraction isolated from 
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FIG. 7. Elongation-decarboxylation hypothesis illustrated by the n-C29 alkane synthesis in Brassica 
oleracea (118). 
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FIG. 8. Acceptor-donor condensation with specific decarboxylation (125). Note the retention of 
the carboxyl-carbon of the acceptor C18 acid and loss of the carboxyl-carbon of the donor C 12 acid. 
Theoretical fate of the various labeled atoms, used in the tracer work discussed in the text, are 
indicated by the symbols on the atoms (119). 

discussed thus far a plausible mechanism for 
paraffin synthesis in leaves may be schemati- 
cally represented as shown in Figure 7. The de 
novo fat ty acid synthesis takes place in the 
chloroplasts which provides the substrate, 
n-C16 acid, for paraffin synthesis. Fa t ty  acids 
for paraffin synthesis may also be synthesized 
in the epidermal layer of cells themselves. The 
C16 acid becomes the substrate for an elon- 
gation-decarboxylation complex which elon- 
gates the acid to the appropriate chain length 
(C30 in broccoli) and then decarboxylates it 
releasing the paraffin. After each successive 
addition of C 2 units, some elongated acids may 
dissociate from the complex and these acids are 
r a p i d l y  e s t e r i f i e d  i n t o  phosphol ip ids .  
Depending on the specificity of the complex, 
decarboxylat ion takes place mainly at the C30 
or C32 levels producing the C29 or C31 
paraffin, the major plant paraffins. The iso- 
branched even acids and anteiso-branched odd 
acids give iso-branched odd paraffins and 
anteiso-branched even paraffins respectively. 
Such a hypothesis readily explains why B. 
oleracea labels primarily n-C29 paraffin and pea 
and spinach leaves give n-C31 paraffin irres- 
pective of the size of the labeled precursor. At  
some stage of synthesis (at the Cao acid level or 
paraffin level), C 15 is oxygenated to give the 
nonacosan-15-one and nonacosan-15-ol. 

Head-to-Head Condensation Between 
Accepter and Donor Acids 

Attempts  to obtain direct evidence for a 
decarboxylat ion have thus far failed. For  
instance exogenous labeled n-C30 acid did not  
label n-C29 paraffin in broccoli  leaf slices or 
homogenates. However such exogenous sub- 
strates might not  have had access to the meta- 
bolic sites. At tempts  to get a cell-free system 
for paraffin synthesis from leaves have not  yet  
been successful. The only cell-free system that 
labels paraffins even poorly incorporates only 
labeled acetyl-CoA and malonyl-CoA, but n o t  
long chain acyl-CoA (Kolat tukudy,  unpublished 
results). Because of such lack of direct evidence 
for an elongation-decarboxylation mechanism, 
alternate possibilities were considered. 

A modification of the head-to-head conden- 
sation is the most obvious alternative. For  
example, exogenous fat ty acids such as C16 or 
C18 could condense with other acids of 
appropriate chain length, followed by decar- 
boxylat ion and reduction to give the paraffins. 
However since the intact carbon chains of exo- 
genous C16 and C 18 acids were incorporated 
into the C29 and C31 paraffin in leaves, the 
hypothet ical  decarboxylat ion must be specific 
in such a way that the other condensing acid 
(donor) must lose its carboxyl carbon and 
donate its alkyl moiety for the paraffin for- 
mation (125). The exogenous C16 and C18 
acids (acceptor) on the other hand accepts only 
the alkyl moiety while retaining its own car- 
boxyl  carbon, which is reduced to methylene 
level in the process. Incorporat ion of n-C]8 
acid into n-C 29 alkane of broccoli  might thus 
be represented as shown in Figure 8. If C12 
acid, labeled in the carboxyl-carbon with 14C 
and with 3H on the other carbons, participates 
in such a reaction the alkane formed should 
have no 14C but all the 3H of the C12 molecule 
in it. However, since some C12 acid can be 
incorporated into the alkane via Cz8 acid 
(117), some incorporation of 14C into the 
alkane should be expected. Even then the 14C: 
3H ratio of the alkane should be much less than 
that  of the C12 acid. However experimental 
results showed that there was no decrease in the 
isotopic ratio when the doubly labeled C 12 acid 
was incorporated into the alkane by broccoli 
leaf (119). At tempts  to increase the chances of 
C12 acid to condense with C18 acid by pro- 
r iding exogenous unlabeled CI 8 acid also gave 
no decrease in the isotopic ratio. Similar results 
were obtained with the C 12 acid as well as the 
methyl  ester of the acid (Kolat tukudy,  unpub- 
lished results). Thus the condensation as shown 
in Figure 8 cannot account for the results. 

However the exogenous C12 acid may not  
be in isotopic equilibrium with the donor pool, 
and all the C12 incorporation observed might 
have resulted from incorporation of C12 acid 
into the longer acceptor acid. Alternatively, the 
natural  acceptor and donor might be n-C 16 and 
n-Cl4 respectively in B. oleracea. The doubly 
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FIG. 9. A plausible biochemical explanation for 
the acceptor-donor hypothesis. Donor is endogenous 
acyl-ACP and exogenous acids are postulated to enter 
the reaction only as the acceptor, namely acyl-CoA or 
another derivative of it. Ra and Rd denote acceptor 
and donor respectively. 

labeled n-C12 acid might therefore have been 
elongated to n-C 14 and n-C ! 6 prior to incorpo- 
ration into the alkane and thus the isotopic 
ratio would not be altered. However, 1-14C-U- 
3H-tetradecanoic acid was incorporated into 
n-C29 alkane of broccoli  without any decrease 
in 14C: 3 H ratio. Here again labeled free acid 
and  m e t h y l  ester  gave similar results 
(Kolat tukudy,  unpublished results). Thus either 
the exogenous acids have no access to the 
donor pool or the elongation-decarboxylation 
route is operative in alkane synthesis. 

In spinach and pea leaves, which synthesize 
primarily n-C31 alkane (in contrast to C29 of  
broccoli) the acceptor and donor acids are 
likely to be n-Ci6 acid. Yet exogenous n-C16 
acid was incorporated into the alkane without 
any loss of the carboxyl carbon (120). Again 
the exogenous acid must be incapable of 
entering the alkane through the donor pool 
which might be derived strictly from endo- 
g e n o u s  sources. A possible biochemical 
explanation would be that the donor is acyl- 
acyl carrier protein (ACP) and the acceptor is 
acyl-CoA or a derivative of it (Fig. 9). In leaves, 
exogenous long chain fat ty acids are readily 
converted into the CoA derivatives (because 
esterification into other lipids can be readily 
demonstrated) but  not into ACP derivatives 
(129-131). Because of this lack of trans acylase 
activity, stearic acid desaturation, for example, 
could not  be demonstrated in leaves until 
synthetic stearyl-hCP was used as substrate 
(129,130). In alkane synthesis too, the 
observed lack of decarboxylat ion of exogenous 
acids during their incorporation into alkanes 
may result because the exogenous acids cannot 
form acyl-ACP which is the decarboxylat ing 
partner (donor)  in the condensation process. 
The chain length of the alkane synthesized by a 
given tissue does not depend on the length of 
the exogenous precursor acid. For  example all 
of the labeled acids tested (C2-C18) yielded 
primarily n-C29 alkane in B. oleracea (117). 
Therefore the specificity with respect to the 
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FIG. 10. Sephadex G-100 gel ffdtration of a protein 
fraction from broccoli leaves. This protein fraction 
was obtained from an acetone powder extract by 
25-40% saturation with ammonium sulfate. Stealyl- 
CoA dependent NADH oxidation and palrnitalde- 
hyde-dependent NADPH oxidation are shown by 
X X and O O respectively. Broken l/he 
represents the aldehyde reductase activity as measured 
by a tracer-assay with 1-14C-palmitaldehyde (Kolat- 
tukudy, manuscript in preparation). 

chain length of the condensing acids must lie in 
the total  number of carbon atoms of the two 
acids. For  example exogenous n-Cl8 acid and 
n-Cl6 acid should condense with endogenous 
C12 and C14 donor acids respectively to give 
n-C29 alkane from either one. 

If the alkanes are synthesized by the conden- 
sation described above, the relationship of very 
long acids to the alkanes discussed earlier must 
be reevaluated. The obvious explanation is that 
the very long acids are precursors of the other 
wax c o m p o n e n t s  that are synthesized in the 
epidermal layer of cells, rather than of the 
alkanes which are also synthesized there (119). 
Since the epidermis is largely devoid of chloro- 
plasts, wax synthesis, unlike the synthesis of 
CI 6 and CI 8 fatty acids, is not tightly coupled 
to photosynthet ic  reactions and therefore is 
unaffected by light and CMU. Trichloroacetate 
on the other hand may not be able to enter the 
chloroplasts where synthesis of the usual fat ty 
acids takes place but  can inhibit the syntheses 
in the epidermal cells. The inhibition of syn- 
thesis of alkanes and very long acids by 
anaerobic conditions may be a reflection of a 
reduction in the metabolic energy in the epi- 
dermal ceils, which derive their energy from 
r e s p i r a t i o n  r a t h e r  than photosynthesis.  
Although 1% to 3% oxygen, which is supposed 
to be sufficient for respiration (132), failed to 
sustain C29 synthesis, 20% oxygen was suf- 
f i c i e n t  f o r  m a x i m a l  C29 s y n t h e s i s  
(Kolat tukudy,  unpublished results). Somewhat 
similar effects of oxygen have been reported in 
other cases; for example, ethylene synthesis in 
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FIG. 11. Three plausible mechanisms for wax ester 
synthesis. PL-phospholipids (140). 

bananas requires oxygen concentrations higher 
than 7.5% (133). Even though it is difficult to 
draw conclusions about the reaction sequences 
from such observations, such high oxygen con- 
centrations should not  be required for the con- 
densation reactions per se, but  an a-oxidation 
coupled mechanism (134) for the final decar- 
boxylat ion of an elongated acid could be con- 
sistent with the observed oxygen requirement.  

In certain bacteria head-to-head conden- 
sation of fat ty acids is an established reaction 
(135) and such a reaction is involved in ascaro- 
side biosynthesis (136). More recently a modifi- 
cation of it has been shown to be responsible 
for alkane synthesis in Sarcina lutea (Albro and 
Dittmer, this symposium). Algae, on the other 
hand, might have developed a direct decarboxy- 
lation mechanism for the synthesis of hydro- 
carbons and thus the dominance of n-C17 
alkane observed in algae. Higher plants evolved 
an elongation system for the synthesis of very 
long acids and with such a system a direct 
decarboxylat ion would be the simplest route to 
the alkanes. In any case the elucidation of the 
actual mechanism of hydrocarbon synthesis in 
plants still must await further work with cell- 
free preparations and purified enzymes. 

Specificity 
Many plants such as broccoli have only 

n-alkanes, but  some plants such as tobacco 
synthesize n and branched alkanes, whereas 
others such as roses can synthesize alkenes in 
addit ion to n and branched alkanes. This 
species specificity could reside either in fat ty 
acid synthesis or in the paraffin synthesis itself. 
When a plant such as broccoli, which normally 
does not  synthesize any branched paraffins, was 
provided with labeled branched precursors such 
as isobutyrate or isoleucine, appropriately 
branched fat ty acids were produced,  but the 
formation of no branched paraffin could be 
detected (137). Thus it appears that  broccoli 
leaves synthesize only straight chain paraffins 
because the system that synthesizes paraffins is 
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FIG. 12. Pathway for wax ester synthesis in 
Brassica oleracea based on in vivo and enzyme studies. 
In Euglena gracilis, the wax ester was synthesized by 
the same mechanism except for the elongation step, 
and the cofactor was NADH (Kolattukudy, manu- 
script in preparation). 

highly specific for straight chains although the 
fat ty  acid synthetase is not  so specific. Further- 
more under conditions that allowed rapid 
incorporat ion of n-C18 acid into the hydro- 
carbons of broccoli,  oleic acid was strictly 
excluded from participating in the hydrocarbon 
synthesis of this tissue (117). Thus structural 
features of the biosynthetic hydrocarbon of a 
given organism are apparently determined by 
the specificity of the paraffin synthesizing 
system itself. 

SYNTHESIS OF FATTY ALCOHOLS, 
ALDEHYDES AND ACIDS 

A special feature of wax acids from plants is 
that  they are much longer (C20-Ca2) than the 
usual fat ty acids (C16-C 18). Many young leaf 
tissues incorporated labeled exogenous fatty 
acids of intermediate chain length, most 
probably by elongation, into very long acids of 
the size usually encountered in plant waxes 
(117,119,120). A particulate system from pea 
cotyledons that  elongates usual fatty acids of 
endogenous source with malonyl-CoA into 
C2 o-C28 acids has been described (131). Fa t ty  
acids C2-C 18 were all readily incorporated into 
fat ty  alcohols in young broccoli  leaves, the 
longer acids being more readily incorporated 
than shorter ones (116,117). Recently I have 
demonstrated the enzymatic conversion of 
fat ty acyl-CoA into fat ty  alcohol catalyzed by 
an acyl-CoA reductase and an aldehyde 
reductase (Kola t tukudy,  manuscript in pre- 
paration). Crude extracts of acetone powder 
prepared from young broccoli  leaves did n o t  
reduce acyl-CoA because of the very active 
thioester hydrolase and the rapid endogenous 
NADH oxidation which was inhibited by acyl- 
CoA. Fract ionat ion by Sephadex G-100 gel 
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filtration (Fig. 10) made it possible to demon- 
strate fatty acyl-CoA-dependent NADH oxi- 
dation. This acyl-CoA reductase activity was 
confirmed by the isolation of a labeled product 
with an Rf identical to that of palmitaldehyde 
from the reaction mixture containing labeled 
palmityl-CoA and NADH. The enzymatic 
product on treatment with sodium borohydride 
at room temperature gave a product with an Rf 
ident ica l  to hexadecanol. The acyl-CoA 
reductase preferred NADH to NADPH. 

Fat ty aldehyde reductase activity could be 
more easily shown in the acetone powder 
extracts prepared from young broccoli and pea 
leaves with either a spectrophotometric assay or 
in a tracer assay starting with labeled palmit- 
aldehyde. This reductase has been partially 
purified (10-12 fold) by ammonium sulphate 
fractionation and Sephadex G-100 gel fil- 
tration. The pH optimum was about 5.6 and 
the enzyme was quite specific for NADPH 
although NADH did function poorly. The half 
maximal velocities were obtained at 5 X 10 -5 M 
for NADPH and 7 X 10 -5 M for palmitaldehyde 
under saturating conditions of the other sub- 
s t r a t e .  Like other aldehyde reductases 
(138,139), the fatty aldehyde reductase was a 
sulfhydryl enzyme, since thiol reagents such as 
iodoacetate, N-ethyl maleimide and p-chloro- 
mercuribenzoate inhibited the enzym e. 

A partially purified enzyme preparation 
from etiolated Euglena gracilis Z catalyzed the 
reduction of C14 and C16 fatty acids to the 
corresponding alcohols with ATP, CoA and 
NADH (but not NADPH) as cofactors 
(Kolattukudy, manuscript in preparation). The 
pH optimum was near 6.5 and the enzyme 
system had thiol groups essential for activity. 
The apparent Km was 1,6 X 10 -5 M for 
myristic acid and 2.4 X 10 -4 M for NADH. An 
aldehyde intermediate could be trapped with 
phenyl hydrazine and the enzyme preparation 
also ca ta lyzed  reduction of exogenous 
1-14C_palmitaldehyde. 

SYNTHESIS OF WAX ESTER 

Acetone powder preparations of young broc- 
coli leaves readily incorporated labeled fatty 
alcohols into wax esters using endogenous acyl 
moieties (140). Further examination of the 
nature of the acyl moieties revealed three 
mechanisms (Fig. 11) analogous to cholesterol 
esterification in animals. At high concentrations 
of alcohol and acid and at low pH there was a 
substantial Synthesis of wax ester by a direct 
esterification presumably catalyzed by an 
esterase type enzyme. Broccoli acetone powder 
also catalyzed an apparent acyl transfer from 

phospholipids to the hydroxyl group of fatty 
alcohol, a mechanism analogous to the syn- 
thesis of cholesterol ester in animal serum 
where acyl moieties are transferred from 
lecithin of lipoprotein to the hydroxyl group of 
cholesterol (141). A third mechanism for wax 
ester synthesis became apparent when a protein 
fraction first precipitated with ammonium sul- 
phate was subjected to Sephadex G-100 gel 
filtration. This partially purified enzyme 
catalyzed an acyl transfer from acyl-eoA to 
fatty alcohol (140). Also in Euglena extracts 
esterification of  fatty alcohol with fatty acids 
r e q u i r e d  ATP and  CoA as cofactors 
(Kolattukudy, manuscript in preparation). A 
similar mechanism is known to be involved in 
cholesterol esterification in adrenal and liver 
homogenates (142-144). Thus the pathway for 
fatty alcohol and wax ester synthesis may be 
summarized as shown in Figure 12. 

CATABOLISM OF WAXES 

Plant waxes especially the very long ones 
appear to undergo little turnover or intercon- 
version. Analysis of waxes from Brussel sprout 
and runner bean leaves at various stages 
throughout the life of these plants led Chibnall 
and Piper to suggest that all of the components 
of the wax are end-products of metabolism 
(47). More recently time course studies of in- 
corporation of labeled precursors and changes 
in specific activity of various wax components 
in B. oleracea (116,117) suggested a lack of 
interconversion. No interconversions were 
apparent in similar experiments with tobacco 
(126). Such studies however might have failed 
to detect enzyme bound intermediates and 
interconversions at the actual site of synthesis 
because the measurements were made on essen- 
tially metabolically inert pools on the surface  
of the leaves. Utilization of wax could not be 
shown even when plants were starved (47), 
although disappearance due to weathering may 
take place (6,145). In lower forms such as 
Euglena, on the other hand, wax apparently 
serves as a food reservour and thus under ad- 
verse conditions it can be utilized (146); similar 
situations may be encountered in algae as well. 

Attempts to detect the conversion of wax 
components into any other product by pro- 
viding excised leaves, leaf slices, homogenates 
or subcellular particles with labeled biosynthe- 
tic n-C29 alkane or nonacosan-15-one have 
failed (117). The difficulty involved in getting 
such large insoluble molecules to the site o f  
metabolic activity was at least partially respon- 
sible for such failures. Therefore a much smaller 
alkane, n-hexadecane, labeled with 14C was 
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administered to a variety of plant tissues, in- 
cluding bacteria-free tissue slices. A small but 
significant catabolism was observed. The termi- 
nal methyl carbon was oxidized producing the 
corresponding fatty acid (147). Thus plants do 
possess the ability to oxidize at least certain 
types Of compounds found in waxes. Some of 
the more reactive components such as alde- 
hydes and medium length fatty acids are un- 
doubtedly catabolized by plants. 

The waxes synthesized by plants do not 
accumulate to a large extent in nature because 
they are degraded to a limited extent by ani- 
mals and readily by bacteria. Rats can absorb 
and catabolize at least part of the cabbage wax 
paraffin (148) and wax esters (149) ingested. 
Micrococcus cerificans isolated from soil readily 
degraded cabbage paraffin (n-C29) (150) and 
alkanes up to C a 6, and grew on such alkanes as 
the sole source of carbon (Kolattukudy and 
Hankin, unpublished). A Pseudomonad species 
isolated from soil in an apple orchard grew on 
the major component of apple wax, ursolic 
acid, as the sole source of carbon (151). Un- 
doubtedly many more microorganisms in the 
soil utilize the various plant waxes and thus 
only a limited accumulation of such com- 
pounds occurs in the soil (152). 

Little is known about the breakdown of 
unusually long carbon chains, a salient feature 
of wax degradation. When labeled n-C 29 alkane 
isolated from broccoli leaves was metabolized 
by rats (148) or M. cerificans (150) the major 
radioactive product was n-c~7 acid in phospho- 
lipids. Either an oxidative attack on the C 17 of 
the alkane or a fl-oxidation type chain- 
shortening of the C29 acid produced by the 
oxidative attack on the terminal methyl carbon 
of the C29 alkane could explain the results. 
Randomly all-labeled C28 acid, when fed to 
ra t s ,  was a b s o r b e d  and  catabolized 
(Kola t tukudy,  unpublished results). Time 
course experiments showed that the C28 acid 
was readily converted into n-C16 and n-C18 
alkanoic acids; 10% of the administered radio- 
activity was incorporated into liver lipids, 90% 
of the 3H being in C 16 + C18 acids in 3 hr after 
the feeding. From the relative amounts of 3H 
found in water and the C 16 + CI 8 fatty acids it 
appears that the conversion of C~8 acid into 
C16 + C18 was not by a complete t3-0xidation 
and resynthesis but by a more direct conversion 
to the C 16 or C 18 level. Micrococcus cerificans 
which readily grows on very long chain alkanes 
also converted the tritiated C 28 acid to C 16 + 
C18 acid (Kolattukudy and Hankin, unpub- 
lished). Time-course of labeling of C 16 + C18 
acid and water showed that the formation of 
labeled C 16 + C18 acids was not by degradation 

into acetate and resynthesis, but a more direct 
route is involved. An oxidative attack on an 
internal methylene group and subsequent split 
of the chain or a ~3-oxidation type chain 
shortening to C 16 or C 1 s level is involved. In 
any case oxidation of C28 acid by cell-free 
preparations of this bacterium required ATP 
and CoA indicating that it is the CoA derivative 
that undergoes this catabolism. Small amounts 
of stearic acid are known to undergo a chain 
shortening to C16 acid in rats (153) and the 
major catabolic route for acids much longer 
than Cls  may be a /~-oxidation type chain 
shortening to the C~ 6 or C 1 s level. 

FUNCTION 

It is common knowledge that wax water- 
proofs and protects surfaces and this is true also 
of plant surface waxes. The cuticular wax 
waterproofs the plant so efficiently that only a 
very small portion (less than 10%) of the water 
loss from a plant takes place by cuticular trans- 
piration (157). Lack of a clear correlation 
b e t w e e n  surface wax and xeromorphic 
adaptation has been taken to mean that the 
wax has little survival value (2). However 
removal of wax causes a several-fold increase in 
water loss (145,155-157). Although techniques 
used to remove wax may cause some other 
damage to the surface, it is quite clear that the 
cuticular wax is responsible to a large extent in 
maintaining the cuticular transpiration at a 
minimum. Measurements of reduction in water 
loss through artificial membranes treated with 
various isolated wax components indicate that 
the aliphatic components, such as hydrocar- 
bons, alcohols, aldehydes, and wax esters, are 
far more effective in reducing transpiration 
than the alicyclic components such as triter- 
penes (157). Surface wax also increases resis- 
tance to abrasive damage, which can facilitate 
the entry of pathogens and toxic chemicals into 
the plant (8). It obviously plays a role in con- 
trolling the entry of foliar sprays and other 
chemicals from the environment and therefore 
the wax layer is often a factor in the usefulness 
of various chemical sprays in agriculture. 

Defense against pathogenic microorganisms 
is another possible function often assigned to 
plant waxes. The nonwetting nature of the sur- 
face may make it difficult for the organisms to 
establish themselves on the surface, but the role 
of the wax as a physical barrier to penetration 
by the organism is not considered important 
because most organisms can push their way 
through the wax (158). It is possible that the 
wax also protects chemically by being toxic to 
pathogens. There are some observations in the 

LIPIDS, VOL. 5, NO. 2 



PLANT WAXES 273 

l i te ra ture  to  s u p p o r t  such  a view (158) .  Fo r  
in s t ance  an e ther -so lub le  acid f r o m  apple wax  is 
t ox i c  to  apple  mi ldew.  However ,  t he  signifi- 
cance  o f  s u c h  obse rva t ions  w i th  respec t  to  
ac tua l  de fense  i tself  is ques t i onab l e  because  
equal  quan t i t i e s  of  f u n g i t o x i c  mater ia l s  cou ld  
be  isolated f r o m  b o t h  suscep t ib le  and  res i s tan t  
varieties.  Similarly f rac t ions  t h a t  were tox ic  to  
wi the r t ip  f u n g u s  could  be f o u n d  in y o u n g  ci t rus  
l ime leaves suscep t ib le  to  wi the r t ip  disease as 
well  as in m a t u r e  res i s tan t  leaves (159) .  T h u s  it 
is far f r o m  clear h o w  s igni f icant  a role such  
tox ic  mater ia l s  p lay  in de fense  o f  p lan ts .  

In  so m e  lower  fo rms ,  s u c h  as Euglena, wax 
appears  to serve as a food  reservoir  (146) ;  How-  
ever in h igher  p lan ts  the  w a x e s  are depos i t ed  
pr imar i ly  o n  t h e  ou t s ide  and  these  waxes  do 
no t  appear  to  be  ut i l ized as an  energy  source  
even in adverse  cond i t ions .  In  s o m e  cases waxes  
m a y  play special ized roles.  F o r  e x a m p l e  the  
alga Botryococcus a p p a r e n t l y  exc re te s  large 
a m o u n t s  o f  h igh ly  b r a n c h e d  u n s a t u r a t e d  h y d r o -  
ca rbons  w h i c h  p r e s u m a b l y  f u n c t i o n  as a 
f lo t a t ion  sack,  p r o t e c t i o n  device and  food  reser- 
voir (77).  Cer ta in  wax c o m p o n e n t s  such  as long  
cha in  a lcohols  sh o w h o r m o n e - l i k e  activi t ies in 
p lan ts  (160)  as well as in an ima l s  ( 1 6 t ) ,  b u t  
l i t t le is k n o w n  a b o u t  t he  s ignif icance or t he  
m e c h a n i s m  by  w h i c h  such  e f fec t s  are b r o u g h t  
abou t .  
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SHORT COMMUNICATIONS 

Binding of 14C.Phosphatidylcholine to 
Sodium Chloride Crystals 

ABSTRACT 

14C_Phosphatidylcholine in benzene 
was found to bind to sodium chloride 
crystals. The magnitude of  this binding 
was greatest when the crystal size was the 
smallest, namely  when the crystals were 
prepared f rom frozen and lyophil ized 
aqueous  solution.  

In the course of  s tudying the binding of  
14C-labeled leci thin to e ry th rocy te  membranes  
(1) it was found  that  binding of  the lipid took  
place to sodium chloride crystals. This obser- 
vat ion was explored  to assess the magni tude of  
this binding and factors affect ing it. It  was 
found that  significant binding of  the lipid 
occurred f rom benzene solut ion only  when the 
sodium chloride crystals were prepared f rom 
frozen and lyophil ized aqueous  solution.  

Sodium chloride crystals in unal tered fo rm 
were al lowed to incubate  at 37 C for 10 rain 
with 1 btmole of  labeled phosphat idylchol ine  in 
benzene.  The benzene was removed  by a stream 
of nitrogen. The salt crystals were washed with  
5 ml of  benzene and centr i fuged two to three 
times. The samples were dried by vacuum sub- 
l imat ion or  in a stream of n i t rogen and 
ext rac ted  twice with 5 ml of  chloroform- 
methanol  (1:4  v/v). No significant counts  were 
left  in the sodium chloride crystals af ter  chloro- 
fo rm-methano l  extract ion.  The extracts  were 
combined  and counted  in a well- type scintil- 
lat ion counter  (Nuclear  Chicago). No significant 
binding was observed under  these circumstances 
(Table I). 

The previous exper iment  was repeated with  
the modi f ica t ion  that  the sod ium chloride 
crystals were ground as finely as possible using 
an agate mor ta r  and pestle. With this procedure  
the binding increased slightly. 

In the fol lowing exper iment  the sodium 
chloride crystals were placed in tubes, water  
was added to 1 ml and samples were then  
rapidly f rozen and lyophil ized.  A benzene 
solut ion of  1 btmole 14C_lecithin was added, the 
reagent removed,  and the crystals washed with  

benzene.  Ch lo ro fo rm-methano l  ex t rac t ion  of  
these crystals resulted in the finding of com- 
parable binding to that  observed when the lipid 
was added in aqueous  dispersion (Table I). 

It  appeared then that  significant binding did 
no t  necessarily require  the salt to be dissolved 
in water,  since the binding also occurred under  
these condi t ions  f rom the benzene solution. 
The  magni tude  of  the binding appeared to 
depend on the surface area and in the case of  
lyophi l ized samples the sodium chloride was 
present  in a microcrystal l ine form. Microscopic 
examina t ion  of  the crystals indicated that  those 
produced  by lyophi l iza t ion of  a quick-frozen 
aqueous  solut ion were much smaller than those 
prepared by grinding with  a mor ta r  and pestle. 

It is interest ing that  this binding would take 
place in benzene solut ion since it is currently 
thought  phosphat idylchol ine  has a zero net  

TABLE I 

Binding of 14C-Lecithin to 
Sodium Chloride Crystals a 

14C-Lecithin Per cent Uptake, 

Sodium chloride crystals 
NaCI, 
mg Untreated Ground b Lyophilized c 

0 NS d NS NS 
10 NS NS 5.9 
20 NS NS 8.8 
30 NS NS 12.8 
40 NS NS 15.9 
50 NS 2.2 20.9 

100 NS 2.9 36.0 
500 NS 9.0 36.0 

al4C-Phosphatidylcholine produced by the feeding 
of 14CO2 to chlorella algae was obtained from 
Applied Science Laboratories (State College, Pa.) and 
was further purified to more than 95% radiochemical 
purity by elution from silicic acid impregnated glass 
fiber (ChromAR-Mallinkrodt Chemical Works). Cold 
carrier bovine or egg lecithin (Applied Science Labora- 
tories) was added and the specific activity measured 
using the phosphorus determination (2). The purified 
labeled phospholipid was stored at 4 C for no more 
than seven days. 

bBy hand using an agate mortar and pestle. 
CFrom aqueous solution. 
dNS, not significant. 
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charge in the usual pH range and also that this 
phospholipid is present in benzene as an 
internal salt with polar ends removed from con- 
tact with the solvent (3). Significant binding 
was also observed when 1,4-dioxane was sub- 
stituted for benzene throughout. 

We were unable to demonstrate binding of 
the salt to the phospholipid in aqueous 
solution. Indeed it has been known for some 
time that in a biphasic system of chloroform, 
methanol and water the presence of salt in the 
aqueous phase increases the amount of phos- 
pholipid in the lower chioroform-methanol 
phase (4). This is the opposite that one would 
expect if binding of the lipid to sodium 
chloride in the aqueous phase were important. 
In aqueous solution other factors may be 
operative. We also found no evidence of binding 
in a biphasic system consisting of benzene and 
ethylene glycol. When labeled phosphatidyl- 
choline was partitioned in this system it was 
found that 10% was recovered in the upper 
benzene layer and 90% in the lower ethylene 
glycol layer. Sodium chloride was added and 
dissolved in the lower phase, but the partition 
of phosphatidylcholine was not altered. This 
ruled out tight binding of the phospholipid to 
the salt in ethylene glycol solution. 

We also found 14C-lecithin binding of a 
comparable degree to potassium chloride 
crystals, indicating that sodium chloride was 

not unique in this respect. It is probable that 
charge-charge interaction at the crystal surface 
was responsible for the binding of the phospha- 
tidylcholine to the sodium chloride crystals. It 
may be of interest to point out the possibility 
that the lipid might actually penetrate the 
crystal lattice of sodium chloride. 
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Unusual Olefinic Fatty Acids in Seed Oils from 
Two Genera in the Ranunculaceae 

ABSTRACT 

Oil from one of the two species of 
Anemone investigated contained 20% of 
3~-linolenic acid but the other had none. 
Linoleic acid was the major component in 
both oils. Four of the five species of 
Ranunculus produced oil containing 2% 
to 4% of a component identified in one 
s a m p l e  as cis-7,cis-lO-hexadecadienoic 
acid. Major components were linoleic and 
linolenic acids. 

Gas liquid chromatography (GLC) of methyl 
esters prepared from seed oils of selected 
species within two genera of the Ranunculaceae 
indicated that the oils contained unusual fatty 
acids. A component constituting 19% of the 

esters from Anemone cylindrica seed oil 
had equivalent chain lengths (ECL) (1,2) 
identical to those of methyl all-eis- 
6,9,12-octadecatrienoate (7-1inolenate). Esters 
from four species of the Ranuneulus genus had 
an unusually high content of 16:2. Further 
examination of one oil sample from each genus 
reported here provided definite identification 
of the unusual fatty acids. 

Oil was extracted from the seeds and ana- 
lyzed as previously described (3,4). Methyl 
esters were prepared from the oils (5) and ana- 
lyzed by GLC (t) .  The esters from A. cylindrica 
and  R.  sericeus oils were also separated 
according to chain length by preparative GLC, 
and then each GLC fraction was further sepa- 
rated according to degree of unsaturation by 
preparative silver nitrate thin layer chroma- 
tography (6). Double bond positions in the un- 
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charge in the usual pH range and also that this 
phospholipid is present in benzene as an 
internal salt with polar ends removed from con- 
tact with the solvent (3). Significant binding 
was also observed when 1,4-dioxane was sub- 
stituted for benzene throughout. 

We were unable to demonstrate binding of 
the salt to the phospholipid in aqueous 
solution. Indeed it has been known for some 
time that in a biphasic system of chloroform, 
methanol and water the presence of salt in the 
aqueous phase increases the amount of phos- 
pholipid in the lower chioroform-methanol 
phase (4). This is the opposite that one would 
expect if binding of the lipid to sodium 
chloride in the aqueous phase were important. 
In aqueous solution other factors may be 
operative. We also found no evidence of binding 
in a biphasic system consisting of benzene and 
ethylene glycol. When labeled phosphatidyl- 
choline was partitioned in this system it was 
found that 10% was recovered in the upper 
benzene layer and 90% in the lower ethylene 
glycol layer. Sodium chloride was added and 
dissolved in the lower phase, but the partition 
of phosphatidylcholine was not altered. This 
ruled out tight binding of the phospholipid to 
the salt in ethylene glycol solution. 

We also found 14C-lecithin binding of a 
comparable degree to potassium chloride 
crystals, indicating that sodium chloride was 

not unique in this respect. It is probable that 
charge-charge interaction at the crystal surface 
was responsible for the binding of the phospha- 
tidylcholine to the sodium chloride crystals. It 
may be of interest to point out the possibility 
that the lipid might actually penetrate the 
crystal lattice of sodium chloride. 
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Unusual Olefinic Fatty Acids in Seed Oils from 
Two Genera in the Ranunculaceae 

ABSTRACT 

Oil from one of the two species of 
Anemone investigated contained 20% of 
3~-linolenic acid but the other had none. 
Linoleic acid was the major component in 
both oils. Four of the five species of 
Ranunculus produced oil containing 2% 
to 4% of a component identified in one 
s a m p l e  as cis-7,cis-lO-hexadecadienoic 
acid. Major components were linoleic and 
linolenic acids. 

Gas liquid chromatography (GLC) of methyl 
esters prepared from seed oils of selected 
species within two genera of the Ranunculaceae 
indicated that the oils contained unusual fatty 
acids. A component constituting 19% of the 

esters from Anemone cylindrica seed oil 
had equivalent chain lengths (ECL) (1,2) 
identical to those of methyl all-eis- 
6,9,12-octadecatrienoate (7-1inolenate). Esters 
from four species of the Ranuneulus genus had 
an unusually high content of 16:2. Further 
examination of one oil sample from each genus 
reported here provided definite identification 
of the unusual fatty acids. 

Oil was extracted from the seeds and ana- 
lyzed as previously described (3,4). Methyl 
esters were prepared from the oils (5) and ana- 
lyzed by GLC (t) .  The esters from A. cylindrica 
and  R.  sericeus oils were also separated 
according to chain length by preparative GLC, 
and then each GLC fraction was further sepa- 
rated according to degree of unsaturation by 
preparative silver nitrate thin layer chroma- 
tography (6). Double bond positions in the un- 
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TABLE I 

Fatty Acid Composition of Seed Oils From Two Genera in the Ranunculaceae 

Methyl ester composition, area % by GLC a 

Source 14:0 16:0 16:1 16:2 18:0 18:1 18:2 18:3 20:0 

Anemone cylindrica Gray 0.1 9.0 0.2 --- 2.8 8.5 b 59 20 c 0.4 
A. decapetala Ard. 0.1 13 0.2 --- 2.3 9.2 75 . . . . . .  
Ranunculusarvensis L. 0.1 7.3 2.6 2.3 1.3 18 28 40 --- 
R. constantinopolitanus D'Urv. --- 8.3 1.1 3.0 2.5 17 41 27 --- 
R. falcatus L. Trace 7.2 0.2 --- 1.9 16 9.8 65 0.1 
R. sardous Crantz. 0.1 16 0.1 2.9 1.9 10 25 43 --- 
R. sericeus Poir. --- 9.9 2.4 d 3.8 e 1.2 17 f 39 26 --- 

aRelative abundance of positional isomers calculated from oxonolysis products (7). 
blncludes 8.0% 18:19 and 0.5% 18:111 . 
elncludes 19% 18:36,9,12 and 0.7% 18:39,12,15. 
dlncludes 1.9% 16:17 and 0.5% 16:19 . 
ecis-7 , cis-l O-Hexadecadienoate. 
flncludes 16% 18:19 and 1.0% 18:111 . 

sa tura ted  f rac t ions  were located  by reduct ive  
ozonolys is  (7). Infrared analyses were per- 
f o rmed  on  ei ther  l iquid fi lms or carbon disul- 
fide solut ions  of  the  samples.  

Fa t ty  acid compos i t ions  o f  the oils, based on  
GLC analyses of  their  me thy l  esters,  are given 
in Table I. Since infrared spectra of  the  oils, the  
esters and the  ester  f rac t ions  had no bands  in 
the  10 to  11 # region, unsa tura t ion  in the  oils 
p resumably  has the cis conf igurat ion.  

The two  A n e m o n e  samples invest igated are 
markedly  d i f ferent  in f a t t y  acid compos i t ion .  
The presence  of  7-l inolenic acid in A. cyl indrica 
oil was conf i rmed  by ozonolys is  o f  the  isolated 
t r ienoates .  The m o n o e n e ,  18: 1, inc luded oleate 
and cis-vaccenate but  the  d ienoate ,  the mos t  
abundan t  c o m p o n e n t  in the  esters,  proved to  be 
o n l y  l inoleate.  Al though  ~'-linolenic acid has 
been  r epo r t ed  in seed oils f rom Oenothera  (8) 
(Onagraceae),  H u m u l u s  (9) (Moraceae),  two  
genera of  the Liliaceae (10), and many  genera 
of  the Boraginaceae (11,12),  this repor t  is 
believed to  be the  first o f  its presence  in the  
Ranunculaceae .  The p r o p o r t i o n  of  "y-linolenic 
acid in A. cyl indrica oil is comparable  to tha t  
f o u n d  in those Liliaceae and Boraginaceae oils 
r ichest  in this  acid. 

Four  R a n u n c u l u s  seed oils, o the r  than  tha t  
o f  R .  f a l c a t u s ,  conta ined  relatively large 
amoun t s  of  16:2. Since the  esters o f R .  sericeus 
were the highest  in 16:2 of  the  four ,  they  were 
selected for  fu r ther  s tudy.  Separat ion and 
ozonolys is  of  these esters establ ished the struc- 
tures of  the  unusual  acids as 16:17, 16:27,10,  
and 18:111.  The o the r  unsa tura ted  acids were 
oleic, l inoleic and linolenic.  The 7-hexadecenoic  
and 7 ,10-hexadecadienoic  acids have previously 
been  f o u n d  in plant  lipids of  Ginkgo bi loba 
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leaves and Anacard ium oecidentale  (cashew) 
nuts  (13).  
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Fatty Acids of the Alkane Diol Diesters of Vernix Caseosa 

ABSTRACT 

The fatty acid monoenes esterified to 
the alkane diol diesters of vernix caseosa 
lipid form two patterns of homologues 
starting from either C 16A9 or C 16A6 and 
adding (or subtracting) an integral 
number of C 2 units at the carboxyl 
group. Although components of the A6 
pattern are the predominant monoenes of 
sebaceous gland ester lipid classes, for 
these diol diesters A9 pattern com- 
ponents are preferentially used. 

This paper reports the composition and 
double bond patterns of the fatty acid 
monoenes that occur in the alkane diol diesters 
of the lipids of vernix caseosa, the greasy 
material covering the human newborn. The 

alkane diol diesters constitute ~3% of the total 
lipids. The fatty acid monoenes of these 
diesters show what we call the C16A6 and the 
C16A9 patterns, two unusual patterns of  
homologues present in human skin surface 
lipids (1-4). We define these patterns in terms 
of a postulated three step biosynthetic process. 
(1-3). These steps for the CI6A6 pattern are: 
step 1, build up of  saturated fatty chains pre- 
dominantely, but not exclusively, to C 16 (i.e., 
smaller amounts of Cl4,  ClS,  ClT, C18, 
branched, and others are also formed); step 2, 
desaturation of all chains at A6; and step 3, 
extension of the resultant monoenes to various 
lengths by addition of C 2 units at the carboxyl 
group. ~Ihe same three steps apply to the 
C 16A9 pattern of acids, except that the desatu- 
ration of step 2 occurs at A9. These two pat- 
terns of skin fatty acid monoenes are in con- 
trast to still a third, the C 18A9 pattern (i.e., 
oleic acid and its C 2 extension products), which 

Fraction No. 

Chromatogram I d 

Eluent 

Vol. Collec- 
ted (ml) 

wt (mg) 

Alkane diol diester fractions from silicic acid 
chromatography of vernix caseosa lipids a 

I 
11" i4 I'S 1'6 1'7 1'8 ?9 
6.7 mg 7.33 mg complex fractions of at 

Fatty r a Fatty~cids a least esters3 (seetypeSref.~ 

Me esters b Me esters b 

ozonolysis of  an aliquot 
of the total Me esters 

followed by  GLCC 

Analytical GLC before and 
after hydrogenation c 

2.g mg t 

AgNO3-SiO 2 
14 % benzene in hexane 

h xa~ 
io 2s 5 s 3b ; 

r [ _ 10lYe, CHCI MeOH 

I'0 25 20 15 I 0 5 

1.2 0 .6 trace 

saturates monoenes 

1 ' 
preparative 

GLC 

20 fra!tions 

analytical GLC 
before and after hydrogenation 

�9 I trace . I .1 trace trace 

polyenes and polar products e 

" ~  ozonolysis and GLC / ",,, 
aldehydes alde~ters 

FIG. 1. Analysis of fatty acid methyl esters from diol diester diester fractions of vernix caseosa. 
a Obtained as in Figure 1 (5). 
b By BF 3 methanol. 
c GLC and ozonolysis as in (2). 
d Column 0.6 cm i.d. x 13.4 cm bed height packed with 2.8 g CABN as in (2). 
e No attempt was made to analyze these products. 
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T A B L E  I 

F a t t y  Ac id  M e t h y l  Es te r s  F r o m  A l k a n e  Diol  Dies ters  o f  V e r n i x  Caseosa  a 

No.  o f  
C a t o m  

S a t u r a t e s  M o n o e n e s  

S t r a i g h t  B r a n c h e d  S t r a i g h t  B r a n c h e d  

Even  O d d  Iso b A n t e i s o  b Even O d d  Iso b A n t e i s o  b 

12 
13 
14 
15 
16 
17 
18 
19 
2 0  
21 
22  
23  
2 4  
25  
2 6  
2 7  
2 8  
2 9  
30  
31 
32  
33  
34  
35  
36 

.02  .02  
.4 .3 

2.1 3 .4  
3 .8  6.5 

28 .3  9 .7  
.8 1.8 

1.6 1.4 
.1 .2 

.3 1.4 
.02  .6 

.07  .9 
.02 .4 

.2 .9 
.02 .5 

. 04  .03 
.09  . 002  

.02 N D  
.001  ND 

. 0 0 7  
ND 

.001  

.001  

ND 

32 .7  5.2 17 .8  10.3  

37 .9  28 .1  

T o t a l  66  1 0 0  

N D  
N D  ND 

.03 ND 
.1 .1 

5.4 .03  
.9 .1 

23 .9  .4 
.5 .03 

1.5 .4 
. 04  .02  

.2 .01 
.001  N D  

.1 ND 
.03  

.06 
ND 

.05 

.03  

.02 

.001  

ND 

31 .3  1.6 .8 .3 

32 .9  1.1 

3 4  

a E x p r e s s e d  as per  c en t  o f  t o t a l  s a t u r a t e s  p lus  m o n o e n e s ;  ND,  n o t  d e t e c t e d  (less 0 . 0 0 1 % ) .  

b T h e  a s s i g n m e n t  o f  t he  t e r m s  iso a n d  a n t e i s o  are  b a s e d  so le ly  o n  c a r b o n  n u m b e r  d a t a  w h e n  t h e  s a m p l e  w a s  
r u n  o n  the  n o n p o l a r  l i qu id  p h a s e  O V - I O I .  The  c a r b o n  n u m b e r s  f o r  ( iso) 0 . 6 4  a n d  f o r  an t e i so  0 .71  w i t h  average  
d e v i a t i o n s  o f  +0 .03 .  

is the major pattern of monoenes of most ani- 
mal and plant tissues. 

Figure 1 shows the manner in which the 
fatty acids were obtained and analyzed. Frac- 
tion 15, which gave only one spot by TLC (5), 
accounted for more than 50% of the total diols 
(hence diesters), whereas Fraction 13 plus 14 
(accounting for~35% of the diols) as well as 16 
through 19 (accounting for ~12% of the diols) 
had other components besides alkane diol 
diesters (5). We have therefore examined the 
fatty acids from Fraction 15 in detail, and 
assume that its composition is a representative 
fraction of this ester class. 

The usual four types of chains (straight even, 
straight odd, iso and anteiso) found in other 
skin lipid samples are also present in the fatty 
acids of the alkane diol diesters (Table I). These 
data are in approximate agreement with those 
of Karkkainen et al., who reported on the fatty 
acid composition of the total diesters of vernix 
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caseosa (6). 
Table II gives the distribution of double 

bond positional isomers for the even and the 
odd chain monoene fatty acids and presents a 
possible mode of formation for each even chain 
monoene. For the odd chain monoenes, an 
analogous scheme of formation could be 
written, since the isomers of C 14, C16 and C 18 
are distributed in a manner parallel to those of 
ClS, CI 7 and C 19, respectively. Other schemes 
involving decarboxylation are also possible for 
the odd chain monoenes. 

These data clearly show that in the alkane 
diol diesters of vernix caseosa both the C16A6 
and the C 16A9 patterns occur, the latter pat- 
tern predominating by a factor of at least three- 
fold. Isomer distribution of the various even 
chain lengths indicates that elongation of 
C 16A9 apparently occurs to a far greater extent 
than elongation of C16A6. For example, at a 
chain length of C 16, the A9 and the A6 isomers 
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Position Isomers of Fatty Acid Monoenes of Alkane Diol Diesters of Vernix Caseosa 
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Even chain length monoenes Odd chain length monoenes 

Fatty acid Isomer Possible mode Fatty acid 
structure wt %a distribution b of formation structure vet %a 

Isomer 
distribution b 

14:A6 .03 11 14:0 -2H --~14:A6 15:A6 
14:A7 8 16:A9 - C2-+14:A7 15:A7 
14:A8 2 15:A8 
14:A9 72 14:0 -2H ">14:A9 15:A9 
14:All  7 15:A10 

15:All  
16:A6 5.4 17 16:0 -2H "->16:A6 
16:A7 1 18:A9 - C2"--,x16:A7 17:A6 
16:A8 6 14:A6 + C2"-~16:&8 17:A7 
16:A9 57 16:0 -2H -'>16: A 9 17:A8 
16:A10 3 14:A8 + C2-->16:A10 17:A9 
16:All  16 14:A9 + C2-+16:All 17:A10 

17:All  
18:A6 23.9 3 18:0 -2H -->18:A6 17:A12 
18:A7 2 20:A9 - C2-~18:A7 17:A13 
18:A8 7 16:A6 + C2-+18:A8 
18:A9 40 18:0 -2H -~18:A9 19:A6 
18:A10 Trace 14:A6 +2C2--~18:A 10 19:A8 
18:All  48 16:A9 + C2-~18:All 19:A9 
18:A12 Trace 14:A8 +2C2--~18:A 12 19:A10 

19:All  
20:A 10 1.5 5 16:A6 +2C2-'~2,0:A 10 19:A12 
20 :Al l  30 18:A9 + C2--~20:All 19:A13 
20:A 12 3 18:A10+ C2--~20:A 12 19:A14 
20:A13 61 16:A9 +2C2-'~20:A 13 
20:A14 1 14:A8 +3C2--->20:A 14 21:A6 

21:A7 
22:A9 .2 Trace 22:0 -2H -">22 :A 9 21:A8 
22:Al l  9 20:A9 + C2-'~22:All 21:A9 
22:A13 30 18:A9 +2C2"--~22:A 13 21:A10 
22:A14 8 14:A6 +4C2"->22:A 14 21:Al l  
22:A15 53 16:A9 +3C2"~22:A 15 21:A12 

21:A13 
24:A11 .1 3 22:A9 + C2-'~24:All 21:A15 
24:A13 4 20:A9 +2C2"r 13 
24:A15 40 18:A9 +3C2-+24:A 15 
24:A17 53 16:A9 +4C2--->24:A 17 

.1 27 
2 
10 
46 
5 
10 

.9 2 
1 
6 
48 
2 
36 
2 
3 

�9 5 Trace 
5 
44 
6 
35 
3 
7 
Trace 

.04 2 
3 
6 
31 
9 
25 
7 
19 
Trace 

aExpressed as per cent of total saturates plus monoenes. 
bFor each chain length. 

cons t i tu t e  58% and 17%, respectively,  whereas  
of  all the  C20 isomers,  the  A13 and the A10 
isomers  (which  represent  2C 2 ex tens ions  each 
of  C 16A9 and C 16A6, respectively)  cons t i tu te  
61% and 5%, respectively.  In an analysis o f  the 
to ta l  f a t ty  acid m o n o e n e s  of  vernix caseosa, 
Downing  and Greene (4) r epor ted  tha t  C 16A9 
and its C 2 ex tens ion  p roduc t s  are major  
posi t ional  isomers of  chains above C 19. These 
higher  chains however ,  do no t  cons t i tu te  the  
bulk  of  the  tota l  monoenes .  The major  f rac t ion  
of  f a t ty  acid m o n o e n e s  are be low C 19 and have 
the  C 16A6 pat tern .  

Al though  lipids of  vernix caseosa could be 
derived f rom ei ther  the  fetal  sebaceous  gland or 
f rom its kerat inizing epidermis ,  it is highly 

probable  tha t  the  alkane diol diesters  are prod-  
ucts  o f  h u m a n  sebaceous  glands�9 The skin sur- 
face lipids of  many  animals and the  preen gland 
lipids of  birds,  b o t h  l ipids primarily of  
sebaceous  gland origin, have alkane diol diesters  
as major  c o m p o n e n t s  (7). This would  imply  
tha t  the  synthesis  o f  C t 6A9 and its e longat ion  
p roduc t s  is a sebaceous  gland process.  This 
assumpt ion  is fu r ther  suppor t ed  by the  fact  
tha t  surface lipids of  rat (also primari ly of  
sebaceous  gland origin) show almost  exclusively 
this pa t t e rn  (2). Thus,  h u m a n  sebaceous glands 
appear  to synthes ize  two  highly character is t ic  
double  b o n d  pa t te rns  of  fa t ty  acids, t he  C 16A6 
and the  C 16A9 pat te rns ,  and, strikingly, despi te  
the presence  of  large amoun t s  of  c o m p o n e n t s  
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from the C 16A6 patterns in human sebaceous 
glands, components of the C16A9 pattern are 
preferentially used to esterify the alkane diols. 
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In Vivo Transfer of 14C.4.Cholesterol From Mouse 
Host To Encapsulated Trichinella Spiralis Larvae 

ABSTRACT 

Mice infected for four months with 
the parasite Trichinella spiralis were fed 
4-1 4C.cholesterol .  The encapsulated 
larvae were then collected from the mice, 
and the lipids of the larvae were extracted 
and fractionated by thin layer chromato- 
graphy (TLC). One of the TLC bands 
known to contain cholesterol was sub- 
fractionated; the resulting bands were 
assayed for radioactivity. It was found 
that the pure cholesterol fraction con- 
t a i n e d  radioactive cholesterol, pre- 
sumably from the host. 

Trichinosis in humans results from the 
ingestion of insufficiently cooked pork which is 
infected with the cysts of Trichinella spiralis. 
Larvae are excysted and released in the duo- 
denum. Maturing sexually within seven days, 
each female worm liverates a thousand or more 
larvae into the blood and lymph vessels. In the 
striated muscles the larvae mature within three 
weeks and become encapsulated by the host's 
connective tissue remaining there in an infective 
state for several years (1). 

It is generally thought that the encysted T. 
spiralis metabolizes at a very low rate, and that 
host substances are unable to permeate the 
thick capsule wall. However, Stoner and Hankes 
in 1955 fed 14C-labeled amino acids to mice 
which had been infected with this parasite for 
56 days and were able to recover significant 
amounts of radioactivity in the extracted larvae 
(2). Also, the in vivo experiments of Frayha 

showed that cholesterol passes freely from the 
host tissue to the hydatid cysts of the parasite 
Echinococcus granulosus (3). The above 
findings suggest that T. spiralis exists in an 
active metabolic state in which host substances 
do permeate the capsule. The question remains 
as to whether the parasite is actually dependent 
on an exogenous source of cholesterol as has 
been shown with certain insect species (4,5). 

Recently, the authors have observed the pas- 
sage of 14C-labeled cholesterol from the host to 
encapsulated Trichinella larvae. Two mice 
were infected with infective larvae of this 
worm. The infection was administered by 
stomach tube and 25 larvae per gram of body 
weight were the infecting dose. Four months 
after infection, they were fed for a week on 
food pellets (Ralston-Purina lab show) soaked 
with 3 pc, equivalent to 4.66 x 106 counts per 
minute (c.p.m.) of an ethanolic solution of 
4 -14C-cho les te ro l  (Radiochemical Centre, 
Amersham, England). The encysted T. spiralis 
larvae were recovered by digestion of the 
skinned, eviscerated hosts in a 1% pepsin-0.7% 
hydrochloric acid digestion solution. Tissue was 
soaked at 37 C (1 liter of digestion solution per 
gram of tissue) until all the muscle was di- 
gested. After repeated washings in sterile saline, 
until no radioactivity could be detected in the 
washings, the larvae were lyophilized to a dry 
weight of 0.100 g and then extracted with 
chloroform-methanol (2:1 v/v). [The methods 
for the extraction and fractionation of the 
lipids and the isolation of the cholesterol were 
similar to those described previously (6)]. The 
extract was subsequently dried over Na2SO4, 
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Host To Encapsulated Trichinella Spiralis Larvae 

ABSTRACT 

Mice infected for four months with 
the parasite Trichinella spiralis were fed 
4-1 4C.cholesterol .  The encapsulated 
larvae were then collected from the mice, 
and the lipids of the larvae were extracted 
and fractionated by thin layer chromato- 
graphy (TLC). One of the TLC bands 
known to contain cholesterol was sub- 
fractionated; the resulting bands were 
assayed for radioactivity. It was found 
that the pure cholesterol fraction con- 
t a i n e d  radioactive cholesterol, pre- 
sumably from the host. 

Trichinosis in humans results from the 
ingestion of insufficiently cooked pork which is 
infected with the cysts of Trichinella spiralis. 
Larvae are excysted and released in the duo- 
denum. Maturing sexually within seven days, 
each female worm liverates a thousand or more 
larvae into the blood and lymph vessels. In the 
striated muscles the larvae mature within three 
weeks and become encapsulated by the host's 
connective tissue remaining there in an infective 
state for several years (1). 

It is generally thought that the encysted T. 
spiralis metabolizes at a very low rate, and that 
host substances are unable to permeate the 
thick capsule wall. However, Stoner and Hankes 
in 1955 fed 14C-labeled amino acids to mice 
which had been infected with this parasite for 
56 days and were able to recover significant 
amounts of radioactivity in the extracted larvae 
(2). Also, the in vivo experiments of Frayha 

showed that cholesterol passes freely from the 
host tissue to the hydatid cysts of the parasite 
Echinococcus granulosus (3). The above 
findings suggest that T. spiralis exists in an 
active metabolic state in which host substances 
do permeate the capsule. The question remains 
as to whether the parasite is actually dependent 
on an exogenous source of cholesterol as has 
been shown with certain insect species (4,5). 

Recently, the authors have observed the pas- 
sage of 14C-labeled cholesterol from the host to 
encapsulated Trichinella larvae. Two mice 
were infected with infective larvae of this 
worm. The infection was administered by 
stomach tube and 25 larvae per gram of body 
weight were the infecting dose. Four months 
after infection, they were fed for a week on 
food pellets (Ralston-Purina lab show) soaked 
with 3 pc, equivalent to 4.66 x 106 counts per 
minute (c.p.m.) of an ethanolic solution of 
4 -14C-cho les te ro l  (Radiochemical Centre, 
Amersham, England). The encysted T. spiralis 
larvae were recovered by digestion of the 
skinned, eviscerated hosts in a 1% pepsin-0.7% 
hydrochloric acid digestion solution. Tissue was 
soaked at 37 C (1 liter of digestion solution per 
gram of tissue) until all the muscle was di- 
gested. After repeated washings in sterile saline, 
until no radioactivity could be detected in the 
washings, the larvae were lyophilized to a dry 
weight of 0.100 g and then extracted with 
chloroform-methanol (2:1 v/v). [The methods 
for the extraction and fractionation of the 
lipids and the isolation of the cholesterol were 
similar to those described previously (6)]. The 
extract was subsequently dried over Na2SO4, 
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concentrated and spotted on thin layer chro- 
matography (TLC) silica gel for the fraction- 
ation of the lipids, into "three bands designated 
as Bands 1, 2 and 3 with methylene chloride- 
acetone (92:8 v/v) as developing solvent. 

Band 1 was further fractionated on TLC 
(chloroform-acetone 90: 10) into Bands la, lb,  
lc and ld with corresponding Rf's of 0.00, 
0.58, 0.87 and 0.98. The identities of these 
bands were unknown except for Band lc which 
was shown to be cholesterol by infrared spec- 
troscopic examination and Rf values in four sol- 
vents when in a previous experiment larvae 
were extracted from infected mice not fed 
radioactive material. 

The four bands were subsequently scraped 
from the TLC plate, eluted with chloroform, 
and assayed for radioactivity in a Packard-Tri- 
carb liquid scintillation counter (Model 3003). 
Most of the radioactivity of Band 1,328 c.p.m., 
was found to reside in lc, there being none in 
ld and only negligible amounts in la and lb. 
The eluates of Bands 2 and 3 (origin and front, 
respectively, of the TLC plate) were found to 
contain no radioactivity. 

That the radioactivity did, indeed, reside in 
the cholesterol was confirmed by mixing 3 mg 
of the Band lc residue with 37 mg of pure, 
unlabeled cholesterol and recrystallizing it 
twice from 95% ethanol and twice from ether- 
absolute ethanol (1:1 v/v) to the constant spe- 
cific activities of 9.9, 8.1, 8.1 and 8.2 
c.p.m./mg. The theoretical specific activity of 

the cholesterol mixture was 8.2 c.p.m./mg. 
Although the incorporation of radioactive cho- 
lesterol into the larvae by transfer from the 
host was small, the fact that it did occur is 
fairly certain. 
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Sterol Galactosides and Sterol Esters of the Cotton Bud 

ABSTRACT 

About 60% of the total sterols in the 
cotton bud appeared in the free state; the 
esterified sterol glycosides contained 
about 50% saturated fatty acids, largely 
palmitic acid; the principal unsaturated 
fatty acid was linolenic acid. ~-Sitosterol 
was the major sterol in all classes of sterol 
derivatives. The sugar moiety of the 
esterified sterol glycosides and the sterol 
glycoside was galactose. Efforts are con- 
tinuing to evaluate the minor sterols of 
cotton buds, some of which appear to be 
hydroxylated ecdysones, and to study 
their relationship to the development of 
the Boll weevil, Anthonomus grandis 
Boheman. 

Sadykov and Padkudina (1) isolated a sterol 
galactoside from cotton flowers. The presence 
of sterol glycosides and esterified sterol glyco- 
sides in a variety of plants has been reported 
(2-4). A previous study in this laboratory of the 
polar lipids of the cotton bud (square) (5) 
revealed the presence of a sterol glycoside. This 
report gives a detailed characterization of this 
glycoside, and also of the 3-hydroxysteroids 
and their esters. 

Sterols and sterol derivatives were extracted 
by the method of Folch et al. (6) from freshly 
picked Deltapine Smoothleaf cotton buds con- 
taining the calyx and corolla. The total extract 
(4.2 g) was applied to a silicic acid column 
(100 g, 4 x 15 cm) in pentane. The lipids were 
eluted from the column with pentane (caro- 
tenoids, sterol esters, triglycerides), pentane- 
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Sterol Galactosides and Sterol Esters of the Cotton Bud 

ABSTRACT 

About 60% of the total sterols in the 
cotton bud appeared in the free state; the 
esterified sterol glycosides contained 
about 50% saturated fatty acids, largely 
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revealed the presence of a sterol glycoside. This 
report gives a detailed characterization of this 
glycoside, and also of the 3-hydroxysteroids 
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Sterols and sterol derivatives were extracted 
by the method of Folch et al. (6) from freshly 
picked Deltapine Smoothleaf cotton buds con- 
taining the calyx and corolla. The total extract 
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ether (1 : 1) (fatty acids, sterols, esterified sterol 
g l y c o s i d e s ) ,  c h l o r o f o r m - m e t h a n o l  
(90:10)(phospholipids), and methanol (phos- 
pholipids, galactolipids). Final purification was 
performed by thin layer chromatography (TLC) 
on standard 20 x 20 cm plates coated with 250 
micron layers of silica gel and calcium sulfate 
(9:1 w/w). The esterified sterol glycoside was 
purified by irrigation of the silica gel plates 
with chloroform-methanol (10:10 v/v), the 
sterol glycoside plates were developed in 
chloroform-methanol-water  (85:15:1 v/v/v), 
and the components were eluted from the silica 
gel with chloroform-methanol (1:1 v/v). The 
sterol derivatives were made visible on the 
plates by spraying with water and observing the 
light bands. 

Methyl esters were produced by alkaline 
hydrolysis of the esterified sterol glycoside 
(5,7). GLC was performed on a 10 ft, 1/8 in. 
o.d. column packed with 10% DEGS on 60/80 
mesh HMDS-treated Chromosorb-W. The in- 
jector, column and detector temperatures were 
210, 185 and 185 C, respectively. The instru- 
ment was calibrated with authentic standard 
mixtures of fatty acid methyl esters. 

The major fatty acids found in the esterified 
sterol glycosides of the cotton bud were pal- 
mitic (40.2 /1mole %), oleic (12.3 /~mole %), 
linoleic (17.6 /2mole%), and linolenic (29.7 
/amole %). About equal quantities of saturated 
and unsaturated fatty acids were present in 
esterified sterol glycoside, with palmitic acid 
(C16:o) the only saturated acid and linolenic 
acid (C 18:3) the major unsaturated fatty acid. 
Free sterols comprised 57.5%, esterified sterols 
24.7%, esterified sterol glycosides 5.8%, and 
sterol glycosides 12.0% of the total sterols in 
the cotton bud. The sterols and sterol deriva- 
tives consitituted 0.019% of fresh weight of the 
cotton buds. 

Sterol glycosides and esterified sterol glyco- 
sides were hydrolyzed with 1% sulfuric acid in 
ethanol under reflux for 22 hr (8), ethanol was 
removed in vacuo, and water was added to the 
residue. The aqueous suspension was extracted 
three times with ether, and the ether extracts 
were combined, concentrated and analyzed by 
GLC for sterols. GLC of the sterols was 
performed on a 6f t ,  I / 8 i n .  glass column 
packed with 3% XE-60 on 100/120 mesh 
Gas-Chrom Q, and a 6 ft, 1/8 in. glass column 
packed with 1.5% SE-30 on 60/80 mesh 
Chromosorb-W (4,9). The injector, column and 
detector temperatures for both columns were 
260, 240 and 240 C, respectively. Individual 
sterols were identified by comparing relative 
retention times of the samples with those of 
authentic sterols. 
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SHORT COMMUNICATIONS 

The distribution of /3-sitosterol in free 
sterols was 59.3%, esterified sterols 49.4%, 
sterol galactoside 80.5%, and esterified sterol 
galactoside 78.7%. Campesterol and stigma- 
sterol were present in the free sterols 37.2%, 
sterol galactoside 11.2%1 esterified sterol 
galactoside 4.7%, and absent in the esterified 
sterols. Cholesterol was present in the free 
sterols at 1.6%, esterified sterols 50.6%, sterol 
galactoside 4.3%, and esterified sterol galacto- 
side 7.5%. Over 50% of the sterols in the cotton 
bud were 13-sitosterol, and most of the cam- 
pesterol and stigmasterol were present as free 
sterols. Most of the cholesterol (50%) was 
esterified. 

The aqueous acid phase from the ether 
extraction of the sterols was neutralized with 
barium hydroxide, filtered, vacuum dried at 
40 C, and the trimethylsilyl derivatives of the 
sugar were prepared (10). Total sugar was 
determined by the method of Dubois et al. 
(I 1). The sugar was identified as galactose from 
the relative retention time of its trimethylsilyl 
derivative, measured by GLC on a 4 ft, 1/8 in. 
stainless steel column packed with 1% SE-30 on 
HMDS-treated Chromosorb-P. The injector 
temperature was 220 C, column and detector 
temperatures both were 185 C, and inlet pres- 
sure was 14 psi. The ratio of sugar-sterol-fatty 
acid was 1:1 : 1 for the esterified sterol glyco- 
side, and the ratio of sterol-sugar was 1:1 for 
the sterol glycosides. These ratios are common 
in plants, but the substitution of galactose is 
unusual. 

A. C. THOMPSON 
R. D. HENSON 
R. C. GUELDNER 
P. A. HEDIN 
Entomology Research Division 
ARS, USDA 
State College, Mississippi 39762 
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The Trans-6 Fatty Acids of Picramnia sellowii Seed 0il l  

G. F. SPENCER, R. KLEIMAN, F. R. EARLE and I. A. WOLFF, 
Northern Regional Research Laboratory 2, Peoria, Ill inois 61604 

ABSTRACT 

The C 18 monoenoic acids in Picramnia 
sellowii Planch. seed oil include both cis- 
and trans-6-octadecenoic acids, as well as 
oleic acid. The hexadecenoic acids are 
also the cis- and trans-A6-isomers, and the 
eicosenoic acids have A6-unsaturation of 
undetermined geometric configuration. 
The C18 polyenoic acids detected are 
9 ,12-  and  6,9-octadecadienoic and 
9 ,12 ,1  5- and 6,9,12-octadecatrienoic 
acids. Partial investigation of another 
species, P. pentandra Sw., revealed its oil 
to have a similar fatty acid composition. 

INTRODUCTION 

In screening a variety of plant seed oils, 
infrared (IR) spectroscopy has provided a 
means to detect unusual composition. For 
example, the IR spectrum of Picramnia sellowii 
(Simarubaceae) oil in carbon disulfide solution 
had a weak band at 10.4/a. This band is usually 
associated with isolated trans unsaturation. The 
rest of the spectrum was consistent with those 
of normal seed oils. Methyl esters prepared 
from the oil also showed the trans absorption 
band. Although Picramnia seed oils are rich in 
6-octadecynoic (tariric) acid (1), fatty acids 
containing trans bonds have not been reported 
in them. Since the oil of another species, P. 
pentandra, exhibited a similar IR spectrum (2) 
and since trans double bonds occur infre- 
quently in seed oils, fatty acid compositions of 
the Picramnia oils were investigated. 

EXPERIMENTAL PROCEDURES 

Oil was extracted from the ground seed and 
analyzed as previously described (3,4). Methyl 
esters of the fatty acids were prepared (5) and 
analyzed by both gas liquid (GLC) and thin 
layer (TLC) chromatography (3,6). TLC on 
plates coated with a 1 mm thick layer of Silica 
Gel G containing 20% silver nitrate and 
developed with benzene was used to separate P. 
sellowii esters according to degree of unsatu- 
ration. These fractions were also analyzed by 

1presented in part at AOCS Meeting, New York, 
October  1968. 

2No. Utiliz. Res. Dev. Div., ARS, USDA. 

GLC. Another portion of these esters was first 
separated on the basis of chain lengths by pre- 
parative GLC (7) and then examined by 
AgNO3-TLC. 

Double and triple bond positions were 
located by ozonolysis procedures, which utilize 
GLC to identify and relate the cleavage frag- 
ments quantitatively (8,9). IR spectra of carbon 
disulfide solutions were recorded on a Perkin- 
Elmer Model 137 or a.Model 337 spectrophoto- 
meter in 1 mm sodium chloride cells. 

RESULTS AND DISCUSSION 

Identification of Acids Containing Trans Bonds 

TLC of the esters from P. sellowii oil on a 
plate impregnated with silver nitrate is shown in 
Figure 1. Spot II, slightly above the monoenes 
of the soybean esters (Sample B), is in the area 
of the plate to which trans monoenes migrate. 
After the esters had been separated by prepara- 

~ 
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:'i ] / I  . . . . .  ~: 
V 
O 
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0 

0 
0 
o 

A B 
FIG. 1. Thin layer chromatography of Picramnia 

esters (Sample A) and soybean esters (Sample B) on 
20% AgNO 3 in Silica Gel G with benzene as the 
development solvent. 

285 



286 G. F. SPENCER, R. KLEIMAN, F. R. EARLE AND I. A. WOLFF 

TABLE I 

Ester Composition of Fractions From Preparative TLC 

Fraction a Composition (Per cent by GLC) 

I (saturates) 
II (trans-monoenes) 

III (cis-monoenes) 
IV (diene) 
V (diene) 

VI (diene and triene) 

C14-2.1 ; CI 6-9.3; C 18-83.4; C20-5.1 
C 16-2.6; C 18 -93.5 ; C20-0.2 ; tarirate-3.7 
CI 6-0.5; CI 8-3.7; tarirate-96.0 
C 18-74.3 (ECL 18.9); tarirate-25.6 
C18-91.6 (ECL 18.7); C18-5.4 (ECL 19.3); C18-3.0 (ECL 19.7) 
C18-30.3 (ECL 18.7); C18-57.8 (ECL 19.3); C18-I1.8 (ECL 19.7) 

aldentification based on ECL from LAC-2-R-446 column (6). 

tive AgNOa-TLC into Fractions I through VI 
(Fig. I), IR analyses indicated that only Frac- 
tion II contained trans unsaturation. The com- 
position of  each fraction by GLC analysis is 
given in Table I. 

Preliminary identifications of the com- 
ponents in the fractions were based on their 
equivalent chain lengths (ECL) (6). The ECL of 
the diene in Fraction IV is identical to that of 
methyl linoleate. Fraction V is composed of a 
diene which has an ECL 0.2 units less than that 
of linoleate along with small amounts of the 
two trienes which, together with this unusual 
diene, make up Fraction VI. The ECLs of the 
trienes in Fraction VI suggest that one is lin- 
olenate (ECL = 19.7) and the other (ECL = 
19.3) a triene analogous to the unusual diene 
found in Fraction V. 

AgNO3-TLC of the fractions collected from 
preparative GLC of the esters showed spots cor- 
responding to both cis- and trans-hexa- 
decenoates and octadecenoates. The eicose- 
noate fraction, however, migrated to a single 
spot in the trans-monoene region of the plate. 

TABLE II 

Composition of Picramnia sellowii Esters 

Component Per cent by GLC 

14:0 Trace 
16:0 0.1 
16:16c 0.4 
16:16t 0.2 
18:0 1.5 
18:16c 2.9 a 
18:16t 7.4 
18:19c 0.3 a 
18:26,9 0.1 
18:29,12 0.9 
18:36,9,12 0.3 
18:39,12,15 0.1 
20:0 0.3 
20:16 0.2 
Tarirate 

(6-octadecynoate) 85.3 

apercentages based on peak areas of ozonolysis 
fragments (8) (see text). 

The IR spectrum of a highly concentrated 
solution of Fraction III had no bands in the 
10-11 At region. At such a concentration trans 
unsaturation at levels of less than 1% would 
have been detected. It was assumed, therefore, 
that Fraction III contained no trans-monoenes. 
Since Fraction III was by far the largest frac- 
tion collected and Fraction IV was very small, 
Fraction III contained essentially all the tarirat~ 
in the mixed esters. The proportions of the cis- 
hexadecenoates and cis-octadecenoates in the 
mixed esters could therefore be calculated using 
the tarirate as an internal s tandard .The pro- 
portions of trans-monoenes in the mixed esters 
were obtainable by difference. The ratios thus 
established between cis- and trans-hexadece- 
noates were corroborated by GLC of the esters 
on a capillary column (Ackman, private com- 
munication). 

Establishment of Bond Positions 

Ozonolysis-GLC of Fraction II yielded C 6 
aldehyde-ester (AE), C12 aldehyde (A), and 
CIO A. Since C 6 AE was the only aldehyde- 
ester found, the trans-monoenes are all A6 
unsaturated. C 14 A was tentatively identified 
(one column only) in the reduced ozonides 
from Fraction II; therefore, the eicosenoate is 
probably the 20:16 t ester although neither the 
geometry nor the position of the double bond 
is firmly established. The C10 A and C12 A 
were found in the same relative abundance as 
the parent esters (16:16 and 18:16) in Fraction 
II (Table I). 

Fraction III was more complex than Frac- 
tion II and yielded C 9 AE and C 9 A, as well as 
C 6 AE, C10 A, and C12 A upon ozonolysis. 
Oleate is therefore present in the cis-monoenes 
together with the 18:16 and 16:16. Under the 
low temperature ozonolysis conditions, triple 
bonds were not cleaved (9). Ozonolysis in 
methanol at room temperature, however, ident- 
ified the major component in Fraction III as 
methyl tarirate (9). 

The major component  in Fraction IV was 
proved to be methyl linoleate by interrupted 
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ozonolys is  (8).Similarly,  the diene in Frac t ion  
V was shown to be 6 ,9-oc tadecadienoate .  The 
tr ienes in Fract ion VI were examined  by the  
in te r rup ted  ozonolys is  m e t h o d  and the  frag- 
ments  del ineated the parent  esters to  be 
6 , 9 , 1 2 - o c t a d e c a t r i e n o a t e  (7-1inolenate) and 
9 ,12 ,15-oc tadeca t r ienoa te  (r The 
relative peak areas of  the  f ragments  are in good 
agreement  with the p ropo r t i ons  of  the parent  
esters shown  in Table I, af ter  cor rec t ion  for  
de t ec to r  response  and for  the  a m o u n t  o f  
6 , 9 - o c t a d e c a d i e n o a t e  (Frac t ion  V) which  
carried over into Frac t ion  VI. 

The total  fa t ty  acid compos i t i on  o f  P. 
sel lowii  oil is given in Table II. The percentages  
are based on the GLC of  the  mixed esters and 
of  the  ozonolysis  p roduc t s  f rom the  unsatu-  
rated esters. Al though  not  so r igorously 
analyzed,  P. pen tandra  seed oil appears to con- 
tain t rans-6-hex~decenoic  and oc tadeceno ic  
acids in nearly the  same abundance  as P. 
sel lowi i  oil. 
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trans-6-Hexadecenoic Acid in the Atlantic Leatherback 
Dermochelys coriacea coriacea L. and Other Marine Turtles 
S. N. HOOPER and R. G. ACKMAN, Fisheries Research Board of Canada, 
Halifax Laboratory, Halifax, Nova Scotia 

ABSTRACT 

Depot fat from the Atlantic leather- 
b a c k  t u r t l e  (Dermochelys coriacea 
coriacea L.) was shown to contain "3% 
of trans-6-hexadecenoic acid. Structural 
details were elucidated through compara- 
tive aspects of isolation techniques, NMR, 
IR, hydrogenation, oxidative fission, etc., 
and confirmed by similarity of properties 
with those of a sample of fatty acid of 
this structure isolated from the seed oil of 
Picramnia sellowii. One additionalleather- 
back turtle oil sample, and depot fat from 
two other marine turtles, the loggerhead 
(Caretta caretta caretta) and ridley 
(Lepidochelys olivacea kempi) contained 
this acid, that from the ridley in a lower 
proportion. No corresponding Cl8 acid 
was detected in the leatherback oil. 

INTRODUCTION 

The lipids of marine reptiles have received 
scant attention in recent years, although several 
turtle oils were at one time studied by classical 
distillation techniques (1). The oil of the 
A t l a n t i c  leatherback turtle Dermochelys 
coriacea coriacea L. was examined in this 
laboratory by gas liquid chromatography (GLC) 
on packed columns and found to conform 
broadly in fatty acid composition to a general 
marine oil pattern (2). Oil from this species was 
recently reinvestigated on open tubular (capil- 
lary) GLC columns as part of a continuing 
study on monoethylenic fatty acid isomer com- 
positions of marine lipids (3-8; also, Ackman et 
al., submitted for publication). 

It is known that the elution sequence of the 
methyl esters of monoethylenic fatty acids, 
when all are of the same configuration (either 
cis or trans), is nominally similar on both polar 
and nonpolar GLC liquid phases when only the 
common range of fatty acid positional isomers 
is concerned. Basically this range, in the C 18 
acids for example, would include the 6-octa- 
decenoic to the 15-octadecenoic acids. It is also 
apparent from published data that the elution 
order of the components in a mixture of cis and 
trans monoethylenic acids from this range, as 
well as for the other positional isomers, may be 
somewhat different on a nonpolar liquid phase 

as compared to a polar liquid phase (9-11). 
Comparison of the C16 monoethylenic fatty 
acid complex in a whole-oil GLC analysis of 
leatherback turtle oil on a polar column (Fig. 1 ) 
and a nonpolar column (Fig. 2) showed trans- 
position of the . two major 16:1 components. 
This observation of a nonconforming isomer 
stimulated a detailed investigation and resulted 
in the identification of trans-6-hexadecenoic 
acid in the leatherback and two additional 
marine turtle oils. 

EXPERIMENTAL PROCEDURES 

Detai led examina t ion  o f  the leatherback 
turtle oil was primarily based on the sample 
examined previously (2). The oil (a depot fat) 
was recovered from its fibrous matrix by 
extraction with chloroform. An additional 
sample of leatherback turtle fat, although some- 
what oxidized, was treated similarly. These fats 
came from turtles recovered in Nova Scotian 
waters (12). Body fat samples from the logger- 
head (Caretta caretta caretta) and ridley 
(Lepidochelys olivacea kempi) came from speci- 
mens captured respectively at Veracruz, 
Mexico, and in the Gulf of Mexico off 
Tamaulipas. Seed oil was recovered from 
Picramnia sellowii. 

All oil samples were saponified and non- 
saponifiable materials were extracted from soap 
solutions by AOCS methods. The fatty acids 
were recovered and converted to methyl esters 
by brief treatment with 5% BFa-MeOH solu- 
tion. 

Basic analytical GLC was carried out with 
open tubular columns (150 ft x 0.01 in i.d.) 
coated with butanediol succinate (BDS) poly- 
ester or Apiezon-L (Ap-L) grease. The columns 
were purchased from the Perkin-Elmer Corp. 
and operated with a high split ratio (No. 1 or 2) 
in either Model 226 or Model 900 GLC units of 
this firm. Injection port temperatures were 
250 C, and operating conditions for the respect- 
ive columns were: BDS, 170 C and 50 psig 
helium; Ap:L, 190 C and 80 psig helium. Pre- 
parative GLC was carried out with an Aero- 
graph A-90 (thermal conductivity) unit fitted 
with a 10 ft x 1/4 in. column packed with 
Chromosorb G (DMSC), 80/100 mesh, coated 
with 10% SE-30 silicone gum. 
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FIG. 1. Partial chromatograph recording from GLC analysis on an open-tubular column, with BDS 
coating, of methyl esters of fatty acids of leatherback turtle oil. S, solvent. Time and attenuations 
noted at bottom. 
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FIG. 2. Partial chromatograph recording from GLC analysis on open-tubular columns, with Ap-L 
coating, of sample shown in Figure 1. 
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FIG. 3. (A) Chromatograph recording from GLC analysis on open-tubular column, with BDS 
coating, of methyl esters of C] 6 fatty acids from loggerhead turtle oil as isolated by preparative GLC 
(note: polyenes not obvious at this attenuation). (B) Chromatograph recording from GLC analysis on 
open-tubular column, with BDS coating, of methyl esters of C! 6 fatty acids from P. sellowii seed oil as 
isolated by preparative GLC. Note that both cis- and trans-6-hexadecenoic acid are present in the first 
monocne peak. (C) Partial chromatograph recording from GLC analysis on open-tubular column, with 
Ap-L coating, of trans-6-hexadecenoic acid after GLC and TLC-AgNO 3 isolation (16:0 added for 
reference). (D) Partial chromatograph recording from GLC analysis on open-tubular column with Ap-L 
coating of sample shown in 13. 

Silver nitrate chromatographic procedures 
were either large scale (~100 mg) by column, 
using Florisil-AgNO 3 as described elsewhere 
(3), or semipreparative thin layer chromato- 
graphy (TLC), using plates prepared with Supel- 
cosil 121) Lot 45E (Supelco Inc., Bellefonte, 
Pa.). Plates were activated for 1 hr at 100C 
before use and developed at room temperature 
in bcnzene-hexane, 1:1. Visualization was by 
spraying with 0.2~ 2',7'dichlorofluorescein and 
scanning under UV light. 

NMR spectra were measured at 60 m H z 
with a Varian A 60 spectrometer. Solutions in 
CDCI 3 (with TMS standard) were made up in 
40/al integral sphere microcclls. IR spectra were 
obtained on samples of pure film (NaC1 plate) 
with a Perkin Elmer 237. 

Ozonolysis was carried out in methanol with 
oxidative work-up (13). Products were identi- 
fied through direct GLC of C s - C] 2 monocar- 
boxylic acids (14) and by in situ esterification 
with 2,2-dimethoxypropane (13) for study of 
methyl esters of mono- and dicarboxylic acids. 

LIPIDS,  V O L .  5, NO.  3 

RESULTS 

Preparative Florisil-AgNO 3 chromatography 
failed to give an adequately clean separation of 
the methyl ester of the unknown (trans-6-hexa- 
decenoic acid) from total marine oil fatty acid 
esters owing to the rapid elution behavior of 
certain of the range of marine oil cis isomers in 
several chain lengths commonly found in 
marine oils (3-8, 15). More economy of effort 
was achieved by isolation of the C]6 methyl 
esters by preparative GLC followed by TLC on 
the Supelcosil plates, The unknown CI 6 
material gave a clearly defined spot between 
16:0 and a major component presumed to be 
palmitoleate (cis-9-hexadecenoate) on the basis 
of an Rf similar to that of methyl oleate (cis- 
9-octadecenoate) (16). The Rf value of the un- 
known was essentially the same as that of 
methyl elaidate (trans-9-octadecenoate). The 
unknown recovered from the TLC plates was 
identical in GLC behavior to the unusual C 16 
component illustrated in Figures 1 and 2. This 
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isolative technique was reproducible and appli- 
cable without difficulty to all samples. Column 
chromatography was however applicable to the 
el  6 fraction (order of elution: 16:0, unknown,  
palmitoleate), but was used only for a few 
large-scale preparations on pooled preparative 
GLC effluents. 

On hydrogenation the unknown gave a 
material indistinguishable from 16:0 by various 
GLC techniques. The IR spectrum showed a 
strong absorption band at 10.33 p. On a semi 
quantitative basis this absorption, and that of 
the rest of the spectrum, were similar to that of 
methyl elaidate, and the general absence of 
specific NMR details suggested a double bond 
in the central portion (approx A4 to A l l )  
positions (17). There was no spectral evidence 
for methyl branching or methyl substitution at 
the double bond. Oxidative fission of material 
recovered from chromatographic steps indi- 
cated >96% purity in terms of 10:0 monocar- 
boxylic acid (identified as acid and as methyl 
ester) and 6:0 dicarboxylic acid (identified as 
methyl ester). An ozonolysis of total C16 frac- 
t ion from the preparative GLC gave 16:0, 10:0, 

" 7:0 mono- and 6:0 and 9:0 dicarboxylic acids 
in approximately the proportions indicated by 
open-tubular GLC analysis of the total C16 
fraction. 

The above results indicated that the un- 
known methyl ester from leatherback turtle oil 
should be the methyl ester of trans-6-hexa- 
decenoic acid. The melting point of the acid 
recovered after saponification of ester (poorly 
defined crystals from petroleum ether) was 
33-34 C, and is consistent with this proposed 

s t ructure  on the basis of similarity to melting 
points listed for various C18 monoethylenic 
acids (18). The GLC behavior of the ester on 
BDS and Ap-L visa vis methyl palmitoleate was 
also compatible with this structure when com- 
parisons were made with published retention 
data for methyl esters of C18 monoethylenic 
acids (9), and with data obtained in our labora- 
tory for these materials on BDS and Ap-L 
open-tubular columns supporting the broad 
applicability of the literature data (10). 

Subsequent to our identification of this acid 
in leatherback turtle oil a sample of P. sellowii 
seed oil became available. Recovery of the 
methyl ester of trans-6-hexadecenoic acid, pre- 
viously indicated as a component of this oil 
(19,20), gave complete coincidence of com- 
ponents in several TLC and GLC systems tested 
(see below). 

DISCUSSION 

Trans-6-hexadecenoic acid amounted to 
2-3% of the total fatty acids in the initial 

sample of oeatherback turtle oil, about the 
same in a different sample (somewhat oxi- 
dized), and in loggerhead depot fat, but was not 
as obvious (~1%) in the fat from the ridley. 

�9 The presence of this acid in three different 
marine species of diverse origin would seem to 
indicate the deposition of this acid from a 
common food source. There is no apparent 
occurrence of either trans-6- or trans-8-octa- 
decenoic acid which might be related. A prelim- 
inary screening of a number of other marine 
lipids for trans-6-hexadecenoic acid suggests 
that the occurrence of trans-6-hexadecenoic 
acid is limited to animals such as the marine 
turtles and the ocean sunfish (Mola rnola) 
which are known to feed heavily on jellyfish 
(21). Further research on this basic source of 
this acid is planned. 

Comparative features of the GLC behavior 
of some methyl esters of hexadecenoic acids are 
shown in Figure 3. A precise study of retention 
data remains to be carried out, but it may be 
noted that the cis- and trans-6-hexadecenoates 
(ratio 2:1) fail to separate from each other on 
this BDS column and effectively occupy the 
position usually assigned to cis-7-hexadecenoate 
in analyses of the methyl esters of fatty acids 
from marine lipids. In the alternative Viewpoint 
of structure and GLC retention times, where 
significance is assigned to the co value (carbon 
chain moiety terminating in the methyl group), 
this means that, in the 16:1 acids, cis a)10 and 
cis r do not really separate from each other, 
but separate from cis r Paralleling this, in the 
18:1 acids, cis ~ 1 2  (petroselinate) and cis r 
(oleate) show no separation on BDS columns 
with as many as 50,000 plates, although a small 
but useful separation of cis wl  1 and cis r is 
observed (3,22), but all of these 18:1 acids 
separate from cis r In screening seed oils for 
petroselinic and related acids by open tubular 
GLC (polar columns) it might therefore be use- 
ful to examine the minor C16 acids as indi- 
cators of the probable presence of C18 ana- 
logues not detectable directly. 
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An Investigation of the Lipid Metabolism of 
Dog Kidney Medulla and Cortex 
MARTIN GOLD, Gerontological Research Institute, 
Philadelphia Geriatric Center, Philadelphia, Pennsylvania 19141 

ABSTRACT 

Unanesthetized, resting dogs were 
infused through a leg vein for approxi- 
mately 90 min with 1-14C-palmitate and 
oleate-9,10-H 3 complexed to albumin. 
The animals were then anesthetized, 
exsanguinated, and the kidneys removed. 
Lipids were extracted from the medullae 
and cortices with chloroform-methanol 
(2:1) and the lipid classes were analyzed 
for radioactivity content and fatty acid 
composition. Triglyceride subclass species 
were determined by silver nitrate thin 
layer chromatography. The triglyceride 
content of the medulla was much higher 
than that of the cortex while the phos- 
pholipid level was slightly higher in the 
cortex. The fatty acid composition of tri- 
glyceride and phospholipid was not 
demonstrably different in the medulla or 
cortex. The amount of monounsaturated 
triglyceride species (001) was lower and 
the tetra- (022) and more unsaturated 
species were higher in the cortex than in 
the medulla. Most of the radioactivity 
was found in the phospholipid fraction 
and a large portion of the remainder was 
in triglyceride. Cortical phospholipids 
contained 80% of the radioactivity versus 
a value around 60% in the medulla, 
whereas triglyceride, in the medulla, was 
approximately 26% compared to the 
cortical content of 15%. The results, with 
respect to the per cent distribution of 

radioactivity, were similar for radiocar- 
bon and tritium. The cortex possessed a 
higher specific activity for oleate and 
palmitate in both triglyceride and phos- 
pholipid. The total kidney retained 0.25% 
of the infused palmitate and 0.08% of the 
infused oleate. 

INTRODUCTION 

The clear demonstration by Chinard ct al. 
(1) that glucose uptake cannot provide the 
energy required by the oxygen consumed in the 
kidney made it obvious that lipids had to be 
considered for this role. Hohenleitner and 
Spitzer (2) were among the earliest investigators 
to demonstrate that free fatty acids (FFA) 
could be taken up from the blood stream by 
the kidney under in vivo conditions in anesthe- 
tized dogs, with catheters placed in a systemic 
artery and renal vein. Using a similar prepara- 
tion, Gold and Spitzer (3) infused various radio- 
active fatty acids complexed to albumin. They 
measured the radioactive carbon dioxide 
produced and by gas liquid chromatography 
measured the arteriovenous plasma free fatty 
acid composition. They noted a consistent up- 
take and oxidation of palmitate and a quite 
variable response for oleate, leading to a statisti- 
cally nonsignificant uptake and oxidation for 
this metabolite. 

In the meantime, the concept was rapidly 
becoming accepted that the renal medulla and 
cortex had quite different metabolic capacities. 
Kramer et al. (4) reported that in the dog, the 

T A B L E  I 

Lipid  Composition of Dog Kidney Medul la  a n d  C o r t e x  

Wet 
Dog w e i g h t , a  T r ig lyce r i de  P h o s p h o l i p i d  
no .  g (/.tM/g w e t  w t . )  Q.tM/g w e t  w t . )  

46  Medul la  16.6  12.6  7 .3  
C o r t e x  83 .4  8.8 I 1.3 

47  Medul la  8 .0  9 .6  9.1 
C o r t e x  56.5  1.2 1 1.2 

4 8  Medul la  ! 3.6 20 .6  I 1.2 
C o r t e x  98 .2  1.5 11.7 

Average  Medul la  12.7 14.3 9 .2  
C o r t e x  79 .4  3.8 11.4  

aWeigh t  o f  b o t h  k i d n e y s .  
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medullary blood flow and oxygen consumption 
was only about 5% of that in the cortex. Lee et 
al. (5), using rabbit kidney medulla and cortex 
slices, observed that fatty acids appeared to be 
used predominantly by the cortex while glucose 
seemed to be the major fuel for the medulla. 
The reports of low oxygen consumption along 
with a high rate of glycolysis in the medulla 
thus correlated well, as did the high oxygen 
consumption with a large utilization of fatty 
acid by the cortex. 

Since the above mentioned investigators 
have found FFA utilization by the dog kidney, 
it was of interest to ascertain if the dichotomy 
of metabolism would lead to marked differ- 
ences in the lipid pattern in the medulla and 
cortex, especially under essentially normal con- 
ditions. Therefore, a study was initiated in 
which a mixture of 1-14C-palmitate and oleate- 
9,10-H 3 complexed to albumin was infused 
into a leg vein of unanesthetized resting dogs 
for 90 rain; the dogs were then anesthetized, 
exsanguinated, and the renal medulla and 
cortex removed for analyses. 

MATERIALS AND METHODS 

To fo rm the  FFA-albumin complex 
l-I 4C.palmitic acid (Tracer Lab., Inc., specific 
activity 41 mc/mmole in hexane) and oleic 
acid-9,10-H3 (Nuclear-Chicago, specific activity 
750 mc/mmole in benzene) were placed in a 
flask, the solvent evaporated off with nitrogen, 
and 1.5 mmoles of sodium hydroxide in 5 ml of 
physiological saline added. Four grams of Frac- 
tion V human serum albumin were dissolved in 
20 ml distilled water. The flask containing the 
fatty acids was swirled in warm water to dis- 
solve the soaps and the albumin solution was 
then added with mild agitation. The amount of 
palmitate added to the albumin was 0.31 /ag/mg 
and the corresponding value for oleate was 
0.19. 

Three male mongrel dogs weighing 20-27 kg 
were used after fasting overnight (approxi- 
mately 16 hr) with free access to water. The 
animals had previously been fed Purina Dog 
Chow ad lib. The day prior to the experiment 
the dogs were anesthetized with sodium pento- 
thal (20 mg/kg) and a small catheter placed into 
the superficial plantar metatarsal vein. A card- 
board collar was placed around the dog's neck 
to prevent gnawing at the catheter site. The 
following day the dog was placed into a resting 
position and infused with 20 ml of FFA-human 
albumin mixture at the rate of 0.2 ml/min. The 
infusion mixture consisted of 11.4 #c/ml of 
l - t 4 C - p a l m i t a t  e and 84.4 /.tc/ml oleate-9, 
10-H3. Ten minutes before the end of the 
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infusion the dog was anesthetized with pheno- 
barbital (30 mg/kg) and exsanguinated by 
catheters placed in the femoral and carotid 
artery�9 The kidneys were exposed by laparo- 
tomy, excised, and the cortex and medulla 
separated by cutting along the visible demarca- 
tion line. The capsule and adhering tissue were 
carefully removed�9 

Medullae and cortices were weighed, homo- 
genized, and then lipids extracted by the 
method of Folch, et al. (6)�9 The corresponding 
kidney segments were pooled so data presented 
in the Result Section do not specify right or 
left medulla or cortex�9 The lipid classes were 
separated by the thin layer chromatographic 
(TLC) procedure of Christophe and Matthijs 
(7), which employed a solvent system of petro- 
leum ether-acetone (85:15).  This method sepa- 
rated the major lipid classes in the following 
sequence of increasing polarity: cholesterol 
esters, triglycerides, diglycerides, cholesterol, 
free fatty acids, monoglyceridcs and phospho- 
lipids. Lipids were identified by means of  
standards purchased from Applied Science, Inc. 
and visualized by spraying with Rhodamine 6G 
dye. The lipid bands were scraped from the thin 
layer plate into counting vials and their radio- 
active content determined by the method of 
Bray (8) in a Packard Liquid Scintillation 
Spectrometer�9 The triglyceride and phospho- 
lipid classes were also analyzed for their fatty 
acid compositions by scraping the silica gel with 
these lipids into screw-cap tubes containing 5 
ml methanol, 0.2 ml, 2,2-dimethoxy-propane 
and 0.25 ml concentrated sulfuric acid, sealing 
with a teflon-lined cap, and heating at 70 C for 
2 hr. The samples were then extracted with 
three 5 ml portions of hexane after the addit ion 
of l0  ml water. The triglyceride and phospho- 
lipid bands were quanti tated by adding, as an 
internal standard, heptadecanoic acid (Applied 
Science, Inc., better than 99% pure by gas 
chromatographic assay) to the methylat ion 
mixture. The methylated derivatives were ana- 
lyzed in a Beckman GC-4 gas chromatograph 
using a flame ionization detector. The column 
was 6 ft x 1/8 in stainless steel tubing packed 
with 10% diethylene glycol succinate polymer 
on Chromsorb W (80-100 mesh, acid-washed 
and silanized) with helium the carrier gas (9). 
The areas of each peak were calculated from 
measurements of peak height and width at half 
height. The areas were corrected for attenu- 
ation differences and also for the response dif- 
ferentials by the flame ionization detector. The 
areas were compared to that of the internal 
standard and its concentration, then the micro- 
moles of  each component  were calculated. 

Standards were used to identify the 
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TABLE V 

Triglyceride Double Bond Species in Dog Kidney Medulla and Cortex (Mole %) 
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Component 

Dog no. 48 
Dog no. 45 

Medulla Cortex Whole kidney a 

000 2.2 1.9 2.9 
001 21.0 14.7 17.6 
011 30.3 31.9 27.5 
002 6.2 4.3 4.1 
111 9.8 6.2 9.9 
012 15.5 13.6 17.7 
112 9.0 9.1 10.5 
022 1.9 5.7 3.5 
Others 4.1 12.7 6.4 

aReference 11. 

retention times of the fatty acids and fatty 
aldehydes (Applied Science, Inc., Supelco, 
Inc.). The chromatographic assays were termi- 
nated when arachidonic acid appeared, so no 
longer chain components were assayed. The 
individual phospholipids, e.g., lecithin, cerebro- 
sides, etc., were not separated and the data 
reflects the total phospholipid class, as found in 
the chloroform phase of the Folch et al. (6) 
extraction procedure. Micromoles of triglycer- 
ide were calculated by dividing three into the 
total number of micromoles of triglyceride 
fatty acid. A similar computation was made for 
phospholipid concentration by using two as a 
close approximation to the actual number of 
fatty acid or aldehyde groups present in the 
phospholipid molecules. This calculation will be 
in error by 0.5/amole for each micromole of a 
component containing only one fatty acid or 
aldehyde group in the phospholipid band. 

Sufficient triglyceride for double bond 
species determinations were prepared by 
running several plates using the separation 
system described above (7). The triglyceride 
double bond species were assayed using silver 
nitrate-silica gel TLC as detailed in a previous 
publication (9). 

Efficiency, overlap and quench corrections 
were applied to the radioactive data to calculate 
disintegrations per minute. Specific activities of 
the individual fatty acids were computed utili- 
zing the data from gas chromatography and 
liquid scintillation spectrometry. In referring to 
triglyceride species the following designations 
were used: O-saturated fatty acid, l-monoene, 
2-diene. The subclass fatty acid position was 
not assigned. 

RESULTS 

The total phospholipid and triglyceride con- 
tent  of the medulla and cortex is illustrated in 

Table I. The medulla was only 14% of the 
kidney wet weight. The phospholipid content 
was fairly constant and slightly higher in the 
cortex. The triglyceride level was quite dis- 
parate, being, on the average, almost four times 
higher in the medulla. 

Table II contains the data on fatty acid dis- 
tr ibution of triglyceride and phospholipid in 
the medulla and cortex. The variation among 
the animals was as large as the differences 
between the medulla and cortex and, as can be 
noted by the close average values, a large series 
of animals would be required to demonstrate 
any significant disparity in the two anatomic 
sites. 

The radioactivity distribution among the 
lipid classes is shown in Table III. Most of the 
radioactivity was found in phospholipid and a 
large portion of the remainder was in triglycer- 
ide. More counts were found in the phospho- 
lipid of the cortex than the medulla whereas 
the reverse was t r u e  for triglyceride. Radio- 
carbon and tritium were similarly distributed 
among the various lipid classes. 

The specific radioactivities of the individual 
fatty acids were calculated for triglyceride and 
phospholipid and the results are listed in Table 
IV. The cortex in each animal exhibited a 
higher specific activity for triglyceride and 
phospholipid palmitate and oleate. When the 
ratios of specific activities or counts are 
compared between palmitate and oleate it can 
be seen that in one animal (No. 47) the trigly- 
ceride values were similar while in another (No. 
48) they were not. Conversely, the phospho- 
lipid ratios were more alike in dog No. 48 than 
dog No. 47. The total radioactivity was greater 
in the cortex, as shown in Table IV. 

In dog No. 48 the triglyceride double bond 
species were determined in the medulla and 
cortex, as shown in Table V. The 011 species 
was present in the greatest amount in both 
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sites, and the medulla 001 percentage was larger 
than that of the cortex. The cortex contained 
more polyunsaturated species than the medulla. 

DISCUSSION 

Since the number of animals used in this 
study is limited, conclusions must be drawn 
with a degree of caution. However, it is clear 
that this set of animals showed a consistently 
elevated medulla triglyceride level compared to 
the cortex. One might expect to find, iii con- 
sonance with FFA uptake being proportional to 
blood flow, a greater triglyceride content in the 
cortex. The fact that more triglyceride was 
present in dog medulla could be interpreted to 
mean that less fatty acid was oxidized due to 
the lower oxygen consumption, with more 
going into fatty acid-containing structures. The 
cortex value may simply reflect larger oxidation 
of fatty acids. Evans (10) showed with rat heart 
perfusion that hypoxia diverted FFA into tri- 
glyceride formation. A similar situation may 
prevail here. 

The fatty acid composition data would lead 
to the conclusion that the enzymes involved in 
triglyceride and phospholipid metabolism have 
the same order of specificity in the medulla and 
cortex. The radioactive fatty acids are incorpo- 
rated predominantly into phospholipid consti- 
tuents. 

The specific activity of the radioactive fatty 
acids found in the cortex was clearly greater 
than that in the medulla. Also, the total radio- 
activity was much larger in the cortex than the 
medulla. This data leads to the inference that 
cortical incorporation was more active. Since 
the size of the precursor pool was not measured 
it is not possible to tell if unequal dilution of 
the fatty acids in this pool produced these 
results. The rate of incorporation as calculated 
from the specific activity of an immediate pre- 
cursor could not be computed from this data. 

The 001 triglyceride species in dog No. 48 
was lower in the cortex while the more unsatu- 
rated components, 022 and others, were higher. 
It is interesting to compare this data to the 
results reported from this laboratory (I1)  for 
the triglyceride double bond species in whole 
kidney. As most of the triglyceride was found 
in the medulla it would be anticipated that the 
total kidney triglyceride subclasses would be 
similar to those of the medulla. This can be 
observed to be the case. 

The total kidney, after 90 min of infusion in 
the unanesthetized resting state, retained 0.25% 
of the infused palmitate and 0.08% of the 
infused oleate. The cortex contained 89% of 
the radioactivity, which is interesting since the 

cortex represented 86% of the wet weight of 
the kidney. The lower content of the oleate 
may be due to either a lower uptake of this 
fatty acid compared to palmitate or a relatively 
greater oxidation, or both possibilities. The pre- 
viously reported lack of consistent uptake and 
oxidation for oleate in the dog kidney under in 
vivo conditions (3) implies less rather than 
greater oxidation. The mechanism leading to 
this disparity remains to be discovered. 

When seeking to compare this data to those 
in the literature there were few reports available 
for the dog. However, an extensive study of 
rabbit cortex and medulla composition was 
published by Morgan et al. (12). They found  
much less phospholipid in the medulla and 
twice as much triglyceride and cholesterol than 
in the cortex. The medulla was 20% of the wet 
weight of the rabbit kidney. They also noted 
less linoleic acid in medulla than cortex with a 
corresponding increase in longer chain fatty 
acids, in both neutral and phospholipids. 

Karlsson et al. (13) studied the sphingolipid 
distribution in bovine kidney. They noted the 
sulf~tides were present in much greater concen- 
tratio-'n in the medulla than the cortex while the 
sphingomyelin decreased in level from the cor- 
tex to papillae. The authors suggested that the 
localization of sulfatides to the outer zone of 
the medulla implicated these compounds as 
possible carriers or receptors in sodium ion 
transport. 
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Diester Waxes in Surface Lipids of Animal Skin1 
N. NICOLAIDES, H. C. FU and M. N. A. ANSARI, The Department of Medicine, 
University of Southern California School of MediHne, Los Angeles, California 90033 

ABSTRACT 

The literature is surveyed on two types 
of diester lipid that occur on the skin sur- 
faces of animals: Type 1, a hydroxy fatty 
acid of which the hydroxyl group and the 
carboxyl group are esterified respectively 
with another fatty acid and a fatty alco- 
hol, and Type 2, a n  alkane a,/3-diol of 
which each OH group is esterified with a 
fatty acid. New data presented here show 
that the cow, rabbit and cat produce 
Type I, whereas the dog, mouse, guinea 
pig and baboon produce Type 2 diesters. 
Each occurs as a major component of the 
surface lipid. The homologue distribution 
is given for Type 1 diesters of  cow, rabbit 
and cat as well as the Type 2 diesters of 
dog and mouse. Distribution of long 
chain fatty acids of Type 1 diesters paral- 
lels that of the fatty alcohols suggesting a 
biogenetic relation between the two types 
of compounds. GLC of total diesters for 
the cow suggests that the components are 
assembled randomly during biosynthesis. 
Molecular weight of these diesters are in 
the range of those of natural triglycerides 
composed mainly of Ct6 and C18 fatty 
acids. 

INTRODUCT!ON 

Analysis of the lipid classes from the skin 
surfaces of many animal species shows a 
diversity of compounds, (Fig. 1-4 of  Ref. 1 
reproduced here). Except for the surface lipids 
of man, where triglycerides and their break- 
down products predominate, these lipids con- 
sist primarily of a variety of mono- and diester 
waxes. The monoester waxes are chiefly of two 
types: (a) fatty acid esters of fatty alcohols, 
and (b) fatty acid esters of sterols. Diester 
waxes are also primarily of two types: Type 1, 
a hydroxy fatty acid of which the hydroxyl 
group and the carboxyl group are esterified, 
respectively, with another fatty acid and a fatty 
alcohol, and Type 2 an alkane a,/3-diol of which 
each OH group is esterified with a fatty acid. In 
this paper we shall consider only the diester 

Ipresented at the 60th AOCS Annual Meeting, San 
Francisco, April 1969,  as part of a Symposium on 
Natural Waxes. 

waxes, presenting first a survey of their litera- 
ture, then new data on diesters of both types, 
obtained from various species. 

In 1952 Tiedt and Truter (2) remarked that, 
despite the enormous amount of  work that had 
been done on the analysis of wool wax up to 
that time, no single type of ester had yet been 
identified from this source. From the molecular 
weight of total wool wax and its high content 
of hydroxy acids they reasoned that wool wax 
must be largely composed of diesters. Then, by 
a systematic and laborious program of frac- 
tional crystallization, they finally succeeded in 
isolating what turned out to be a mixture of 
diesters of  Type 1. 

Both alkane diols and hydroxy fatty acids 
were long known to exist in the unsaponifiable 

TABLE I 

Type and A m o u n t  of  Diester in the 
Surface Lipids of Different Animals 

Per cent  of  each 
diester type in its 

total  surface lipids 

Species Rf a Type 1 Type 2 

Cow .58 35 
Rabbit .60 66 
Cat .58 66 
Dog .50 4 

.48 46 
Mouse .54 61 

.43 6 
Guinea pig .52 18 

.43 23 
Rat b .57 12 

.55 14 
Baboon .51 21 
Chicken c .52 90 
Man 

(vernix caseosa) d .48 3 

aRf is the relative migration of  each diester in the 
systems used for Figures 1-4 (three successive 
ascending developments  of  the plate were used). They 
are listed here merely for the purposes of  identifi- 
cation and are quoted since they do not have the same 
meaning as for development  with a single solvent. The 
Rf of  cholesterol  oleate and o f  triolein in this system 
of  multiple linear development  are 0.64 and 0.27, 
respectively.  

bData are estimated from Ref. (8). 
CThe positions of.the hydroxyl groups of  the diols 

of  this diester are at 2,3 as reported in (9) rather than 
at 1,2 as we find for the rest o f  the diols o f  this ester 
type. 

dFrom Ref. (13). 
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FIGS. 1-4. Photographs of thin layer chromatogramsof the surface lipids and preen gland lipids of 
the species of animals and birds indicated. Standards are in the farthest lane to the right on each plate. 
Conditions for the preparation of the plates and their multilinear development were as in (1). For the 
"A" figures the plates were developed first with hexane-ether-acetic acid (80:20:1) to half the plate, 
then with hexane-ether (95:5) to the top, and finally with pure hexane again to the top. Plates of the 
"B" figures were developed in an identical manner except acetic acid was omitted from the first 
solvent. In the "A" figures, free acids migrated to an Rf of about 0.25, whereas they remained at the 
origin in the "B" figures, all the other constituents migrating about to the same position in both the A 
and B systems. The components migrating between cholesteryl oleate and triolein were the diesters. 
Figures 1-4 are reproduced from reference (1) with permission. 

and saponifiable port ions,  respectively,  of  
various skin surface lipid samples (for a review 
of  the earlier l i terature see Ref. 3), however ,  it 
was not  known in what  fo rm these substances 
were present in the unhydro lyzed  lipids. With 
the deve lopment  of  chromatographic  tech-  
niques enabling the analysis of  unhydro lyzed  

LIPIDS, VOL. 5, NO. 3 

lipids, componen t s  migrating in the region 
between mono-  and triesters suggested an exist- 
ence of  diester lipids. Thus Nikkari  (4) and 
Nicolaides (5) independent ly  presented evi- 
dence for the  possible existence of  bo th  types  
o f  d i e s t e r s  in rat skin surface lipid. 
Addi t ional ly ,  Nikkari  et al. (6) gave evidence 
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for the occurrence of both types in vernix 
caseosa (the greasy material covering the human 
new-born), and also Type 2 in the preen gland 
lipids of birds (7). A rigorous demonstration 
that diesters of Types 1 and 2 do, in fact, occur 
in rat skin surface lipids was made by Nikkati 
and Haahti (8). It was also shown by Haahti 
and Fales (9) that the hydroxyl groups of the 
diols of diester Type 2 from the preen glands of 
the domestic chicken were in the 2,3-positions 
(a mixture of threo and erythro isomers), in 
contrast to their occurrence in the 1,2-posi- 
tions, for instance, in the diols of wool wax 
(10,I 1). Hansen et al. (12) confirmed the work 
of Haahti and Fales and reported that turkey 
secreted a Type 2 diester wax with 2,3-diols 
having only the erythro configuration. The 

diols of the Type 2 diesters of vernix caseosa 
were shown to be in the 1,2-positions and the 
chains primarily iso and anteiso (13). 

E X P E R I M E N T A L  PROCEDURES 
Lipids from the skin surfaces of cow, rabbit, 

cat, dog, mouse, guinea pig and baboon were 
obtained and analyzed for their diester content 
as shown in Figure 5. The substances analyzed 
migrated in what we are calling the diester 
region on thin layer chromatography (TLC), 
and had Rf's between those of cholesteryl 
oleate and triolein, (Fig. 1-4, Table I). 

RESULTS A N D  DISCUSSION 

Proof of the structures of these diesters is 
based on the following: (a) The unhydrolyzed 
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TOTAL SKIN SURFACE LIPIDS a 

PREPARATIVE TLC OR COLUMN CHROMATOGRAPHY b 

DIESTER TYPES I AND/OR "n" 

TOTAL DIESTER c IR �9 

SEPARATION OF SAPONIFICATION PRODUCTS BY COLUMN 
CHROMATOGRAPHY f OR PREPARATIVE TLC g 

FATTY ACIDS 

TYPE I DIESTERS TYPE .K DIESTERS TLC ~ " ~ " ' " ~  ~ " ~  ME ESTERS 

MONOHYDRIC ALKANE DIOLS TYPE 1 TYPE 11" 
FATTY ALCOHOLS ~ ~ DIESTERS DIESTERS 

~' ~ ACE TONIDES TLC g / ( UNSUBSTITUTED 
TLC g GLC c IR e ~ ~, ME ESTERS) 

G Lch COLUMN CHROMATOGRAPHY I ~ " ' ~  
A TLCg GLC c 

ME ESTERS ME ESTERS 
(UNSUBSTITUTED) OF HYDROXY 

i ~  FATTY ACIDS 

TLC g GLC c TLC g GLC c 

/ 
UNSAPONIFIABLES 

FIG. 5. Isolation and analysis Of diester waxes from the skin surface lipids of various animals. 
aObtained by hexane extraction of the skin surfaces of various animals as previously described (1). 
bFor the diester of cat, cow, dog, mouse, guinea pig and baboon we used preparative TLC pro- 

cedures as in footnote d Fig. 1 of Ref. 13. From 250 nag of rabbit skin surface Upids, applied to a 
column packed with Unisil 100-200 mesh (Clarkson Chemical Co., WiUiamsport, Pa.) with bed dimen- 
sions 20 x 1.6 cm, we eluted successively Fraction 1 (a trace), with 128 mi 15% benzene in hexane, 
then with 40% benzene in hexane we eluted Fraction 2 (29.9 rag), Fraction 3 (138.1 rag), Fraction 4 
(10.8 mg), Fraction 5 (1.8 mg), and Fraction 6 (5.48 mg) with 180, 140, 90, 110 and 470 ml 
respectively, and finally, 63 mg more with several polar solvents. Fraction 3 showed one spot by TLC 
in the diester region, whereas Fraction 2 showed a spot in the sterol ester and another in the diester 
regions. Fractions 4 and 5 also showed primarily diesters, thus Fraction 3 represents a middle portion 
of the total diesters and was considered a representative sample. 

CGLC of total diesters was carried out in a Beckman GC-4 gas chromatograph on a 12 in x 1/8 in 
o.d. stainless steel column packed with 1.5% OV-101 on Chromosorb G, 100-200 mesh, acid washed, 
DMCS treated (Johns Manville, Manville, N.J.), and temperature programmed from 300 to 400 C in 16 
rain with He flow of 35 mi/min. Peaks were identified as described in the text. GLC of fatty alcohols 
was done on a 6 ft x 1/4 in o.d. stainless steel column packed with 3% OV-101 on Gas-Chrom Q 
(Applied Sciences, Inc., State College, Pa.) programmed from 200-300 C In 16 rain with He flow of 
75 ml/min. For the unsubstituted me esters and those of the hydroxy fatty acids the same conditions 
as for alcohols were used except the temperature program was 180 to 280 C in 16 rain. Carbon 
numbers were determined as in (14) and standard alcohols, me esters of unsubstituted, Ot hydroxy 
fatty acids and triglycerides were purchased from Applied Sciences, Inc. 

dAs in Ref. 13 except 3.5 hr of reflux rather than 2 hr was used. 
eKBr pellet technique. 
fColumn separations were carried out on alkaline silicic acid as in footnote f, Figure 1 of Ref. 13 

except that a maximum load of 15 mg of saponification products per gram adsorbent packed in a 1 cm 
(i.d.) column was applied. Columns were packed as a slurry of alkaline Unisil in chloroform containing 
3% methanol and the sample applied to the column with the same solvent, then the unsaponifiables 
eluted until zero residue was obtained (~45 ml for a 5 g column). The acids were eluted with formic 
acid-methanol-chloroform in volume proportion of 10:30:60 and the elution contomied until no fatty 
acids were further removed ("45-50 ml for a 5 g column). The eluate of acids was washed with water 
(twice) in a separatory funnel to remove acid and salts and the solvent was removed under a nitrogen 
stream. All separations of fatty acids from unsaponifiable matter were quantitative as judged by TLC. 

gTLC procedures were as those described in Ref. 13. To observe hydroxy fatty acids, the plates 
were developed with 1% glacial acetic acid in ether or chloroform-acetone-acetic acid 80: 20:1. Stand- 
ards to establish that the position of the OH group was 0t, were a series of hydroxy fatty acids with the 
OH group substituted on the 2nd to the 16th C atoms (gifts of Robert J. Meyer, Morton Salt Co., 
Woodstock, Ill.). 0t Hydroxy fatty acids showed a lower Rf than any of the isomers. 

hprepared and gas chromatographed as in Ref. 13. 
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TABLE II 

Fatty Moieties of Diester Type 1 From Cow, Rabbit and Cat Skin Surface Lipids 

303 

Unsubstituted fatty acids O~ Hydroxy fatty acids Fatty alcohols 

Carbon Cow Rabbit Cat Cow Rabbit Cat Cow Rabbit Cat 
No. % % % % % % % % % 

8 Trace 
9 Trace Trace 

10 Trace Trace 0.3 
11 Trace Trace 0.3 
12 3.5 4.2 3.8 
13 Trace 10.3 4.0 
14 89.4 33.0 38.5 
15 0.7 8.7 8.5 
16 5.1 34.9 16.9 
17 Trace 5.3 1.2 
18 0.7 1.4 1.5 
19 0.5 
20 1.9 
21 1.0 
22 2.7 
23 1.7 
24 4.8 
25 a 2.3 
26 a 3.0 
27 0.8 
28 ! .1 
29 0.6 
30 1.0 
31 
32 

Totals 99.7 b 98.8 b 96.6 b 

9.9 3.0 13.1 
Trace 20.2 23.1 

90.1 76.5 60.8 
0.3 1.3 

0.4 

100.0 100.0 98.7 b 

Trace 
0.3 

Trace 1.5 10.9 
0.8 10.2 

6.4 2.4 20.8 
0.2 1.5 10.2 

62.5 13.5 22.9 
0.3 33.0 10.2 

27.8 23.4 7.8 
Trace 9.2 1.4 

2.8 5.2 1.4 
2.6 Trace 

Trace 2.5 Trace 
0.7 
0.6 

100.0 96.9 b 96.1 b 

aThe pattern of these minor components match the relative distribution of the fatty alcohols of the 
species in question (see text). 

bThe difference between these totals and 100% is due to small amounts of branched chain substances 
distributed over the entire range of the homologues listed. 

material  behaved as diesters in ch roma tog raphy  
(GLC, TLC and liquid ch romatography) .  (b) 
Hydrolysis  of  b o t h  types  of  diester  gave only  
the predic ted  p roduc t s  (Fig. 5) in a lmost  quan-  
t i tative yield. (c) Infrared spectra  of  the  un- 
hydro lyzed  material  of  b o t h  types  Showed 
presence of  ester  carbonyl  and absence of free 
OH, and spectra of  the  hydrolys is  p roduc t s  
(alkane 1,2-diols, a - h y d r o x y  fa t ty  acids and 
unsubs t i tu ted  fa t ty  acids) were ident ical  to  
known  standards.  (d) The OH groups of  the 
diols were at the  1,2- ra ther  than  the  2,3-posi- 
t ions  as establ ished by GLC re t en t ion  data of  
the ace tonides  ( f o o t n o t e  h, Fig. 5). (e) The 
posi t ion of  the  OH group of  the  h y d r o x y  fa t ty  
acids was found  to be at a as judged by TLC of  
s tandards  ( f o o t n o t e  g, Fig. 5). 

Table I gives relative amoun t s  of  diesters of  
bo th  types  found  in the surface lipids of  the 
animals investigated in this s tudy as well as rele- 
vant data f rom the l i terature.  Note  that  for 
many animals diesters cons t i tu te  major  corn- 

ponen t s  and that  some animals p roduce  only 
Type  1, o thers  only Type  2 and the rat,  bo th  
types .  Diesters o f  Type  2 are also p roduced  by 
man,  (in vernix caseosa) but  in considerably 
smaller p ropor t ions .  F rom unpubl i shed  chro- 
matographic  s tudies  of  unhydro lyzed  adult  skin 
surface lipid, we have seen material  tha t  
migrates in the diester  region. If  these sub- 
stances are diesters they  are present  in a m o u n t s  
even less than  those  of  vernix caseosa, i.e., 
~1%.  It is n o t e w o r t h y  that  ano the r  pr imate ,  
the baboon ,  p roduces  21% diester  Type 2 in its 
surface lipid. 

Table II lists our  data on the  fa t ty  co mp o -  
nents  of  diesters of  Type  1 f rom three widely 
differing species,  namely ,  the cow, the  rabbit  
and the cat. The unsubs t i tu t ed  fa t ty  acids are 
nearly all sa tura ted ,  straight chain acids with 
bo th  odd and even n u mb ered  carbon chains 
ranging f rom C s to C32. The occur rence  of  
relatively large amo u n t s  of  C14 and shor ter  
chain lengths is n o t e w o r t h y ,  in that  the usual 
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T A B L E  III 

F a t t y  Ac ids  a n d  Diols  o f  Dies te rs  ( T y p e  2) F r o m  Dog Sk in  S u r f a c e  L ip ids  a 

F a t t y  ac ids  A l k a n e  1 ,2-dio is  

S t r a i g h t  B r a n c h e d  S t r a i g h t  B r a n c h e d  

C a r b o n  Even  O d d  C a r b o n  C a r b o n  Even  O d d  C a r b o n  
No. % % No. % No. % % No. % 

12 Trace  
1 2 . 6 0  Trace  

13 Trace  
1 3 . 6 5  2 .4  

14 3 .0  
1 4 . 6 5  10 .0  

15 1.9 
1 5 . 7 6  7 .6  

16 21 .8  16 0 .2  
1 6 . 7 0  7 .0  16 .65  0 .2  

17 0 .9  17 0 .6  
1 7 . 6 5  2 .4  1 7 . 6 0  18.4  

18 2 .5  18 5 .8  
1 8 . 7 0  6 .6  1 8 . 6 3  18 .6  

19 0 .4  19 1.3 
1 9 . 6 7  16 .2  19 .65  8.5 

20  0 .7  20  9 .7  
2 0 . 6 7  13 .9  2 0 . 6 5  16.1 

21 0.1 21 0 .9  
2 1 . 6 5  1.1 2 1 . 6 8  13 .4  

22  0.1 22  0 .8  
2 2 . 6 8  0 .4  2 2 . 6 8  4 .5  

23  0.1 23  0.1 
2 3 . 6 1  0 .2  2 3 . 6 2  0 .9  

24  0 .4  
2 4 . 6 2  0 .2  

25 0.1 
2 5 . 6 0  T r a c e  

26  Trace  

28 .5  3.5 6 8 . 0  16.5 2 .9  80 .6  

To ta l s  32 .0  19 .4  

aThese  are  t h e  m a j o r  d o g  dies ters ,  R f  = .48 o f  Tab le  I. 

products of fatty acid synthetase is C 16- 
For all three species the chain lengths of the 

acids from C 19 to C 3 2  parallel those of the 
fatty alcohols. Even though these acids 
occurred in trace amounts for the rabbit and 
cow, this parallel was strikingly shown. For 
example, in the rabbit, C 2 4  , C 2 S  and C 2 6  w e r e  

the largest traces of acids, C 2s being the maxi- 
mum, and this distribution is exactly what 
Table II lists for alcohols of rabbit. These corre- 
lations suggest that the fatty acids above C19 
and the fatty alcohols, which are also nearly all 
above C 19, are probably derived from common 
precursors. If these precursors are built up as 
they are for the fatty alcohols of human skin 
surface lipid (15), they are very likely chain 
extensions of C 2 units above C14 o r  C16. 

In contrast to the saturated odd and even 
numbered carbon chains of the fatty moieties 
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of diester Type 1, the diester chains of Type 2 
show a variety of structural features, including 
branching and unsaturation. For example, the 
fatty acids and diols of the major group of dog 
surface lipid diesters (Rf = 0.48, Table I) show 
more than two thirds branched chain saturated 
substances with carbon numbers in the iso or 
anteiso region or both (Table liD. The minor 
group of dog diol diesters (Rf = 0.50, Table I), 
although not tabulated here, shows the same 
general distribution of chain length except that 
the chains are somewhat longer. Longer chain 
lengths in our TLC systems are faster migrating. 

The mouse also shows two diesters of Type 
2 (Rf = 0.54 and 0.43, Table I), and their fatty 
moieties are tabulated in Tables IV and V, 
respectively. Note that the alkane diols for both 
diesters show very little unsaturation whereas 
more than half the fatty acids of the diesters of 
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TABLE IV 

Fatty Acids and Diols of the Faster Migrating a Diesters (Type 2) From Mouse Skin Surface Lipid 
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Carbon 
No. 

Fatty acids Alkane 1,2-diols 

Straight 

Even Odd 

Sat. Unsat. Sat Unsat. 
% % % % 

Branched Sti'aight b Branched 

Carbon Carbon Even Odd Carbon 
No. % No. % % No. % 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

24 

25 

26 
27 
28 
29 
30 
31 
32 
33 
34 

0.9 

7.4 16.5 

1.9 5.9 

12.0 7.3 

6.4 8.3 

2.9 1.0 

0.5 

1.0 0.3 
0.3 

0.7 0.4 
0.4 

1.3 Trace 
0.3 

1.4 
0.2 

1.3 

37.2 39.7 8.3 

0.6 0.1 

1.0 0.2 

1.1 0.1 

2.8 0.8 

1.1 Trace 

13.6 0.1 

14.65 0.4- 
15 0.4 

15.70 1.7 15.62 0.7 
16 11.6 

16.71 0.4 16.65 2.4 
17 3.9 

17.70 0.5 17.63 1.9 
18 15.6 

18.71 0.6 18.65 0.4 
19 4.9 

19.67 4.0 19.61 1.6 
20 27.2 

20.68 1.9 20.63 4.6 
21 3.8 

21.67 2.7 21.62 4.7 
22 13.4 

22.70 0.4 22.62 0.9 
23 0.4 

23.66 0.4 23.62 0.5 
24 0.8 

24.71 0.2 24.6 Trace 
25 0.1 

25.65 0.2 25.6 Trace 
26 0.2" 
27 Trace 

1.2 13.5 68.8 13.5 17.7 

aFaster migrating here refers to the diester of Rf of 0.54 of Table I. 
bShowed ~5% unsaturation mainly at C 16 and C 18- 

Rf  = 0 .54  and  a lm os t  three  f o u r t h s  o f  the  
diesters  o f  Rf  = 0.43 are u n s a t u r a t e d .  It also 
appears  tha t  near ly  all of  the  a lkane diols  o f  the  
s lower  migra t ing  diesters  s h o w  b r a n c h i n g  
whereas  on ly  17.7% of  the  diols of  the  fas te r  
mig ra t ing  dies ters  sh ow branch ing .  The  two 
dies ters  m a y  be par ts  o f  the  same b i o s y n t h e t i c  
pool  b u t  m a y  have separa ted  in our  TLC sys- 
t ems  because  b r a n c h i n g  and  u n s a t u r a t i o n  in the  
cha ins  resul t  in s lower  migra t ion .  

GLC of  the  to ta l  dies ters  gave some  ins ight  
in to  wh a t  was the  c o m b i n a t i o n  o f  c o m p o n e n t  
cha in  l eng ths  in the  in tac t  d ies ter  molecu le .  
Par t icu lar ly  ins t ruc t ive  was cow dies ter  T y p e  1, 

s ince it cons i s ted  o f  relat ively few molecu la r  
h o m o l o g u e s  o f  each c o m p o n e n t .  GLC of  these  
diesters  showed  six base line separa ted  peaks.  
S t anda rds  used were single f a t t y  acid tr iglycer-  
ides. Thei r  r e t e n t i o n  t imes  were close to  t hose  
of  wax  m o n o e s t e r s  o f  the  same  ca rbon  c o n t e n t .  
It was the re fo re  a s s u m e d  tha t  the  diesters  of  a 
given ca rbon  c o n t e n t  wou ld  also have s imilar  
r e t e n t i o n  data.  Such  was indeed  f o u n d  to  be 
the  case,  for  the  major  peak was at C54 , exac t ly  
wha t  one  would  e xpe c t  for  a d ies ter  c o m p o s e d  

of  a C 14 f a t t y  acid, a C 16 ct hyc!roxy f a t t y  acid, 
and  a C24 f a t ty  a lcohol ,  each  o f  wh ich  ma ke s  
up  89.4%, 90.1% and 62.5% respect ively  of  t ha t  
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TABLE V 

Fatty Acids and Diols From the Slower Migrating a Diester 
(Type 2) From Mouse Skin Surface Lipid 

Fatty acids Alkane 1,2-diols 

Straight 

Even 

Straight 

Carbon Sat Unsat Even Odd Carbon 
No. % % % % No. 

Branched 

% 

12 0.1 
13 
14 0.2 
15 
16 1,6 0.8 
17 

18 3.5 2.7 

19 

0.7 

1.2 

20 12.2 62.3 1.0 

21 

22 4.1 6.0 Trace 

23 

24 
25 

Trace 

26 
27 

1.1 

17.60 Trace 

18.68 Trace 

19.60 15.3 

20.69 1.0 

21.61 47.6 

22.65 Trace 

23.60 23.0 
0.8 2.0 

25.58 8.1 
Trace 

22.5 73.8 27.59 1.0 

96.3 b 2.9 1.1 96.0 

a"Slower migrating" here refers to the diester of Rf 0.43 of Table I. 
bThe difference between these totals and 100% is due to small amounts of branched 

and odd chain length substances distributed over the entire range of homologues listed. 

type  of  subs tance  (Table II). Fu r the rmore ,  the  
amoun t s  of  diester  one  would  expec t  to  f ind 
f rom a r andom  dis t r ibut ion of  chains are close 
to what  was found,  i.e., diesters ranging in to ta l  
ca rbon  con ten t s  f rom C50 to  C60, (Table VI). 
This Table also shows the internal  cons is tency  
of the data. For  the o the r  diesters  of  Type  2 
the GLC peaks were not  so clearly resolved 
because of  a wider d is t r ibut ion  of  homologues  
of  each type .  Maxima for o the r  diesters were at 
C54 to C56 for cat and rabbi t ,  and Csg to C60 
for mouse  diester  of  Rf = 0.54. These data are 
similar to  those  repor ted  for rat diesters Types  
1 and 2 (8). 

COM M E N T 

The spread of  molecular  weights of  these  
diesters is approx imate ly  the  same as tha t  o f  
the average group of  t r iglycerides found  in 

nature,  which are generally made  up of  C 16 and 
C18 fat ty  acids. One wonde r s  then  what  
advantage there  is to  the animal,  if any, in the 
investi ture of  all the extra  b iochemical  appa- 
ratus required for  the synthes is  of  these unusual 
types  of  f a t ty  chains in to  diesters of  these 
kinds,  ra ther  than ut i l izat ion of the  already 
existing and widely used enzymat i c  machinery  
for synthesis  o f  tr iglycerides as actually occurs 
on the skin of  man.  Part o f  the  answer might be 
the selection of  waxy c o m p o u n d s  that  have the 
proper  mel t ing requi rements ,  i.e., fluid enough 
to be secreted but  solidifying when  on the skin 
surface. [This and o the r  possible funct ions  of  
skin surface waxes has already been discussed 
(1,1 6)] .  A n o t h e r  part  of  the answer  might lie in 
the instabil i ty of  tr iglycerides.  Because of  the 
widespread occurrence  of  lipases, especially of  
bacterial  origin, tr iglycerides would  no t  remain 
on the skin for  long but  would  be broken down  
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TABLE Vl 

Distribution of  Molecular Species of  Diester (Type 1) of  Cow Surface Lipids 

3 0 7  

Random 
Total carbon Amoun t  a distribution b Possible diesters of  a 
no. of  diester % % given carbon content  c 

50 1 1 12-14-24; 12-16-22; 14-14-22 
52 13 13 12-16-24; 12-14-26; 14-14-24 

14-16-22; 16-14-22. 
54 55 55 12-14-28; 12-16-26; 14-14-26 

14-16-24; 16-14-24; 16-16-22 
18-14-22. 

56 27 26 12-16-28; 14-14-28; 14-16-26; 
16-14-26; 16-16-24; 18-14-24; 
18-16-22. 

58 3 4 14-16-28; 16-14-28; 16-16-26; 
18-14-26; 18-16-24. 

60 1 1 16-16-28; 18-16-26; 18-14-28. 

aObtained from GLC of  total diester as such. 
bCalculated from the data of  Table II assuming random distribution. 
CSequence of numbers  of  each group represents the carbon contents  respectively of 

unsubst i tu ted  fat ty  acid-hydroxy fat ty acid--fatty alcohol. The sum of these numbers  
equal the total carbon number  (column 1). 

i n t o  l o w e r  g l y c e r i d e s  a n d  f r ee  f a t t y  a c i d s  as 
t h e y  are  in  m a n .  A n i m a l s  do  n o t  h a v e  a p p r e c i -  
ab le  a m o u n t s  o f  f ree  f a t t y  a c i d s  in  t h e i r  s u r f a c e  
l ip ids  w h i c h  m e a n s  t h a t  t h e s e  d i e s t e r s  a re  n o t  
b r o k e n  d o w n .  I t  is a lso  k n o w n  t h a t  f ree  f a t t y  
ac ids  s u c h  as o le ic  ac id  a re  n o t  t o l e r a t e d  wel l  b y  
t h e  s k i n s  o f  s o m e  a n i m a l s  (17 ) .  T h e  s k i n  o f  m a n  
is u n i q u e  in  t h i s  r e g a r d  f o r  he  c a n  t o l e r a t e  
r a t h e r  la rge  a m o u n t s  o f  f ree  f a t t y  ac ids ,  e .g . ,  
~ 3 0 %  o c c u r s  in ave rage  a d u l t  s k i n  s u r f a c e  l ip id .  
B u t  e v e n  h e r e ,  a s u b s t a n t i a l  b o d y  o f  e v i d e n c e  
e x i s t s  t h a t  f ree  f a t t y  ac id  o f  h u m a n  s k i n  l ip id  is 
o n e  o f  t h e  f a c t o r s  in t h e  p a t h o g e n e s i s  o f  a c n e  
(18 ) .  A s  fa r  as we  are  a w a r e ,  a c n e  is n o t  s e e n  in  
a n i m a l s .  
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Occurrence, Function and Biosynthesis of Wax Esters 
in Marine Organisms1 
JUDD C. NEVENZEL, Laboratory of Nuclear Medicine and Radiation Biology, 
University of California, Los Angeles, California 90024 

ABSTRACT 
Wax esters occur as a major lipid-type 

in at least 30 specie s of marine animals, 
distributed among 17 orders and 3 phyla. 
They are of limited usefulness as a 
chemotaxonomic character, since only in 
two suborders, the calanoid copepods, 
Calanoidei, and the toothed whales, 
Odontoceti, do the wax esters occur in all 
members so far examined. In bony fishes 
their occurrence in muscle correlates 
better with mesopelagic habitat and 
vertical migration patterns than with 
taxonomy. Homologswith 21 to 44 total 
carbon atoms have been reported, but the 
usual range for the wax esters in cope- 
pods and fish is C30-C42. In fishes the 
muscle wax esters contain predominantly 
one and two double bonds per molecule, 
while in roe lipids up to 65% of the 
homologs contain three or more double 
bonds. The component alcohols are satu- 
rated and monounsaturated, with 16:0 
and 18:1 as the usual major constituents. 
The fatty acids are more diverse, but 18:1 
is most often the main component,  and 
16:1 and 20:1 are frequent major consti- 
tuents; polyunsaturated acids make up 
1-12% in fish muscle and whale oils and 
up to 45% in fish roe wax esters. Possible 
functions of the wax esters are for 
buoyancy, as energy reserves and for 
thermal insulation. In vitro, various 
tissues of marine bony fishes synthesize 
wax esters from long chain alcohols and 
f a t t y  acids, without activation. A 
competing pathway for the long chain 
alcohols in vivo is their catabolic oxi- 
dation to the corresponding fatty acids. 
The key to the accumulation of wax 
esters is to be sought in the metabolism 
of the long chain alcohols, their biosyn- 
thesis and esterification vs. their catabo- 
lism. 

INTRODUCTION 
Esters of fatty acids~ with long chain alco- 

hols, the wax esters, occur in many marine ani- 

1 Presented at the 60th AOCS Annual Meeting, San 
Francisco, April 1969, as part of a Symposium on 
Natural Waxes. 

mals, but only one, the sperm whale, is the 
source of a commercial wax. The greatest 
amounts of wax esters in the oceans are prob- 
ably those produced by calanoid copepods, 
small crustaceans which are the principal food 
of herrings, sardines, anchovies and other fishes 
harvested in great quantities; thus the copepods 
are indirectly of considerable importance to 
man from both nutritional and economic stand- 
points. This paper is essentially a review of the 
literature published to July 1969, but includes 
some new data. 

The history of our knowledge of wax esters 
in the marine environment began with the 
recognition of the true chemical nature of 
sperm whale oil. In 1815, M. E. Chevreul found 
that spermaceti wax did not contain glycerol 
(5). Two years later he isolated the long chain 
alcohols liberated by saponification, partially 
characterized them, and named  the mixture 
cetyl alcohol; this trivial name is used today for 
the principal alcohol present, 1-hexadecanol. In 
1925 Kimura (22) reported that the lipids of 
the castor oil fish, Ruvettus pretiosus, were 
largely wax esters; his article was never abstract- 
ed by Western journals and so was unknown to 
Cox and Reid, who repeated the work in 1932 
(8). The first identification of Wax esters in 
invertebrates was the isolation of cetyl palmi- 
rate from stony corals by Bergmann et al. in 
1941 (26). Bolstered by the growing evidence 
for wax esters as normal constituents of many 
species of toothed whales and marine bony 
fishes, Lovern in 1964 (29) reinterpreted his 
1935 (28) analyses of Calanus finmarchicus 
lipids as implying that these crustaceans were 
rich in wax esters. However, the first isolation 
of wax esters from a copepod, the deep-sea 
species Gaussia princeps, was made only in 
1967 (Lee et al., unpublished information). 

OCCURRENCE 

Wax esters have not been identified in 
marine plants,, perhaps because they have not 
been looked for specifically, but probably 
because plants living submerged in sea water do 
not need the same surface structures as terres- 
trial plants and so do not have the cuticle waxes 
of the latter. A more promising tissue to 
examine for wax esters would be spores or 
other reproductive bodies, analogous to the 
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BIOSYNTHESIS OF WAX ESTERS 

TABLE I 

Systematic Classification (74) of Marine Animals Containing Wax Esters 

309 

Phylum Class Order Family Genus Species 

Protozoa Flagellata Euglenoidea 
Sporozoa 

Coelenterata Actinozoa Actinaria (sea anemones) 
Madreporaria (stony corals) 
Zoantharia (zoanthid corals) 
Gorgonaria (gorgonians) 

Arthropoda 

Mollusca 

Chordata; 

Crustacea Copedoda Calenidae Calanus helgolandicus 

Cephalopoda (octopuses and squid) 

subphylum Vertebrata 
Elasmobranchii (sharks and rays) 
Teleostei (bony fish) 
Aves (birds) 
Mammalia Cetacea (whales and dolfins) 

seeds of  the jojoba, Simmondsia chinensis, in 
which wax esters are the principal energy 
reserve (75). Nor have marine bacteria been 
described which produce wax esters, although 
several genera of soil bacteria are known to 
metabolize exogenous n-alkanes to wax esters 
(82). 

The following paragraphs will therefore dis- 
cuss only marine animals and will be organized 
according to the systematic classification 
accepted by zoologists (74). Table I summarizes 
those phyla, classes, and, in a few cases, orders 
in which at least one species has been reported 
to contain wax esters or long chain alcohols. 
Only a fraction of the recognized phyla are 
represented, and only four classes (sea anem- 
ones and corals, copepods, bony fishes, and 
whales) include more than one or two species. 
All marine animals containing wax esters as a 
principal lipid type are listed in Table II, which 
also extends the classification of the bony 
fishes and marine mammals to orders and 
families. A briefer list was given by Malins in 
1967 (31). 

There remain to be considered the numerous 
identifications in marine animals of small 
amounts of wax esters or, after saponification, 
of long chain alcohols. Some of these reports 
are of doubtful value because of the inadequate 
techniques employed during isolation and 
characterization. In others the amounts of wax 
esters found are mere traces, thus raising the 
question of whether they are significant endo- 
genous metabolic products in the species under 
consideration or perhaps as only transient inter- 
mediates of digestion. Where pertinent, these 
reservations will be mentioned in the discussion 
below. Criteria for inclusion of a species in the 

compilation now to be presented are: (a) identi- 
fication of wax esters, including ident i f i6at ion 
by thin layer chromatography (TLC); (b) iden- 
tification of long chain alcohols; or (c) the 
presence of high percentages (20-50%) of 
uncharacterized nonsaponifiables in the lipids, 
if related species have been shown to contain 
wax esters. All the available evidence implies 
that the long chain alcohols do not occur free 
in living animal tissues, for example, in none of 
the species of Table II were more than traces of 
free alcohols detected in the total crude lipid, 
and in those animal surface lipids (sebums) 
which contain major amounts of wax esters, 
free alcohols are not present at significant levels 
(76). Therefore, the identification of free alco- 
hols in the lipids implies the original presence 
of wax esters in the tissue. 

No data are available for marine euglenoid 
protozoans, but fresh water Euglena species do 
make wax esters, especially when grown hetero- 
trophically (47). A marine sporozoan was 
reported to contain long chain alcohols in 
appreciable amounts (46), although there is 
some question whether the lipid analyzed was 
produced by the microorganism. Three addi- 
tional sea anemones were reported by Toyama 
and Takagi (83) to contain small amounts  of 
alcohols, namely Anthopleura japonica, A. 
stella, and A. pacificus. Other coelenterate 
classes have been investigated in lesser detail, 
but small amounts of wax esters or long chain 
alcohols were identified in a stony coral, 
Madrepora cervicornis (26), and in some gor- 
gonians, including Plexaura flexuosa (6,21). In 
copepods (phyllum Arthropoda) several investi- 
gators have found presumptive evidence for the 
occurrence of wax esters; Collin et al. (7), 
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TABLE 11 

Occurrence of Wax Esters in Marine Animals 

Order Wax esters 
Family (Per cent of 

Genus & species Tissue total lipid) Reference 

Invertebrates, Coelenterates 

Actinaria (sea anemones) 
Actiniidae 

Bolocera tuediae Whole animal 35 2 
Condylactisgigantea Whole animal 40 2, 3 

Actinostolidae 
A cfinostola collosa Whole animal ~ 5 2 

Zoantharia (zoanthid corals) 
Palythoa mammtlosa Whole animal <30 3 
Zoanthus proteus Whole animal ( 3 0  3 

Invertebrates, Crustaceans 

Copepoda 
Calanidae 

Calanus helgolandicus Whole animal 30-40 26 
Metridiidae 

GausMa princeps Whole animal 73 26 

Vertebrates, Bony Fishes 

Salmoniformes 
Myctophidae (|antern fishes) 

Sympolophorus evermanni Whole animal ca. l0 46 
Stenobrachius leucopsarus Muscle 90 46 
~'photurus  mexicanus Muscle 74 46 
Lampanyctus ritteri Muscle 87 46 

Gadiformes 
Gadidae (codfishes) 

Merluccius capensis Roe (eggs) f---..25 37 
Moridae (deep-sea cods) 

Lo teUa phycis Liver 30 23 
Laemonema morosum Muscle SO 24 

Liver ( 6 0  25, 67 
Beryciformes 

Trachischthydae 
Hoplostethus islanclicus Muscle 90 20 

Zeiformes 
Oseosomatidea (oreos) a 

AIIocyttus verrucosus 76 38 
Perciformes 

Sciaenidae (croakers) 
Cynoscion nebulosus Roe (eggs) 40 I 8 

Mugilidae (mullets) 
Mugil ]aponicus Roe (eggs) 70 19, 37, 60, 65 
Mugil cephalus Roe (eggs) 67 t 8 

Gempylidae (escolars) 
Ruvettus pre~osus Muscle 92 8, 22, 39, 44, 65 
Lepidocybium flavobrunneum Muscle 89 35, 39, 44, 80 

Spleen 74 80 
Osphrenomidae (gouramis) b 

Trichogaster cosby Roe (eggs) 70 52 
Crossopterygii 

Latimeridae (coelacanths) 
Latimeria chalumnae Muscle 93 45 

Adipose tissue 97 45 

Vertebrates, Birds 

Procellariiformes 
Proeellariidae (petrels) 

Pufflnus tenuirostris 

Vertebrates, Mammals 

Odontoceti 
Ziphiidae (beaked whales) 

Ziphiu$ cavirostris 
Beeardius bairdii 
Hyperoodon ampullatus 

Physeteridae (sperm whales) 
Physeter catodon 

Delphinidae (dolphins, porpoises) 
Globicephala melaena 
Tursiops truncatus 

Stomach oil 90 88 

Blubber 55 
Blubber 80 
Blubber 70 

Blubber 66 

Head (spermaceti 73 
organ) 

Head <30 
Jaw <35 

14 
49, 50, 59, 61, 66 
36 

13, 36 ,41 ,53 ,  
56, 58, 64 
!0, 13,40,41,  
55, 62, 71 

63 
9 

acf~ Fitch and Lavenberg (78). 
b Fresh.water fishes. 
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working with zooplankton collections which 
were largely Calanus finmarchicus, found 
28-32% of a nonsaponifiable fraction, and iden- 
tified a saturated C16 alcohol and what were 
probably monounsaturated C18 and C20 alco- 
hols. Similar results were reported by Lovern 
(28); Saiki et al. (50) found in C. cristatus 
43.1% nonsaponifiables, but did not identify 
any alcohols; tables in Yamada's review article 
(72) gave values of 28-51% for the nonsaponifi- 
able fractions of some additional marine 
calanoid copepods, implying that the wax esters 
were probably significant components in all. 
For the large phyllum Mollusca only one invest- 
igation has suggested the presence of wax 
esters, namely Hatano's (11) finding of long 
chain alcohols in the liver oil of Octopus 
dofleini. 

Wax esters are not major components of the 
lipids of elasmobranch fishes (i.e., sharks and 
rays), but Toyama reported that the liver oil of 
Chlamydoselachus anguineus (suborder Hexan- 
choidea) was rish in octadecenol and hexadeca- 
nol (56). From the liver of the spiny dogfish, 
Squalus acanthias (suborder Squaloidea), Malins 
(30) isolated trace amounts of wax esters which 
were biosynthesized by the shark, as shown in 
experiments using radioactive precursors. The 
egg lipids of marine or euryhaline fishes have 
been investigated by Japanese workers. Only 
trace amounts of wax esters were reported for 
two salmons (order Salmoniformes), suborder 
Salmonoidei) Onchorhyncus keta (73) and O. 
kisutch (36); the fresh water carp (order 
Cypriniformes), Cyprinus carpio (17); a flying 
fish (order Atheriniformes), Prognichthys agoo 
(36); a pollack or whiting (order Gadiformes, 
suborder Gadoidei), Theragra chalcogrammus 
(16,36,41,68); and the following four members 
of the superorder Acanthopterygii: the oreo 
(order Zeiformes), Allocyttus verrucosus (36), 
the three-spine stickleback (order Gasterostei- 
formes), Gasterosteus aceleatus (67), a blenny 
(order Perciformes, Stichaeus grigorjewi (12), 
and a flatfish (order Pleuronectiformes), a 
Limanda species (35). From a fifth member of 
this superorder, a puffer fish of the family 
Tetraodont idae (order Tetraodontiformes), 
saturated C16 and C20 and monounsaturated 
C18 and C20 alcohols were identified (69). 
Much of the data given above for fish eggs were 
derived from a paper by Mori & Saito (36) in 
which trace amounts of wax esters were 
detected by TLC. Their figure showing a 
developed TLC plate, however, indicates that 
their system would not distinguish between 
wax esters and sterol esters; small amounts of 
the latter are probably universal constituents of 
animal tissues. 

The presence of wax esters in the muscle of 
a teleost fish appears to preclude their presence 
in the roe of that species: wax esters are the 
major lipid type in the muscle of Allocyttus 
verrucosus (37) but are present only as a trace, 
if at all, in its eggs (36); the reverse situation 
prevails with the mullet, where the wax esters 
occur only in the roe and not in the muscle 
(18). 

Besides the species listed in Table II, another 
oceanic bird, the Australasian petrel, Aestrelata 
lessoni, has been reported to contain "cetyl 
esters" (85). Recent work (Hansen, unpub- 
lished data) did not confirm the presence of 
wax esters in the stomach oil of the fulmar, 
Fulmaris glacialis, which were deduced by 
Rosenheim & Webster (86) on the basis of the 
40% of nonsaponifiables found. Perhaps the 
main lipid of F. glacialis will prove to be diacyl 
glyceryl ethers, as were found for Leach's 
petrel, Oceandroma leucorhoa (87). All of these 
species are members of the order Procellarii- 
formes, which are notorious for spewing out oil 
and regurgitated stomach contents, as a defense 
mechanism (88). Finally, two additional marine 
mammals have been reported to contain small 
amounts of long chain alcohols. One is the only 
baleen whale (suborder Mysticeti) represented, 
namely the sei whale, Baleaenoptera borealis, in 
which the alcohols occur in the heart lipids 
(15). In the porpoise, Phocoena phocoena (sub- 
order Odontoceti), alcohols have been found in 
the jaw oil and blubber (27). 

The presence of wax esters is not a generally 
useful chemotaxonomic character of marine 
animals, judging by the data of the preceding 
paragraphs and Table II. In part this is because 
of the varied functions served by this lipid type, 
to be discussed in the next section. Apparently 
the use of wax esters as energy reserves (in 
copepods and fishes) or as thermal insulation 
(in the toothed whales and dolphins) are 
characteristics that developed at an early stage 
in the evolution of certain families and sub- 
orders. On the other hand, their use for 
buoyancy in the muscle of mesopelagic fishes 
appears to be related to the specific life pat- 
terns or ecologic niches of individual species 
and probably developed independently in at 
least six orders of teleost fishes. Therefore, only 
in certain groups are the wax esters helpful 
taxonomically. For example, in the free-living 
pelagic copepods of the suborder Calanoidei the 
sparse available evidence is compatible with this 
lipid type being a universal constituent of at 
least the marine families; no information has 
been published on the lipids of attached or 
parasitic species of related suborders. Also for 
the toothed whales, suborder Odontoceti, the 
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TABLE III 

Wax Esters of Marine Animals (Wt. %) 

Species Gaussia Lampanyctus Mugil Latimeria Physeter 
Tissue princeps ritteri cephalus chalumnae catodon 

Reference whole animal muscle roe a muscle head oil 
Homolog 80 46 18 45 92 

26 
28 
30:0 
30:1 
30:2 
31 
32:0 
32:1 
32:2 
33:1 
34:0 
34:1 
34:2 
35 
36:1 
36:2 
37 
38:1 
38:2 
39 
40:2 

6.1 
0.9 

22.9 
6.3 

40.8 
8.6 

4.0 
7.3 

2.7 

: 2.3 
6.1 

0.6 5.0 0.4 10.8 

6.2 1.4 

06 1 1 9.8 23.0 8.7 18.3 
1.6 

10.2 3.1 
1.8 } Trace } 

61.1 17.9 27.6 24.9 
9.2 11.5 

5.4 2.9 

7.88.2 ~ 12.4 30.4 8.8 119.  5 
4.4 1.0 

0.3 1 1 1 .  7 1.2 1 0.4 4.9 8.0 
1.1 
1 1.2 ~9 

aAfter hydrogenation. 

wax esters seem to be ubiquitous components, 
although in certain species they are quanti- 
tatively important only in some tissues, e.g., in 
the jaw oil of the porpoise (27). The teleost 
fishes are less consistent: of the seven genera of 
lantern fishes examined (45), three had 80-90% 
and four had 10% or less of wax esters; for the 
escolars, family Gempylidae, of five genera 
examined (38,43; also, Nevenzal, unpublished 
data) only two contained wax esters; of the 
members of the family Moridae, the deep-sea 
cods, for which data are available, two genera 
contain wax esters (23-25,66) and one does not 
(Nevenzel, unpublished data). 

ANALYSES 

Gas liquid chromatographic (GLC) analyses 
of the native (unhydrolyzed) wax esters from 
seven representative species are given in Table 
III. Including those seven, comprehensive analy- 
ses have been published for the derived alcohols 
and particularly for the fatty acids of some 20 
marine species; values for six of these, from a 
copepod to the sperm whale and including one 
example of roe wax esters, are collected in 
Table IV. 

The following generalizations emerge from 
the data. The chain lengths of the wax esters 
are in the range C30-C42 in invertebrates and 
fishes, and as short as C 21 in the marine mam- 
mals [hexadecyl isovalerate was reported from 
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the head oil of the pilot whale (62)], although 
the usual range for the sperm whale is probably 
C26-C38 (1,10,89). The component alcohols 
are overwhelmingly saturated and monounsatu- 
rated; polyunsaturated alcohols rarely consti -~ 
tute as much as 5% of the total (18,51 ; how- 
ever, Lee et al., unpublished information). The 
16:0 alcohol is usually the largest component, 
with 18:1 the next most abundant in fish and 
marine mammals. In Allocyttus verrucosus, 
however, the longer 20:1 and 22:1 homologs 
predominate. This bias toward longer chain 
lengths is also apparent in the fatty acids of this 
species, although the 18:1 fatty acid is still the 
main component,  as it is everywhere except in 
the mullet roe lipids. The 16:1 fatty acid is 
more abundant than 16:0 in all species except 
Allocyttus, but polyunsaturated fatty acids pre- 
dominate only in roe lipids and some copepods 
(Lee et al., unpublished information). 

The analytical methods so far applied to the 
wax esters have not been precise enough to 
establish decisively whether the alcohol and 
acid moie t i e s  are combined randomly. 
Generally, compositions calculated from the 
observed alcohol and acid values on this basis 
are in reasonable agreement with compositions 
determined by direct GLC analyses of the 
native wax esters (18,43,89), although Iyengar 
& Schlenk (18) felt that for part of their data 
the differences exceeded the estimated experi- 
mental error. 
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TABLE V 

In Vivo Incorporation of Radioactive Substrates Into Wax 
Esters of Lantern Fishes (Nevenzel & Kayama, Ref. 42) 

Per cent total lipid 
Per cent injected activity in Per cent of wax ester 

radioactivity radioactivity in 
recovered Wax Polar 

Substrate a in lipid b esters lipid c Acids Alcohols 

l-I4C Sodium acetate 
tO0/zCi d 2.7 41 59 1 i 89 
l- 14C.Paimitic 
acid, 80 ~uCi e (90) 0.28 33.2 . . . .  
1-14C.Pa I mitic 
acid, 60/.tCi (70) 5.6 9.4 51 49 
Oleic-9, I 0-3H 
acid, 60 ~Ci (69) 7.5 t 1.8 95 5 
I- 14C.Hexadecanol 
60 p.Ci f (47) 3.6 5.5 l t 89 

aThe substrates, as bovine serum albumin complexes in isotonic saline (except where noted), were 
injected in two portions, one on either side dorsally, and the fish were returned to cold sea water in the 
dark for 0.5-3 hr, after which they were killed by freezing. The extracted lipids were separated by silicic 
acid column chromatography, and the radioactivity of the various fractions determined by liquid 
scintillation counting. 

bValues in parentheses include unreacted substrate recovered, accounting for 26-66% of the injected 
radioactivity. That portion unaccounted for in lipids was metabolized to nonlipid products, or possibly a 
portion of the injected solution diffused out through the needle puncture into the sea water bath. 

CThe radioactivity was presumably in fatty acids esterified as mono- and diglycerides, phospholipids, 
etc. 

din isotonic saline. 
eDissolved in demethylsulfi)xide. 
fAs sodium taurocholate-monopalmitin emulsion in isotonic saline. 

Set t ing aside natural or man-made  incidents  
involving pet roleum,  massive amoun t s  of  oily or 
waxy material con tamina t ing  the marine envi- 
ronmen t  have been observed many times. In 
two such cases, an isolated incident  at Wake 
lslane in June,  1965 ( l ) ,  and the f requent  
reappearance in winter  or early spring at Bute 
Inlet ,  British Columbia,  o f  a solid material 
f loating on the surface (71), chemical  exami- 
nat ion of  the substances  revealed that  both  
were largely wax esters. Clearly, in light of  the 
data assembled above, living organisms could be 
the immedia te  sources of  these wax esters. It 
was concluded that  the Wake Island material 
was primarily processed sperm whale oil. No 
specific organism has been suggested as the 
origin of  Bute Inlet wax, a l though its compo-  
sit ion is compat ib le  with the inver tebra te  and 
fish data of  Table 111, consist ing of  C28-C42 
esters with a flat max imum at C34-C36 (34% 
and 31%, respectively)  (77; also, Nevenzel,  
unpubl ished data). 

FUNCTION 

Three possible funct ions  for the wax esters 
present  in some marine organisms are as a 
reserve energy store,  as a buoyancy  agent ,  and 

as a structural  e lement .  The wax esters in 
calanoid copepods  and teleost  roe and eggs are 
primarily a reserve food,  but may have a 
secondary  funct ion  as a buoyancy  agent.  As yet  
no s tudies  have been published on lipid metabo-  
lism during the deve lopment  of  the emb ry o  and 
the early larval stages of  species whose eggs are 
rich in wax esters. In the pelagic copepod  
Calanus helgolandicus dietary fat ty acids are 
rapidly incorpora ted  into wax esters ( among  
o the r  lipid types) ;  during starvation the wax 
esters decrease at least p ropor t iona te ly  to the 
decrease in total  fat, and their  compos i t ion  
changes markedly (Lee et al., unbubl ished 
informat ion) .  In the second category,  the mas- 
sive amo u n t s  of  this lipid that  are deposi ted  in 
the muscles of  some lantern fishes and 
gempyl ids ,  and in the coelacanth  are probably  a 
means of  approach ing  neutral buoyancy ;  in 
these species the wax esters are only secon- 
darily,  if at all, an energy reserve. The evidence 
for this role is threefold .  Theoretical  calcu- 
lat ions (summarized by Marshall, 3 2 , 3 3 ) s h o w  
that marine fishes will be neutrally buoyan t  if 
they contain  21-24%, fresh weight of  lipid, and 
the observed values in these species are 14-16%. 
Capen (4) demons t r a t ed  by direct measurement  
that  mature  Triphoturus mexicanus individuals 
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TABLE VI 

Percentage of Initial Substrate Radioactivity Incorporated Into 
Wax Esters by Homogenates of Lantern Fish Tissues (42) 

315 

Nonradioactive substrate 

Labeled substrate a Tissue None l-Hexadecanol Palmitic acid 

1-14C-Palmitic acid Liver 0.2 0.5 -- 
Muscle 0.4 0.7 -- 

l- 14C-Palmitoyl CoA Liver . . . .  (0.9) b -- 
Muscle -- 0.3 (1.5) b -- 

Oleic-9,10-3H acid Liver -- 1.1 -- 
Muscle -- 0.6 -- 

1-14C_Hexadecano I Liver 4.0 -- 7.3 
Muscle 1.6 -- 2.5 

a150-200 mg of tissue were homogenized in 1.5-2.0 ml 0.1 M phosphate buffer of pH 7.8, 
and incubated with 5 mg Triton X-100 plus 1 /2rnole of each substrate at 19-21 C for 6 br; 
total radioactivity used was 5/.tCi. 

bwithout Triton X-100. 

were in fact  near ly  neu t ra l ly  b u o y a n t .  Final ly ,  
mos t  of  these  species p r o b a b l y  u n d e r t a k e  daily 
vert ical  migra t ions  of  300  m or  more ;  dur ing  
such  m o v e m e n t s  pressure  change of  30 a tmos-  
phe res  are exper ienced ,  and  lipid, because  of  its 
d imens iona l  s tab i l i ty  u n d e r  such  changes ,  is 
great ly  super ior  to  a gas-filled swimbladder .  The  
th i rd  func t i on  for  large a m o u n t s  of  l ipid is illus- 
t r a t e d  by  the  sperm whale ,  a w a r m - b l o o d e d  
m a m m a l  living in cold water :  a th i ck  ex t e rna l  
layer  of  b lubber ,  wh ich  con ta ins  a high percen t -  
age of  fat ,  serves as an  insu la t ing  b lanke t .  
B u o y a n c y  is p r o b a b l y  a s econda ry  f u n c t i o n  of  
the  b lubbe r ,  bu t  m a y  be the  main  f u n c t i o n  for  
the  l ipid of  the  spe rmace t i  organ  in the  head .  

The  three  f u n c t i o n s  discussed above  are no t  
u n i q u e  to wax esters.  The  t r ig lycer ides  are the  
usual  fo rm of  energy reserve in mos t  te leos t  fish 
eggs and  in m a n y  pelagic c rus taceans  (83) ,  and  
some mesopelagic  f ishes con t a i n  t r iglycer ides  in 
suff ic ient  quan t i t i e s  to  serve for b u o y a n c y  [i.e., 
Diaphus theta (45) ]  ; even in the  b l u b b e r  of  the  
sperm whale 23-25% of  the  l ipid is t r ig lycer ide 
(55 ,89) .  The  wax esters  p r e sumab ly  were 
evolved by  some mar ine  animals  as an  alter- 
na t ive  to  t r iglycer ides  for  mee t ing  specific chal- 
lenges of  the i r  e n v i r o n m e n t .  The  fo l lowing are 
possible  advantages  t h a t  the  wax esters  migh t  
have  over  t r iglycerides.  There  are ind ica t ions  
t h a t  the  wax esters have sl ightly lower  densi t ies  
t h a n  co r re spond ing  t r ig lycer ides  ( f o o t n o t e  10, 
ref. 45) ,  and  thus  p rov ide  m o r e  b u o y a n c y  per  
un i t  volume.  Possibly  the  wax esters,  in con-  
t ras t  to  t r iglycerides,  are no t  subjec t  to  hor-  
mone -con t ro l l ed  mob i l i z a t i on  dur ing  per iods  of  
energy  d e m a n d ,  thus  s tabi l iz ing the  b u o y a n c y  
of  t he  organism against  sho r t - t e rm  f luc tua t ions ;  
i.e., b u o y a n c y  con t ro l  is d ivorced  f rom energy 
d e m a n d .  Since the  glycerol  for  t r ig lycer ide 

synthes is  would  p r o b a b l y  be made  f rom carbo-  
hydra t e s ,  the  depos i t i on  of  wax esters r a t h e r  
t h a n  t r ig lycer ides  could be  a c a r b o h y d r a t e -  
sparing adap ta t i on .  Such  a h y p o t h e s i s  would  be 
cons i s ten t  w i th  the  low c a r b o h y d r a t e  diet  of  
deep-sea organisms,  bu t  seems i r re levant  to  
Calanus, which  feeds on  the  p r imary  p roducer s  
of  c a rbohydra t e s ,  p h o t o s y n t h e t i c  organisms.  

BIOSYNTHESIS 

The  evidence  is conclusive in a few cases t ha t  
the  diet  is no t  the  source  of  the  wax esters  
present  in mar ine  animals .  Fo r  example ,  t hey  
are f o u n d  in mul le t  l ipids on ly  af te r  the  ovaries 
m a t u r e ,  p r e s u m a b l y  w i t h o u t  any  change in diet  
(18) ;  also, wax esters  increase rapid ly  in the  
c o p e p o d  C. helgolandicus w h e n  it is fed on  
d ia toms  con ta in ing  no  wax esters (Lee et  al., 
u n p u b l i s h e d  i n f o r m a t i o n ) .  Only  for  the  
s t o m a c h  oils of  the  Proce l la r i i form birds  does  
the  weight  of  the  evidence  suggest t h a t  the  
esters p resen t  are d ie tary  res idues  (87) .  The  
conc lus ion ,  t hen ,  is t h a t  wax esters  are b iosyn-  
thes ized  b y  mos t  of  those  mar ine  species in 
which  t hey  occur .  

A few inves t iga t ions  of  th is  b iosyn thes i s  
have b e e n  carr ied ou t  in fish. In 1966 Malins 
(30) ,  work ing  wi th  dogf ish  (Squalus acanthias) 
liver, showed  t h a t  in  vivo 1-14C-palmit ic  acid 
was i n c o r p o r a t e d  i n to  free a lcohols  as well  as 
in to  t he  a lcohol  and  acid moie t ies  of  wax 
esters;  t he  la t te r  are on ly  t race  c o n s t i t u e n t s  in 
this  species. In 1967 Fr i edberg  & Greene  (79)  
used dogf ish  liver p repa ra t ions  in vi t ro  to  show 
tha t  1 -hexadecanol  was i n c o r p o r a t e d  in to  wax 
esters b y  h o m o g e n a t e s  of  whole  liver, by  micro-  
somal  and  s u p e r n a t a n t  f rac t ions ,  and  by  a par- 
t ial ly pur i f ied  e n z y m e  p repa ra t i on ;  no  co fac to r  
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requirements were found, and the presence of 
both long chain alcohol and fatty acid seemed 
sufficient for the reaction. They concluded that 
the alcohol and acid reacted directly (i.e., no 
activated intermediates were involved) to form 
the observed wax esters, and demonstrated that 
the synthetic enzyme also catalyzed the reverse 
reaction of hydrolysis. Nevenzel & Kayama 
(42), working with lantern fishes which contain 
large amounts of wax esters, found that the 
usual lipid precursors were incorporated in vivo 
into both the long chain alcohol and fatty acid 
portions of the wax esters (Table V). Tissue 
slice and homogenate studies, using muscle and 
liver of these fishes without added cofactors, 
gave similar results, although the incorporation 
of radioactivity from substrate into wax esters 
was poorer, as shown in Table VI. Kayama 
( K a y a m a ,  unpublished information) has 
extended these experiments to the carp and 
rainbow trout, neither of which contains more 
than traces of wax esters. Intestine, kidney, 
spleen, heart, hepatopancreas, and pyloric 
caecum were active in synthesizing wax esters; 
only muscle tissue was inactive. 

Without attempting a comprehensive review 
of long chain alcohol metabolism in animals, we 
can note that rat and pig livers (79), other rat 
tissues (53), and mammalian tumor cells (53) 
all possess systems active in vitro in converting 
long chain alcohols to wax esters in the 
presence of acceptor fatty acids. Together these 
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data suggest that the enzyme catalyzing the 
synthesis of wax ester from alcohol and acid is 
wide spread in those animal tissues having an 
active fat metabolism. By contrast, in vivo in at 
least some of these animals, exogenous long 
chain alcohols, whether administered free or 
esterified as wax esters, are oxidized to the cor- 
responding fatty acids. Presumably this is also 
the fate of the alcohol moieties of the wax 
esters in copepod lipids eaten by herring: 
hydrolysis of the esters followed by oxidation 
of the liberated long chain alcohols to fatty 
acids. The pioneering work of Stetten and 
Schoenheimer (81) in feeding deuterated com- 
pounds to rats established the interconversion 
of 1-hexadecanol and palmitic acid and the con- 
version of 1-octadecanol to stearic acid. The 
oxidative pathway also is present in intact 
lantern fishes: in three fishes injected with 
1-14C-hexadecanol the ratio of the radioactiv- 
ity in total fatty acids compared to that in the 
wax ester alcohols was estimated to be :>0.65, 
2.8 and 2.9. In addition, a portion of the 
53-62% of the injected carbon-14 which was 
not recovered in the total lipid probably was 
converted via palmitic acid to acetate and CO 2. 
The palmitic acid from the wax esters of one of 
these fish contained 93% of its carbon-14 in the 
carboxyl carbon, confirmation that the carbon 
chain of the alcohol was converted without 
degradation to the acid (42). The reverse con- 
version of palrnitic acid to alcohols was 
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observed in vivo by Malins (30) for dogfish liver 
and by Nevenzel & Kayama in lantern fishes 
(Table V, Ref. 42). Sand & Schlenk (51) infer- 
red from the structures of the polyunsaturated 
alcohols of roe wax esters and the good con- 
version of labelled fatty acids (including 18:2 
and 18:3) into alcohols that the alcohols, 
including the polyunsaturated homologs, were 
biosynthesized from the corresponding fatty 
acids in the gourami in vivo. 

These relationships are summarized in 
Scheme I. In most animals the net balance of 
the various reactions is toward the hydrolysis of 
wax esters and the oxidative catabolism of the 
alcohols. In most marine organisms, however, 
the balance is reversed; there is a net synthesis 
of alcohols, and these in turn are esterified with 
fatty acids to wax esters, which accumulate. If 
we assume that the same enzyme catalyzes both 
the synthesis and hydrolysis of wax esters, then 
changes in its activity or amount cannot deter- 
mine the level of wax esters present at equili- 
brium. The true key to the occurrence of wax 
esters in marine animals should therefore be 
sought in the activity of the oxidative catabo- 
lism of long chain alcohols relative to their bio- 
synthesis via reduction of fatty acids. No invest- 
igations specifically directed to determining the 
mechanisms and kinetics of these reactions have 
yet been reported for marine organisms. 

A second mechanism of wax ester biosynthe- 
sis, different from the direct reaction of alcohol 
and acid discussed so far, was found in plants 
by Kolattukudy (90); it involved a transfer of 
acyl groups from phospholipids to the long 
chain alcohol. He also characterized a third 
mechanism which required the acyl-CoA ester 
in a purified enzyme system. Neither of these 
two mechanisms have been found in marine ani- 
mals. 

A final plea: In recent years the wide availa- 
bility of GLC and the simplicity of transesterifi- 
cation techniques have resulted in the publi- 
cation of useful fatty acid analyses for many 
exotic marine organisms, but application of the 
still simpler TLC to 100/ag of the lipid would 
have told us the lipid types in which these fatty 
acids occurred in situ. In addition, the use of 
fatty acid compositions in comparative bio- 
chemistry or to study the effect of tempera- 
ture, pressure, etc. on lipid metabolism loses 
much of its edge when the comparison is made 
essentially between wax ester fatty acids in one 
species, triglyceride fatty acids in a second, and 
phospholipid fatty acids in a third. Not the 
least of the dividends from such TLC would be 
the probable discovery of additional organisms 
rich in wax esters. 
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ABSTRACT 

The chemical structures, general path- 
ways of catabolism and the biosynthesis 
of bacterial, nonisoprenoid hydrocarbons 
are reviewed with emphasis on recent 
work on the chemistry and biosynthesis 
of the hydrocarbons of Sarcina lutea. 

INTRODUCTION 

This review considers only the nonisopre- 
noid, aliphatic hydrocarbons of bacteria and 
emphasizes recent work on the characterization 
and biosynthesis of these compounds. Reviews 
dealing primarily with the catabolism of a 
variety of hydrocarbons by bacteria are avail- 
able (1-5). 

OCCURRENCE AND CHEMICAL STRUCTURES 

Janowski and ZoBell were first to report 
that bacteria produce aliphatic hydrocarbons 
other than gaseous ones (6). In this proceedings 
abstract, they describe the isolation of C!0 to 
C2s paraffins from cultures of a species of 
Desulfovibrio in sea water with fatty acids as 
the only source of carbon. Subsequent reports 
of hydrocarbons in bacterial cultures followed, 
but Stone and ZoBell (7) pointed out that most 
of these were for cells grown with complex, 
uncharacterized culture media that could have 
contained hydrocarbons. They reported the 
presence of hydrocarbons (uncharacterized) in 
Serratia marinorubrum and Vibrio ponticus 
when grown in hydrocarbon free media. 

Albro and Huston made the first relatively 
complete characterization of the hydrocarbons 
of a bacterium, Sarcina lutea, (8) and this was 
followed with reports from various laboratories 
of the hydrocarbons of Vibrio marinus (9), of 
additional studies ofS. lutea (10-12) and an un- 
identified micrococcus (l 2). The distribution of  
the hydrocarbons of these bacteria on the basis 
of carbon number as well as the fatty acid com- 
position of the lipids are summarized in Table I. 

With S. lutea, complex mixtures of isomers 

1 Presented at the 60th AOCS Annual Meeting, San 
Francisco, April 1969, as part of a Symposium on 
Natural Waxes. 

and homologous series make difficult a com- 
pletely unequivocal identification of all the 
components. However, Tornabene and his co- 
workers (10,11) resolved four individual iso- 
mers of each carbon number by gas liquid 
chromatography (GLC), and on the basis of 
mass spectra concluded that two of these had 
branched methyl groups in iso configuration 
(but see below) and two with anteiso branched 
methyl groups. All of the hydrocarbons were 
monounsaturated. With the strain of S. lutea we 
studied, approximately 90% of the hydrocar- 
bons from early stationary phase cells were 
monounsaturated and the proportion of mono- 
unsaturated hydrocarbons decreased with older 
cells. Since over 94% of the fatty acids pro- 
duced by oxidation of the monounsaturated 
hydrocarbons were either iso or anteiso 
branched chain acids, we concluded that most 
of the hydrocarbons had branched methyl 
groups on both ends of the molecule. We 
resolved the C29 hydrocarbons into three peaks 
by GLC that represented molecules the ends of 
which were anteiso-anteiso', iso-anteiso' and 
iso-iso'. With the C28 hydrocarbons, a fourth 
component which probably had a anteiso- 
normal configuration at the ends was resolved. 
Our identification of compounds with both iso 
and anteiso branch methyls would appear to 
distinguish the hydrocarbons of the strain of S. 
lutea we studied from that studied by 
Tornabene et al. Comparison of their published 
mass spectra with spectra recently obtained of 
the components resolved from the C29 hydro- 
carbons of the strain of S. lutea we studied 
leads us to believe, however, that one of the 
fractions that they resolved and identified as 
having methyl branches in only iso configu- 
ration has branch methyls in both iso and 
anteiso configuration. The culture of S. lutea 
which we obtained from the American Type 
Culture Collection (for which data are given in 
Table 1) that was supposed to be identical to 
the one examined by Tornabene et al. con- 
tained an unidentified micrococcus which was 
clearly not S. lutea, and we were unable to 
make a direct comparison of the two strains. 

These two strains of S. lutea and the 
unidentified micrococcus differ in the distri- 
bution of the hydrocarbons by carbon number, 
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TABLE I 

Hydrocarbon and Fatty Acid Composition of Bacteria a 

321 

Sarcina lutea 
Vibrio Unidentified 

marinus FD-533 ATCC-$ 33 micrococcus b 
(9) (12) (11) (12) 

Hydrocarbons 
C15 6.6 
C16 2.3 
C17 80.1 
C18 1.5 
C23 0.3 0.7 
C24 0.1 4.4 
C25 0.9 13.4 
C26 1.6 28.6 
C27 18.4 24.8 
C28 12.7 23.7 
C29 65.3 2.5 
C30 0.4 

Other 9.5 0.3 1.9 

Fatty Acids c 
br-C12 1.1 0.1 
br-Cl3 0.7 0.3 1.8 
br-C14 0 1.6 4.1 
n-C14 18.1 d 0.2 6.4 
br-Cl5 0 94.1 70.1 
n-C15 0.7 0.7 
br-Cl6 0 1.9 6.0 
n-C16 41.7 d 0.S 5.4 
br-C17 1.5 0.8 4.1 
n-C17 
br-Cl8 
n-C18 22.8 e 0.1 

1.3 
3.4 

36.3 
7.8 

46.3 
1.8 
2.9 

0.2 

0.3 
0.4 
0.9 

89.5 

1.9 
2.0 
2.8 
0.1 
1.6 
0.7 

aper cent distribution. 
bReceived from American Type Culture Collection as S. 
CAbbreviations: br, branched and n, normal. 
dlncludes unsaturated fatty acids. 
eAll monounsaturated. 

lutea strain 533. 

bu t  in  general  they  are in  a range t h a t  is twice  
t h a t  of the i r  l ipid f a t t y  acids. The  impl i ca t ion  
of  th is  w i th  respect  to  the i r  b iosyn thes i s  is dis- 
cussed below.  The  h y d r o c a r b o n s  of  V. mar inus  
dif fer  marked ly  f rom the  th ree  o t h e r  bac te r i a  in 
t h a t  the  size range is similar to  the  f a t t y  acids 
present .  However ,  while  mos t  of  the  h y d r o c a r -  
b o n s  have an  odd  n u m b e r  of  c a r b o n  a toms ,  t he  
f a t ty  acids are pr imar i ly  even -numbered .  Satu-  
ra ted  and u n s a t u r a t e d  fa t ty  acids and  hyd roca r -  
b o n s  were de tec ted .  The  re la t ionsh ip  b e t w e e n  
the  f a t ty  acids and  h y d r o c a r b o n s  suggests t h a t  
the  l a t t e r  m a y  be  syn thes ized  by  reduc t ive  
d e c a r b o x y l a t i o n  of the  f a t t y  acids. No d i rec t  
evidence for  th is  pa thw ay  is available.  

CATABO LISM OF 
EXOGENOUS HYDROCARBONS 

The  capabi l i ty  of  a wide range  of  bac te r ia  to  
grow wi th  h y d r o c a r b o n s  as the i r  sole source  of  

ca rbon  has b e e n  es tabl ished.  Two very r ecen t  
and  exce l len t  reviews (4 ,5)  on  bac te r ia l  hyd ro -  
ca rbons  discuss and  evaluate  the  work  t h a t  has  
been  done  on  the  ca tabo l i sm of  h y d r o c a r b o n s  
t h r u  1964,  and  we will s imply  ou t l ine  the  
present  knowledge  and  br ief ly  r epo r t  o n  some 
more  recen t  work .  Al ipha t i c  h y d r o c a r b o n s  
(C6-C20)  are ox id ized  by  way of  a p r imary  
a lcohol  and  an a ldehyde  to  yield the  cor- 
r e spond ing  f a t t y  acid~ The  exact  i n t e r m e d i a t e s  
in the  f o r m a t i o n  of  the  p r imary  a lcohol  are a 
po in t  of  c o n t e n t i o n  no t  ye t  resolved.  Pa thways  
involving h y d r o p e r o x i d e s  or 1-alkenes and  
1,2-epoxide der ivat ives  have been  p roposed .  In 
e i the r  case, molecu la r  oxygen  and  r educed  
pyr id ine  nuc leo t ide  (NADH)  are requi red .  B o t h  
the  a lcohol  and  a ldehyde  dehydrogenases  
involved in the  convers ion  are d e p e n d e n t  on  
NAD as cofac tors .  O x i d a t i o n  may  occur  at b o t h  
ends  of  the  molecu le  to  yield h y d r o x y  f a t t y  
acids or  the  co r r e spond ing  dioic  acid.  The  
capaci ty  to  p roduce  dioic acids varies w i th  dif- 
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ferent species and with the chain length of the 
alkanes. 

An~ interesting by-product of the general 
mechanism occurs in Micrococcus cerificans. 
Both the alcohol and fatty acid produced from 
alkanes may appear as components of wax 
esters. More recently, this organism has been 
shown (13) to produce no wax ester when 
grown with nonacosane as sole carbon source. 
However, when both nonacosane and hexa- 
decane were supplied, waxes with alcohols and 
acids with primarily 16, 17, or 18 carbons were 
produced. No nonacosanol or nonacosanoic 
acid were detected in either case. Of related 
interest, M. cerificans grew readily with alkyl 
chlorides (C16 , C18 and C2o) and bromides 
(C16 and C18) but not with 1,16-dibromohexa- 
decane as sole carbon source (14). When grown 
on n-hexadecyl chloride, the major esters 
produced were 16-chlorohexadecyl-16-chloro- 
hexadecanoate and 16-chlorohexadecyl-hexa- 
decanoate, and 80% of the fatty acids of the 
polar lipids were co-chloro acids. The amount of 
wax ester produced decreased as the chain 
length of the alkyl halide increased and less 
ester was produced from the akyl bromide than 
from the analogous chloride. 

Alk-l-enes were converted by Pseudomonas 
aeruginosa primarily to the corresponding 
co-monounsaturated fatty acid by oxidation of 
the saturated end of the molecule (4,5). The 
double bond may also react to form the epox- 
ide. The conversion to the acid has recently 
been confirmed in a study of the assimilation of 
1-tetradecene by P. aeruginosa (15). It was also 
shown that c~,6o-dienes (1,7-octadiene and 
1,13-tetradecadiene) would not support growth 
of P. aeruginosa. M. cerificans assimilated 
1-dodecene and l-tetradecene with the produc- 
tion primarily of saturated fatty acids with an 
even number of carbon atoms, but the cor- 
responding monounsaturated acid was not 
detected (16). However, with 1-pentadecene 
the corresponding 14-pentadecenoic acid was 
produced and with 1-hexadecene and 1-octa- 
decene, the corresponding 6o-monounsaturated 
acid, saturated acid and a saturated acid with 
one carbon atom less than the parent alkane 
were identified. The presence of the latter has 
been interpreted to indicate that oxidation of 
the 'double bond to yield a fatty acid occurred 
and the production of formaldehyde in cultures 
grown on 1-hexadecene was cited in support of 
this. These observations renew the argument on 
the involvement of alkenes in the oxidation of 
alkanes (4,5). The isolation of 1-hexadecene 
from five species of bacteria grown on hexa- 
decane (17) also bears on the argument. 

CONVERSION OF FATTY ACIDS 
TO HYDROCARBONS 

Tornabene and Oro (18) studied the incor- 
poration of radioactivity from 14C-labeled 
leucine, isoleucine, acetate and palmitate into 
the hydrocarbons of S. lutea. Differences in dis- 
tribution of radioactivity from these precursors 
between the hydrocarbons separated by GLC 
were noted. We have carried out more definitive 
experiments on the incorporation of various 
precursors into S. lutea hydrocarbons both in 
vivo and in vitro and both published (19-21) 
and unpublished observations are reviewed 
here. 

A very large proportion of the hydrocarbons 
of  the strain of S. lutea that we studied have a 
branch methyl on both ends of the molecule, a 
double bond near the center, and, on the 
average, the number of carbon atoms are equal 
to one less than two times the average number 
of carbon atoms in the fatty acids. These struc- 
tural characteristics of the hydrocarbons and 
fatty acids are consistent with a biosynthetic 
mechanism by which two molecules of fatty 
acid condense as follows: 

RCH2COOH + R'COOH 

RCH=CHR ' + CO 2 + 2H20. 

The distribution of the carbon chains of iso- 
leucine, valine and acetate in the fatty acids and 
hydrocarbons synthesized by S. lutea in vivo is 
consistent with this general mechanism of 
head-to-head condensation (19). This can best 
be illustrated with the relationship between iso- 
leucine and acetate, the anteiso C 1 s fatty acid 
(the major fatty acid) and the major hydrocar- 
bon (C 29 with anteiso branch methyls on both 
ends). Our data are most consistent with the 
pathway shown here in which the carbon from 
acetate are shown in italics and the carbon 
atoms from isoleucine in normal type. The dis- 
tribution of the carbon atoms from these two 
precursors in fatty acids derived from monoun- 
saturated hydrocarbons by oxidation of the 
double bond is also shown. The distributions 
determined were inconsistent with biosynthesis 
of the hydrocarbons by head-to-tail conden- 
sation of fatty acids or the elongation of fatty 
acids followed by reduction. Presumably the 
latter pathways would have to involve a methyl- 
ation of the aliphatic chain to account for the 
branches on both termini, and the failure to 
find significant incorporation of methionine 
methyl  groups into hydrocarbons was also 
inconsistent with these pathways. 
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CH 3 ,CHa 
CH3CH2CH ,CHCOOH , CH3CH2CHCOOH 

NHz ~ CHaCOOH 

9H3 
CFlaCHzCHCHz (C H2)gC OOH 

1 
CHaCH2CHCHz(C Hz) 9 C H = C H (C H a )sC H2CHC HaCH a 

cH~ ~ CH~ 
CHaCH2CHCH~(CHz)gCOOH + C HaCHzC HCHz(C H2)aCO OH 

Comparison of the distribution of the hydro- 
carbons and fatty acids in Table I suggests that, 
with the strain of S. lutea we studied, an 
essentially random pairing of fatty acids could 
account for the interrelationship of structures. 
More detailed analyses of the structure of both 
hydrocarbons and fatty acids (12) and studies 
on the incorporation of acetate, isoleucine and 
valine into fatty acids and hydrocarbons (19) 
showed that specificity for the incorporation of 
certain fatty acids existed. If the other strain of 
S. lutea and the unidentified micrococcus for 
which data are given in Table I incorporate 
fatty acids into hydrocarbons by the same 
mechanism described here, even greater speci- 
ficity must occur to account for the pre- 
ponderance of hydrocarbons with less than 29 
carbon atoms, even though the major pro- 
portion of fatty acids have 15 carbon atoms. 
Adding fatty acids to the media of S. lutea (20) 
does cause changes in the hydrocarbon compo- 
sition, and these changes are consistent with an 
increased synthesis of hydrocarbons by a head- 
to-head condensation of the fatty acids whose 
concentrations are altered with themseNes and 
with the major C 1 s fatty acids. 

In the head-to-head condensation mecha- 
nism, one molecule of fatty acid undergoes 
decarboxylation. A comparison of the extent to 
which 14C of 1J4C-palmitate and -16-14C 
were incorporated into total hydrocarbons of S. 
lutea in vivo (20) showed that, when acetate 
was included in the growth medium, palmitate 
was incorporated without undergoing decar- 
boxylation. In media with low acetate, approxi- 
mately 70% of the palmitate incorporated was 
decarboxylated. The actual demonstration of 
this type of specificity has important impli- 
cations in the interpretation of this type of data 
in other systems (22). 

Yet additional specificity occurs. When the 
monounsaturated hydrocarbons isolated from 
S. lutea grown up with 1J4C-palmitate were 
oxidized, the ]4C was found predominantly in 
fatty acid oxidation products other than palmi- 
tate (20). Since there was no redistribution of 

label from palmitate into other lipid fatty acids, 
the transfer of label must have occurred by the 
specific incorporation of the palmitate in a 
manner so that its carboxyl carbon atom ended 
up on the opposite side of the double bond 
from the remainder of the aliphatic chain 
derived from palmitate as follows: 

CH3(CH2)13CH214COOH + RCOOH --~ 

CH3(CH2) 13 CH= 14CH R. 

The incorporation of palmitate into hydro- 
carbons by a cell free lysate has also been 
studied (21). Coenzyme A, Mg 2+, adenosine tri- 
phosphate (ATP), reduced nicotinamide-adenine 
dinucleotide phosphate (NADPH), and pyri- 
doxa l  or pyridoxamine phosphate were 
required for optimum incorporat ion.  NADH 
would not replace NADPH. The requirement 
for the first three cofactors was consistent with 
the participation of acyl CoA and this was con- 
firmed by showing that in the absence Of added 
coenzyme A, palmitoyl CoA was over 20 times 
better a precursor than the free acid. Pyridox- 
amine phosphate was twice as effective as pyri- 
doxal phosphate in promoting the incorpo- 
ration of palmitate. Whether pyridoxal phos- 
phate or the amine were used, no difference in 
the incorporation of palmitoyl CoA or 
esterified palmitate was observed. For reasons 
that will be brought out below, this implicates 
pyridoxamine as a cofactor in the mode of 
entry of fatty acids into hydrocarbons without 
decarboxylation. 

In further studies not yet published, it has 
been established that the same specificity in the 
location of the double bond in the final 
product occurs in vitro as in vivo. Whether 
palmitate added to the system undergoes decar- 
boxylation during incorporation was found to 
be dependent on whether it is free or esterified. 
Approximately 30% of the free acid was decar- 
boxylated while fatty acid supplied as the 
methyl ester or as triglyceride was essentially 
100% decarboxylated. Also, the coenzyme A 
derivative of palmitate when added to the 
system was decarboxylated during incorpo- 
ration into hydrocarbon. 

Although it is clear that biosynthesis occurs 
by a head-to-head condensation mechanism, the 
intermediates of the pathway have not ye[ been 
fully elucidated. In the classical pathway (23) a 
ketone and secondary alcohol were proposed as 
intermediates. Both ketones and secondary 
alcohols which might appropriately fill this role 
were detected in the nonsaponifiable lipids of 
S. lutea (12). The secondary alcohols occurred 
in amounts too small to do anything more than 
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,9 
R C-O-CH= 0 

HC-O-CR" 
i 

RCH'CHOCH 2 

/ 
| ""--.~ RCH,C OY~\ 

FIG. 1. Proposed mechanism for hydrocarbon bio- 
synthesis in S. lutea. 

establish their chemical identity. The ketone 
fraction was separated by GLC and shown to 
consist of a series of compounds with carbon- 
numbers in the same range and with a similar 
distribution as those in the hydrocarbons. In 
vivo heptacosane-14-one was not converted into 
hydrocarbons by S. lutea, and in vitro it was 
incorporated into a wide range of hydrocarbons 
with only 24% of the total in the expected C27 
product. No incorporation of tricosan-12-ol 
into hydrocarbons in vitro was detected. Lack 
of accessibility of these precursors to the site of 
synthesis or their failure to equilibrate with 
enzyme bound intermediates could explain 
these results. It is also possible that fatty acid 
derivatives such as fatty aldehydes may partici- 
pate in the condensation. In this case, the initial 
product of the condensation would be a 
secondary alcohol. Palmitaldehyde was incorpo- 
rated into hydrocarbon, but its direct partici- 
pation in the synthesis was inconsistent with 
the failure to find incorporation of secondary 
alcohols. The detection of the diacyl derivative 
of the alk-l-enyl glyceryl ether (neutral plasma- 
logen) in S. lutea suggested an indirect pathway 
by which fatty aldehydes could be incorporated 
without secondary alcohols as intermediates. 

Neutral plasmalogen [synthesized from rat 
brain plasmalogen (24)] when added to cell 
free preparations of S. lutea decreased the 
incorporation of 14C from 1-14C-palmitate 
into hydrocarbon by 36%. Use of 1-14C-palmi- 
tate meant that the swamping effect of neutral 
plasmalogen on the incorporation of fatty acids 
by the pathway not involving decarboxylation 
was being measured. When the effect of adding 
neutral plasmalogen on the incorporation of 
16-14C-palmitate was checked, an overall 
stimulation of 7% was measured, or it was cal- 
culated from the two sets of data that the 
incorporation of fatty acids into hydrocarbons 
by the pathway involving decarboxylation was 
stimulated 16%. That adding neutral plasma- 

logen in vitro did in fact stimulate the incorpo- 
ration of fatty acids via the decarboxylation 
pathway was confirmed with tri-16 -14C-palmi- 
tin. In this experiment, adding the neutral 
plasmalogen stimulated incorporation of 14C 
by 18%. It was also shown that the alk-l-enyl 
aliphatic group of neutral plasmalogens synthe- 
sized from the plasmalogens of Clostridium 
bu tyr icurn  grown in the presence of 
laC-labeled palmitate served as a better pre- 
cursor of hydrocarbons in vitro in S. lutea than 
did palmitate itself. These experiments are con- 
sistent with the direct participation of neutral 
plasmalogen in a head-to-head condensation 
pathway or as a precursor of an intermediate 
that does participate in the condensation. Con- 
densation apparently occurs with a fatty acid 
derivative that is preferentially derived from 
esters or from acyl CoA or the coenzyme A 
derivative itself. 

We propose a mechanism for the biosynthe- 
sis of hydrocarbons from fatty acids that takes 
these findings into consideration. As shown in 
Figure 1, a given fatty acid, RCH2COOH, may 
be incorporated by two modes. It may be con- 
verted to the derivative RCH2C(=O)Y (the 
coenzyme A or acyl carrier protein derivative?) 
that, for some reason which is not clear, is in 
preferential equilibrium with acyl esters; or it 
becomes the aliphatic portion of a vinyl ether 
(either neutral plasmalogen or an as yet 
unidentified derivative RCH=CHOZ). The 
product of condensation is a monounsaturated 
hydrocarbon with its double bond in a position 
consistent with the established specificity of its 
formation. 

DISCUSSION 

Except for the fairly extensive studies that 
have been carried out on the catabolism of exo- 
genous hydrocarbons, the biochemistry of 
bacterial hydrocarbons has only been barely 
touched. The composition of the hydrocarbons 
of a wider range of species needs to be 
explored. The biosynthesis has been examined 
in only one species and there is no reason to 
assume that the pathway in all bacteria is the 
same. Indeed, the structure of the hydrocar- 
bons of Vibrio marinus (9) suggests an entirely 
different mechanism must be functioning. The 
amenability of bacteria to study in this field 
makes it clear that further work with them will 
also aid in answering some of the questions 
raised at this symposium in regard to the hydro- 
carbons of other organisms. 
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ABSTRACT 

Rates of a- tocopherol  oxidation were 
m e a s u r e d  for free-radical reactions 
produced by Fe(III)-catalyzed disso- 
ciations of hydroperoxides.  The kinetics 
were treated as first-order in a-toco- 
pherol. The hydroperoxides were pre- 
formed from methyl linoleate, methyl 
linolenate, ethyl arachidonate, methyl 
eicosapentaenoate,  and a fraction of poly- 
unsaturated fat ty  esters of menhaden oil. 
The degree of unsaturation of the lipid 
hydroperoxides had little effect on the 
rates of r oxidation. The rates 
of oxidation decrease with the concen- 
trat ion of water and increase with the 
acidity of the media. The pH data suggest 
a transition from one predominant  
mechanism to another,  which may 
involve- principally acid catalysis. A 
mechanism for a- tocopherol  oxidation is 
suggested. 

INTRODUCTION 

Lipid autoxidat ion and peroxidation are 
involved in the oxidative deterioration of foods 
( I ) ,  biomembranes (2) and subcellular organel- 
les (3). Free radical intermediates of oxidized 
lipids and secondary reactions of lipid per- 
oxides contribute to the deteriorative reactions 
(4-6). 

The primary products of lipid autoxidation 
are hydroperoxides,  which can dissociate into 
free radicals. Dissociation mechanisms include 
irradiation, thermal homolysis and oxidation- 
reduction reactions (7). Iron-catalyzed decom- 
positions of hydroperoxides proceed by oxi- 
dation-reduction mechanisms. 

Biological antioxidants (2,8) may function 
as peroxide decomposers, metal-ion chelating 
agents, or hydrogen-atom donors, a-Tocopherol  
is an important  natural hydrogen donor in free 
radical reactions. 

More kinetic information is needed on 
reactions of a- tocopheroi  in order to define its 

mechanisms. The present investigation provides 
kinetic data of a- tocopherol  oxidation in free- 
radical reactions with preformed hydroper-  
oxides of polyunsaturated fatty acid esters. 
Fe(III)-catalyzed reactions of the hydroper-  
oxides (7) were chosen to produce peroxy 
radicals, which are initial reactants of autoxi- 
dations. Such Fe(III)  reactions permit greater 
control  of initial reaction products,  better  
reproducibil i ty of kinetics, and faster reactions 
than noncatalyzed reactions. 

EXPERIMENTAL PROCEDURES 

Materials 

Stock solutions of d-a-tocopherol (K & K 
Laboratories) and dl-a-tocopherol (Hoffman- 
LaRoche Co.; Nutritional Biochemicals Corp.) 
were made up in ethanol and stored at 2-4 C 
under nitrogen. Concentrations of a-tocopherol 
were determined spectrally (em 3,260 at 292 
nm in ethanol) (9). Adsorption chromato- 
graphy on silica gel was used to remove impuri- 
ties from ot-tocopherol. 

L i p i d  h y d r o p e r o x i d e s  were prepared, 
according to a published procedure (10), from 
methyl linoleate, methyl linolenate, ethyl 
arachidonate, methyl eicosapentaenoate, and a 
fraction of polyunsaturated fatty esters of 
menhaden (Brevoortia tyrranus) oil. Briefly, the 
procedure involved (1) autoxidations of the 
lipids in air at room temperature,  (2) isolation 
of  the hydroperoxides via preparative thin layer 
chromatography (TLC), and (3) preparation of 
ethanolic stock solutions of 0.0145 molar lipid 
hydroperoxides.  The concentrations of methyl  
linoleate hydroperoxides were determined iodo- 
metrically and verified spectrophotometrical ly 
[e m 25,000 at 232 nm (11) in absolute 
e thanol] .  The concentrations of other hydro- 
peroxides were based on iodometric peroxide 
values. Peroxide values of 4,710 to 6,165 
meq/kg were measured for the esters isolated 
by TLC prior to dilution in ethanol. The values 
represent purities of up to 95% monohydroper-  
oxide. 
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TABLE I TABLE II 

Effect of Reactants on the Rates of 
d-c~-Tocopherol Oxidation in 98.0% Ethanol 

at 37.0 C With Methyl Linoleate Hydroperoxides a 

Rate of  reaction b 

Without Without Corrected 
FeCI3, LOOH(18:2), rate, 
102k, 102k. 102k, 

pH min- 1 rain" i min" 1 

7.0 0 0 3.3 
5.0 0 0 4.9, 4.0, 3.9 
4.0 ~0 .1  0 8.1, 8.2 
3.0 3.7 0.1, 0.3 4.5, 4.5 c 

Rates of d-a-Tocopherol Oxidation by Various Lipid 
Hydroperoxides in 98.0% Ethanol, pH 7.0, at 45.0 C 

Lipid hydroperoxide Rate a, 102k, rain -1 

LOOH(18:2) 3.68 
LOOH(18:3) 3.86, 4.23 
LOOH(20:4) 3.06, 3.12, 3.13, 3.10 
LOOH(20:5) 3.08, 2.98, 3.10 
LOOH(Fish PUFA) 4.80, 5.39 

aReplicate values from separate reactions. 

a2.0 x 10 -4 M 0t-tocopherol, 2.35 x 10 -4 M methyl 
linoleate hydroperoxide,  and 1.28 x 10 -5 M FeC13. 

bFirst-order dependence on OVtocopherol. Compu- 
ter calculated rates from 0.25 to 4.00 rain reaction 
time span. 

Ck - 8.2 x 10 -2 rain -1. obsd. - 

Kinetic Measurements 

Oxidat ions  of  a - tocophero l  were initiated by 
Fe(III)-catalyzed decompos i t ions  of  the lipid 
hydroperoxides .  The rates of  oxida t ion  were 
m e a s u r e d  spec t rophotorne t r ica l ly  with a 
Beckman Model DB instrument  which was 
calibrated periodically th roughout  the investi- 
gation. Temperatures  of  the kinet ic  reactions 
were control led to +0.02 C. 

A typical procedure  for kinet ic  measure- 
ments  is as follows: 3.00 ml of  2.35 x 10 -4 M 
methy l  l inoleate hydroperoxides  in e thanol  are 
placed in both  sample and reference cuvettes in 
a thermosta ted  cell holder  of  the spec t rophoto-  
meter .  Next ,  30 pl of  2.00 x 10 -2 M o~-toco- 
pherol  f rom stock solut ion is added to the 
sample cuvette.  Af te r  thermal  equil ibrium, the 
initial concent ra t ion  of  a - tocophero l  is spec- 
trally determined.  The kinet ic  react ion is 
started by adding 4 pl of  Fe(II I )  catalyst (1.00 
x 10-2 M FeC13 in 95% ethanol) .  The rate 
measurements  are begun 0.25 min after the 
reactants  are mixed.  

The rate of  a - tocophero l  oxidat ion  was fol- 
lowed by cont inuously  recording by differential  
sPec t ropho tomet ry  the change in absorbance at 
292 nm. First-order rate constants  were calcu- 
lated by digital compute r  (IBM model  7044)  
for the react ion period be tween  0.25 min and 
4.00 min (12). 

RESULTS A N D  DISCUSSION 

The course of  hydroperox ide  decompos i t ion  
by iron,  like o ther  transi t ion metals depends on 
the  oxidat ion  state of  the metal.  Fo r  example,  
the  reactions depic ted  by Equat ions  1 and 2 

ROOH + F e(lll) ~-~ ROO ~ + H + +F e(ll) [ 1 ] 

ROOH+Fe(I I )  ) R O "  +OH'+  Fe(I l I)[2l  

proceed at vastly different  rates. Prel iminary 
exper iments  demonst ra ted  that  a slower 
Fe(III)-catalysis is control led  easier than a 
faster Fe(lI)-catalysis  (12). A Fe(III)  system has 
an advantage that it does not  require the addi- 
t ion of  a regenerating agent as would be re- 
quired for a Fe(II)  system (13). A system that  
uses only  Fe(II)  in the initial react ion will 
a lmost  quant i ta t ively  produce  a lkoxy radicals 
(14). Fe(II I )  catalysis in the initial react ion 
produces  equal  amounts  of  pe roxy  and a lkoxy 
radicals according to the summat ion  of  the 
above equations.  

Examination of Reactants 

Particular a t ten t ion  was given to reactions 
that  occur  in the initial 4 min period of  a- toco-  
pherol  oxidat ion.  An examinat ion  of  possible 
in teract ions  of  reactants  during this period was 
made (Table I). 

Examina t ion  of  possible thermal  homolysis  
o f  m e t h y l  l i n o l e a t e  h y d r o p e r o x i d e s ,  
LOOH( 18: 2) [ LOOH designates lipid hydroper-  
ox ide  and (18:2)  means carbon number : -  
number  of  double  bonds of  fa t ty  ester hydro-  
pe rox ides ] ,  to cause a - tocophero l  ox ida t ion  
revealed, in the second co lumn of Table I, that  
this react ion is un impor tan t  in the pH range of  
7.0 to 4.0. The data, however ,  indicate an 
apparent  acid catalysis at pH 3.0 in the absence 
of  Fe(III) .  An examinat ion  of  a react ion of  
0t-tocopherol with Fe(II I )  in the absence of  
LOOH(18 :2 )  indicated,  as in Table I, that  the 
react ion with Fe(III)  is kinet ical ly un impor tan t  
for systems at pH 7.0 to 4.0. At pH 3.0, cor- 
rect ions for a small Fe(II I )  react ion were made.  
Correc ted  rates for the comple te  react ion 
system are de termined  with a fair degree of  
conf idence.  The last co lumn of Table I gives the 
rates when all reactants  are present.  

Because the me thod  of  differential  spectra 
was used, a blank contained all react ion com- 
ponents  o ther  than ct-tocopherol.  An exami- 
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W a v e l e n g t h ,  n a n o m e t e r s  

FIG. 1. Sequential spectra of a reaction of 1.94 x 
10 -4 M 0~-tocopherol, 1.28 x 10 -5 M FeCI3, 2.35 x 
10 -4 M methyl linoleate hydroperoxides, and 1.0 x 
10 -6 M HC1 in 99.0% (v/v) (pH 6.0) ethanol at room 
temperature. Reaction times at start of each scan: 0, 
zero; 1, 0.25 min; 2, 2.25 min; 3, 5.25 min; 4, 7.25 
min; 5, 9.50 min, and 6, 11.75 min. 

nation of the blank revealed a negligible 
influence on the spectrum in the region of 292 
nm. For example, spectrophotometric measure- 
ments of 2.35 x 10 -4 M LOOH(18:2) with 1.28 
x 10 -s FeC13 in ethanol, at 37 and 45 C, failed 
to show a significant reaction during the time 
period that rates of a-tocopherol oxidation 
were measured. 

Evidence for the stability of the hydroper- 
oxides was obtained from comparisons of rates 
of a-tocopherol oxidation on different days. 
For example, from an ethanolic stock solution 
of 1.27 x 10 -2 M LOOH (20:5), aliquots were 
taken and used in Fe(III)-catalyzed reactions 

with (2.04+0.01)10 -4 M a-tocopherol. The 
reaction concentration of LOOH(20:5) was 
2.34 x 10 ̀ 4 M. A specific rate of 3.10 x 10 -2 
min -1 was observed on one day, while 48 hr 
later the rates of 3.08 x 10 -2 and 2.98 x 10 -2 
min-I were observed. If the LOOH(20:5) was 
unstable and decomposed in the stock solution, 
thereby decreasing the hydroperoxide concen- 
tration, then the rate would be less. Such 
instability was negligible compared to the effect 
of controls in the investigation. 

Degree of Unsaturation of Lipid Hydroperoxides 

Data in Table II summarize the results of 
0t-tocopherol oxidations ~oy hydroperoxides of 
lipids with various degrees of unsaturation. 
There are small but insignificant differences 
between reaction rates associated with the 
degree of unsaturation of lipid hydroperoxide 
(LOOH) esters of the same carbon atom chain 
length. There are apparent differences between 
r e a c t i o n  r a t e s  w i t h  LOOH(18:2) and 
LOOH(18:3) and those with LOOH(20:4) and 
LOOH(20:5). A slower reaction is associated 
with the longer chain length and greater degree 
of unsaturation compared to the shorter chain 
length and lesser degree of unsaturation. 

The mixed hydroperoxides of the fish oil 
polyunsaturated fatty acid esters appear as an 
anomaly compared to the other more homo- 
geneous hydroperoxides. The fatty acid com- 
position of the esters used to prepare the 
LOOH(Fish PUFA) included 5.5% 20:4, 30.4% 
20:5, 7.8% 22:5 and 29.6% 22:6, among others 
(10). The reaction of a-tocopherol with the 
LOOH(Fish PUFA) system gave rates that were 
about 50% faster than those associated with 
LOOH(18:2) and LOOH(18:3). This dis- 
crepancy is difficult to explain, considering the 
stability of the hydroperoxides. 

The effect of decreasing the level of 
LOOH(18:2) in reactions with a-tocopherol 
was examined to determine the relative 
decrease in the corresponding rate. By changing 
the concentration of LOOH(18:2) from 2.35 x 
10 .4 M to 2.08 x 10 .4 M, or 11.5 mole-%, in a 
reaction with 2.08 x 10 -4 M a-tocopherol, the 
specific rate was lowered from 3.68 x 10 -2 to 
2.98 x 10 -2 min -1 or 19.1%. Comparing these 
results to those in Table II, one finds that the 
11.5% decrease in LOOH(18:2) concentration 
results in a decrease in rate that is less than the 
difference between the extreme values in the 
Table. Therefore, it appears that the relative 
differences in the rates shown in Table II are 
not due to decreased concentrations of LOOH 
that may result from peroxide instability as the 
degree of unsaturation increased. 

It is possible that the rate of hydroperoxide 
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TABLE III 

Rates of d-c~-Tocopherol Oxidation With Methyl  Linoleate Hydroperoxidesa:  
Effect of  Temperature,  Acidity  and Water Content  of  Ethanolic  Media 
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Aqueous ethanol Rate at 37.0 C, Rate at 45.0 C, 
pH medium,  ethanol ,  % 102k, min -1 102k, m i n ' l  

7.0 100 13.6 21.3 
99.5 9.22 14.3 
99.0 7.94 10.7 
98.0 3.30 4.31 

5.0 99.5 10.7 15.3 
99 .0  9.3 13.0 
98 .0  4.95 6 .24  

aReactants  concentrations:  2.0 x 10 -4 M Ot-tocopherol, 2.3 x 10 -4 M LOOH(18:2), and 1.3 x 10 -5 
M FeCI 3. React ion t ime span, 0.25 to 4.00 min. 

dissociation in an overall reaction sequence is 
nearly the same as the rate of a-tocopherol oxi- 
dation. In such a case, the differences in Table 
II may be due to competing rate-determining 
steps. 

Examination of Reaction Intermediate 

The spectra of ~-tocopherol oxidation 
reactions with Fe(III) and LOOH(18:2) were 
recorded between 320 nm and 240 nm at 
various time intervals. An isosbestic point at 
282 nm, illustrated in Figure 1, was determined 
from sequential overlapping spectra of the 
reaction in aqueous ethanol at pH 6.0 and 7.0, 
and in absolute ethanol. This isoabsorptive 
relationship in the spectra of the initial stage of  
a-tocopherol oxidation is indicative of a 
unimolecular transformation (15) and supports 
first order kinetics based on a-tocopherol con- 
centration. 

The initial product of a-tocopherol oxi- 
dation had a maximum absorbance near 255 
nm. An isosbestic point at 283.5 nm was found 
for the spectra of various mixtures of 2.0 x 
10 -4 molar d-a-tocopherol and d-a-tocopherol 
qu inone  (Distillation Products Industries, 
Rochester) in ethanol. The spectrum of a-toco- 
pherol quinone in ethanol shows a doublet peak 
with ~kma x at 262 nm and 269 nm. The initial 
oxidation product is not the quinone, but some 
intermediate substance that is easily oxidized to 
t h e  quinone, as the following will indicate. 

The spectral properties of the substance con- 
tributing to the 255 nm peak were examined in 
two ways. First, a reaction in 99.0% ethanol at 
pH 4.0 after 6 min showed a concomitant 
spectral shift of the 255 nm peak to a doublet 

.with a peak at 262 nm and strong shoulder 
peak at 269 nm. The doublet peaks correspond 
with those of a-tocopherol quinone. 

Second, a reaction was run in neutral 
absolute ethanol; the 255 nm peak remained 

strong after 30 rain of reaction. To the 
solutions in both cuvettes were added 20/al ali- 
quots of ethanol containing NaBH4, and t h e  
reaction spectrum was recorded sequentially for 
another 30 min. The absorbance decreased 
during this period, but maintained the 255 nm 
~kma x. At this point, 5 /~1 of 6N-HC1 was added 
to the reaction in the sample cuvette. A sequen- 
tial recording of the spectrum showed a rapid 
(30 sec) shift from the 255 nm peak to a 
doublet with peaks at 262 nm and 269 nm 
(shoulder), which was identical to that of the 
first reaction. 

We conclude that this spectral examination 
of a-tocopherol oxidizing with Fe(III) and 
LOOH(18:2) indicates a transition through an 
acid-unstable intermediate to form a-toco- 
pherol quinone. The intermediate with ~kma x 
255 nm is not known, but a-tocopherol qui- 
none methine (16) is a major suspect. Under 
the conditions of the reactions, 8a-ethoxy-a- 
tocopherone (17), which has an absorption 
maximum at 241 nm in ethanol (18), may pos- 
sible form; however, the spectral data for toco- 
pherone and other products of a-tocopherol 
oxidation show ~kma x values well removed from 
255 nm. 

Effect of Water and Acid 

Rates of a-tocopherol oxidation are com- 
pared for reactions in absolute ethanol and 
aqueous ethanol at pH 7.0 and 5.0 (Table III). 
The data in Table III show that as little as 0.5% 
H20 in the solvent has a marked inhibitory 
effect on the oxidation of a-tocopherol. The 
greatest effect of H20  is found between the 
reactions in anhydrous ethanol and in 99.5% 
ethanol. An increase in acidity from pH 7.0 to 
5.0 increases the rate by as much as 50%. The 
percentage increase in rate is greater at the 
higher content of water in the solvent and at 
37 C than at 45 C. 
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FIG. 2. A suggested mechanism for Ot-tocopherol oxidation. 

Mechanistically, the data in Table III indi- 
cate that acid or hydronium ions are involved in 
the slow step of the overall reaction. This in- 
volvement may be to (a) facilitate an intramole- 
cular transformation of an c~-tocopherol oxi- 
dation intermediate, (b) increase available lipid 
free-radicals by catalyzing hydroperoxide dis- 
sociation (22), or (c) make Fe(III) more avail- 
able by causing dissociation of less reactive 
Fe(OH)2+ (14), which might form in neutral 
aqueous ethanol. Conversely, the involvement 
of water in the rate-determing step may be to 
inhibit hydroperoxide dissociation by com- 
bining with the Fe(III) catalyst to form the ion 
pair complex. Water may compete with c~-toco- 
pherol as a hydrogen-atom donor to free radi- 
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cals. Water may also be a product of an inter- 
mediate step of the overall reaction, such that 
an increase in water content of the medium 
could inhibit the step by mass action effects. 

Mechanism for O~-Tocopherol Oxidation 
t~-Tocopherol can undergo oxidation to form 

a variety of products (17-19), including a-toco- 
pherol quinone (20). Free-radical oxidation can 
yield ot-tocopherol quinone methine (16). A 
complete mechanism for a-tocopherol quinone 
formation from ct-tocopherol that includes the 
quinone methine structure has not been 
reported. A quinone methine has been essen- 
tially proven as an intermediate in coenzyme Q 
reactions (21) which are comparable to certain 
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vi tamin E react ions.  Based on a rguments  similar 
to  those used for coenzyme  Q, a mechanism 
that  involves the qu inone  me th ine  is suggested 
for a - tocophe ro l  (Fig. 2). 

This mechan i sm suggests acid-catalysis and 
hydra t ion  steps in addi t ion to hyd rogen -a tom 
abst ract ion steps with an in te rmedia te  a - toco-  
phero l  qu inone  meth ine .  The first two steps in- 
volve abs t rac t ions  of  two hydrogen  a toms,  as 
p roposed  by Knapp  and Tappel  (16). Next ,  the  
unstable  qu inone  meth ine  reacts  wi th  a p ro ton  
to  p roduce  an in te rmedia te  o x o n i u m  ion,  which  
rearranges to  a ca rbonium ion. The reactive car- 
bon ium ion may then  add a water  molecule  to  
fo rm a second o x o n i u m  ion, which  can expel  a 
p ro ton  to p roduce  a - tocophe ro l  qu inone .  

The react ion of  the qu inone  meth ine  wi th  a 
p ro ton  is assumed to  be irreversible. This 
assumpt ion  is based partly on the  present  obser-  
vat ion of  a spectral  isosbestic point .  Also, no 
evidence is found  for  the conversion of  a - toco-  
pherol  qu inone  to the  qu inone  meth ine  tha t  
would  suppor t  a reversible mechanism.  

The suggested mechan ism incorpora tes  the  
effect  of  pH, i.e., an increase in ac id i ty  of  the  
reac t ion  med ium tends  to  accelerate the  rate o f  
a - t ocophe ro l  ox ida t ion  via the  p r o t o n a t i o n  of  a 
principal  in te rmedia te ,  a qu inone  meth ine .  The 
results of  the  present  invest igat ion,  which  
demons t r a t e  rate e n h a n c e m e n t  wi th  decreasing 
pH, lend suppor t  to p r o t o n a t i o n  steps of  this 
mechanism.  

This invest igat ion indicates  a need  for  
fur ther  s tudies on the  solvent  d e p e n d e n c e  of  
react ions  of  a - tocophe ro l  wi th  lipid free-radi- 
cals. A rate law tha t  takes in to  account  solvent ,  
hydrogen- ion  concen t ra t ion ,  and all reac tants  
would  be valuable to an unders tand ing  of  the  
reactivit ies o f  vi tamin E and similar biological 
an t ioxidants .  
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Reactions of Biological Antioxidants: 
II. Fe(lll)-Catalyzed Reactions of Methyl Linoleate 
Hydroperoxides With Derivatives of Coenzymes Q 
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Bureau of Commercial Fisheries, Seattle Washington 98102, and 
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ABSTRACT 

Lipid free-radical oxidations of ubiqui- 
nol-6, ubichromenol-6, ubichromenol-10, 
and a-tocopherol hydroquinone were 
kinetically examined in the presence of 
Fe(III)-catalyzed dissociations of pre- 
formed methyl linoleate hydroperoxides. 
The rates of oxidation of the chromenols 
increased more than those of the hydro- 
quinones as reaction acidity was in- 
creased. Differences in thermal effects 
upon rates were influenced by the levels 
of water in the reactions. The hydroqui- 
nones exhibited faster rates relative to 
a-tocopherol than the ubichromenols, 
while the rates for the latter varied 
markedly depending on the nature of the 
solvent. 

INTRODUCTION 

Hydroperoxides are the principal products in 
the autoxidation of lipids in biological mate- 
rials. Free-radical chain processes, which result 
in polymerization of proteins (1) and damage 
to biological membranes and subcellular organ- 
elles (2,3), are induced by dissociations of lipid 
hydroperoxides (4). 

Vitamin E, or a-tocopherol, inhibits free- 
radical reactions in the autoxidation of lipids 
(5). Vitamin E and the other natural com- 
pounds considered here are possible biological 
antioxidants because they can furnish hydrogen 
atoms (6) to free radicals and inhibit peroxi- 
dations. Such biological antioxidants may in- 
clude the reduced and isomerized forms of co- 
enzymes Q, namely, the ubiquinols and ubi- 
chromenols. Also, a-tocopherol hydroquinone, 
a reduced form of oxidized vitamin E, is con- 
sidered an antioxidant. 

This report is a continuation of a series that 
began with a kinetic investigation of a-toco- 
pherol reactions with lipid peroxy radicals (7). 
The investigations reported here give infor- 
mation on the relative reactivities of ubiquinol, 
ubichromenols, a-tocopherol, and 0t-tocopherol 

hydroquinone in lipid free-radical reactions 
which involve preformed methyl linoleate 
hydroperoxides. Peroxy radicals from the 
hydroperoxides were generated by ferric-iron 
catalysis. 

EXPERIMENTAL PROCEDURES 

Materials 

Ubiquinol-6. Ubiquinone-6 (coenzyme Q6; 
Nutritional Biochemicals Corp. was reduced to 
ubiquinol-6, as follows. Approximately 100 mg 
of ubiquinone-6 was mixed in approximately 5 
ml of  95% ethanol. Two drops of an aqueous 
20% (w/v) NaBH 4 solution were added. 
The mixture was then well agitated on a vibra- 
tion-type mixer, and allowed to stand for 2 min 
at room temperature. Next, the reaction was 
acidified with a few drops of 12 N H2SO4, 
diluted to 3X volume with distilled water, and 
extracted with n-hexane (Nanograde; Mallin- 
ckrodt Chemical Works). The mixture of  react- 
ants and the hexane extract were protected 
with nitrogen at all times. The n-hexane 
solution was dried over anhydrous Na2SO4, 
decanted into a pear-shaped flask, and evapo- 
rated with a rotary evaporator over a 50-60 C 
water bath. The ubiquinol-6, which was 
recovered from the hexane extract, was found 
to be 95 mole % pure by spectrophotometric 
analysis (8). 

A stock solution of ubiquinol-6 was made up 
in 0.5 ml of 95% ethanol. The concentration of 
ubiquinol-6 was (2.15+0.06) 10-2 M in the 
stock solution. 

Spectral analysis of an autoxidation of ubi- 
quinol-6 to ubiquinone-6 produced an isos- 
bestic point at 293.5+0.3 nm in ethanol. A 
molar absorptivity (era) of 3,615 at 293.5 nm 
was determined for ubiquinol-6 and ubiqui- 
none-6 in ethanol. Analysis of  ubiquinol-6 gave 
E m 3,860 at 289 nm (~kmax) , e m 2,945 at 274.5 
nm, and e m 569 at 255 nm (~kmin); while ubi- 
quinone-6 gave e m 15,330 at 274.5 nm (~kmax) 
and E m 7,720 at 255 nm, in ethanol. 

Ubichrornenol-6 and Ubichromenol-l O. Ubi- 
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chromenol-6 and ubichromenol-10 were pre- 
pared by the isomerization method of McHale 
and Green (9). The corresponding ubiquinones 
(Nutritional Biochemicals Corp.; Sigma Chemi- 
cal Co.) were used in the isomerizations. 

Ubichromenol-6 and ubichromenol-10 were 
separately purified by preparative TLC on chro- 
matoplates coated with 2 mm layers of Silica 
Gel F254 (E. Merck, Darmstadt). The develop- 
ing solvent was petroleum ether-ethyl acetate 
(80:20 v/v). The separated bands were revealed 
with a short wavelength UV light (2537 A). 
About 7 mm of one side of the chromatoplates 
were sprayed with a 5% (w/v) solution of phos- 
phomolybdic acid in ethanol, and quickly 
heated at l l 0 C  for 30 sec. A blue area that 
corresponded to ubichromenol reduction of 
phosphomolybdic acid corresponded to a very 
dark band revealed under the UV light. In each 
case, the adsorbent band was scraped from the 
plate, and the ubichromenol was recovered by 
extraction with peroxide-free diethyl ether. 
This procedure gave 81% (150 mg) yield of ubi- 
chromenol-6, which was highly pure as indi- 
cated by good agreement of molar absorptivi- 
ties with the literature values (10). 

Stock solutions of appropriate concentra- 
tions of ubichromenol-6 and ubichromenol-10 
were prepared in ethanol. An isosbestic point at 
253 nm was found in the spectra of free-radical 
oxidations of ubichromenol-6 and ubichro- 
menol-10 in ethanol. These oxidations were 
carried out in the same manner as those for 
kinetic measurements (see below). 

Spectrophotometric analysis of the ubichro- 
menol-6 gave molar absorptivities as follows: 
(in isooctane) e m 19,300 at 231 nm, e m 8,720 
at 274 nm, e m 8,030 at 281 nm, e m 3,500 at 
330 nm; and (in absolute ethanol) ern 5,015 at 
253 nm, e m 7,540 at 273 nm, and e m 1,100 at 
299 nm. Spectral analysis of ubichromenol-10 
gave molar absorptivities, as follows: (in iso- 
octane) e m 16,510 at 230 nm, e m 7,960 at 274 
nm, e m 2,910 at 330 nm; and (in absolute 
ethanol) e m 17,150 at 230 nm, e m 5,170 at 
253 nm, e m 7,900 at 274 nm, and e m 1,645 at 
300 nm. 

ct-Tocopherol Hydroquinone. A sample of 
d-a-tocopherol quinone (Distillation Products 
Industries) was reduced to a-tocopherol hydro- 
quinone, as follows: 0.20 g of d-a-tocopherol 
quinone was dissolved in 50 ml of diethyl ether 
in a low-actinic glass separatory funnel, freshly 
prepared aqueous solution of 20% (w/v) sodium 
dithionite was added, and the mixture was 
shaken vigorously for at least 5 min. Nitrogen 
was used at all times to protect the reaction. 
The ethereal layer was recovered, washed three 
times with freshly boiled, but cool, distilled 

water, and dried over anhydrous K2CO 3 in the 
separatory funnel. Precautions were taken to 
exclude adsorbed oxygen from the K2CO 3. The 
0~-tocopherol hydroquinone was recovered 
quantitatively by evaporation of the solvent in 
a stream and atmosphere of nitrogen at room 
temperature. 

A stock solution of a-tocopherol hydroqui- 
none was made up in a serum bottle containing 
nitrogen. The solvent, absolute ethanol, was 
purged with nitrogen. The concentration of the 
hydroquinone was determined spectrophoto- 
metrically. Quantitation was based on e m 2,925 
at 287 nm ~-max in absolute ethanol. 

Spectral analysis of an autoxidation of  
0t-tocopherol hydroquinone to ct-tocopherol 
quinone produced an isosbestic point at 282 
nm (em 2,800) in ethanol, ct-Tocopherol hydro- 
quinone gave the value of e m 1,540 in ethanol 
at the ~kma x 269 nm for a-tocopherol quinone 
(em 16,200). 

ct-Tocopherol. The a-tocopherol was the 
same as that used in the initial investigation 
reported in this series (7). Stock solutions of 
2.0 x 10 .2 M a-tocopherol in 95% ethanol were 
prepared. Concentrations were based on the 
spectrophotometric value e m 3,260 at 292 nm 
(~max). A spectral isosbestic point at 283.5 nm 
(e m 2,660) was determined for mixtures of 2.0 
x 10 .4 M a-tocopherol and 2.0 x 10 -4 M a-toco- 
pherol quinone. 

Methyl Linoleate Hydroperoxides. The 
hydroperoxides of methyl linoleate were pre- 
pared by autoxidation of 99.9% methyl lin- 
oleate in air at room temperature and isolated 
by preparative thin layer chromatography, 
according to published methods (11). The 
methyl linoleate hydroperoxides, LOOH(18:2) 
[LOOH designates lipid hydroperoxide and 
(18:2) means carbon number :number of double 
bonds of fatty ester hydroperoxides],  had a 
peroxide value of 5,750 meq/kg, which is 94% 
of the theoretical for monohydroperoxides. 
Etc%m (232 nm) of 626 and E~cY~n (268 n m ) o f  
29.6 were measured for the LOOH(18:2) in iso- 
octane. 

S t o c k  s o l u t i o n s  o f  1 . 4 5 " 1 0  .2 M 
LOOH(18:2) in 95% ethanol were prepared. 
When solutions were stored under nitrogen at 
4C ,  the LOOH(18:2) was stable throughout 
the kinetic investigations. 

Kinetic Measurements 

The procedures for carrying out the oxi- 
dations and measuring the rates were essentially 
the same as those for Part I of the series (7). 
The only differences were in the actual spectral 
properties that were involved in the kinetic pro- 
cedure. A Beckman model DB spectrophoto- 
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TABLE I 

Rates of Biological Antioxidant Oxidation: Effect of Temperature, Acidity and 
Water Content of Ethanolic Media of Reactions With Methyl Linoleate Hydroperoxides 

Compound 

Aqueous 
ethanol 

medium, Rate at 37.0 C, 
pH ethanol, % 102k, min "1 

Rate at 45.0 C, 
102k, rain-1 

Ubiquinol-6 7.0 100 61.5 
98.0 25.2 

5.0 98.0 27.3 

Ubichromenol-6 7.0 100 14.3 
99.5 9.47 
99.0 6.63 
98.0 1.71 

5.0 99.5 12.1 
99.0 9.13 
98.0 2.93 

Ubichromenol- 10 7.0 100 14.5 +0.3 
98.0 3.04+0.06 

5.0 98.0 3.76-+0.04 

d-a-Tocopherol 7.0 100 38.6 -+0.2 
hydroquinone 98.0 

d-c~-Tocopheroi b 7.0 100 13.6 
98.0 3.30 

43.4 a 

24.2 
18.4 

8.89 
1.82 

20.0 
12.2 

2.87 

26.8+0.2 
3.5+.+.+.+.+.+.+.+.+.+_0.3 

51.6-+1.5 
16.1-+1.5 

21.3 
4.31 

aRate of blank reaction without FeCI 3 added was 1.67 x 10 -3 min -1 or 0.4% of 43.4 x 10 -2 min "1. 
bSee Reference 7. 

mete r ,  wh ich  was per iodicaUy cal ibra ted ,  was 
used to measure  absorbances .  

The  p rocedures  for  the  o x i d a t i o n  and  k inet ic  
m e a s u r e m e n t s  for  ub iqu ino l -6 ,  for  example ,  are 
as fol lows:  3 .00 ml e t hano l  con ta in ing  2.35 x 
10 -4 M L O O H ( 1 8 : 2 )  and  2.00 x 10 -4 M ubiqui-  
nol-6 are placed in to  a sample  cuve t te ,  while 
3 .00  ml o f  the  2.35 x 10 -4 MLOOH(18:2) are 
placed  in to  a re fe rence  cuvet te .  T he  cuvet tes  
are t hen  placed in to  a t h e r m o s t a t e d  ho lder  in 
the  s p e c t r o p h o t o m e t e r  and  a l lowed to  come to 
t h e r m a l  equ i l ib r ium at 37 .0+0 .02  C (or  
45 .0+0 .02  C). The  k ine t ic  r eac t ion  is s ta r ted  by  
add ing  4.0 ~1 of  1.00 x 10 -2 M FeC13 in e thano l  
to  b o t h  cuvet tes .  Af te r  t h o r o u g h l y  shaking the  
cuvet tes ,  the  change in a b s o r b a n c e  at  255 n m  
(near  ~kma x for  u b i q u i n o n e - 6 )  is measured .  The  
a b s o r b a n c e  at the  i soabsorp t ive  wave length  
293.5  n m  (Xi) is d e t e r m i n e d  pr ior  to  the  addi- 
t i on  of  Fe(III) .  Ra te  m e a s u r e m e n t s  are 
r ecorded  b e t w e e n  0.25 and  1.75 rain,  and 
abso rbances  are read at 0.25 min  intervals  f rom 
the  recordings .  F i r s t -o rder  specific rates  are cal- 
cu la ted  by  digital c o m p u t e r  (IBM Model  7044)  
f rom the  change in abso rbance  at  255 n m  
relat ive to the  a b s o r b a n c e  at  Xi. 

Fo r  rates  of  ox ida t ions  of  u b i c h r o m e n o l - 6  
and  u b i c h r o m e n o l - 1 0 ,  the  change  in absorb-  
ances  at 299 n m  and  300 nm,  respect ively ,  were 
fo l lowed relat ive to  ab s o r bances  at  253 n m  (Xi) 
for  4 min.  The  ra tes  of  a - t o c o p h e r o l  h y d r o q u i n -  
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one  ox ida t ions  were based on  changes  in 
abso rbance  at  287 n m  dur ing  the  first 0.9 min.  
Ra tes  of  tx- tocopherol  ox ida t ions  were based  on  
abso rbances  at  292  n m  relative to a b s o r b a n c e  at  
283 n m  for  4 min.  

RESULTS 

Ubiquinol-6 Oxidations 

The  results  in Table  I show tha t  the  add i t i on  
of  2% (v/v)  wate r  has  the  effect  of  lowering the  
ra te  of  ub iqu ino l -6  ox ida t i on  at  37 C by  a b o u t  
two  and  one-ha l f  t imes.  The  rate  is near ly  un-  
a f fec ted  by  a 100-fold increase in the  level of  
acid f rom pH 7 in 98 .0% e thanol .  A small  b l ank  
reac t ion  was observed  at 45 C. 

Ubichromenol-6 Oxidations 

The  results  in Table  I for  u b i c h r o m e n o l - 6  at 
37.0 and  45 .0  C show tha t  the  rates  of  oxi- 
da t ion  decrease as the  level of  water  in the  
r eac t i on  media  increases.  A compar i son  of  
pH-con t ro l l ed  r eac t ions  in 99.5%, 99.0% and 
98.0% e thano l  at 37.0 C indicates  t h a t  the  
decrease  in ra te  due to  increased wate r  c o n t e n t  
of  t he  media  is grea ter  at pH 7.0 t han  at pH 
5.0. By compar ing  37 C reac t ions  in 99.5% and 
98 .0% e thano l ,  values in the  Table  show 82% 
lower  ra te  at pH 7.0 and  75% lower  ra te  at  pH 
5.0. A 100-fold increase  in acid levels f r o m  pH 
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7.0 slightly enhanced the rates when the solvent 
was unchanged. 

In absolute ethanol and in 99.5% ethanol, 
the rates at 45 C were nearly double those at 
37 C. In 98.0% ethanol, the oxidation appeared 
insensitive to thermal influence between 37 and 
45 C. The temperature effected the rate more 
as the amount of water in the solvent decreases. 

Ubichromenol-10 Oxidations 

The results in Table I show that the rate for 
ubichromenol-10 in absolute ethanol a t  45 C is 
about twice that at 37 C. At pH 7.0 and 98.0% 
ethanol, the rate was only slightly greater at 
45 C than at 37 C. The addition of water to the 
a n h y d r o u s  systems caused a substantial 
decrease in rate at both temperatures. At 37 C 
in 98.0% ethanol, an increase in the level of 
acid from pH 7.0 to pH 5.0 slightly enhanced 
the rate. 

O~-Tocopherol Hydroquinone Oxidations 

Table I also shows t h a t  water effects the 
lipid free-radical oxidations of a-tocopherol 
hydroquinone. Under the kinetic conditions 
employed at 45 C, the addition of 2% water to 
the medium causes the rate to be reduced by 
about one third. In absolute ethanol, an 
increase from 37 C to 45 C causes about a 35% 
increase in the rate of oxidation. 

DISCUSSION 

Reaction Characteristics 

The nature of the medium for reactions of 
ubiquinol-6, ubichromenol-6, ubichromenol-10, 
and a-tocopherol hydroquinone has the same 
effects as reported previously for reactions of 
a-tocopherol (7). The differences noted in the 
magnitude of the effects are related to molecu- 
lar structures, bond energies, and enthalpies of 
specific reactions, the discussion of which is 
beyond the scope of this report. 

Kinetic plots revealed an order of reaction 
greater than first order as the reactions pro- 
ceeded to near completion. Only the first 
minute or several minutes of each reaction were 
kinetically measured and compared. The initial 
period of a reaction closely approximates a 
first-order reaction, consequently, the least 
number of complex oxidation products occur 
during this period. 

The isosbestic points demonstrated in the 
spectra of the reaction mixtures are supportive 
evidence for reactions of the type A~B. Here, 
an isosbestic point for each oxidation reaction 
negates the transformation of antioxidants by 
dimerization. 

Relative Rates 

The type and structure of free radicals are 
important variables in reactions of hydrogen- 
atom donors or antioxidants. Relative reaction 
rates can be estimated by maintaining such 
variables constant for reactions under com- 
parable conditions (12). Here, the reaction of 
each biological antioxidant was dependent on 
alkyl peroxy radicals generated from methyl 
linoleate hydroperoxides, while each set of 
reaction conditions were closely controlled. 

The results show significant differences in 
reaction rates of the antioxidants. The relative 
rates for reactions in absolute ethanol at 37 C 
are in an order which is anticipated from dif- 
ferences in molecular structures, i.e., ubi- 
quinol-6 and a-tocopherol hydroquinone oxi- 
dize faster than a-tocopherol and the ubichro- 
menols. In this case, the order and relative rates 
were as follows: ubiquinol-6, 4.52; a-tocopherol 
hydroquinone, 2.86;  ubichromenol-10, 1.07; 
ubichromenol-6, 1.05; and a-tocopherol, 1.00. 

A greater difference in relative rates was 
found for reactions in 98% ethanol compared 
to those in absolute ethanol. For reactions at 
45 C in aqueous 98.0% ethanol at pH 7.0, the 
order and relative rates were as follows: ubi- 
quinol-6, 10; a-tocopherol hydroquinone, 3.7; 
a-tocopherol, 1.0; ubichromenol-10, 0.8; and 
ubichromenol-6, 0.4. 

The order of relative rates of ubiquinol-6 
and c~-tocopherol hydroquinone correlates with 
d i f f e r e n c e s  between electronic inductive 
strengths of methoxy and methyl groups which 
are adjacent to phenolic groups in benzene ring 
positions. An increase in free-radical stability of 
the methyl-substituted hydroquinones is pre- 
dicted from resonance structure formulas which 
include hyperconjugation (13). Thus, a-toco- 
pherol hydroquinone is less reactive than ubi- 
quinol-6, because of the added stability given to 
the former by hyperconjugation. 

In the case of oxidations of the ubichro- 
menols and a-tocopherol in absolute ethanol, 
the closeness of the relative rates suggests that 
the role of an inductive effect of side groups 
upon reactivities may be unimportant.  On the 
other hand, the wide difference between their 
relative rates in 98.0% ethanol suggests that 
either solvent molecules are directly involved in 
the overall mechanisms or solvent polarity facil- 
itates charge-transfer or charge-separation steps, 
or both, in the mechanisms. The chromenols 
and a-tocopherol (a chromanol) can undergo 
ring-opening reactions, which probably involve 
heterolytic cleavage of covalent bonds, rather 
than homolytic cleavage, in polar solvents (7). 

The above interpretations help to explain 
some of the differences reported by others in 
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T h e  a b o v e  i n t e r p r e t a t i o n s  h e l p  to  e x p l a i n  
s o m e  o f  t h e  d i f f e r e n c e s  r e p o r t e d  b y  o t h e r s  in  
e x a m i n a t i o n s  o f  c o e n z y m e s  Q, v i t a m i n s  E,  a n d  
t h e i r  de r iva t i ve s  u n d e r  a v a r i e t y  o f  r e a c t i o n  c o n -  
d i t i o n s  ( 1 4 - 1 6 ) .  T h e  w o r k  o f  K a u f m a n n  a n d  
G a r l o f f  ( 1 4 )  d e m o n s t r a t e d  t h a t  s o l v e n t  a n d  
e m u l s i o n s  c o n t r i b u t e  to  d i f f e r e n t  r eac t i v i t i e s  o f  
t h e s e  c o m p o u n d s .  R e a c t i o n s  p r o c e e d  at  dif -  
f e r e n t  r e l a t ive  r a t e s  in a h o m o g e n o u s  s y s t e m  
c o m p a r e d  to  a h e t e r o g e n e o u s  s y s t e m .  A d d i -  
t i o n a l  d i f f e r e n c e s  a re  i n d i c a t e d  in t h e  p r e s e n t  
w o r k  d u e  to  o x i d a t i o n s  b y  F e ( I I I ) - c a t a l y z e d  
g e n e r a t i o n  o f  f ree  r ad ica l s  r a t h e r  t h a n  b y  au t -  
o x i d a t i o n  p r o c e s s e s  (16) .  
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Long Chain Fatty Alcohols in Normal and Neoplastic Tissues 
M. L. BLANK and FRED SNYDER,  Medical Division, 
Oak Ridge Associated Universities, Oak Ridge, Tennessee 37830 

ABSTRACT 

Small quantities of long chain fat ty  
alcohols (esterified or free or both) were 
found in four normal tissues (about 
0.01% of total neutral lipids) and three 
neoplasms (about 0.3% of total  neutral 
lipids). The major chain lengths (16:0,  
18:0 and 18:1) of the fat ty  alcohols in 
both normal and neoplastic cells quali- 
tatively resemble the O-alkyl chain 
lengths of glyceryl ethers. Our data 
showing that long chain fat ty alcohols 
occur in vivo support the biological signi- 
ficance of the metabolic pathway that 
uses fat ty alcohols as a substrate for the 
alkyl chain in glyceryl ether biosynthesis. 

INTRODUCTION 

Long chain fatty alcohols in living cells have 
been found mainly in animals of the sea or in 
plants (1). Essentially nothing is known about 
their occurrence in mammalian tissues, except 
for the fatty alcohols present in wax esters of 
specialized glands (2) a n d  pig liver (3). Meta- 
bolic studies (4-10) of long chain fat ty alcohols 
have indicated that they are rapidly metabo- 
lized, and specific enzymic systems that use 
fatty alcohols to form waxes (11) and alkyl 
glyceryl ethers (12,13) have been discovered. 
The origin of fatty alcohols is obscure although 
it is known that they can result (14,15) from 
the enzymic cleavage (15,16) of glyceryl ether 
bonds. In view of the important  role of fat ty 
alcohols as precursors in the biosynthesis of 
glyceryl ethers, we believed that a study of 
their occurrence, especially in neoplastic cells 
that are rich in glyceryl ethers, was warranted. 

METHODS AND MATERIALS 

Animals, Tissues and Reference Compounds 

Four  normal tissues (beef brain, beef heart,  
rat liver and mouse preputial glands) and three 
transplantable neoplastic tissues (Walker 256 
carcinosarcoma, Ehrlich ascites cells, and Morris 
hepatoma 7777) were used in these studies. The 
bovine tissues were obtained fresh from a local 
slaughter house. The livers were obtained from 
female Charles River rats weighing 150-170 g, 
and the preputial glands were obtained from 14 
male ICR mice weighing 20-30 g. The Walker 

256 carcinosarcoma, the Ehrlich ascites cells 
and the Morris hepatoma were obtained from 
our colony of tumor-bearing animals as pre- 
viously described. All tissues were maintained 
in ice after their removal from the animals until 
the lipids were extracted. 

The following compounds were used as 
reference standards during this study. Methyl 
esters of the fatty acids (pentadecanoic, pal- 
mitic, stearic, oleic, linoleic and arachidonic), 
dipalmitin, oleic acid, triolein and cholesterol 
palmitate (99% purity) were purchased from 
The Hormel Institute, Austin, Minn. The fat ty  
alcohols were prepared from the methyl esters 
of the fat ty acids by LiA1H 4 hydrogenolysis. 
Hexadecyl palmitate and 1,2-dipalmitoyl-3- 
hexadecyl glyceryl ether (99% purity) were 
purchased from Analabs, Inc., Hamden, Conn. 

Extraction of Tissue Lipids and Their Resolution 
Into Neutral and Phospholipid Fractions 

The tissues were first homogenized in 
methanol-chloroform (2:1 v/v) and then 
extracted of lipids by the method of Bligh and 
Dyer (17). The neutral lipids and phospholipids 
were separated on short silicic acid columns; 
only the neutral lipid fractions were used for 
subsequent analysis. All lipid samples were 
stored under nitrogen in chloroform at -23 C 
until analyzed. 

Separation of Lipid Classes 

Approximate ly  100 mg of the neutral lipid 
fractions isolated from the neoplasms were 
resolved into classes by preparative thin layer 
chromatography (TLC) on Silica Gel G layers 
(250 p) in a solvent system of hexane-diethyl 
ether-acetic acid (80:20:1 v/v). The bands were 
located by spraying the plate with a solution of 
0.1% 2,7-dichlorofluorescein in ethanol and 
viewing the chromatographic layer under ultra- 
violet light. The four different bands of com- 
ponents scraped from the plate were (a) choles- 
terol esters plus waxes, (b) glyceryl ether 
diesters plus triglycerides, (c) free fat ty acids, 
and (d) diglycerides plus free cholesterol plus 
free alcohols. The lipids were eluted from the 
silica gel in a sintered glass funnel with 30 ml of 
20% methanol in diethyl ether and then with 
20 ml of chloroform. The solvents were re- 
moved by evaporation under vacuum. 

The larger quantities of neutral lipids re- 
quired from the normal tissues (0.5-2 g) were 
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FIG. 1. Thin layer chromatogram of the nonsapon- 
ifiable fraction of the neutral lipids isolated from a 
Walker-256 carcinosarcoma. Chromatography w a s  
carried out on Silica Gel G layers in a solvent system 
of hexane-diethyl ether-acetic acid (80:20:1 v/v). 
Identification of lanes: 1, standard mixture of fatty 
alcohol (ROH) and cholesterol (CH); 2, total mixture 
of nonsaponifiable lipids from tissue; 3, fat~ alcohols 
isolated from the mixture of nonsaponifiable lipids by 
preparative TLC; 4, acetate (AC) derivative of fatty 
alcohols purified from the mixture of nonsaponifiable 
lipids from tissue; and 5, standard-acetate (AC) deriva- 
tive of hexadecyl alcohol. 

first fractionated by silicic acid column chro- 
matography. A glass column, 2.2 cm in dia- 
meter, was packed in a hexane slurry to a 
height of 23 cm with silicic acid (Bio-Sil HA, 
Bio-Rad Laboratories); the total neutral lipids 
were applied to the column in 5 ml of hexane. 
The cholesterol ester plus wax Fraction (a) was 
collected by elution with 200 ml of 10% CHC13 
in hexane (v/v); the triglycerides (b) were then 
eluted with 200 ml CHC13-hexane (1:1 v/v); the 
fraction containing cholesterol and free fatty 
alcohols (c) was collected by elution with 300 
ml of chloroform. The minute quantities of free 
fatty acids (correspondingto Fraction c) in  nor- 
mal tissues were not analyzed. This type of 
column separation did not give pure lipid frac- 
tions, but it served to eliminate the major class, 
triglycerides, so that the smaller amounts of the 
other classes could be subsequently separated 
by TLC. Solvents were removed by evaporation 
under vacuum and the lipids were redissolved in 
chloroform; the lipid classes were isolated by 
preparative TLC in the same manner as that 
described for the lipids isolated from the neo- 
plasms. 

Isolation of Fatty Alcohols and 
O-Alkyl Glyceryl Ethers 

Fraction a (cholesterol esters plus waxes) 
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FIG. 2. Gas liquid chromatograms of the acetate 
derivatives of fatty alcohols isolated from the total 
lipids of Walker-256 carcinosarcoma (A) and beef 
heart (B). See Methods section of text for experi- 
mental conditions. 

and, in most instances, Fraction d (cholesterol 
plus diglycerides plus free fatty alcohols) were 
saponified by addition of 2-3 ml of 2 N KOH in 
ethanol-water (75:25 v/v); this mixture was 
heated in a sealed tube at 100 C for 10-15 min. 
Three milliliters of water were added to the 
saponification mixture and the nonsaponifi- 
ables were extracted three times with 5 ml 
portions of hexane-diethyl ether (1:1). The 
pooled hexane-diethyl ether extracts were then 
washed five times with I0 ml portions of water, 
dried with anhydrous sodium sulfate, and the 
solvent was removed under vacuum. 

The fatty alcohols were separated from the 
free cholesterol and traces of free fatty acids by 
preparative TLC on Silica Gel G with the sol- 
vent system of hexane-diethyl ether-acetic acid 
(75:25:2 v/v). When the ratio of free choles- 
terol to fatty alcohols was high, double 
development in this solvent system was neces- 
sary to obtain relatively pure samples of fatty 
alcohols. The fatty alcohols were eluted from 
the silica gel as described previously. 

The glyceryl ether diester fraction, present 
only in the neoplasms, was contaminated with a 
significant amount of triglycerides. This frac- 
tion was reduced with LiA1H 4 and the O-alkyl 
glyceryl ethers were separated from the other 
reduction product (fatty alcohols) by TLC 
(18). The O-alkyl glyceryl ethers were eluted 
from the silica gel with 15% methanol in 
diethyl ether. 
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Preparation of Derivatives 

Fatty alcohols were acetylated by heating 
for 1 hr at 100 C in the presence of 2 ml acetic 
anhydride and 0.5 ml pyridine. The free fatty 
acids were methylated by heating for 30 min at 
100 C in the presence of 2 ml methanol con- 
taining 2% (v/v) sulfuric acid, and the O-alkyl 
glyceryl ethers were converted to their iso- 
propylidene derivatives (19). The isopropyli- 
dene derivatives of the O-alkyl glyceryl ethers 
and the acetates of the fatty alcohols were puri- 
fied by TLC on silica gel layers in a solvent 
system of hexane-diethyl ether (80:20 v/v). The 
bands were visualized under ultraviolet light 
after they had been sprayed with an ethanolic 
solution of dichlorofluorescein (0.1%). The 
derivatives were eluted from the silica gel with 
approximately 30 ml of diethyl ether. 

Gas Liquid Chromatography 

The chain length distribution was deter- 
mined for each of the derivatives by gas liquid 
chromatography (GLC). A Victoreen Model 
4000, dual hydrogen flame detector unit was 
fitted with two 6 ft x 1/8 in. columns packed 
with 10% EGSS-X on 100-120 mesh Gas Chrom 
P (Applied Science Labs., State College, Pa.). A 
carrier gas (He) flow of 30-35 ml/min and 
injection and detector temperatures of 260 C 
were used for all analyses. The methyl esters, 
alcohol acetates and isopropylidene derivatives 
of the alkyl glyceryl ethers were analyzed at 
column oven temperatures of 180, 190 and 
200 C. Peak area measurements were used for 
calculating the weight percentage of the 
resolved components. Identification of peaks 
was made by comparing retention times to 
known standards. 

In two experiments (Walker 256 tumor and 
beef heart samples), the amount of fatty alco- 
hols was quantitated by using an internal 
standard. A known amount of 15:0 fatty alco- 
hol, prepared by LiA1H 4 reduction of the cor- 
responding methyl ester of the 15:0 fatty acid, 
was added to the total neutral lipid fraction. 
The lipid mixture was then saponified and the 
fatty alcohols were isolated from the nonsapon- 
ifiables by TLC. Acetate derivatives of the fatty 
alcohols were prepared for GLC. A comparison 
of the 15:0 alcohol acetate peak area with the 
peaks of the alcohol acetates in the samples 
provided a quantitative determination of the 
content of total alcohols present in these two 
tissues. 

RESULTS AND DISCUSSION 

The thin layer chromatogram pictured in 
Figure 1 shows the nonsaponifiables isolated 

from the neutral lipids of the Walker 256 
tumor; it also serves to illustrate the TLC 
separations accomplished during these analyses. 
The chromatogram reveals that the fatty alco- 
hol fraction isolated is still somewhat contami- 
nated with cholesterol, but the sterol does not 
interfere in GLC analysis of fatty alcohol ace- 
tates because the acetate derivative of choles- 
terol is not eluted from the GLC column under 
these conditions. The fatty alcohols isolated 
were identified by TLC on the basis of their 
migration at the same Rf value as known fatty 
alcohols; moreover, after acetylation, their Rf 
value corresponds with that of the acetate 
derivatives of known fatty alcohols. Gas liquid 
chromatography (Fig. 2) of the fatty alcohol 
acetates isolated by TLC provided further proof 
for their identification since cochromatography 
of the fatty alcohols from the tissues and a 
standard mixture of fatty alcohol acetates 
revealed identical retention times. 

We also determined whether saponification 
of other compounds that migrate with or near 
the fatty alcohols on TLC, e.g., diglycerides, 
fatty acids or cholesterol, might contribute any 
artifactual component that could be confused 
with fatty alcohols. Only alk-l-enyl glyceryl 
ethers, which can exist as a diglyceride type 
compound, gave any indication of possible 
interference with our TLC analyses o f  fatty 
alcohols. Therefore, free alk-l-enyl glyceryl 
ethers were isolated by TLC after LiA1H 4 
reduction of phosphatidyl ethanolamine that 
was purified from pig kidney. The products 
formed by LiA1H 4 reduction were acetylated 
and analyzed by TLC and GLC to see which 
resembled the fatty alcohol acetates. TLC of 
the acetylated products showed only a single 
spot with a much lower Rf value than that for a 
known alcohol acetate; we believe that it is the 
diacetate derivative of alk-l-enyl glyceryl 
ethers. GLC failed to show any peaks under the 
conditions used for the analysis of the acetates 
of fatty alcohols. 

The neutral lipids from the four normal tis- 
sues and three neoplasms investigated were 
found to contain small but significantlamounts 
of fatty alcohols; they exist as wax esters and 
what we believe to be in the free form. The free 
fatty alcohols were obtained from Fraction d 
which also contained diglycerides and choles- 
terol. This fraction was usually saponified to 
remove the diglycerides that had a TLC Rf 
similar to that of free fatty alcohols. Since the 
fatty alcohols isolated after saponification of 
Fraction d could have been derived from wax 
esters of monohydroxy fatty acids or some 
other unknown class of lipids, we also carried 
out a GLC analysis of Fraction d (isolated from 

LIPIDS, VOL. 5, NO. 3 



340 M. L. B L A N K  A N D  F R E D  S N Y D E R  

T A B L E  I 

C h a i n  L e n g t h  D i s t r i b u t i o n  o f  F a t t y  Ac ids ,  F a t t y  A l c o h o l s  
a n d  O - A l k y l  Side Cha ins  o f  G l y c e r y l  E the r s  (w t  %) in Neop l a s t i c  Tissues  a 

Free  O - A l k y l  F ree  
C h a i n  f a t t y  g l y c e r y l  f a t t y  Wax 

Tissue l eng th s  acids  e t h e r  a l c o h o l s  a l coho l  

16 :0  22 39 30  23  
1 8 : 0  28  19 51 4 4  

Walke r  2 5 6  18:1  18 38  19 2 6  
c a r c i n o s a r c o m a  18 :2  6 2 T r a c e  1 

2 0 : 4  13 . . . . . . . . .  

16 :0  23 4 6  33 35 
18 :0  21 2 0  4 6  37 

Ehr l i ch  18:1  20  2 8  7 16 
asci tes  cells 18 :2  14 2 1 1 

2 0 : 4  5 . . . . . . . . .  

16 :0  16 37 4 9  31 
Morr is  1 8 : 0  14 2 7  22 29  
h e p a t o m a  7 7 7 7  18:1  23 33  15 27  

18 :2  12 1 T r a c e  2 
2 0 : 4  15 . . . . . . . . .  

a O n l y  m a j o r  cha in  l e n g t h s  are  r e p o r t e d  in th i s  Tab le .  S ign i f i can t  q u a n t i t i e s  ( ( 5 % )  o f  
o t h e r  cha in  l eng th s  we re  p r e s e n t  in some  samples ;  h o w e v e r ,  these  c o n s i s t e d  o f  on ly  sa tu-  
r a t e d  a n d  m o n o e n o i c  c h a i n s  f o r  t he  f a t t y  a l coho l s .  

the Walker 256 carcinosarcoma) that had been 
directly acetylated; no saponification or purifi- 
cation of the fatty alcohols were done before or 
after acetylation. This analysis gave the same 
GLC pattern and quantitation (based on the 
internal standard) of mass and composition of 
fatty alcohols that were obtained after saponifi- 
cation. These data indicate that the fatty alco- 
hols of Fraction d are undoubtedly present in 
the free form of the Walker 256 carcinosar- 
coma. 

On the basis of GLC, the amounts of fatty 
alcohols appeared to be in the same range for 
all three neoplasms and about equally divided 
between wax esters and free fatty alcohols. The 
normal tissue lipids contained much lower 
quantities of the fatty alcohols; the fatty alco- 
hols in bovine brain and heart existed entirely 
in the free form, whereas the small quantities of 
fatty alcohols in rat liver were present entirely 
as wax esters. The preputial gland, a rich source 
of waxes (2), also contained free fatty alcohols. 

The neutral lipids of the Walker 256 tumor 
and beef heart were analyzed quantitatively for 
total alcohols by addition of an odd chain fatty 
alcohol as an internal standard. These measure- 
ments indicated that the neutral lipids of the 
tumor contained 0.3% (w/w) fatty alcohols. 
Since five to ten times more neutral lipid had to 
be used to even demonstrate the presence of 
alcohols in the normal tissues, only 0.1% of the 
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odd chain alcohol was added as the internal 
standard to the neutral lipids of beef heart. The 
GLC analyses of the isolated alcohol acetates 
revealed that even this small amount of internal 
standard made up more than 90% of the total 
peak areas detected. These data indicate that 
the beef heart lipids contained approximately 
0.01% fatty alcohols in the neutral fraction. 

The extremely low levels of fatty alcohols in 
the normal tissues precluded any quantitative 
determinations of their chain, length distri- 
bution, although it was possible to identify the 
presence of the three main peaks, 16:0, 18:0 
and 18:1 (Fig. 2). Although the Walker 256 
tumor contained only trace quantities of other 
chain lengths, the Ehrlich ascites cells and the 
Morris hepatoma 7777 did contain small 
amounts ( ( 5 % )  of longer chain saturated and 
monoenoic fatty alcohols. The chain length dis- 
tribution patterns of the larger amounts of 
fatty alcohols found in the tumor lipids were 
quantitated and compared to the O-alkyl 
glyceryl ether side chains and the free fatty 
acids from the same tumors. The results of 
these analyses are summarized in Table I. The 
fatty alcohols and the alkyl chains of the 
glyceryl ethers consisted of the same three 
major chain lengths, 16:0, 18:0 and 18:1, 
whereas the free fatty acids also contained sig- 
nificant quantities of 18:2 and 20:4 carbon 
chains. Essentially no polyunsaturated chains 
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were f o u n d  in the  f a t ty  a lcohol  or the  O-alkyl  
glyceryl  e the r  f rac t ions .  

The  possibi l i ty  t h a t  the  p o l y u n s a t u r a t e d  
fa t ty  a lcohols  were no t  de tec ted  by  TLC 
because  of  the i r  lower Rf value was also invest i-  
gated.  U n s a t u r a t e d  f a t t y  a lcohols  ( o b t a i n e d  
af ter  LiAIH 4 r e d u c t i o n  of  highly u n s a t u r a t e d  
p h o s p h a t i d y l  e t h a n o l a m i n e  f rom pig k i dney )  
were c o m b i n e d  wi th  10 t imes  the  a m o u n t  of  
c h o l e s t e r o l  and  separa ted  as previously  
descr ibed.  F a t t y  a lcohols  present  in the  m i x t u r e  
were resolved f rom the  choles tero l  by  TLC.  T he  
ace ta te  der ivat ives  were prepared ,  and  GLC 
analysis  d e m o n s t r a t e d  t ha t  even t h o u g h  the  
added f a t t y  a lcohols  con t a ined  ~ 4 0 %  of the  
20 :4  chain  length ,  t hey  were separa ted  f rom 
the  cho les te ro l  because  the  same chain l eng th  
d i s t r i bu t ion  was f o u n d  in the  fa t ty  a lcohols  iso- 
la ted af te r  TLC as t h a t  f o u n d  in the  original  
mix ture .  

Our  resul ts  are in ag reement  wi th  the  k n o w n  
p recur so r -p roduc t  r e l a t ion  (13)  b e t w e e n  the  
fa t ty  a lcohols  and  the  O-alkyl glyceryl  e the r  
side chains.  This  re la t ion  was first suggested 
because  of  the  s imilar i ty  of  doub le  b o n d  
loca t ions  in the  alkyl  chains  and the  f a t t y  alco- 
hols  (2).  

In  spite of  the  qual i ta t ive  s imilar i ty  in the  
d i s t r i bu t ion  p a t t e r n  o f  the  th ree  major  chain  
lengths  f o u n d  in the  f a t t y  a lcohols  and  t he  O- 
alkyl glyceryl  e thers ,  quan t i t a t ive  d i f fe rences  
do exist .  The  fa t ty  a lcohols  con t a ined  a some-  
wha t  h igher  ra t io  of  18 :0  to 18:1 or 16:0  t h a n  
did t h e  glyceryl  e thers  (Table  I). These  da ta  
imply  some select ivi ty in the  use of  f a t t y  alco- 
hols  for  a lkyl  glyceryl  e the r  b iosynthes i s .  This  
is b o r n e  ou t  by  our  recen t  enzymic  s tudies  on  
the  i n c o r p o r a t i o n  of  f a t t y  a lcohols  of  d i f fe ren t  
chain l eng ths  in to  t he  O-alkyl  moie t i es  of  
glyceryl  e thers ,  e.g., oc t adecy l  a lcohol  was no t  
i n c o r p o r a t e d  as rapid ly  as hexadecy l  a lcohol  
(20). 

The  origin of f a t ty  a lcohols  is no t  ye t  
k n o w n ,  a l t h o u g h  the  fo l lowing in t e r conve r s ions  
have b e e n  pos tu l a t ed  (12 ,15)  on  the  basis  of  
earlier inves t iga t ions  in ra t  liver (14-16)  o n  t he  
cleavage of  O-alkyl  glyceryl  e thers  to  f a t t y  alde- 
hydes  and  glycerol .  

R C O O H ~ /  ~ R C H O , /  ~ . ~  ROH 

NADH NAD NADP NADPH 
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The  fa t ty  alcohols ,  par t icu lar ly  those  f o u n d  in 
liver, could  or iginate  f rom the  cleavage of  the  
O-alkyl  glyceryl  e thers .  However ,  since activi- 
t ies of  the  cleavage e n z y m e  are very low or 
absen t  ( 2 I )  in the  neop lasms  t h a t  we have  
invest igated,  f a t ty  a lcohols  in these  cells are 
p r o b a b l y  derived via a m e c h a n i s m  o t h e r  t h a n  
cleavage of  the  e the r  bond .  
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Gas Liquid Radiochromatography of 
Intact Natural Triglyceridesl 
W. C. BRECKENRIDGE and A. KUKSIS, Department of Biochemistry and 
Banting and Best Department of Medical Research, University of Toronto, Toronto, Canada 

ABSTRACT 

Gas liquid radiochromatography was 
successfully applied to the simultaneous 
analysis of mass and radioactivity of in- 
tact standard and natural triglycerides 
labeled with 14C i n  their fat ty acid or 
glycerol moieties. Quantitative measure- 
ments of mass and radioactivity were 
made with a gas chromatograph equipped 
with dual glass columns, stream splitters, 
combustion train, and a proport ional  gas 
counter. Under opt imum conditions, as 
little as 500 cpm/peak of tristearin could 
be detected with a relative error of 10%. 
At higher counting rates the error was less 
than 5% and the achieved resolution of 
radioactivity was only slightly inferior to 
that of the mass. The counting efficiency 
of the system was better  than 90%. The 
study showed that the detected radio- 
activity was proport ional  to the mass and 
not  the moles of the labeled triglyceride 
measured in the hydrogen flame ion- 
ization detector. Practical application of 
the system is limited by the need for 
samples of relatively high specific activity 
(500-1000 dpm/50 pg/peak).  

INTRODUCTION 

Over the last few years gas chromatography 
of intact natural triglycerides has emerged as a 
useful tool  for lipid research (1). The original 
conditions of separation have since been modi- 
fied and improved by several laboratories (2-8) 
and the technique has now been extended to 
include triglycerides with molecular weights 
exceeding 1000. The true recovery of the long 
chain triglycerides from the gas chromato- 
graphic columns, however, has not been estab- 
lished. Indeed, it has been suggested (4,7) that 
the response of the flame ionization detector  to 
the long chain glycerides (C54-C66) approxi- 
mates the mole rather than the weight pro- 
portions commonly observed for the short and 
medium chain length glycerides (C36-C54). 
Furthermore,  poorly conditioned columns or 

1presented at the AOCS-AACC Joint Meeting, 
Washington, D.C., April 1968. 

good columns under improper  operating con- 
ditions have given incomplete recoveries of 
most glycerides and it has been impossible to 
determine the fate of the unrecovered lipid or 
the reason for the low detector  response. 

In the present study comparisons were made 
of the proportions of mass and radioactivity in 
the starting materials and of the peak area and 
radioactivity in the effluents of the gas chro- 
matograph using 14C-labeled triglycerides. The 
results confirmed earlier claims (9) that the 
response of the hydrogen flame ionization 
detector to triglycerides is related directly to 
their mass or combustible carbon content. For  
this demonstrat ion we employed a radio gas 
chromatograph similar to that described by 
Swell (10). 

MATERIALS AND METHODS 

Reagents, Standards and Samples 

All solvents and chemicals were of reagent 
grade quality and were used without further 
purification. High purity (99%) monoacid tri- 
glycerides, monoglycerides and free fatty acids 
were purchased from Applied Science Labora- 
tories, Inc., State College, Pa. Radioactive 
monoacid triglycerides labeled with 14 C in the 
carboxyl carbon of the fat ty  acid and 1-14C - 
fatty acids were obtained from New England 
Nuclear Corporation, Boston, Mass. 

Radioactive tridecanoin to be used as inter- 
nal standard was made by reacting the chloride 
of 1-14C-decanoic acid with glycerol (11). A 
similar method was used for the preparation of 
trierucin from the chloride of erucic acid and 
2 -14C-glycerol. Radioactive mixed triglycerides 
were formed by incubating evert sacs of rat 
small intestine with micellar solutions con- 
taining 1-14C-fatty acids, 1-monoolein and 
taurocholic acid (12). The lipids were extracted 
by the method of Bligh and Dyer (13) and were 
purified or resolved, or both,  by standard 
methods of thin layer chromatography (TLC) 
(14). The triglycerides were isolated on thin 
layers of Silica Gel G (Merck & Co.) using hep- 
tane-isopropyl ether-acetic acid (60:40:4).  The 
glycerides were further resolved on the basis of 
unsaturation on thin layers of  Silica Gel G 
impregnated with silver nitrate (20%) using 
c h l o r o f o r m - m e t h a n o l  (99.5:0.5) as the 
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I I I 
200  250 3 0 0  350~C 

FIG. 1. Radio gas chromatogram of standard trigiy- 
cerides at signal-noise ratio of 2. About 0.5 pg con- 
talning 300 dpm of each triglyceride was injected. Tri- 
glycerides identified by the total number of acyl car- 
bons. The chromatographic system and operating 
conditions were as given in the text. 
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FIG. 2. Linearity of the radio gas chromatographic 
system: o, tripalmitin; A, tridecanoin. Chromato- 
graphic conditions as described in the text. 

developing solvent. The triglycerides were 
recovered from the gel by elution with diethyl 
ether. The extracts were suitably diluted with 
internal standard and taken to dryness. For gas 
chromatography the residues were dissolved in 
CS 2 . 

Gas L iqu id  Rad iochromatography  

A barber-Colman 5000 Series Radio Gas 
Chromatograph (Barber-Colman Co., Rockford, 
Ill.) equipped with dual glass columns, dual 
hydrogen flame ionization detectors, a differ- 
ential electrometer, stream splitter, combustion 
train and a proportional radioactive gas counter 
was modified as follows. The red rubber 
stoppers at the effluent end of the glass 
columns and in the front of the quartz com- 
bustion tube were replaced with glass to metal 
Kovar seals (15). A Swagelok fitting was placed 
on the metal tube at the end of the column and 
this was attached by means of a reducer to the 
1/16 in. transfer line. At the front of the com- 
bustion tube a 1/16 in. stainless steel tube was 
silver-soldered to the metal part of the Kovar 
seal and this was attached to the stream splitter 
by means of a Swagelok coupler. A similar 
splitter system was attached to the end of the 
reference column by means of another Kovar 
seal in order to compensate for the column 
bleed in the hydrogen flame ionization 
detector .  All the connections were made so as 
t o  reduce to a minimum any dead volumes or 
sharp elbows in the line. Finally the length of 

the transfer line leading from the end of the 
combustion tube to the counter was cut to an 
absolute minimum to reduce the diffusion of 
14CO2, which would have otherwise led to 
poor peak resolution. 

The chromatographic separations were made 
with glass columns (2 ft x 1/8 in. i.d.) packed 
with 3% JXR on Gas Chrom Q (100-120 mesh) 
supplied by the Applied Science Laboratories, 
Inc. The columns were conditioned at 350 C 
for 2 hr using argon flow of 150 ml/min. At the 
end of this time the columns were tested for 
recoveries of the mass of standard triglycerides 
(C30-C54). If the recovery of tristearin with 
respect to tridecanoin was less than 90% the 
columns were conditioned for an additional 2 
hr at 350 C' If after this or one more condi- 
tioning the columns still failed to give better 
than 90% recovery of  the mass of tristearin 
they were discarded. Other operating condi- 
tions were as follows: injector, 310 C; detector, 
340 C; transfer line, 325 C; combustion tube, 
700C;  column flow, 130 ml/min of argon; 
flame detector flow, 12-15 ml/min of argon; 
counter tube flow, 115 ml/min of argon; pro- 
pane flow, 10-11 ml/min. The high voltage 
source was operated at 1750 volts. The columns 
were temperature programmed from 200-325 C 
at 5 C/min. The flame detector response was 
recorded with an Electronik 15 1 my recorder 
(Minneapolis-Honeywell Regulator Co., Phila- 
delphia, Pa.) and a Barber-Colman PR 125 
recorder served to monitor the response of the 
radioactivity counter. Peak areas were measured 
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TABLE I 

Operating Efficiency "of Counting of the Complete Radio Gas Chromatographic System 

Radioactivity detected 
Radioactivity 
combusted a Theoretical b Experimental c Efficiency 

(dpm) (dpm) (cpm) (E) 

8920 1510 1330 88.1 
6750 1140 1040 91.2 
5110 860 780 90.7 
3530 550 500 90.9 

aThe amount of tripalmitin injected ranged from 10-40/2g. The mass and radioactivity of 
the combusted triglyceride was calculated from the known total radioactivity injected and 
the splitter ratio, which was 10:1 in favor of the combustion train. 

bThe theoretical rate of counting was calculated from the total radioactivity combusted, 
the flow rate of the carrier (130 ml/min) and the detector volume (22 ml). 

CThe experimental value was obtained from the disc integrator record of the detected 
area of the radioactive peak. 

by Disc integration or by triangulation to an 
accuracy of +4% or better. 

Limit of Detection 

A practical limit of detection of radioactive 
triglycerides was determined for the entire 
system. This was accomplished by injecting 
progressively decreasing amounts of the trigly- 
ceride and estimating the activity that gave a 
signal-noise ratio of 2 (16). 

Repeatability 

Replicate injections of tripalmitin and tri- 
stearin were made in the presence of internal 
standard, and standard deviations were calcu- 
lated from the ratios of the areas of the radio- 
active peaks. The amounts and activity of the 
t r i g l y c e r i d e s  i n j e c t e d  r a n g e d  f r o m  
10,000-100,000 dpm/10-100 /zg in 1-5 /11 of 
CS 2 . 

Linearity of Counting 

Stock solutions of tridecanoin (spec. act. 
133,000 dpm/mg) and tripalmitin (spec. act. 
550,000 dpm/mg) were evaporated to dryness 
and dissolved in sufficient carbon disulfide to 
give solutions containing 300-150,000 dpm/1-5 
/al of CS 2. Duplicate injections of each sample 
were made and the average values of  radio- 
activity detected were plotted against the 
amounts injected. Identical aliquots were trans- 
ferred to counting vials and the radioactivity 
determined by scintillation counting. All tests 
were done under optimum working conditions, 
which required no correction for losses of tri- 
glyceride on the column. 

Efficiency of Counting 

The efficiency of the proportional gas 
counter was determined by injecting a known 

amount of radioactive triglyceride (N) and 
recording the detector response (A) under 
optimum conditions of operation of the entire 
gas chromatographic system. The operational 
efficiency (E) was calculated on the basis of the 
split ratio (S), the flow rate through the 
detector (F) and the volume of the detector 
(V), as well as the recovery (R) of the triglycer- 
ides from the chromatographic column. The 
calculation may be summarized as follows: E = 
A x F/V x R x S x N. Under the test conditions 
the flow rate was 130 ml/min, the detector 
volume was 22 ml and the recovery of the tri- 
glyceride mass was 100%. The amounts of total 
triglyceride injected ranged from 10-50/zg and 
the total number of counts varied from 
3000-10,000 dpm. 

Contamination 

The extent of radioactive contamination of 
the gas chromatographic column, the oxidation 
chamber and the counting system was deter- 
mined by comparison of background count 
rates taken before and after elution of various 
loads of labeled triglyceride. 

Scintillation Counting 
Radioactivity was assayed in a Nuclear 

Chicago Liquid Scintillation System (720 
Series). The lipid residue was dissolved in 0.5 
ml of toluene and 10 ml of the scintillation 
solution containing 0.5% PPO and 0.03% 
POPPO in toluene added and the solutions 
counted. The counts were corrected for 
quenching using callibration standard. 

RESULTS AND DISCUSSION 

Operating Conditions 

The general layout of the analytical system 
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TABLE II 

Determination of Specific Activity of Standard Triglycerides by Radio Gas Chromatography 

345 

Relative recoveries b Specific activities 

Triglycerides a M a s s  Radioactivity Calculated Determined 
tested (%) (%) (dpm/mg) (cpm/mg) 

48 98.8 100.2 199,900 201,900 
54 100.7 102.4 185,800 189,700 

48 99.5 97.8 199,900 197,300 
54 99.7 98.4 185,800 185,200 

48 99.1 97.7 70,300 69,500 
54 97.7 99.0 118,500 120,700 

48 100.1 97.4 70,300 69,1 O0 
54 100.8 101.6 118,500 118,900 

aEqual weight mixtures of tridecanoin (30), tripalmitin (48) and tristearin'(54) were injected each 
time at two different levels of concentration. 

bRelative recoveries of mass and radioactivity of test triglycerides were determined in relation to 
the tridecanoin used as internal standard. 

has been discussed by Swell (10). For con- 
tinuous high temperature operation it was 
essential to replace with Kovar seals the rubber 
septae at the effluent end of the columns and at 
the front of the combustion tube. The reso- 
lution of the triglyceride peaks was best when 
the diffusion of 14CO2 was minimized by 
reducing as far as possible the length of the 
transfer line between the end of the com- 
bustion tube and the counter. Erroneous radio- 
active responses a few seconds after injection 
were eliminated by substituting carbon disul- 
fide or chloroform for petroleum ether as the 
solvent of triglycerides. The false response was 
believed to be due to the rather large flash 
volume of petroleum in the combustion tube 
which would cause a surge of carrier gas and a 
change in the ratio of carrier gas to quench gas 
with concomitant increased ionization in the 
counter. Chloroform did not cause this but 
since copper chloride was formed in the com- 
bustion tube it tended to clog the 1/16 in. tube 
leading from the combustor to the counter 
tube. Carbon disulfide was best since it was 
converted to CO 2 and SO 2. As a result of these 
alterations in instrumentation and sample 
handling, it was possible to obtain gas chro- 
matograms of triglycerides which differed little 
in the tracings of their mass and radioactivity. 
The inclusion of the splitter in the effluent 
stream, however, resulted in some tailing which 
made both the mass and the radioactivity pat- 
terns of the glycerides slightly inferior to those 
recorded without the splitter. 

Limit of Detection 

The lowest limit of detection of radio- 
activity depends upon the level of signal 

required to barely discern the peak from the 
background noise. As a realistic practical limit, 
Penton and Hartman (16) have suggested that 
signal which produces a signal-noise ratio of 2. 
In our experiments this required about 300 
dpm/peak of triglyceride. Figure 1 shows a 
radio gas chromatogram obtained for trideca- 
noin, tripalmitin and tristearin at this level of 
activity. The random noise is about 5 chart 
units above the electrical zero, while the tops of 
the peaks project to about 10-13 units. At this 
level the detection of the radioactive peaks does 
not depend on the observer's experience or the 
prior knowledge of the approximate time of 
elution. These peaks, however, are character- 
ized by large base widths and a relatively poor 
resolution that is due to an instrument setting 
at low probable error, which is necessary in 
order to get a reliable detection. In certain 
instances the sensitivity of the detection can be 
further increased by lowering the carrier flow, 
but this alteration in the working conditions is 
not compatible with an effective recovery of 
the majority of the triglycerides. 

Repeatability and Linearity 

The repeatability or reproducibility of  the 
system was determined by injecting various 
quantities of tripalmitin and tristearin and 
assessing the recoveries of the radioactivity in 
relation to that of tridecanoin used as internal 
standard. At levels of 300-500 dpm/1-2 pg/peak 
of triglyceride the relative error of  measure- 
ment was about 20%. At levels of 1000 dpm/5 
pg/peak of triglyceride, the error was reduced 
to about 5%, with a further increase in accuracy 
and reproducibility at higher counting rates (3% 
error at 4500 dpm/5 pg/peak). 
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TABLE Ill 

Radio Gas Chromatographic Analysis of Natural Mixtures of Triglycerides a 

Triglycerides b Saturates c Monoenes c Dienes c Reconstituted d Original e 

42 33.6 16.2 16.8 
44 45.0 21.7 18.7 
46 17.8 46.8 22.4 30. I 28.0 
48 3.6 40.6 24.1 20.8 21.2 
50 12.6 30.9 8.6 10.9 
52 22.5 2.5 4.4 
Total 48.3 40.5 11.2 100.0 tO0.0 

aTotal cpm, %. 
bTriglycerides identified by total number of acyl carbons. 
CSaturates, monoenes and dienes represent triglyceride groups with 0, I and 2 double bonds, respectively, 

per triglyceride molecule. 
dValues obtained by proportional summation of the estimates of triglycerides in the various fractions. 
eValues obtained by analysis of the total sample before fractionation. 

Figure 2 shows a p lo t  of  the  a m o u n t  of  
rad ioac t iv i ty  in jected versus the  a m o u n t  of  
act ivi ty  de t ec t ed  for  t r i decano in  and  t r ipa lmi t in  
unde r  o p t i m u m  c o n d i t i o n s  of  ope ra t ion .  Excel-  
lent  l inear i ty  is seen for  b o t h  t r iglycer ides  in 
the  range 3 0 0 0 - 1 5 0 , 0 0 0  d p m / p e a k .  Since the  
dead- t ime  of  the  coun t e r  ( coun te r  t u b e  and  rate  
ind ica t ing  c i rcui t ry)  was a b o u t  1 mic rosecond ,  
the  co inc idence  loss was negligible even at  the  
highest  c o u n t i n g  volumes.  Mixed t r iglycerides  
of  varying specific act ivi t ies  gave similar  plots  
which  passed t h r o u g h  the  origin in the  0-100/2g  
mass range. The  slope of  the  line varied some-  
what  wi th  the  c o l u m n  and  the opera t ing  condi-  
t ions ,  which  suggested t ha t  the  recoveries  of  the  
mass also varied. 

In the  course of  the  s tudies  of  the  reproduc i -  
bi l i ty  and  l inear i ty ,  it became  appa ren t  t h a t  the  
radioact ive  m o n i t o r i n g  sys tem was not  subject  
to  any  s ignif icant  rad ioac t ive  c o n t a m i n a t i o n  by 
any i n comple t e ly  c o m b u s t e d  ca rbon  residues.  
Obse rva t ion  of  the  b a c k g r o u n d  c o u n t  ra te  made  
at the  c o m p l e t i o n  of  the  l inear i ty  s tudy  indi- 
ca ted t h a t  the  base line had  risen to no  more  
than  80 cpm.  Under  the  usual work ing  loads 
wi th  essential ly c o m p l e t e  recoveries  of  mass, 
the  b a c k g r o u n d  c o u n t  ra te  was 30-50 cpm.  

Efficiency of Detection of Radioactivity 

The abso lu te  c o u n t i n g  eff ic iency o f  the  
r ad io -de t ec to r  may be def ined as the  ra t io  of  
the c o u n t  ra te  in coun t s  per  minu te  observed  
wi th in  the  sensit ive vo lume of  the  d e t e c t o r  over 
the  rad ioac t iv i ty  of  the  sample in dis inte-  
gra t ions  per  m i n u t e  t imes  100. Fo r  gas coun te r s  
this  has been  es t ima ted  (17)  to  be close to the 
theore t ica l  eff ic iency of  95%. For  the  present  
purposes  an ope ra t iona l  ef f ic iency of  the  
de t ec t i on  sys tem was assessed by calcula t ing 
the  ra t io  of  rad ioac t iv i ty  in coun t s  per m i nu t e ,  

as d e t e r m i n e d  af ter  cor rec t ing  for  the  f low rate 
and the  split rat io,  over the  radioact iv i ty  of  the  
sample  a d m i t t e d  to the  c h r o m a t o g r a p h i c  
sys tem.  Table  I gives the  results  of  four  
in jec t ions  of  t r ipa lmi t in  over  a th reefo ld  range 
of  c o n c e n t r a t i o n .  The  calculated average effi- 
c iency is slightly over  90%. Ident ica l  resul ts  
were ob t a ined  wi th  14C-labeled t r idecano in .  
Assuming  tha t  the  de t ec to r  was opera t ing  at its 
m a x i m u m  theore t ica l  e f f ic iency  (95%) this  data  
would  indica te  tha t  less t han  5% of  the  radio- 
active t r iglyceride r emained  u n a c c o u n t e d  for. 
These  resul ts  are in good agreement  wi th  those  
of  Swell (10)  who  observed  90-95% eff iciencies 
f o r  cho le s t e ro l  esters under  comparab le  
work ing  condi t ions .  

Relation of Peak Area to Mass and Radioactivity 

F o r  this  purpose  we compared  the  mass and 
rad ioac t iv i ty  tracings o b t a i n e d  in the  radio gas 
c h r o m a t o g r a p h  for a m ix tu r e  of  simple trigly- 
cerides labeled wi th  1 a C in the  ca rboxy l  c a r b o n  
of  the  fa t ty  acids. Each peak represen ted  
a p p r o x i m a t e l y  1000 d p m  and 5 /2g of  trigly- 
ceride. Table  11 gives the  recoveries  of  mass and 
rad ioac t iv i ty  ca lcula ted f rom several such 
c h r o m a t o g r a m s  ob t a ined  using d i f fe ren t  solute  
p r opo r t i ons .  The  ca lcu la t ions  were based  on  
compar i sons  of  the peak areas recorded  in the 
mass and  radioact iv i ty  de tec tors .  In re la t ion  to 
t r i decano in ,  which was assumed to be quan t i -  
ta t ively  recovered,  the  recover ies  of  the  mass of  
t r ipa lmi t in  and t r is tear in  varied f rom 97.8% to 
100.8%, while the  recoveries  of  the i r  radio-  
act ivi t ies  ranged f rom 97 .4% to 102.4%. Table  
II  a lso compares  the  specific act ivi t ies  
( d p m / m g )  of  the  t r ipa lmi t in  and t r i s tear in  as 
d e t e r m i n e d  by radio gas c h r o m a t o g r a p h y  and 
by  the  m e t h o d  of  p repa ra t ion  of  the  labeled 
c o m p o u n d s .  In all cases the re  was an excel lent  
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FIG. 3. Comparative recoveries of mass and radioactivity of a natural mixture of triglycerides in 
the radio gas chromatograph. Peak identification and gas chromatographic conditions as in Figure 1. 
Sample: triglycerides synthesized by rat intestine from 14C-labeled myristic and palmitic acids and 
1-monoolein; 10,000 dpm of total radioactivity injected. 

agreement between the two sets of data. These 
results indicate that essentially all of the tri- 
glycerides were recovered from the column, and 
that the response of the flame ionization 
detector to these compounds is very close to 
their mass. 

Table III relates the recovery of radioactivity 
in the total triglyceride sample to that esti- 
mated by means of a radioactive internal 
standard for the subfractions derived from 
argentation TLC. The triglyceride sample was 
derived from an incubation of 1-14C-myristic 

and 1-14C_patmitic acids and 1-monoolein with 
evert sacs of rat intestine (12). Figure 3 gives 
the mass and radioactivity patterns recorded for 
the total. The mass peaks range from 42-56 acyl 
carbon atoms, while those of radioactivity 
cover peaks with 42-52 acyl carbons. The mass 
pattern shows considerable base line elevation, 
which is due to a lack of reference column in 
the mass detector side in this particular run. 
The total radioactivity injected was about 
10,000 dpm, and the pattern of elution of the 
activity was easily reproduced within a relative 
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FIG. 4. Radio gas chromatographic analysis of a natural mixture of triglycerides. Peak identi- 
fication and gas chromatographic conditions as in Figure 1. A, saturates; B, monoenes; C, dienes. The 
total radioactivity injected ranged from 8,000 to 15,000 dpm. 

error of 5%, which was the working range. 
Following fractionation on silver nitrate plates, 
the radioactivity associated with each triglycer- 
ide fraction was determined by gas chromato- 
graphy in the presence of a known amount of 
radioactive internal standard. The tracings of 
the radioactivity obtained are shown in Figure 
4. All the radioactive peaks present in the 
original sample are recovered and completely 
resolved. As seen from Table III, the saturates 

made up 48.3%, the monoenes 40.5% and the 
dienes 11.2% of the total. These estimates com- 
pared very favorably with those derived from 
scintillation counting of the appropriate thin 
layer bands. The reconstitution values in Table 
III were obtained by proportional summation 
and normalization of the radioactivity data 
recorded for the individual fractions. Although 
imperfect, the agreement between the radio- 
activities of the various molecular weight 
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FIG. 5. Radio gas chromatographic analysis of natural mixtures of glycerides containing tristearin 
and free diglycerides. Peak identification and gas chromatographic conditions as in Figure 1. A, 
triglycerides of rat mucosa plus excess of tristearin; B, free diglycerides of rat mucosa. 

groups in the original and reconstituted mixture 
is of the order commonly observed for mass 
analyses (1). Part of the discrepancy in these 
estimates could be due to the rather low pro- 
portion of the internal standard added to the 
monoene and diene bands, which could be 
increased. 

Figure 5 shows that the system is capable of 
equally effective resolution and quantitation of 
natural triglyceride mixtures containing com- 
ponents with a total of 54 acyl carbon atoms, 
as well as of free diglycerides. The upper radio 
gas chromatogram was obtained with an incu- 
bation mixture similar to that shown in Figure 
3, except that a known excess of 14C-labeled 
tristearin was added. Determination of the peak 
areas of suitably attenuated runs showed that 
the fivefold excess of this glyceride not only 
was correctly recovered but that it had no 
effect on the recovery of the radioactivities in 

the other glyceride peaks. The lower chromato- 
gram shows the resolution obtained for the free 
diglycerides isolated during triglyceride biosyn- 
thesis from 1-14C-fatty acids in therat intestine. 
Similar patterns have been recorded for the 
diglycerides released from glycerophosphatides, 
labeled in the fatty acid moieties, following 
digestion with phospholipase C (Kuksis et al., in 
preparation). A simultaneous determination of 
both mass and radioactivity for each diglyceride 
peak has allowed the estimation of their 
specific activity, and has thus provided an indi- 
cation of the turnover of individual molecular 
species of these phosphatides, which has been 
lacking in previous analyses (18). The acetates 
and silyl ethers of diglycerides are also satis- 
factory for quantitative radio gas chromato- 
graphy. These derivatives may be preferred for 
columns which give low recoveries of free di- 
glycerides. The free diglycerides, their acetates 
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TABLE IV 

Recovery of Mass and Radioactivity During Incomplete 
Elution of Triglycerides From Gas Chromatographic Columns a 

Specific activity of triglycerides 
Mass Radioactivity 

Triglycerides (total %) (total %) Original Recovered 

Tripalmitin 79.3 79.8 199,900 201,200 
85.1 84.8 199,900 198,300 
89.8 90.8 199,900 202,120 

Tristearin 71.6 68.0 185,800 176,500 
71.7 67.8 185,800 175,700 
74.9 74.5 185,800 184,800 

Trierucin 29.5 28.1 112,500 107,200 
23.3 24.4 112,500 117,800 

aThe total amounts of radioactivity injected ranged from 4,000-10,000 dpm]peak. Recoveries of 
mass and radioactivity were computed by reference to labeled tridecanoin used as internal standard of 
mass and radioactivity. It w'as assumed that the whole sample was injected each time and that the 
tridecanoin was completely recovered. 

and silyl ethers all have nearly identical 
retention temperatures on the short silicone 
columns. 

The resolution of these complex mixtures of 
radioactive triglycerides into their components 
and a satisfactory subsequent reconstitution 
indicates clearly that the response of the radio- 
activity monitoring system is additive over a 
wide range of carbon numbers and unsatu- 
ration, as well as the mass and total activity. 
With increasing molecular weight of the trigly- 
ceride the recovery of the radioactivity 
decreases in proportion to the decrease in the 
recovery of the mass, as shown in Table IV. In 
all cases examined the recoveries of the mass 
and radioactivity corresponded closely giving 
specific activities which were identical to those 
calculated for these compounds on the basis of 
the method of preparation. The response of the 
hydrogen flame ionization detector is therefore 
closely related to the mass of all triglycerides. 
These observations are in agreement with the 
results of preparative gas chromatography (19), 
where it has been shown that the weight of the 
collected triglyceride is proportional to the area 
response in the flame detector. The apparent 
molar proportions of the peak area response 
noted for mixtures of very long chain trigly- 
cerides (4,7) must therefore represent incom- 
plete recoveries of the mass from the column 
and not some change in the combustibility of 
these glycerides in the flame ionization detector. 

Fate of Unrecovered Triglyceride 

in order to determine the fate of the trigly- 
cerides which failed to appear in the column 
effluent in the proportion anticipitated on the 
basis of their weight in the injection mixture, a 
series of experiments was conducted under a 

variety of operating conditions, and the column 
packing extracted with the usual lipid solvents. 
The recovered radioactivity was measured by 
scintillation counting and the compounds 
responsible for it were identified by TLC and 
GLC. Table V gives the recoveries of radio- 
activity from different sections of various 
columns. On Column A, a single run with 
! 4C_labele d tristearin was made at a suboptimal 
flow rate (60 ml/min). As judged from the 
detector response only about 70% of the 
injected activity passed through the column as a 
peak. The bulk of the missing 30% was found in 
the first 6 in. of the column packing. There 
were traces of activity found in all segments of 
the column with a significant enrichment in the 
final 2 in. which also included the siliconized 
glass wool plug. An identical distribution of 
radioactivity was found for another column 
which gave poor recoveries (75%) of tristearin 
due to improper packing or conditioning, or 
both. The distribution pattern of the trierucin 
not completely recovered from Column B was 
only slightly different. Despite the well con- 
ditioned column and the high flow rates of the 
carrier gas (150 ml/min), much of this trigly- 
ceride was retained at the front of the column, 
with less than 50% of the injected activity 
appearing in the effluent as a symmetrical peak. 
Column C was subjected to a total of 10 
injections of trierucin each of which was fol- 
lowed by the usual temperature programming 
until the trierucin peak was recovered. Under 
these conditions a considerable build-up of 
radioactivity occurred with the characteristic 
distribution pattern observed previously. Fol- 
lowing a single injection of trierucin in Column 
D after 6 hr of  conditioning, the mass recovery 
was only 20%, which suggested that 80% of the 
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TABLE V 

Distribution of the Radioactivity Remaining on the Column a 

351 

Type of column and tests b 
Section of column 

(in inches) A B C D E 

Glass wool plug 950 1510 30 
0-  2 380 520 1560 
2-  4 480 185 480 650 
4-  6 490 I00 355 390 30 
6-  8 150 70 350 320 
8 - 1 0  150 70 250 280 

10 -12  120 72 240 370 15 
12 -14  150 50 200 220 
1 4 - 1 6  140 60 200  200 
1 6 - 1 8  130 65 210 170 
1 8 - 2 0  390 60 200 140 30 

Glass woolplug 0 100 80 

aRadioactivity was determined by scintillation counting of lipid extracts of various 
sections of the chromatographic packing. Rechromatography of the extracts indicated that 
the activity was associated with undegraded triglycerides. 

bColumn A, well conditioned packing, 70% of injected tristearin recovered due to low 
flow rate of t h e  carrier gas (60 ml/min); Column B, newly conditioned column, 30% of 
injected trierucin recovered at optimum flow rates; Column C, well conditioned column, 10 
injections of trierucin giving less than 50% recovery each; Column D, newly conditioned 
column, maintained at 350 C for 20 min following an initial recovery of 20% of the injected 
trierucin; Column E, thoroughly conditioned column giving complete recoveries of tri- 
decanoin, tripalmitin and tristearin after more than 100 separate injections of radioactive 
triglycerides of 2000-10,000 dpm/injection. 

act ivi ty was r e t a ined  o n  the  co lumn.  In o rder  to  
displace th is  ac t iv i ty ,  t he  c o l u m n  was h e a t e d  at  
350  C for  20  min  be fo re  ex t r ac t ing  the  packing.  
As can be  seen f rom Table  V, m u c h  of  the  
rad ioac t iv i ty  still r e m a i n e d  o n  the  co lumn ,  even 
t h o u g h  t he  t ime  of  add i t iona l  hea t ing  exceeded  
more  t h a n  four  t imes  the  r e t e n t i o n  t ime  of  
t r i e ruc in  at  th is  t e m p e r a t u r e .  On  the  o t h e r  
hand ,  a t h o r o u g h l y  c o n d i t i o n e d  C o l u m n  E, 
which  had  given comple t e  recover ies  of  tr igly- 
cerides inc lud ing  t r i s tear in  and  wh ich  had  b e e n  
used for  over  100 in jec t ions  of  rad ioac t ive  
glycefides  each  con ta in ing  2 0 0 0 - 1 0 , 0 0 0  coun t s ,  
gave a b a c k g r o u n d  of  a b o u t  30 c o u n t s  per  2 in.  
of  packing.  In all cases  t es ted  the  recovered  
rad ioac t iv i ty  was due  to  undeg raded  tr igly-  
cerides. 

In the  pas t  a var ie ty  o f  exp lana t ions  have 
been  advanced  to  a c c o u n t  for  the  i n c o m p l e t e  
recoveries  o f  h igh  molecu la r  weight  tr igly- 
cerides f r o m  gas c h r o m a t o g r a p h i c  co lumns .  
Several o f  these  can n o w  be  e l imina ted  as a 
resul t  o f  t he  above  observa t ions .  It  had  b e e n  
suggested (4 ,20)  t ha t  as the  molecu la r  weight  of  
the  t r ig lycer ides  increases  at  some po in t  t he  
molecules  b e c o m e  so large and  so nonvo la t i l e  
t h a t  t hey  e n t e r  the  c o l u m n  as a s table  aerosol  
which  is n o t  de layed  by  the  l iquid phase.  Since 
in the  p resen t  s t u d y  the  missing t r iglycer ide was 
f o u n d  ma in ly  at  the  f ron t  of  the  c o l u m n  t he  
aerosol  m u s t  have b e c o m e  qu ick ly  p rec ip i t a t ed  

if i ndeed  t he  glycerides en t e red  the  c o l u m n  in 
this  f o r m  at all. The  above  da ta  also exc lude  the  
poss ibi l i ty  t h a t  the  glycerides  were degraded  
e i the r  in  the  in jec to r  or  o n  the  co lumn .  
Degrada t ion  dur ing  in jec t ion  shou ld  have led to  
the  appea rance  of  r ad ioac t iv i ty  in the  so lvent  
f ron t ,  wh ich  was no t  the  case. Shou ld  t he  
deg rada t ion  have t a k e n  place on  the  c o l u m n  
l i t t le  or  no  residual  ac t iv i ty  wou ld  have b e e n  
an t i c ipa t ed  on  the  pack ing  since the  degrada-  
t ion  p r o d u c t s  wou ld  have b e e n  i m m e d i a t e l y  
vola t i l ized and  lost.  

Wat ts  and  Dils (7)  have recen t ly  favored  dif- 
fe ren t ia l  adso rp t ion  of  t r ig lycer ides  as a pos- 
sible exp l ana t i on  of  the  losses o n  the  co lumn.  I t  
is n o t  i m m e d i a t e l y  obvious ,  however ,  w h y  
simple a d s o r p t i o n  would  p roduce  t he  p a t t e r n  of  
r e t a ined  act iv i ty  seen in Table  V. F u r t h e r m o r e ,  
the  greates t  losses are expe r i enced  w i th  the  
h igher  molecu la r  weight  t r iglycer ides ,  wh ich  are 
the  least polar  ones,  as d e m o n s t r a t e d  b y  TLC 
(21) .  I t  wou ld  seem more  likely t h a t  at  t he  t em-  
pera tu res  o f  gas c h r o m a t o g r a p h y  aU trigly- 
cerides are ini t ia l ly  de t a ined  o n  the  packing  to  
a b o u t  t he  same ex t en t ,  b u t  t h a t  those  w i t h  the  
h igher  molecu la r  weights  are pa r t i t i oned  more  
slowly.  U n d e r  i m p r o p e r  ope ra t ing  cond i t i ons  
no t  all of  the  mater ia l  a d m i t t e d  to  the  c o l u m n  
would  appea r  wi th  the  rapid ly  migra t ing  f ron t  
of  the  ma in  c o m p o n e n t .  Such an  ef fec t  wou ld  
expla in  b o t h  the  pecul iar  d i s t r i bu t i on  of  the  
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t r ig lycer ide  r ema in ing  o n  t he  c o l u m n  and  t he  
recovery  of  each t r iglyceride as a f u n c t i o n  of  
t he  u n i f o r m i t y  and  th ickness  of  the  coa t ing  of  
the  l iquid phase  and  of  the  f low ra te  of  the  
carr ier  gas. 

Practical Consequences 

S i n c e  c o l u m n s  which  give comple t e  
recoveries  of  all glycerides in a sample  are on ly  
i n f r e q u e n t l y  p repa red  it  is c u s t o m a r y  to  app ly  
small  co r rec t ion  fac tors  to  adjus t  the  peak  areas 
for  losses o n  co lumn .  In  a few ins tances  
(4 ,7 ,20) ,  however ,  t he  appl ied co r rec t ion  
fac tors  have  been  large e n o u g h  to suggest  losses 
of  up  to  50% of  the  mater ia l .  Acco rd ing  to  the  
p resen t  s tudy ,  this  missing mater ia l  is still on  
the  c o l u m n  by  the  end  o f  the  run.  While appro-  
pr ia te ly  spaced in jec t ions  could  still y ie ld  valid 
results ,  closely sequenced  runs  w i th  rapid  
cool ing of  the  c o l u m n  will lead to  bu i ld-up  of  
t r ig lycer ide  on  the  c o l u m n  and  an  even tua l  
appea rance  of  false peaks.  In p repara t ive  gas 
c h r o m a t o g r a p h y  this  wou ld  resul t  in  serious 
c o n t a m i n a t i o n  of the  col lected peaks.  With 
rad ioac t ive  t r iglycer ides  there  would  be  a 
gradual  increase in the  b a c k g r o u n d  coun t - ra t e  
of  t he  co lumn.  It  is also possible  t h a t  as a resul t  
of  t he  a c c u m u l a t i o n  o f  the  glycer ide in the  
co lumn ,  the re  would  be  a change  in the  
recovery  of  the  peaks,  requi r ing  a change  in the  
peak  area co r rec t ion  factors .  I t  wou ld  t he r e fo re  
seem to be  a good prac t ice  to  al low ex t ra  t ime  
for  ven t ing  of  the  t rai l ing glycerides  t h r o u g h  
the  d e t e c t o r  at t he  m a x i m u m  c o l u m n  t empera -  
tu re  to  avoid c o n t a m i n a t i o n  of  the  s u b s e q u e n t  
samples.  

Since the  r e so lu t ion  of  the  c o l u m n  increases  
as the  square  roo t  of  the  c o l u m n  l eng th  (22) ,  
whi le  the  recovery  decreases p ropor t i ona l ly ,  
t he re  is l i t t le  to  be  gained by  increas ing the  
c o l u m n  l eng th  b e y o n d  2 f t  wh ich  is the  l eng th  
necessary  to  ef fec t  a d e q u a t e  resolut iof ls  based  
on  c a r b o n  n u m b e r .  

Effec t ive  gas c h r o m a t o g r a p h y  of  high 
molecu la r  weight  t r iglycer ides  requires  t h i n  and  
e x t r e m e l y  u n i f o r m  coat ings  of  l iquid phase.  
Lack of  u n i f o r m i t y  in the  coa t ing  due to 
i m p r o p e r  app l ica t ion  or  poo r  c o n d i t i o n i n g  of  
the  c o l u m n  leads to  d i s to r t ion  and  i n c o m p l e t e  
r ecovery  of  the  solute .  The  larger the  p ropor -  
t ion  of  the  more  heavi ly  coa ted  par t ic les  in a 

pack ing  the  grea ter  is the  loss of t r ig lycer ide  at 
any  given f low rate .  
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Changes in the Structure of Soybean Triglycerides 
During Maturation 

J. N. ROEHM I and O. S. PRIVETT, The Hormel institute, 
University of Minnesota, Austin, Minnesota 55912 

ABSTRACT 

Soybeans of the Hawkeye variety were 
picked at eleven periods from 30 to 111 
days after flowering and extracted with 
chloroform-methanol. The triglyceride 
fraction of five pickings, selected 35 to 
91 days after flowering (when synthesis 
of  lipid was most active), were isolated by 
silicic acid thin layer chromatography 
(TLC) and species composition deter- 
mined using argentation TLC and lipase 
hydrolysis. The triglyceride content of 
the total lipid increased from 6.5% at 30 
days after flowering to 85% in the mature 
bean (111 days). The major changes in 
fatty acid composition of the triglycer- 
ides occurred during the first 52 days 
after flowering. During this period lin- 
olenic acid decreased from 34.2% to 
11.7%, the percentages of  linoleic and 
oleic acids increased, stearic remained 
fairly constant and palmitic decreased 
slightly. Large quantitative changes occur- 
red in the molecular species of the trigly- 
cerides of the bean during maturation; 
some triglycerides containing linolenic 
acid could not be detected approximately 
66 days after flowering. Although 
changes occurred in the percentage and 
amount of each triglyceride species, the 
positional distribution of fatty acids 
remained virtually unchanged throughout 
maturation. Linolenic acid was distri- 
buted fairly uniformly between the 13- 
position and the a-positions, linoleate 
favored esterification in the /~-position, 
and oleate the a-positions. Most of the 
stearic and palmitic acids were esterified 
in the a-positions. The consistency of  the 
positional arrangement of the fatty acids 
indicated that the mode of glyceride 
synthesis was established very early 
during maturation and molecular species 
composition was controlled by the fatty 
acids available for synthesis. 

1present address: Battelle N.W. Memorial Inst i tute ,  
Richland, Washington. 

INTRODUCTION 

The lipid of soybeans undergoes virtually a 
complete transformation in composition during 
maturation (1,2). Recent studies by Hirayama 
and Hujii (2) suggest that triglycerides may be 
synthesized via monoglyceride intermediates as 
well as by the Kenriedy pathway (3). The 
former mechanism was based mainly on the 
observation that relatively large amounts of 
monoglycerides were present during the early 
stage of  maturation and that these compounds 
may be acylated (4) or phosphorylated (5,6) by 
plant enzymes. However, in a recent study (1) 
we could not confirm the presence of  monogly- 
cerides as normal constituents of immature soy- 
beans. The purpose of this study was to gain an 
insight into the mode of synthesis of trigly- 
cerides from changes in their structures and 
molecular species composition during matura- 
tion of the beans. 

FIG. 1. Atgentation TLC of soybean triglycerides 
with chloroform-methanol on plates coated with Silica 
Gel G. TG, triglyceride; S, saturated; M, monoenoic; 
D, dienoic; T, trienoic acid moieties of triglycerides, 
e.g., SMD, a triglyceride containing one saturated, o n e  
monoenoic and one dienoic fatty acid; T3, trilin- 
olenin. 
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TABLE I 

Analysis of Hawkeye Beans During Maturation 

Triglyceride 
Lipid b Residue of total lipid 

Picking Age a (wt %) (wt %) (wt %) 

1 30 6.0 20.6 6.5 
2 35 5.4 14.0 17.5 
3 40 6.1 15.5 27.0 
4 46 6.5 16.2 44.6 
5 52 7.5 19.5 50.0 
6 56 8.2 20.4 53.7 
8 66 10.0 23.8 76.0 
9 89 15.2 32.4 83.0 

10 91 16.0 33.0 83.5 
11 111 22.7 37.2 85.0 

aDays after flowering 
bBased on weight of wet tissue. 

MATERIALS AND METHODS 

Soybeans  of  the  Hawkeye  var ie ty  were 
g rown  at the  Univers i ty  of  Minneso ta  Exper i -  
m e n t a l  S ta t ion ,  Waseca, Minnesota .  Beans were 
p icked  f rom the  second and  th i rd  nodes  of  
p lan ts  at 11 in tervals  f rom 30 to  111 days a f te r  
f lowering,  s tored  at  -20 C, and  the  l ipid ext rac-  
ted  as previously  descr ibed (1).  

Lipid Analyses 

Trigtycer ide  c o n t e n t  of  the  t o t a l  lipid was 
d e t e r m i n e d  by  quan t i t a t ive  t h in  layer  chro-  
m a t o g r a p h y  (TLC) by  the  charr ing-dens i to-  
m e t r y  t e c h n i q u e  (1 ,7 ,8)  using t r io le in  (Lipids  
P repa ra t i on  Labo ra to r y ,  The  H o r m e l  Ins t i t u t e ,  
Aus t in ,  Minneso ta )  as a s tandard .  

Isolation of Triglycerides 

Triglycer ides  were separa ted  f r o m  the  t o t a l  
l ipids by  TLC on  plates  of  Silica Gel  G. The  
plates  were developed in 15% d ie thy l  e the r  in 
p e t r o l e u m  e the r  ( 3 0 - 6 0 C ) .  The  t r iglycer ide 
b a n d  was de t ec t ed  by  viewing the  plate  u n d e r  

u l t raviole t  l ight  a f te r  spraying w i th  0.2% 2,7-di- 
ch lo ro f luo rosce in  in m e t h a n o l .  The  appropr ia t e  
b a n d  was t h e n  scraped f r o m  the  pla te  and  the  
t r iglycer ides  recovered  f rom the  adso rben t  by  
e x t r a c t i o n  w i th  10% m e t h a n o l  in  d ie thy l  e ther .  

Triglyceride Species Analysis 

Each  sample  was f r a c t i o n a t e d  by  a rgen ta t ion  
TLC wi th  so lvent  sys tems consis t ing of  1.4% to  
6.0% m e t h a n o l  in ch lo ro fo rm,  depend ing  on  
the  polar i ty  of  t he  t r iglycer ides  (9). Indiv idual  
b a n d s  were visual ized u n d e r  u l t raviole t  l ight  
a f te r  spraying w i th  2 ,7 -d ich lo rof luorosce in  and  
recovered  f rom the  plate  b y  ex t r ac t i on  w i th  
10% m e t h a n o l  in d ie thy l  e the r  in a Buchne r  
funne l ,  fo l lowed b y  ac id i f ica t ion  of  the  ad- 
so rben t  wi th  10% aqueous  HC1 in a separa to ry  
f u n n e l  and  e x t r a c t i o n  w i th  d ie thy l  e ther .  
Quan t i t a t ive  d e t e r m i n a t i o n '  o f  the  a m o u n t ,  as 
well  as c o m p o s i t i o n  of  each b a n d ,  was carried 
o u t  by  the  add i t i on  of  a k n o w n  a m o u n t  (10  to 
100 /~g) of  m e t h y l  p e n t a d e c a n o a t e  as an inter-  
nal  s tandard ,  conver t ing  the  t r iglycerides  to  

TABLE II 

Triglyceride Fatty Acids of Maturing Hawkeye Soybeans, 0Nt %) 

Age a 
Fatty 
acids 30 35 40 52 66 91 

16:0 b 13.9 12.3 12.9 11.8 10.6 10.6 
18:0 3.8 4.4 4.1 4.2 4.7 3.9 
18:1  11.4 17.0 25.2 25.2 26.3 25.5 
18:2 37.7 37.5 42.2 47.1 49.6 52.4 
18:3 34.2 28.7 15.6 11.7 8.8 7.6 

aDays after flowering. 
bShort-hand designation for fatty acids: number before colon, chain length; number 

after colon, number of double bonds. 
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FIG. 2. Changes in molecular species composi- 
tion of  major monoene containing triglycerides. S, sat- 
urated; M, monoene;  D, diene component  fatty 
acids. 

FIG. 3. Changes in molecular species composi t ion 
of  major diene containing triglyccridcs during matura- 
tion. S, saturated;  M, monoene;  D, diene component  
fatty acids. 

TABLE I11 

Triglyceride Analyses of Maturing Hawkeye Soybeans, (Wt cA.) 

Age a 
TG 

Species b 35 40 52 66 91 

S2M 1.65 1.30 0.70 1.00 1.54 
SM 2 2.45 2.62 3.24 5.08 3.24 
S2D 4.10 5.18 4.58 3.23 4.62 
M 3 3.06 3.17 3.15 3.68 3.35 
SMD 6.55 12.83 13.28 11.40 14.74 
M2D 4.89 6."/0 7.23 8.55 7.12 
SD 2 8.5"/ 9.69 10.48 1 1.36 14.33 
MD 2 6.19 13.51 18.93 17.10 16.34 
SMT 3.31 3.22 3.37 1.90 1.62 
M2T 3.12 2.21 1.84 1.56 1.24 
D 3 5.20 4.84 8.34 13.80 13.75 
SDT I 1.50 8.33 5.15 4.37 4.38 
MDT 6.68 12.20 7.88 6.30 5.3 I 
i)2T I 1.77 5.20 7.2"/ 7.47 6.75 
ST 2 5.19 1.61 0.49 . . . . . .  
MT 2 2.60 1.99 1.54 . . . . . .  
DT 2 8.50 4.24 2.61 2.48 1.77 
T 3 4.67 

aDays after flowering. 

bTG, triglyceride; S, M, D and T, saturated, monoenoic,  dienoic and trienoic compo- 
nent fatty acids, respectively. 
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TABLE IV 

Lipase Hydrolysis of Triglycerides From Hawkeye Soybeans 
I-'atty Acid Analyses, Per Cent Esterified in #Position a,b 

Age c 

35 40 52 66 91 

1 6 : 0  8.6-+0.9 5.3-+0.4 4.4+-0.4 3.5-+0.4 5.8+-0.6 
1 8 : 0  8.1 -+1.5 6.5+-0.5 4.4+-0.4 3.0+0.2 6.6-+1.0 
18: I 27.5+-0.3 19.9+--0.4 21.1 +-0.3 27.2+0.4 26.9-+1.8 
18:2 47.0-+0.6 53.8"I-1.0 50.0+---0.1 46.0-----0.1 45.1 -+0.5 
I 8:3 33.7+--0.4 31.9+--0.1 31.9---1.4 31.7+--0.9 34.5-+0.8 

aper cent esterified in ~-position = % in ~ ' - ~ l y c e r i d e  
3 x % in triglyceride. 

bFigures represent the average of triplicate lipase hydrolysates of the same triglyceride sample. 
CDays after flowering. 

methyl esters by heating with 6% HCI in 
methanol (9,10) and analysis by gas liquid chro- 
matography (GLC). 

GLC of methyl esters was carried out with a 
Barber-Colman series 5000 gas chromatograph 
equipped with a hydrogen flame detector. The 
column was 6 ft x 1/4 in. glass, packed with 
12% EGSS-X on 60-100 mesh Chromosorb P, 
with an operating temperature of 185 C and a 
flow rate of 60 ml per min of nitrogen. 

Lipase Hydrolysis 

The general technique described by Mattson 
et al. (11 ), as modified in previous studies (10), 
was used. Briefly, at least 2 mg of triglyceride 
was suspended in 1 ml of tris buffer, pH 8, then 
20 #1 of bile salts (1% aqueous solution), 50/~1 
saturated aqueous CaCI 2 and 8 mg lipase were 
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FIG. 4. Changes in molecular species composit ion 
of triene containing triglyceride. S, saturated; M, 
monoenoic; D, dienoic; T, trienoic component fatty 
acids. 

added. The reaction was carried out in a water 
bath at 40 C with vigorous stirring for 15 min. 
The reaction mixture was poured into ethyl 
ether over anhydrous sodium sulfate; the ethyl 
ether solution was allowed to dry, and concen- 
trated to a small volume under a stream of 
nitrogen after filtration. The t3-monoglycerides 
were separated by TLC on Silica Gel G with 
d i e t h y l  e t h e r - p e t r o l e u m  e t h e r  ( b .p .  
3 0 - 6 0 ) - a c e t i c  ac id  ( 3 0 : 7 0 : 2 ) .  The  
monoglyceride band was scraped directly into 
an ampule and esterified by heating it with 6% 
HCI in methanol. Fatty acid composition was 
determined by GLC of the methyl esters. 

RESULTS 

Data on the beans at various intervals during 
maturation arc shown in Table I. Soybeans of 
the Hawkeye variety are slow maturing, and 
thus, pickings were made over a period of l 11 
days after flowering. However, the major 
changes in triglyceride and fatty acid compo- 
sition had occurred by approximately 66 days 
after flowering. Fatty acid composition of  the 
triglycerides at various stages during maturation 
is shown in Table II. The major changes 
occurred in the relative amounts of linolenic, 
linoleic and oleic acids. The percentage of  lin- 
olenic acid decreased, that of oleic and linoleic 
increased. However, there was an increase in the 
absolute amounts of all fatty acids as the beans 
matured. 

Some 18 different groups of molecular 
species of triglycerides were detected in the 
beans during maturation; most of these were 
separated in individual bands by argentation- 
TLC as illustrated in Figure 1. ] 'he composition 
of those bands that contained mixtures of 
species were calculated on the basis of their 
fatty acid composition (9,10). Quantitative 
analyses of species composition of the trigly- 
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TABI,E V 

Lipase Hydrolysis of Individual Triglyceride Species Hawkeye Beans, 
66 Days After Flowering, Wt % of Fatty Acids Esterified in ~Positinn 
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TG 
Species a 16:0 18:0 I 8:1 18:2 18:3 

S2M 11.0 4.6 84.4 
SM,~ 3.1 Trace 96.9 
$213 7.9 10.0 82.2 
SMD 2.6 Trace 28.8 68.6 
MD 2 I 3.3 86.'7 
D2T 83.4 16.6 

aTG, triglycerides- S, M, D and T, saturated monoenoic, dienoic and trienoic compo- 
nent fatty acids. 

cerides at various stages during maturat ion of  
the bean are summarized in Table Ill .  Changes 
in tr iglyceride species were generally quant i ta-  
tive but  several species containing linolenic 
acid, part icularly tri l inolenin,  disappcared com- 
pletely as the beans matured.  The pattern of  
the changes are il lustrated in Figures 2, 3 and 4. 
In general, there was a decrease in the percent-  
age of  all species containing linolcnic acid, and 
an increase in all species containing l inoleic and 
oleic acid (except  those species containing lin- 
olenic acid). 

In order  to obtain informat ion  on isomer 
composi t ion ,  the distr ibut ion of  fatty acids in 
the primary (a) and secondary (/3) posit ions 
were de te rmined  via lipase hydrolysis.  Results 
on total  t r iglyceride fractions are summarized 
in Table IV. For  comparison,  individual groups 
of  species isolated from the eighth picking, 66 
days after  flowering, are shown in Tablc V. The 
pattern of  the distr ibut ion of  fat ty acids was 
highly consistent  in all samples. Linolenic acid 
was dis t r ibuted fairly uni formly between the/3- 
and a-posi t ions of  the glycerol  moiety .  Linoleic 
acid favored the /3-position, and oleic acid 
favored the a-posit ions.  Most of  the palmitic 
and stearic acids were distr ibuted in the a-posi- 
tions. Results on the individually separated 
species of  the eighth picking showed that  lin- 
oleic acid took  precedence over linolenic acid as 
well as oleic and the saturated acids for the 
/3-position. 

DISCUSSION 

The present study shows that extensive 
synthesis of  tr iglycerides occurs  in soybeans 
during matura t ion.  The increase in tr iglyceride 
is accompanied  by extensive changes in 
molecular  species composi t ion.  These changes 
appeared to be directly rclated to changes in 
fat ty acid composi t ion  inasmuch as the percent-  
ages of  the molecular  species containing l inoleic 

and oleic acids increased and that of  l inolenic 
decreased in accord with changcs in the per- 
ccntages of  these acids. 

The constancy of  the distr ibut ion of  the 
fat ty acids be tween the /3- and a-posi t ions of  
the molecule  during large changes in molecular  
species composi t ion  indicates that the mode of  
synthesis is established at the beginning of  the 
deve lopment  of  the bean. The decrease in the 
percentages of linolcnic containing triglycerides 
does not  appear to be due entirely to a di lut ion 
effect  because some species containing this acid 
were complete ly  absent in the lipid of  the 
mature bean. Thus, it appcars that a redistri- 
but ion or  t ransformat ion of  acids occurs during 
matura t ion  in accordance with the fat ty acids 
available for synthesis and their  relative affinity 
for esterif ication in the /3- or a-posit ions.  The 
mechanism of this t ransformat ion is not  
known.  Desaturation of  fat ty acids apparently 
may occur  in the lipid carrier (12), however ,  
chain elongation probably requires a direct 
association of  the free acid with the cnzyme.  
Extensive morphological  changes also occur  in 
the bean during maturat ion and may involve 
translocation of lipid. Thus,  a l though the trigly- 
ccrides of  the bean serve mainly for storage of  
energy,  the precise relationship of their  synthe-  
sis to that  of  the const i tuent  fa t ty  acids appears 
to be highly complex.  
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SHORT COMMUNICATIONS 

Fatty Acid Composition of Tissue Lipids From 
Miniature Swine: Influence of Dietary Sucrose and Starch 

ABSTRACT 

The fat ty acid composition of serum, 
liver and adipose tissue from Pitman- 
Moore miniature swine was determined 
following their consumption of starch- or 
sucrose-containing diets for a period of 
one year. Among the tissues studied there 
were no significant differences in the 
fat ty acid composit ion due to the type of  
dietary carbohydrate  (starch or sucrose). 
The cholesteryl ester fat ty acid compo- 
sition of all samples studied remained 
quite constant. There were minor fluctu- 
ations in fat ty  acid composition of phos- 
pholipids and triglycerides from serum 
collected at different intervals following 
initiation of  the diets. 

Miniature swine have become increasingly 
popular in recent years as research animals and 
a considerable body of  data has accumulated 
regarding various anatomic, physiologic and 
biochemical characteristics of these animals. 
The literature contains several reports on the 
total  fat ty acid composit ion of swine tissues 
(1-3), but there is a paucity of information on 
fat ty  acid composit ion of individual lipids from 
miniature swine consuming defined diets. In 
this report  we present the fat ty  acid compo- 
sition of lipids of  serum, liver and adipose tissue 
of  Pitman-Moore miniature swine fed a starch- 
or sucrose-containing diet for a period of one 
year. 

Twenty-two male animals, approximately 2 
months of age, were purchased from Vita-Vet 
Laboratories, Marion, Indiana. Upon receipt,  
the animals were placed on a diet of com- 
mercial hog chow. At the end of one month,  
blood samples were collected for baseline analy- 
ses and the swine were immediately placed on 
Diet A (Table I). Twelve animals received the 
sugar-containing diet and 10, the starch- 
containing diet. After  eight months all animals 
Were switched to Diet B (Table I). After  one 
year,  one-half of the animals were killed by 

electrocution and samples of liver and retroperi- 
toneal adipose tissue were removed for analysis. 
Blood was collected at 7 and 12 months 
following init iation of  Diet A. Lipids were 
extracted with chloroform and methanol (2: I) 
and from the lipid extract,  phospholipids, 
triglycerides and cholesteryl esters were sepa- 
rated by thin layer chromatography in Skelly- 
solve B-diethyl ether-acetic acid (146:50:4).  
Methyl esters of the component  fat ty  acids 
were prepared and separation was carried out 
by gas liquid chromatography as described 
previously (4), with the exception that sepa- 
rations were temperature programmed at 
2 C/min from 150-185 C. Relative concen- 
trations of fat ty acids were determined by 
means of an infotronics, CRS-108 digital inte- 
grator. Quantitative results with fat ty  acid 
standards (quantitative standards KA,KB, and 
KD from Applied Science Laboratories) agreed 
with the stated composit ion with a relative 
error of <2% for major components (those 
comprising more than 10% of the total  mix- 
ture) and <10% for minor components  (those 
comprising less than 10% of the total  mixture).  

The fat ty acid composit ion of the diets is 
shown in Table I and the fat ty acid compo- 
sition of the serum lipids, in Table II. At no 
time were there significant differences between 
the starch or sucrose groups in the fat ty acid 
composit ion of the serum lipids. The choles- 
teryl ester fa t ty  acid composition remained 
quite constant in serum and tissues throughout 
the entire period of study. 

There were, however, significant differences 
in the fat ty  acid composit ion of the phospho- 
lipids and triglycerides over the various col- 
lection periods. In the phospholipid fraction 
there was a substantial increase in serum levels 
of arachidonic acid from baseline to seven 
months.  Serum linoleic acid levels were similar 
for baseline and seven-month samples but  had 
increased significantly by 12 months. Slight 
reductions in stearic acid levels were also seen 
at 12 months. In the triglyceride fraction the 
major serum change was a reduction in the 
relative concentration of linoleic acid at seven 
months compared with the baseline and a slight 
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T A B L E  I 

C o m p o s i t i o n  of  the Diet by Ingred ien t s  and  Overal l  Fa t ty  Acid  C o m p o s i t i o n  

Dietary  c o n s t i t u e n t s  
(per cent  by we igh t )  

Fa t ty  acid c o m p o s i t i o n  
(per cent  of  to ta l )  

Diet A Diet  B Fa t ty  acids d Diet A Diet B 

Commerc ia l  hog c h o w  a 40 34.5 14:0 0.2 0.6 
Dry egg yo lk  16 16 16:0 22.6 24.3 
I legs ted  salt  m i x t u r e  2 2 16:1 2.3 1.7 
Vi tamin  supp lemen t  b I 1 18:0  9.9 6.2 
Sucrose or corns ta rch  c 41 41 18:1 41 .9  42 .0  
Peanut  oil --- 5 18:2 20 . t  23.4 
Crys ta l l ine  choles te ro l  --- 0.5 18:3 1.0 0.6 

20 :4  ~ 1 . 0  ~ 1 . 0  

aSecur i ty  Pig Star te r  (18% prote in ,  3% fat,  5% crude fiber) ,  Secur i ty  Mills, Inc., 
Knoxvil le ,  Tenn.  

bper  100 lb. feed:  v i t amin  A, 4 . 5 x 1 0 7  uni ts ;  v i t amin  D 2, 6 . 2 5 x l 0 5  units ,  I)L 
~- tocophero l ,  6250  uni ts :  ascorbic  acid,  225 g: chol ine  ch lor ide  375 g; menad ione ,  I 1.25 g: 
pa ra -aminobenzo ic  acid,  25 g; niacin,  22.5 g; r ibof lavin ,  5 g" p y r i d o x i n e  HCI, 5 g; t h i amin  
HCI 5 g: ca lc ium p a n t o t h e n a t e ,  15 g : v i t a m i n  B-12, 6.75 g (0.1% in ge la t in) ;  b io t in ,  tO0 rag: 
folic acid,  450  mg. 

CThe corns ta rch  was p rov ided  by Corn Produc t s  Co., Argo,  I11. 

d F a t t y  acids  arc des igna ted  by chain l e n g t h : n u m b e r  of  doub le  bonds .  

T A B L E  I1 

Fat ty  Acid Compos i t i on  of  Serum Lipid From Swine Consuming  
a Starch- or Sugar -Conta in ing  Diet for up to One Year a 

7 m o n t h s '  d ie t  12 m o n t h s '  d ie t  

Fa t ty  Baseline Sugar Starch Sugar Starch 
acids b (N=21)  (N=I I)  (N=IO) (N~6) (N=5) 

Phospho l ip ids  

14:0 0.5 0.1 c --- 0.3 0.1 . . . . . .  
16:0 19.0-+0.7 17.3-+1. I 17.3+1.4 17.2+--0.9 16.4+1.6 
16:1 1.6+--0. I 0.9-+-0.5 0.9+-0.5 1.2+--0.2 1.9+-0.6 
18:0 39.9-+2.4 42 .5+2.2  39.9-+2.5 32.1 +1.0 32.9+0.3  
18:1 18.4-+1.3 15.6-+1.4 15.7+--0.8 15.2+-0.8 14.2+--0.6 
18:2 9.1 -+0.7 8.2+-0.6 9.6-+1.0 I 5.4-+1. I 16.0-+1.4 
20 :4  3.34"0.4 12.7-+1.1 I 1.64"1.3 14.9-1-1.7 13.1-+1.5 

Tr ig lycer ides  

14:0 0.7-+0.1 . . . . . . . . . . . .  
16:0 20.0-+0.6 20.4-+-0.8 17.8-+1.2 23.5-+1. I 22.4 +~0.8 
16:1 3.8+--0.4 1.6+--0.3 1.2+--0.5 2.5+-0.8 --- 
18:0 10.0-+0.9 16.5-+1.3 15.64-1.7 12.0-+1.4 10.3-+-0.9 
18:1 38.5-+1.0 46.04-1.6 50.04-2.6 40.9-+2.2 42.0+-0.7 
18:2 19.4-+1.0 I 0.0-+1.0 I 0.3+~0.9 13.4-+1.3 I 5.O-+1.6 
20:4  3.1 +--0.4 1.3+--0.2 5.3-+3.1 . . . . . .  

Choles te ry l  esters  

14:0 0.3-+0.1 --- 0.2 0.1 . . . . . .  
16:0 13.8+~0.5 14.34"1.1 13.5+--0.9 13.3-+1.0 I 1.4-+1.1 
16:1 2.7+-0.2 1.7+--0.4 1.7+-0.2 2.4+--0.3 1.8+--0.5 
18:0 5.2+-+-0.3 9 .7+1.0  7.7+--0.7 6.2-+0.9 6.0-+1.2 
18:1 33.9+--0.8 36.0-+1.2 39. I -+1.4 36.34-2. I 34.94-1.6 
18:2 34.8+--0.7 30.54-1.3 31.3+2.3 33.5-+1.5 39.2--+1.7 
20:4  6.2+-0.4 6.64"0.8 4.7+1.  I 5.4-+1.4 5.2+--0.5 

aValues  expressed  as the percen tage  of  to ta l  f a t ty  acids.  
b F a t t y  acids  are des igna ted  by chain l e n g t h : n u m b e r  of  d o u b l e  bonds .  

CMean -+ the s t andard  error  o f  the mean.  
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increase again at 12 months. Minor fluctuations 
were also noted in levels of oleic acid over the 
period of study. 

The fatty acid composition of liver and 
adipose tissue is shown in Table III. Only the 
triglyceride fatty acid composition of adipose 
tissue is shown since it comprises more than 
95% of the lipids in this fraction. In liver and 
adipose tissue, as in serum, there were no 
significant differences between the starch or 
sucrose groups in the fatty acid composition of 
the lipids studied. 

Whether the differences in fatty acid com- 
position of the serum collected at various 
periods throughout the experiment are the 
result of developmental changes (rapid growth 
of the animals was observed to continue over 
the entire 12 months), or due to dietary 
manipulations is not known. Fatty acid compo- 
sition of Swine tissues can be altered by changes 
in dietary fatty acid composition (2,3). How- 
ever, the fatty acid composition of the two 
diets in this study (Table I) is quite similar and 
it would appear unlikely that differences in 
serum fatty acid composition are attributable 
to differences in composition of the diets. On 
the other hand, changes in fatty acid compo- 
sition have been noted by other workers to 
accompany growth and maturation, and would 
appear to be the more likely explanation for 
the relatively minor changes that were seen in 
this study. 

In no case were significant differences 
apparent in fatty acid composition of the two 
dietary groups (starch or sucrose). This is of 
interest in view of the reports of differences in 
lipogenesis in animals consuming different 
types of carbohydrates (7). 
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The Effect of Sonication on Lipase Activity 1 

ABSTRACT 

Studies were made to evaluate the 
effect of sonication on activity of porcine 
pancreatic lipase and on activity of  this 
lipase when in contact with substrate. 
Lipase was rapidly inactivated by soni- 
cation at 50 C, but was stable at 30 C or 
lower temperatures. Sonication for 4.5 
min of lipase and olive oil at 38 C pro- 
duced 2.7 times as much free fatty acid as 
without sonication. Hydrolysis of tri- 
palmitin was achieved by sonication of 
lipase and tripalmitin dissolved in methyl 
myristate. 

Although numerous papers have been pub- 
lished regarding the effects of sonication on 
various enzymes, only two papers have been 
published regarding the sonication of lipases. 
Kasahara and Yoshinare (1) sonicated milk 
lipase and Buonsanto et al. (2) sonicated plasma 
lipase. Since hog pancreatic lipase is commonly 
used as a tool for triglyceride and phospholipid 
analysis, it was of interest to determine the 
effects of sonication on this enzyme since lipid 
systems frequently are prepared by sonication. 

The objectives of the studies reported here 
were: (a) to establish the effects of sonication 
on the hydrolysis rate of triglycerides by the 
crude enzyme using various time and tempera- 
ture treatments; (b) to sonicate combined 
enzyme and substrate, and to compare the rela- 
tive rates of hydrolysis with that in a nonsoni- 
cated system; and (c) to establish whether soni- 
cation could be used as a means of increasing 
the rate of lipase hydrolysis of the higher 
melting triglycerides, such as tripalmitin, with- 
out increasing the temperature used during the 
hydrolysis. 

I Journal Paper No. 4181 of the Michigan Agri- 
cultural Experiment Station. 

Heating 0.2 g of dried pancreatin in 10 ml 
H20,  or sonicating it for 1 min at various tem- 
peratures produced the same type o f  inacti- 
vation curve (Fig. 1) for both treatments. How- 
ever, the lipase was more rapidly inactivated 
when sonicated. The latter was attributed to 
the intense cavitation produced during the soni- 
cation treatment. 

Crude pork pancreatic lipase (0.2 g dried 
pancreatin in 10 ml H20)  was subjected to 
sonication for 1-30 min at temperatures of 10, 
30, 40 and 50 C using a Branson model S-75 
Sonifier at a frequency of 20,000 cps and 
intensity of 23 w/cm 2. The sonicated enzyme 
was used for the subsequent hydrolysis of an 
olive oil emulsion at 38 C (3). There was no 
activation of the enzymes during the first 5 min 
of sonication at 10, 30 or 50 C. At 40 C there 
was what appeared to be a slight activation of 
the enzyme during the first 5 min of treatment 
(Fig. 2). However, the enzyme lost activity as 
the sonication time was increased. At 50 C, the 
combination of heat and intense cavitation 
rapidly inactivated the enzyme. 

When 10 ml of a semi-purified lipase prepa- 
ration having a specific activity of 1,795 [pre- 
pared according to Sarda et al. (4)] was soni- 
cated at 30C  for 1, 2, 5 and 10 min, slight 
activation of the enzyme during the first 5 min 
was again noticed. It appears that the degree of 
lipase purity may be related to the temperature 
at which activation occurs, i.e., crude lipase is 
activated at a higher temperature than a semi- 
purified lipase. Since the experiments with the 
semi-purified lipase were not performed at tem- 
peratures other than 30 C, the above statement 
cannot be further amplified. 

It has been reported by other workers 
(2,5-12) that various enzymes are activated 
when sonicated for short-time periods. There is 
some indication that, in cases where increased 
enzyme activity was reported during the first 
few minutes of sonication, the enzymes were 
not pure. Such a situation exists with milk 
xanthine oxidase where the enzyme is attached 
to the surface of the fat globules as lipoprotein 
cenapses. Upon sonication, these cenapses 
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olive oil emulsion at 38 C (3). There was no 
activation of the enzymes during the first 5 min 
of sonication at 10, 30 or 50 C. At 40 C there 
was what appeared to be a slight activation of 
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(Fig. 2). However, the enzyme lost activity as 
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combination of heat and intense cavitation 
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activated at a higher temperature than a semi- 
purified lipase. Since the experiments with the 
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peratures other than 30 C, the above statement 
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FIG. 1. Effect  o f  heating and sonicating for 1 min at various temperatures  on lipase activity. 

break and the enzyme is intensely activated 
before loss of activity finally occurs (I 2). Since 
both the crude and semi-purified lipase in this 
study existed as a lipoprotein, it is postulated 
that the observed activation with lipase is 
similar to that observed with milk xanthine oxi- 
dase. Therefore, the observed increase in 
activity during the first few minutes of soni- 
cation may be only an apparent increase, i.e., 

the sonication treatment may break the lipo- 
protein complex to release the enzyme or active 
groups on the enzyme. 

Many workcrs have reported that N2, H 2 or 
other gases decrease enzyme inactivation during 
sonication. Similar results may be obtained 
with lipase by lowering the sonicating tempera- 
ture. At 10 C, nearly all of the original lipase 
activity was retained after 30 min sonication 
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FIG. 2. Effect of sonication time and temperature on lipase activity. 
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TABLE I TABLE II 

Effect of Sonication and Stirring of Enzyme and 
Olive Oil-Gum Arabic Emulsion for 4.5 Min at 38 C 

Run No. 
M Equiv. of total fatty acids liberated 

Sonication Stirring 

Effect of Sonication and Stirring of Enzyme and 
Tripalmitin a for 9.5 Min at 45 C 

Run No. 
M Equiv. of total fatty acids liberated b 

Sonication Stirring 

1 1 4 4  44 1 11 0 
2 134 58 2 13 o 
3 141 58 3 19 0 
4 134 48 
5 129 49 Average 14 0 

Average 138 51 aThe tripalmitin contained methyl myristate as a 
carrier. 

bThe methyl myristate blanks have been sub- 
tracted in the above figures. 

t r e a t m e n t  in air. It is ev ident  f rom Figure  2 t h a t  
any  t e m p e r a t u r e  b e t w e e n  10 and  30  C will give 
near ly  the  same rate  of  lipase act iv i ty  for  a 
given son ica t ion  t r e a t m e n t .  As t he  t e m p e r a t u r e  
was increased above 30 C, t he re  was a progres-  
sive inac t iva t ion  of  the  enzyme .  There fo re ,  
30 C may  be  cons idered  to be  the  a p p r o x i m a t e  
cr i t ical  t e m p e r a t u r e  of  son ica t ion .  This  means  
t h a t  there  was pract ical ly  no  a l t e ra t ion  in lipase 
ac t iv i ty  dur ing  son ica t ion  at  any  t e m p e r a t u r e  
b e l o w  30 C for  per iods  of  t ime  up  to 30 min.  

To d e t e r m i n e  w h e t h e r  son ica t ion  wou ld  
increase  the  ra te  of  t r ig lycer ide hydro lys i s  b y  
the  enzyme ,  lipase (5 mg panc rea t i n  in 0 .25 ml 
H 2 0 )  and  an  olive oil emul s ion  were son ica ted  
at  38 C for  4.5 min.  The  degree of  l ipolysis was 
t h e n  c o m p a r e d  to t ha t  of  a n o t h e r  sample  wh ich  
was s t i r red at  600 rpm  for  4.5 m i n u t e s  (Tab le  
I). The  s imu l t aneous  son ica t ion  of  lipase and  
olive oil l ibera ted  2.7 t imes  as m u c h  f a t t y  acid 
as the  s t i r r ing system.  This  s ignif icant  increase  
in ra te  was a t t r i b u t e d  to  th ree  facts:  (a) a b e t t e r  
emuls ion  of  olive oil and  gum arabic  was ob-  
t a ined ;  (b)  the re  was a grea ter  t u rnove r  ra te  o f  
subs t ra t e  at  the  oi l-water  in te r face  for  the  
e n z y m e  to  act u p o n ;  and  (c) the  lipase act iv i ty  
increased dur ing  the  first  5 m i n  of  son ica t ion .  
Mechanica l  ag i ta t ion  (s t i r r ing at  600  r p m )  was 
ev iden t ly  n o t  suff ic ient  to  provide  the  con-  
d i t ions  necessary  to p r o m o t e  hydro lys i s  equiv- 
a len t  to  t h a t  w h e n  son ica t ion  was used. 
Since son ica t ion  p roduced  a 2.7 fold increase  in 
the  a m o u n t  of  f a t ty  acids l ibe ra ted  in the  
l ipase-subs t ra te  expe r imen t ,  i t  was of  in t e res t  to  
see w h e t h e r  son ica t ion  would  increase  t he  
hydro lys i s  ra te  of  a h igh me l t i ng  p o i n t  trigly- 
ceride such as t r ipa lmi t in .  P re l iminary  experi-  
m e n t s  showed  t h a t  t r i pa lmi t i n  would  n o t  
h y d r o l y z e  even wi th  son ica t ion  unless  the  tem-  
pe ra tu re  of  hydrolys is  was raised to  64 C, the  
me l t ing  po in t  of  the  t r ipa lmi t in .  This  t empe ra -  
tu re  of  course  would  soon  inac t iva te  t he  l ipase 
(Fig. 1). However ,  w i th  the  add i t i on  of  m e t h y l  
myr i s t a t e ,  wh ich  ac ted  as a carr ier  for  the  tri- 

pa lmi t in  (13) ,  t he  hydro lys i s  t e m p e r a t u r e  Could 
be  lowered  to  45 C. The re fo re ,  a t r ipa lmi t in  
emuls ion ,  con ta in ing  m e t h y l  myr i s t a t e  as a car- 
rier, was son ica ted  w i th  l ipase for  9.5 min  a t  
45 C. The  degree of  hydro lys i s  was compared  
to  t ha t  in a dup l ica te  sample  st i rred at 600  rpm.  
Even at 45 C, the  hydro lys i s  rates were very  
slow (Table  II). No f a t t y  acids were l ibera ted  
dur ing  the  e x p e r i m e n t  involving on ly  st irr ing of  
lipase and  t r ipa lmi t in .  U n d e r  these  cond i t ions ,  
son ica t ion  of  subs t ra t e  and  lipase did no t  in- 
crease the  hydro lys i s  ra tes  of  t he  higher  mel t ing  
po in t  t r ig lycer ides  unless  a carr ier  was present  
to  lower  the  me l t ing  po in t .  
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Oxidation of Fatty Acids by 

ABSTRACT 

The hemoproteins catalase and peroxi- 
dase, after heat treatment which de- 
creased their enzyme activities, became 
more efficient as heme catalysts of lin- 
oleic acid oxidation. These effects might 
be of  importance for preservation and 
storage of food. 

Hemoproteins are known to catalyze the 
oxidation of unsaturated fatty acids by oxygen 
(1). It has been shown that cooking of meat 
results in a conversion of ferrohemochrome to 
ferrihemochrome which might increase the oxi- 
dation of tissue fat (2). Other food products 
which have been heat treated to minimize 
enzyme action during storage, often develop 
rancid compounds formed by oxidation of  
fatty acids. In the case of food from plant 
sources, this can be ascribed to remaining activi- 
ties of lipoxygenase, or to small amounts of 
hemoproteins always present. In order to get 
information of  the role played by hemoproteins 
in this respect, we investigated the oxidation of 
linoleic acid by catalase (E.C. 1.11.1.6.) and per- 
oxidase (E .C . I . l l . I . 7 . ) ,  both ferric hemopro- 
teins, that were subjected to heat treatment or 
acidification followed by neutralization. At the 
same time, the variations in enzyme activity on 
hydrogen peroxide were measured. 

In these experiments ox liver catalase, 
39,000 units/mg, (Boehringer) and two prepara- 
tions of horseradish peroxidase, RZ 1.73 and 
3.0 (Worthington) served as sources of the 
hemoproteins. Concentrations of 0.4" 10 -2 
/~mole/ml for catalase and 1.3"10 -2 /~mole/ml 
for peroxidase in a 0.01 M sodium potassium 
phosphate buffer at pH 6.5 were used. These 
concentrations correspond to 1.6"10 -2 and 
1.3" 10-2 umole heme/ml, respectively. 

Heat treatment in increments of 5-10 C was 
performed by two procedures. For the first 
one, covering the temperature range 25-95 C a 

Heat Treated Hemoproteins 

specially designed apparatus was used to pump 
the hemoprotein solutions through thin walled 
narrow glass tubes heated in a water bath. In 
the second procedure the heat treatment was 
carried out over the range 25-140 C on hemo- 
protein solutions in sealed thin walled glass 
ampoules which were immersed in a glycerol 
bath and rotated around the vertical axis at 
such a speed that the solution was distributed 
in a thin film over the inner wall of  the am- 
poule. In both procedures the hemoproteins 
were held at 0 C both before and after heat 
treatment. The heating lasted 52 sec in the first, 
and for 120 sec in the second at each tempera- 
ture studied. In another experiment, a catalase 
solution at 25 C was brought to pH 3 with 
hydrochloric acid and immediately returned to 
pH 6.5 with sodium hydroxide before the heat 
treatment for 120 sec. 

After the different treatments, the hemopro- 
teins were assayed by a polarographic pro- 
cedure for their effects on the oxidation of lin- 
oleic acid at 25 C and pH 6.5 (3). After suitable 
dilution the enzyme activities were measured 
by well-known spectrophotometric methods. 
The oxidation states of the treated and un- 
treated hemoproteins were compared from 
spectra (360-600 nm) that were run both 
before and after reduction of the heine groups 
to pyridine ferrohemochrome (4). 

The results (Table I) show that the linoleic 
acid oxidation power per molecule catalase at 
25 C is higher than that of peroxidase. Provided 
that the four heroes per molecule of catalase 
and the one of peroxidase can be considered 
equivalent, the values for untreated catalase 
may be divided by four to compare the effect 
per mole heine. By doing so, it can be seen that 
the same order of effect is obtained. On heat 
treatment, both of the hemoproteins gave 
expected losses in catalase and peroxidase 
enzyme activities, whereas the linoleic acid oxi- 
dation rate rose as much as 11 times that for 
the untreated controls. The two different pre- 
parations of  peroxidase behaved similarly. 
Catalase subjected to pH treatment,  gave a 
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Oxidation of Fatty Acids by 

ABSTRACT 

The hemoproteins catalase and peroxi- 
dase, after heat treatment which de- 
creased their enzyme activities, became 
more efficient as heme catalysts of lin- 
oleic acid oxidation. These effects might 
be of  importance for preservation and 
storage of food. 

Hemoproteins are known to catalyze the 
oxidation of unsaturated fatty acids by oxygen 
(1). It has been shown that cooking of meat 
results in a conversion of ferrohemochrome to 
ferrihemochrome which might increase the oxi- 
dation of tissue fat (2). Other food products 
which have been heat treated to minimize 
enzyme action during storage, often develop 
rancid compounds formed by oxidation of  
fatty acids. In the case of food from plant 
sources, this can be ascribed to remaining activi- 
ties of lipoxygenase, or to small amounts of 
hemoproteins always present. In order to get 
information of  the role played by hemoproteins 
in this respect, we investigated the oxidation of 
linoleic acid by catalase (E.C. 1.11.1.6.) and per- 
oxidase (E .C . I . l l . I . 7 . ) ,  both ferric hemopro- 
teins, that were subjected to heat treatment or 
acidification followed by neutralization. At the 
same time, the variations in enzyme activity on 
hydrogen peroxide were measured. 

In these experiments ox liver catalase, 
39,000 units/mg, (Boehringer) and two prepara- 
tions of horseradish peroxidase, RZ 1.73 and 
3.0 (Worthington) served as sources of the 
hemoproteins. Concentrations of 0.4" 10 -2 
/~mole/ml for catalase and 1.3"10 -2 /~mole/ml 
for peroxidase in a 0.01 M sodium potassium 
phosphate buffer at pH 6.5 were used. These 
concentrations correspond to 1.6"10 -2 and 
1.3" 10-2 umole heme/ml, respectively. 

Heat treatment in increments of 5-10 C was 
performed by two procedures. For the first 
one, covering the temperature range 25-95 C a 

Heat Treated Hemoproteins 

specially designed apparatus was used to pump 
the hemoprotein solutions through thin walled 
narrow glass tubes heated in a water bath. In 
the second procedure the heat treatment was 
carried out over the range 25-140 C on hemo- 
protein solutions in sealed thin walled glass 
ampoules which were immersed in a glycerol 
bath and rotated around the vertical axis at 
such a speed that the solution was distributed 
in a thin film over the inner wall of  the am- 
poule. In both procedures the hemoproteins 
were held at 0 C both before and after heat 
treatment. The heating lasted 52 sec in the first, 
and for 120 sec in the second at each tempera- 
ture studied. In another experiment, a catalase 
solution at 25 C was brought to pH 3 with 
hydrochloric acid and immediately returned to 
pH 6.5 with sodium hydroxide before the heat 
treatment for 120 sec. 

After the different treatments, the hemopro- 
teins were assayed by a polarographic pro- 
cedure for their effects on the oxidation of lin- 
oleic acid at 25 C and pH 6.5 (3). After suitable 
dilution the enzyme activities were measured 
by well-known spectrophotometric methods. 
The oxidation states of the treated and un- 
treated hemoproteins were compared from 
spectra (360-600 nm) that were run both 
before and after reduction of the heine groups 
to pyridine ferrohemochrome (4). 

The results (Table I) show that the linoleic 
acid oxidation power per molecule catalase at 
25 C is higher than that of peroxidase. Provided 
that the four heroes per molecule of catalase 
and the one of peroxidase can be considered 
equivalent, the values for untreated catalase 
may be divided by four to compare the effect 
per mole heine. By doing so, it can be seen that 
the same order of effect is obtained. On heat 
treatment, both of the hemoproteins gave 
expected losses in catalase and peroxidase 
enzyme activities, whereas the linoleic acid oxi- 
dation rate rose as much as 11 times that for 
the untreated controls. The two different pre- 
parations of  peroxidase behaved similarly. 
Catalase subjected to pH treatment,  gave a 
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TABLE I 

Rate of Linoleic Acid Oxidation by pH- and Heat-Treated Catalase 
and Peroxidase, Compared With the Change in the Enzyme Activity 

Heat treatment 
at temperature 

C a 

Catalase 

Linoleic acid 
oxidation rate b 

pH-treated untreated 

Enzyme 
activity %, 
untreated c 

Peroxidase 

Linoleic acid 
oxidation rate b, 

untreated 

Enzyme 
activity %, 
untreated 

25 458 20 
53 460 25 
61 350 70 
71 290 95 
81 235 100 
90 205 105 

100 195 95 
109 185 98 
120 167 83 
130 --- 75 
140 . . . . . .  

1oo 

92 
5 
o 

8.7 
10.5 
15.7 
23.5 
35.7 
47.5 
58.6 
68.5 
79.5 
8~0 
96.0 

100 
100 

. . .  

80 
. . .  

50 
20 
14 

aTreated 120 sec at each temperature. 
bMicromole O2/min/2mole protein. 
CThe enzyme activity was completely lost by pH-treatment. 

23-fold increase which  was fo l lowed by a 
decrease on  subsequent  heat  t r ea tment .  Of  
practical interest  is the  fact that  the increased 
abili ty of  the  hemopro t e in s  to  oxidize linoleic 
acid was re ta ined on storage at 2 C for at least 
four months .  

Since the results f rom the spectral  analysis 
showed no changes in the ox ida t ion  state of  the  
h e m o p r o t e i n  iron, the observed effects  can be 
cons idered  to  result  f rom a possible increased 
unfolding of  the prote in  to cause a greater  ex- 
posure  of  the heme groups to the substrate ,  or a 
shift  towards  higher spin state  of  the ferric i ron 
(5). These ques t ions  are present ly  being s tudied 
in our  laboratory.  

These observat ions  on the  effects  o f  heat  
and pH treatmer~t on heine cata lyzed ox ida t ion  
of  unsa tura ted  fa t ty  acids may be of  concern  
also in the  preservat ion and storage of  food 
f rom plant sources,  where  in fact the inacti- 
vat ion of  catalase and peroxidase  enzymes  

o f t en  is t aken  as a cr i ter ion of  sufficient  hear 
t r ea tment .  

CAJ E. ERtKSSON 
P/~R A. OLSSON 
SVANTE G. SVENSSON 
Swedish Inst i tute  for Food  Preservat ion 

Research (SIK) 
S-400 21 G6teborg ,  Sweden 
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The Removal of Water and Nonlipid Contaminants 
From Lipid Extracts 
J. P. WILLIAMS, and P. A. MERRILEES, Department of Botany, 
University of Toronto, Toronto, Ontario, Canada 

ABSTRACT 

A technique is presented for the 
removal of water and water-soluble non- 
lipid contaminants from lipid extracts. 
The process is quicker and simpler than 
existing techniques and lipid recoveries of 
greater than 97% have been obtained. 

INTRODUCTION 

The removal of water and nonlipid contami- 
nants from lipid extracts are problems that have 
plagued lipid biochemists for some time. A 
number of methods have been used in the past 
(I-16) to remove nonlipid contaminants, but 
none have proved completely satisfactory. In a 
previously published technique (16) using 
Sephadex LH-20, many of the difficulties of 
removing nonlipid contaminants were over- 
come, but the technique required the prior 
removal of water, and involved the use of 
columns which take time to make and run. 
Another technique has been developed, and is 
reported here, in which not only nonlipid con- 
taminants, but  also water, are removed in one 
process. The method utilizes the ability of 
Sephadex G-25 to swell in water, and at the 
same time to absorb water-soluble substances. 
The lipid, which is not  absorbed by the Sepha- 
dex, is washed off with a solvent (e.g., chloro- 
form) that is not  miscible with water. In this 

method it is not  necessary to form a column 
except to ensure complete washing of the 
Sephadex in the final stages. 

METHODS 

Radioactivity was measured in a Packard 
Tri-Carb Liquid Scintillation Spectrometer. 

Chlorophyll was determined by the method 
of Arnon (17). 

All chromatograms were run on Silica Gel G 
(Merck) thin layer plates in chloroform- 
methanol-water (65:25:4 v/v/v). The plates 
were sprayed with 50% sulfuric acid and heated 
at 105 C for 10 min to detect the lipid spots. 

PROCEDURE 

The essential procedures of the technique as 
applied to leaf lipid extracts are outlined in 
Figure 1. The preliminary homogenization, as 
used by us, is not essential to the technique, 
but has been found to extract most, if not all, 
of the lipid from this leaf tissue. After filtering 
off the insoluble residue, Sephadex G-25 
(Pharmacia, Uppsala, Sweden) is added to the 
filtrate in the approximate proportion of 1:1 
w/w, Sephadex to water in tissue. Since 
Sephadex G-25 can take up more than twice its 
own weight in water, this is more than suffi- 
cient to absorb all the water in the extract. In 
the presence of chloroform and methanol, the 
Sephadex takes up no water, but as these so l -  

TABLE I 

Recovery of Lipid, Nonlipid and Chlorophyll Components in 
Chloroform and Methanol-Water Washings After Sephadex Treatment  

Per cent recovered in 

Total Chloroform Methanol-water 
Material recovery washing washings 

14C-Lipidb 98.0-+6.2 97.2 +5.5 0.8450.7 
14C-Nonlipid c 92.2-+3.5 1.02-+0.8 91.2 +-4.2 
Chlorophyll d 96.2-+3.3 96.2 +-3.3 0 + 

aLipid and nonlipid materials were determined as radioactivity; chlorophyll was deter- 
mined spectrophotometrically. 

bMean of five determinations. 
CMeans of three determinations. Recovery was low because the solubility o f  some  com- 

ponents in methanol-water was affected by drying, prohibiting complete resuspension and 
counting. 

dMean of 10 determinations. 
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Leaves 

Wash 
Sephadex 

Homogenize in 2:1, C/M 
(approx. 15 ml/g fresh wt. 
of leaves.) Virtis No. 45 
blender (full speed, 25 sec.) 

I 
Residue 

(discard) Filtrate 

I 
1. Add Sephadex G-25 (approx. 

1 : 1 w/w, Sephade)~ to water 
in extract.) 

/ 

2. Dry [ on rotary evaporator 
(until no free liquid in flask) 

I 
3. Resuspend in chloroform 

(approx. 10-20 ml chloroform per 
gram Sephadex) 

I 1: 1: 4. r~epea s ep 2 

I d 5. Resuspen in chloroform and 
pour suspension into narrow 
filter tubes (approx. 1 crn in 
diameter for 1 g of Sephadex) 

I 
I 

(a) chloroform (b) methanol (c) water 
(50-100 ml) (approx. 50 rnl) (approx. 50 rnl) 

lipids and nonlipid methanol- 
pigments and water-soluble 

contaminants 

FIG. I. Outline of procedure used to separate lipid-soluble and nonlipid contaminants from ex- 
tracts of Vicia faba leaves. 

vents are evaporated off, the Sephadex begins 
to adsorb water until  no free liquid remains in 
the flask. It is not necessary to dry the Sepha- 
dex past the point at which it clings to the wails 
of the flask. To ensure the complete adosrption 
of water, the Sephadex is resuspended in chlo- 
roform and dried down once more, after which 
it is again suspended in chloroform and washed 
with the same solvent to elute the lipid. 

Problems were encountered in the prelimi- 
nary experiments in which some of the more 
polar lipids were adsorbed onto the Sephadex. 
These  could be removed by washing with polar 
solvents but this results in removal of nonlipid 
contaminants as well. By pouring the chloro- 
form suspension of Sephadex into narrow filter 
tubes (or chromatographic columns) and 
washing the Sephadex thoroughly with chloro- 
form, most, if not all, of the lipid can be eluted 

with no significant nonlipid contamination. 
Nonlipid methanol- and water-soluble compo- 
nents can be recovered by washing the Sepha- 
dex in the filter tube with first methanol, and 
then water. 

R E S U L T S  

To test the technique, samples of pure, 
radioactive (14C) plant lipids were added back 
to nonradioactive homogenates, and the separa- 
t ion procedure using Sephadex followed. 
Similarly, in a separate set of experiments 
samples of radioactive nonlipid contaminants 
were added to nonradioactive homogenates. 
T h e  chloroform and the methanol-water 
washings from each experiment were chromato- 
grammed and autoradiographed. The resulting 
thin layer plates (Fig. 2) indicate little or no 
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FIG. 2. Thin layer chromatogram of chloroform 
and methanol-water washings, using technique out- 
lined in Figure 1. (a) Radioactive lipid extract, as 
added to homogenate (see text); (b) chloroform 
washing and (c) methanol-water washing after separa- 
tion of lipid and nonlipid material using Sephadex 
G-25; (d) radioactive nonlipid fraction as added to 
homogenate; (e) chloroform washing; and (f) 
methanol-water washing after similar separation. 
Extracts a and d were prepared from 14C-acetate fed 
leaf discs using the technique outlined in Figure 1. 
Lipid abbreviations: MGDG, monogalactosyl diglycer- 
ide; DGDG, di-galactosyl diglyceride; SL, suffolipid; 
PC, phosphatidyl choline; PI, phosphatidyl inositol; 
SG, steryl glycoside; UPL, unidentified phospholipid; 
and P + NL, pigments and neutral llpids. Fractions c, d 
and f contain only unidentified nonlipid material 
spots. 

contamination of the lipid fractions with non- 
lipid material, or vice versa. Figure 3, an auto- 
radiograph of the same plate, shows the radio- 
active compounds in each fraction; in each case 
the radioactivity is almost entirely confined to 
the expected lipid or nonlipid fraction. 

Quant i ta t ive  determinations of similar 
experiments (Table I), indicate that when radio- 
active lipid is added to the homogenate more 
than 95% of the activity can be recovered in the 
lipid fraction. Similarly, more than 90% of 
radioactive nonlipid material added can be 
recovered in the nonlipid fraction. 

Estimates of chlorophyll indicate that this 
pigment is recovered in quantities greater than 
96% of that in the original homogenate. 

DISCUSSION 

The principle behind the method outlined is 
that Sephadex G-25 swells in aqueous solution 
absorbing up to 2.5 times its own weight in 
water. At the same time water-soluble nonlipid 

FIG. 3. Autoradiograph of thin layer plate in 
Figure 2. Legend as Figure 2. 

materials are dissolved in the water in the 
swollen beads. The lipid materials do not enter 
the beads and may be removed by washing with 
a water-immiscible lipid solvent. 

Problems were encountered during the 
studies with adsorption of some lipids onto the 
Sephadex. These difficulties were largely over- 
come by thorough washing in the manner 
described. However, trial runs should be made 
to determine recovery of lipid before this 
method is used routinely. 

The method outlined has been designed for 
the extraction and purification of lipids from 
the leaves of Vicia faba. It is thought, however, 
that this technique could be adapted to almost 
any type of plant or animal tissue, and used 
with a wide variety of different solvents and 
solvent combinations, in large or small scale 
separations. The technique may also prove use- 
ful in removing lipid contaminants from non- 
lipid extracts, as the water-soluble materials are 
easily recovered from the Sephadex. 
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Studies on the in Vivo Metabolism of Retinoic Acid 
in the Rat 
R. L. GEISON 1 and B. C. JOHNSON 2, Division of Nutritional Biochemistry, 
Department of Animal Science, University of Illinois, Urbana, Il l inois 61801 

ABSTRACT INTRODUCTI  ON 

A time study of the metabolism of 
6,7-14C-retinoic acid after intraperitoneal 
injection of physiological levels (17 /lg, 
0.39 /Jc) into vitamin A deficient rats, 
which had been repleted with retinoic 
acid for two weeks up to two days before 
injection, resulted in a rapid metabolism 
to more polar compounds in the small 
intestine and its contents and a slower 
metabolism to primarily different mate- 
rials in the liver and kidney. The major 
route of metabolism resulted in the uri~ 
nary excretion of 60% of the injected 
dose in 24 to 27 hr. Urinary metabolites 
of 15-14C-retinoic acid were eluted from 
silicic acid at a similar concentration of 
solvents as the ring labeled metabolites 
although only 32% of the injected dose 
was recovered in 24 hr. Compounds chro- 
matographically similar to the urinary 
metabolites were observed at various 
times in the liver, kidney and small intes- 
tine plus contents in addition to retinoic 
acid and other metabolites. The relative 
amounts of the metabolites in the differ- 
ent tissues studied varied as a function of 
the tissue and the time of analysis after 
injection. Most of the radioactivity 
from all tissues was extractable into 
methanol. A liver subcellular distribution 
of the radioactivity derived from the 
intraperitoneal injection of 650 /.tg of 
6,7-14C-retinoic acid (25.9/~c) after 3 hr 
indicated a minimal level of association of 
radioactivity (150-250 dpm/mg protein) 
with all fractions and a greater association 
of radioactivity with the lysosomal-micro- 
somal fraction (300-350 dpm/mg protein) 
and the 60-100% ammonium sulfate pre- 
cipitable (750-800 dpm/mg protein) and 
100% ammonium sulfate soluble fractions 
(422 dpm/mg protein) of the soluble 
supernatant. 

1present address: Joseph P. Kennedy, Jr. Labora- 
tories, Department of Pediatrics, University of Wiscon- 
sin, Madison, Wise. 53706. 

2present address: Biochemistry Section, Oklahoma 
Medical Research Foundation, Oklahoma City, Okla. 
73104. 

Since the discovery of the biological activity 
of retinoic acid by Arens and van Dorp (1-3) in 
1946, and the demonstration of the oxidation 
of retinal to retinoic acid both in vitro (4-8) 
and in vivo (4,9-12), the question has arisen 
whether retinoic acid is metabolized still 
further to a biologically active form. Recent 
studies suggest that retinoic acid undergoes iso- 
merization (13,14), decarboxylation (15-17), 
and glucuronic acid conjugation (18) mecha- 
nisms. Hopefully, chemical structures can be 
eventually drawn for all the metabolites of 
retinoic acid and the pathways of metabolism 
understood. Knowledge of the biological 
activity of the metabolites of retinoic acid 
should then greatly aid the efforts which have 
been devoted to determining a biochemical 
function of the vitamin apart from its role in 
vision. The present study has attempted to 
follow the tissue distribution of metabolites 
after small physiological doses. 

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

Reagents 

All- trans retinoic acid, 6,7-14C-retinoic acid 
and 15-14C-retinoic acid were a gift from Hoff- 
mann-LaRoche and Co., Nutley, N.J. One 
molar hydroxide of Hyamine 10X, 2,5-di- 
phenyloxazole (PPO) and 1,4-bis-2-(5-Phenyl- 
oxazolyl)-benzene (POPOP) were obtained from 
the Packard Instrument Co. Silicic acid 
especially prepared for the chromatography of 
lipids by the method of Hirsch and Ahrens was 
obtained from BioRad Laboratories (Calbio- 
chem Corp., Los Angeles, Calif.) and used for 
column chromatography after activation at 
150 C for 24 to 48 hr. Organic solvents and 
reagents were analytical grade. Isooctane was 
redistilled before use. Bovine serum albumin 
was obtained from Sigma Chemical Co., St. 
Louis, Mo. 

Preparation of Rats 

For the retinoic acid metabolism studies, 
vitamin A deficient rats prepared essentially as 
described previously (19), which were losing 
weight, were repleted with retinoic acid for two 
w e e k s  by feeding a retinoic acid supplemented 
diet (10/~g of retinoic acid per 10 g of vitamin 
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FIG. 1. Silicic acid chromatography of methanol 
extracts 9 f liver at time indicated after intraperitoneal 
injection of 17 pg of 6,7-14C-retinoic acid. 
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FIG. 2. Silicic acid chromatography of methanol 
extracts of kidney at time indicated after intraperi- 
toneal injection of 17 pg of 6,7-14C-retinoic acid. 

A free diet). This diet was replaced with the 
vitamin A free diet for two days preceding the 
injection of the labeled compounds. The endo- 
genous retinoic acid should be rapidly lost from 
these animals and after several days low endo- 
genous amounts of vitamin A materials should 
be present. This should optimize formation of 
radioactive metabolites due to a minimal 
dilution of injected retinoic acid and its 
metabolites by endogenous vitamin A materials. 
For the liver 14C-retinoic acid distribution 
study vitamin A deficient rats were similarly 
nutritionally prepared, except that they were 
repleted with intraperitoneal injections of 250 
#g of retinoic acid in 50 #1 of absolute ethanol 
every three days. For both these studies the 
actual experimental animals were selected from 
a group of rats on the repletion regimen. 

In Vivo Metabolism of 6,7-14C-Retinoic Acid 

Four rats were injected intraperitoneally 
with 17 #g (0.39 #c) of 6,7J4C-retinoic acid in 
0.1 ml of absolute ethanol-Tween 80-H20 
(2:1:7 v/v/v). They were killed at I, 3, 9 and 27 
hr, respectively, after injection. Water was sup- 

plied ad lib. The rats killed at 1, 3 and 9 hr 
were not given food but the rat killed at 27 hr 
was allowed access to the vitamin A deficient 
diet. Blood plasma was obtained from oxalated 
(0.01 M potassium oxalate) blood collected 
after decapitation. Urine and feces were col- 
lected and frozen until analysis. The liver, kid- 
neys, small intestine plus contents and adrenals 
were removed after death, weighed and imme- 
diately extracted. Intestinal contents were 
included due to the reports of a predominant 
excretion of vitamin A metabolites in rat bile 
(9 ,18 ,20-22) .  The tissues were chopped 
thoroughly with scissors and homogenized in a 
loose- f i t t ing  Potter-Elvejhem homogenizer. 
After homogenizing, 6 vol (w/v) of  methanol 
(containing 1 mg of propyl gallate per liter) 
were added and the tissues were further homo- 
genized. The resulting homogenate was centri- 
fuged at 1000 x g x 10 min and the clear 
supernatant (methanol extract) was removed. 
The residual material was air dried for three 
days before it was weighed, sampled, and the 
radioactivity analyzed. Duplicate aliquots of 
the methanol extracts and residues, the fecal 
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samples, and duplicate aliquots of the blood 
plasma and urine samples were also analyzed 
for radioactivity by a modification of the 
methods described by Herberg (23). Approxi- 
mately 10 mg duplicate samples of residues 
from the methanol extracts were dissolved in 1 
ml of hydroxide of Hyamine by heating at 60 C 
for 24 hr in glass scintillation vials. In some 
instances it did not appear that the residue had 
completely solvated, but upon addition of 
scintillation solution, solvation was achieved. 
Fifteen milliliters of 0.5% PPO-0.01% POPOP in 
toluene were added and the samples counted in 
a Packard Tri-Carb scintillation counter, model 
3214. Aliquots of urine and 0.1 and 0.5 ml 
aliquots of blood plasma were evaporated to 
dryness by warming under a N 2 stream, 1 ml of 
hydroxide of Hyamine was added and after 
heating at 60C for 20 hr, 15 ml of 0.5% 
PPO-0.01% POPOP in toluene were added and 
the samples were counted. Fecal samples were 
put in scintillation vials and heated with 1 ml of 
hydroxide of Hyamine at 60 C for 20 hr. Fif- 
teen milliliters of 0.5% PPO-0.01% POPOP in 
toluene were added. Solvation was not corn- 

plete but samples were counted as such. Con- 
siderable quenching was observed (less than 1% 
counting efficiency) with the fecal samples. An 
internal standard (14C.toluene, Packard Instru- 
ment Co.) was used in all cases to determine 
quenching. 

Column chromatography of the methanol 
extracts was achieved as follows. One half to 
5.5 ml aliquots of the methanol extracts com- 
bined with 1 mg of propyl gallate and 200 #g of 
nonradioactive retinoic acid were mixed into 2 
g of activated silicic acid. This resulted in a 
slurry which was subjected to evacuation in a 
vacuum dessicator until  a free-flowing powder 
resulted (up to 4 hr depending on the amount 
of extract added). This powder was then added 
to an isooctane head on the top of a column of 
6 g of activated silicic acid prepared in iso- 
octane by adding the dry silicic acid to iso- 
octane and allowing it to settle by gravity 
(usually overnight). The addition of the 
methanol extract to the silicic acid before appli- 
cation to the column apparently resulted in a 
deactivation of the silicic acid. This was indi- 
cated by an accumulation of the marker reti- 
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noic acid at the junction of the activated silicic 
acid and the silicic acid with the adsorbed 
extract when the initial isooctane solution was 
run through. The retinoic acid remained at this 
junction until the proper concentration of  
diethyl ether was achieved to cause its elution. 
This resulted in sharp elution patterns similar to 
what would be obtained if the material had 
been applied to the column in a small amount 
of solvent. A gradient elution device adapted 
from the method of Bock and Ling (24) was 
used to develop the columns. A concave 
gradient was achieved by use of two cylindrical 
chambers of 6.4 cm i.d. for the reservoir and 
7.6 cm for the mixing chamber. This concave 
gradient was used to maximize resolution in the 
first part of the column in the region retinoic 
acid is eluted. The mixing chamber was filled 
with 250 ml of solvent and the reservoir was 
filled with 190 ml of solvent. The first gradient 
(gradient 1 in Fig. 1, 2, 3 and 4) was an iso- 
octane-diethyl ether gradient and the second 
(gradient 2 in Fig. 1, 2, 3 and 4) was a diethyl 
ether-absolute ethanol gradient. The columns 
were stripped with methanol. The flow rate was 
adjusted to 2 ml a minute using a slight N 2 
pressure. The columns were run at 25 C in 
diminished light with 10.4 ml fractions being 
collected. The final column dimensions were 
1.4 x 13 cm. The presence of the marker 
retinoic acid was determined by taking a total 
ultraviolet spectrum of the column eluates on a 
Perkin-Elmer Model 202 recording spectro- 
photometer.  Radioactivity was determined by 
evaporating the whole fraction or an appro- 
priate aliquot to a residue in a scintillation vial 
with the aid of a stream of warm air. The frac- 
tion residues were then dissolved in 15 ml of 
0.3% PPO in toluene and counted. An average 
of 50% of the applied radioactivity was re- 
covered in the total eluates from the columns. 

Study of the Urinary Metabolites Derived 
From 6,7-14C-Retinoic Acid and 15-14C - 
Retinoic Acid 

For the urinary metabolite study two rats, 
weighing approximately 225 g, prepared the 
same as the rats described under the in vivo 
metabolism experiment, were injected intraperi- 
toneally either with 17 ~zg (0.39 /~c) of 
6,7-14C-retinoic acid or 9 gg (0.33 /~c) of 
15-14C-retinoic acid dissolved in 0.1 ml of 
absolute ethanol-Tween 80-H20 (2:1:7 v/v/v). 
The rats were allowed access to the vitamin A 
free diet during the 24 hr in which the urine 
was collected separately from the feces, 
in test tubes immersed in a dry ice-ace- 
tone bath. At the end of 24 hr 5 ml of 
methanol containing 1 mg of propyl gallate per 

liter were added and the tubes allowed to warm 
up until the methanol could be mixed into the 
urine. Aliquots were taken for radioactivity 
analysis and subjected to column chromato- 
graphy as described previously. 

Liver Subcellular Distribution of Radioactivity 
Derived From 6,7-14C-Retinoic Acid 

For the liver subcellular distribution study, 
1.3 mg (25.9 /~c) of 6,7-14C-retinoic acid dis- 
solved in 0.2 ml of absolute ethanol was in- 
jected intraperitoneally into two rats (244 and 
223 g) nutritionally prepared as described pre- 
viously. After 3 hr the rats were killed and the 
livers removed. A subcellular fractionation 
scheme was employed for the preparation of 
the particulate fractions. All work was per- 
formed at 4 C or on ice. The fresh livers were 
homogenized in 3.5 vol (w/v) of 0.25 M sucrose 
with three strokes of a motor driven Potter- 
Elvejhem homogenizer. The homogenate was 
centrifuged at 700 x g x 10 min, the super- 
natant removed, saved, and the precipitate 
resuspended in 25% of the original volume with 
0.25 M sucrose and centrifuged at 700 x g x 10 
rain. The supernatant was removed and the pre- 
cipitate washed a second time in a similar 
manner. A mitochondrial fraction was prepared 
from the three combined supernatants by cen- 
trifugation at 5,000 x g x 10 min with two 
washes with 25% of the original volume. A lyso- 
somal fraction was prepared by centrifugation 
of the three mitochondrial supernatants at 
15,000 x g x 25 min with two washes with 0.25 
M sucrose using 25% of the original volume of 
the three mitochondrial supernatants. A micro- 
somal fraction was prepared by centrifugation 
of the three lysosomal supernatants at 105,000 
x g x 60 min with one wash in approximately 
20 ml of 0.25 M sucrose. The fluffy lipid layer 
on top of the first 105,000 x g x 60 min super- 
natant was removed and saved, separate from 
the clear middle supernatant layer. The lipid 
layer (plus supernatant contamination) was 
centrifuged at 105,000 x g x 60 min, the lipid 
layer removed, resuspended with about 20 ml 
of 0.25 M sucrose and centrifuged at 105,000 x 
g x 60 min. After a similar second washing, a 
lipid fraction was obtained. The clear super- 
natant fraction was subjected to ammonium 
sulfate fractionation at 4 C. A concentration of 
40% (242 g/liter) ammonium sulfate was 
achieved by slowly adding the required amount 
with stirring. The precipitate was collected by 
centrifugation and washed by resuspension and 
stirring twice with 30 ml of 40% ammonium 
sulfate in 0.25 M sucrose. The 40% ammonium 
sulfate supernatant was concentrated to 60% 
(131 g/liter more) ammonium sulfate, the pre- 
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cipitate collected by centrifugation and washed 
twice with 30 ml of 60% ammonium sulfate in 
0.25 M sucrose. The 60% ammonium sulfate 
supernatant was concentrated to 100% (305 
g/liter more) ammonium sulfate. The precipi- 
tate plus some undissolved ammonium sulfate 
was collected by centrifugation and washed 
twice with 30 ml of saturated ammonium 
sulfate in O:25 M sucrose. The 100% 
ammonium sulfate supernatant was saved as 
such. A similar fractionation procedure was 
employed on nonradioactive rat liver for the 
preparation of tissue blanks for background 
determinations. All of the protein precipitates 
were each dissolved or suspended in about 10 
ml of distilled H20.  Protein was determined by 
the biuret method (25), with a bovine serum 
albumin standard. It was necessary in the 100% 
ammonium sulfate fraction to correct for color 
formation in the presence of ammonium sulfate 
with an appropriate blank. 

Radioactivity was determined on duplicate 
aqueous samples containing approximately 10 
mg of protein. The appropriate aliquots were 
evaporated to dryness in scintillation vials at 
50 C until dry (1-5 hr). Three milliliters of 
hydroxide of Hyamine were added and the 
samples were heated at 50 C until  solvation was 
achieved (12-48 hr). Fifteen milliliters of 0.5% 
PPO-0.01% POPOP in toluene were used as the 
scintillation solution. Methanol extracts of the 
aqueous protein solutions or suspensions (about 
10 mg protein) were prepared after lyophyl- 
ization, by extracting the dry protein sample 
three times with 3 ml of methanol using centri- 
fugation at 1000 x g x 10 min to precipitate the 
protein each time. The supernatants were com- 
bined and aliquots evaporated by heating at 
50C and dissolved in 1 ml of hydroxide of 
Hyamine and 15 ml of 0.5% PPO-0.01% POPOP 
in toluene. 

RESULTS AND DISCUSSION 

The data in Table I show the 
results of the in vivo metabolism 
experiment. An analysis of the tissue data 
shows that retinoic acid is rapidly lost with 60% 
of the injected radioactivity appearing in the 
urine after 27 hr. There seems to be a general 
loss of materials from all tissues. The rates of 
loss appear to be different as indicated by a 
relative decrease in the radioactivity in liver and 
a relative increase in small intestine plus con- 
tents, possibly indicating the excretion of 
metabolites via the bile (20-22). On a relative 
basis, kidney levels remained constant. There 
was a generally uniform ability to extract the 
radioactivity from all the tissues into methanol 

with an average extraction efficiency of about 
85%. Methanol was used to maximize the 
extraction of more polar metabolites. 

Column chromatography of the methanol 
extracts is shown in Figures 1, 2 and 3. The 
procedure utilized allowed direct column appli- 
cation of the methanol extracts without prior 
fractionation. The elution patterns should then 
be representative of the total amount of 
material present in an individual tissue at a 
given time due to the efficiency of extraction, 
as indicated by the data in Table I and the 
ability to put the entire extract immediately on 
the column. Degradation and artifact formation 
should be minimal. In the columns (not shown) 
of the extracts of liver and kidney 1 hr after 
injection, the only radioactive peak was eluted 
coincident with the marker retinoic acid. This 
indicated the method was suitable and did not 
produce artifacts, as had been indicated to be 
the case with ion exchange chromatography 
(14). 

Chromatography of the intestine plus con- 
tents methanol extract (not shown) obtained 1 
hr after injection of retinoic acid at the low 
levels of radioactivity analyzed indicated that 
most of the radioactivity was eluted with the 
second gradient and the methanol strip. Only 
about 5% of the recovered counts from 
this column were eluted with the marker 
retinoic acid. Three hours after the injection of 
retinoic acid the majority of the radioactivity 
eluted from the columns (Fig 1-3) was coinci- 
dent with marker retinoic acid in the liver 
(62%) and the kidney (73%) extracts. Part of 
the end of gradient 1 in the column of the 
metabolites of liver after 3 hr was lost, causing 
its shortened nature. Only 2% of the total 
radioactivity in the intestinal extract was eluted 
coincident with marker retinoic acid. Column 
chromatographic analysis of the extracts 9 hr 
after injection of retinoic acid (not shown) also 
indicated the major radioactive material in liver 
and kidney to be retinoic acid with again a pre- 
dominance of polar metabolites in the intestine 
plus its contents. At 27 hr (Fig. 1-3) there were 
traces of retinoic acid in liver and kidney with 
the major amount of radioactivity in several 
other compounds. At all times in the intestine 
and its contents, almost all of the radioactivity 
was present in materials eluted at more polar 
solvent concentrations. 

The data show retinoic acid to be present in 
small amounts in the liver and kidney at least 
24 hr after injection of these small, physiolo- 
gical doses. There was, however, a considerable 
metabolism to other compounds with the 
excretion of most of the administered radio- 
activity. It is not possible to relate precisely the 
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present observed metabolites to compounds 
indicated in the literature, however, some pos- 
sible relationships can be suggested. It is pos- 
sible that one or more experimental variables 
such as method of administration, dosage level, 
vitamin A nutritional status of an animal, time Fraction 
of analysis after dosing, the tissue analyzed, and Nuclei and cell debris 
the species of animal studied could have an Mitochondria 
influence on the metabolites present. The Lysosomes 
present data indicate that metabolites of similar Microsomes 
chromatographic character were obtained from Soluble Supernatant 

0-40% ammonium 
several of the individual rat tissues at the differ- sulfate precipitable 
ent times of analysis after injection. More 40-60%ammonium 
specific studies with more animals will be neces- sulfate precipitable 
sary to define more thoroughly the flow and 60-100% ammonium 

sulfate precipitable 
extent of accumulation of these materials in the 100% ammonium 
various tissues. Definite pathways of metabo- sulfate soluble 
lism can then be postulated. Lipid (fluffy) layer 

A material eluted immediately following 
retinoic acid appeared in the extracts of all 
three tissues studied 27 hr after injection. A 
material eluted at a similar position was also 
seen in the extract of intestine 3 hr after 
injection and the extract of liver 9 hr after 
injection (not shown). This is the predominant 
material which increases in relative concen- 
tration with time in all the tissues studied and 
which is not chromatographically similar to the 
major urinary metabolites. This compound may 
be a cis isomer. The 13-cis isomer elutes some- 
what faster from silicic acid than all-trans 
retinoic acid (13). Methylated trans and cis iso- 
mers have variant chromatographic properties 
(14). 

Small amounts of compounds similar in 
chromatographic character to the urinary 
metabolites were seen in the kidney 3 hr after 
injection. A compound chromatographically 
similar to the urinary metabolites was found in 
the intestine plus contents at both 3 and 27 hr 
after injection of retinoic acid, in addition to 
the presence of more polar materials. The major 
metabolite in liver 3 hr after injection of  
retinoic acid was chromatographically similar to 
the urinary metabolites. A compound was seen 
in the liver at 3 and 27 hr which was more polar 
in chromatographic character than the urinary 
metabolites, but similar to the polar intestinal 
materials. These polar liver and intestinal 
materials may be similar to the various conju- 
gated forms of retinoic acid found in rat bile 
(20-22). Zile and DeLuca (26) found metabo- 
lites in the liver more polar than retinoic acid 
and Yagishita et al. (15) found metabolites in 
the intestine more polar than retinoic acid. 

The results of the column chromatography 
of the urinary metabolites are shown in Figure 
4. An analysis of the excreted metabolites from 
retinoic acid labeled at each end of the system 

TABLE II 

Liver Subcellular Distribution of the 
Radioactivity Derived From Intraperitoneally 

Injected 6,7-14C-Retinoic Acid 

dpm/mg Protein 

1 9 2  -+ 2 a 
239+11 
324 - 3 
340 -I- 3 (82%) b 

153 - 1 

211 ---1 

773 + 28 (93%) 

422 -1"4 
128---2 

aRange of duplicate samples subjected to radio- 
activity analysis. 

bpercentage of radioactivity extractable into 
methanol. 

of conjugated double bonds should give an indi- 
cation of the extent of cleavage of the molecule 
at any point between the radioactive atoms. 
Two cleavage products would probably be dif- 
ferent in their elution patterns from a column. 
The radioactivity elution pattern of metabolites 
derived from a molecule should then be dif- 
ferent from a compound labeled on one side of 
the point of  cleavage versus a compound 
labeled on the other side of  the point of 
cleavage. 

Fifty-eight per cent of the radioactivity of 
the injected 6,7-14C-retinoic acid and 32% of 
the radioactivity of the injected 15-14C-retinoic 
acid were recovered in the urine after 24 hr 
with respectively 14 and 11 ml of urine voided. 
Roberts and DeLuca (16) obtained a lesser 
amount of radioactivity in urine from 14- or 
15-14C-retinoic acid compared to 6,7-14C- 
retinoic acid with urinary excretion essentially 
complete after one to two days. These results 
suggested the occurrence in urine of metabo- 
lites with the side chain not cleaved as well as 
metabolites with at least the C-15 and C-14 car- 
bon atoms cleaved and converted to CO 2. The 
lack of any chromatographically different 
radioactive urinary metabolites from the 
6,7.14C_retinoic acid and the 15 -14C-retinoic 
acid (Fig. 4) suggest that these materials repre- 
sent the metabolites in which the conjugated 
double bond chain is not cleaved. The postu- 
lated cleaved metabolites may have been eluted 
with the intact metabolites or may have 
remained on the column. Column recoveries 
from the urinary 6,7-14C-retinoic acid metabo- 
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lites and the  15-14C-retinoic acid metabo l i t e s  
were 50% and 40%, respectively.  Dunagin et al. 
(18) have shown that  the  biliary metabo l i t es  
obta ined f rom rats in jec ted  wi th  6,7-14C - 
ret inoic acid or 15-14C-retinoic acid have a 
similarity in their  co lumn chromatograph ic  
proper t ies  and have suggested that  the  biliary 
metabol i tes  are not  cleaved. The urinary 
metabol i tes  have co lumn e lu t ion  proper t ies  
similar to  the  f ract ion M-1 ob ta ined  by Zile and 
DeLuca (26). 

To test  the  possibil i ty tha t  the  ur inary 
metabol i tes  may be ester conjugates,  an al iquot  
of  the urine containing metabol i tes  f r o m  
6,7-14C-retinoic acid was made  0.1 N wi th  
NaOH, di luted wi th  an equal volume o f  
methanol  and warmed  at 45 C for  3 hr. The 
column chromatographic  pa t t e rn  of  the result-  
ant materials indicated no re t inoic  acid or com- 
pounds  of  greatly al tered ch roma tograph ic  
character.  

The results of  a subcellular  distri- 
bu t ion  s tudy of  the  radioact ivi ty  de- 
rived f rom 6,7-14C-retinoic acid are shown  
in Table II. The s tudy was pe r fo rmed  
in an a t t empt  to fur ther  def ine the  site o f  
act ion of the  vitamin. The associat ion of  a large 
amount  of  radioact ivi ty wi th  a part icular  frac- 
t ion would  suggest a physiological  significance 
of the vi tamin in that  f ract ion.  The results indi- 
cate radioactivi ty to  be loca ted  t h roughou t  all 
fractions.  There  is a base level of  about  150-250 
d p m / m g  pro te in  which possibly represents  non-  
specific binding to protein .  There  are two  areas 
of  a higher specific activity,  the  lysosomal-  
microsomal  f rac t ion and the  60-100% 
ammon ium  sulfate precipi table  and 100% 
a m m o n i u m  sulfate soluble f ract ions  of  the  
soluble supernatant .  Two of  these f ract ions  
were ex t rac ted  wi th  me thano l  af ter  lyophyl i -  
zation to  de te rmine  if the re  was covalent  
bonding  of  the radioact ivi ty  to  m e t h a n o l  
insoluble protein .  The data in Table II indicate  
as tho rough  an ex t rac t ion  of  radioact ivi ty  in to  
methano l  as was the case wi th  the whole  tissue 
methano l  extracts .  The level o f  re t inoic  acid 
given these rats was larger than  desirable but  
was necessi ta ted by limits in m e t h o d s  of  detec-  
tion. It may be that  the  size o f  doses,  the  
me thod  of  adminis t ra t ion ,  the t ime of  killing 
after dosing, the tissue s tudied,  or the  vi tamin 
A status of  an animal could affect  the subcellu- 
lar localization of the  radioact ivi ty  and the  
nature of  the compounds .  A tho rough  analysis 
would require a s tudy of  the  effect  o f  these  
variables. 

Future  problems will be conce rned  wi th  
determining opt imal  condi t ions  for obta in ing  
sufficient quant i t ies  o f  these various me tabo -  

lites so tha t  chemical  character iza t ion and 
thorough  biological analyses can be pe r fo rmed .  
A final e lucidat ion of  the  pa thways  of  
metabol i sm and the na ture  of  the active forms 
of  the vi tamin will t hen  unques t ionab ly  greatly 
aid the  ef for ts  o f  invest igators concerned  wi th  
de termining  the  b iochemical  func t ion  of  the 
vi tamin in its g rowth  p romot ing  role. 
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Obligatory Role of Bile for the Intestinal Absorption 
of Vitamin E 
H U G O  E. G A L L O - T O R R E S  1 , Department of Biochemical Nutrition, 
Hoffmann-La Roche Inc., Nutley, New Jersey 07110 

A B S T R A C T  

Normal, white female rats subjected to 
cannulation of the abdominal thoracic 
duct have been utilized for a study on the 
essentiality of biliary and pancreatic 
secretions for the intestinal absorption of 
vitamin E. In all animals the thoracic duct 
lymph was collected. Some rats had the 
enterohepatic circulation undisturbed and 
in others bile or pancreatic juice or both 
were drained to the exterior by appro- 
priate catheters in the common bile duct. 
On the first postoperative day, the ani- 
mals received intragastrically an emulsion 
containing protein, carbohydrate, mono- 
olein, 2 mg of d,l-a-tocopheryl acetate 
plus 50 pC of d , l - c t - t o c o p h e r y l - l ' , 2 " - 3 H  - 
acetate. The appearance of radioactive 
a-tocopherol and its derivatives was deter- 
mined in lymph, hourly, after emulsion 
administration. The obligatory role of 
bile in intestinal absorption of d,!-a-toco- 
pheryl-l ' ,2'-aH-acetate has been estab- 
lished. Pancreatic juice seems to be neces- 
sary for the hydrolysis of the vitamin E 
acetate ester. The simultaneous infusion 
of bile and pancreatic juice promotes 
absorption of about 10% of the adminis- 
tered dose into the lymph. A chromato- 
graphic separation of the radioactive 
vitamin E fractions revealed that most of 
the vitamin E, which is actively transfer- 
red from the intestinal lumen to the 
lymph, is nonesterified. An oxidation 
product of ~-tocopherol, presumably its 
p-quinone, appears in small amounts in 
the lymph, but almost no labeled a-toco- 
pheryl acetate could be detected under 
these experimental conditions. 

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

Although it has been recognized for many 
years that bile salts and pancreatic secretions 
affect the absorption of dietary vitamin E (1,2) 

Ipresent address: Department of Vitamin and 
Nutrit ional  Research, F. Hoffmann-La Roche & Co., 
Ltd., Basle, Switzerland. 

evidence on this matter has been incomplete 
(3). Infants with congenital atresia of the bile 
ducts or with cystic fibrosis of the pancreas 
have diminished concentrations of plasma toco- 
pherol and creatinuria and show an abnormal 
erythrocyte hemolysis test. These defects are 
presumably due to poor absorption of the vita- 
min in the absence of biliary and pancreatic 
secretions from the intestine. However, this 
interrelationship has not been clearly substan- 
tiated. 

Most studies made in animals and humans 
have employed either metabolic balance tech- 
niques estimating tocopherol absorption from 
measurements of tocopherol intake and fecal or 
urinary excretion (4-8) or measurements of 
changes in the vitamin levels of plasma, liver 
and other organs (9-15). Although these studies 
have provided excellent information about the 
distribution of small amounts of vitamin E and 
its metabolites in the body, the use of such 
t e c h n i q u e s  makes interpretation of the 
absorption data difficult. 

Direct evidence for the absorption of 
14C-a-tocopherol into the intestinal lymph of 
rats was reported by Johnson and Pover (16). 
Since in that study samples of lymph were 
pooled over variable periods of time from 27 to 
96 hr after feeding of the labeled vitamin, 
observations on the kinetics of absorption 
during the postabsorptive period were pre- 
cluded. Blomstrand and Forsgren (17) have 
recently reported on the intestinal absorption 
of several labeled tocopherols in man. However, 
no complete study on the effect of biliary or 
pancreatic secretions or both on vitamin E 
absorption is available in the literature. 

It was, therefore, considered important to 
carry out a study on the influence of biliary or 
pancreatic secretions or both on the intestinal 
absorption of vitamin E. This investigation was 
facilitated by the recent development of a new 
technique for the cannulation of the abdominal 
thoracic duct i n t he  rat (18) and the availability 
of d , l , - a - t o c o p h e r y l - l ' , 2 " - a H - a c e t a t e .  In addi- 
tion, the total radioactivity and the vitamin E 
radioactive fractions of lymph were determined 
hourly in an attempt to obtain a more detailed 
picture on the kinetics of absorption of vitamin 
E in the presence or absence of bile. 
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solution of pure d, l~-tocopheryl-l ' ,2 ' -3H ace- 
tate (see below), protein, carbohydrate, mono- 
olein, saline and 2 mg of d,/-ot-tocopheryl ace- 
tate in 50 pl ethanol. Both the carrier and the 
labeled vitamin E ester were added to tubes 
containing 4 ml of the emulsion and mixed by 
means of a Vortex Jr. Mixer (Model K-J, 
Scientific Industries, Inc.). Animals were given 
the emulsion by stomach intubation without 
the aid of anesthesia. Lymph was collected at 
hourly intervals for 12 hr. Bile samples were 
also collected along with the lymph in the cases 
of animals with common bile duct catheteri- 
zations. 

FIG. 1. Thoracic duct cannula and triple catheteri- 
zation of the common bile duct in the rat. This pre- 
paration was used in some of the studies reported 
here. 

MATERIALS AND METHODS 

Female albino rats (300-350 g) of the CD 
Charles River Breeding Laboratories (North 
Wilmington, Mass.) were maintained on a stand- 
ard Purina chow diet and water ad lib until  the 
time of operation. 

Surgery 

The detailed procedure for the cannulation 
of the abdominal thoracic duct in the rat has 
appeared (18). In some instances, rats with 
thoracic duct fistula but with reconstituted 
enterohepatic circulation were used. In other 
instances, the animals had a lymph fistula plus 
two catheters in the upper part of the common 
bile duct; through the distal catheter, the 
infusion cannula, 3.6 ml of saline (0.85% NaC1 
plus 0.04% KC1) were infused. A third prepara- 
tion used in the present studies consisted of a 
thoracic duct fistula plus three catheters in the 
common bile duct (Fig. 1). Use of this prepara- 
tion permitted the infusion into the duodenum 
of either saline alone (duodenum devoid of bile 
and pancreatic secretions) or saline plus bile 
uncontaminated with pancreatic juice; in both 
instances the animal's own bile and pancreatic 
juice were diverted from the intestine. After 
operation, the animals were placed in a 
restraining cage (19) made by C. H. Stoelting 
Co., Chicago, Ill. 

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

Absorption experiments began 18 to 24 hr 
after operation, according to the protocol 
reported for studies on cholesterol absorption 
(20). The detailed composition of the emulsion 
used has been described elsewhere (20). It con- 
tained basically 50 pC (140 pg)of  an ethanolic 

Purification of Radioactive Material 

D,l-~-tocopheryl-l',2'-3H-acetate (F. Hoff- 
mann-La Roche & Company, Ltd., Basle, 
Switzerland) had a specific activity of 356 
/~C/mg in t 962. By using glass fiber paper chro- 
matography techniques described below, it was 
found that the original material contained 
breakdown products of a-tocopherol, and, 
therefore, it was purified by passing it through 
a 15 x 3.5 cm column of silicic acid (100 mesh, 
Mallinckrodt). After activation and packing, the 
column was first washed with 400 ml of n- 
hexane (Chromatoquality Reagent, 99 + mole 
%, Matheson Coleman & Bell, East Rutherford, 
N.J.); 90 mg of the tritiated a-tocopheryl ace- 
tate were dissolved in 5 ml n-hexane and 
poured into the column. Mixtures of n-hexane- 
benzene (100:5 up to 100:50) were used to 
successively wash the column. Benzene 
(Reagent, A.C.S., Lehigh Valley Chemical Co., 
Easton, Pa.) was distilled before use and kept 
dry by the addition of calcium chloride to the 
bottle. Eluents of each solvent mixture were 
collected in 25 ml fractions; 5 pl aliquots were 
spotted in small portions on glass fiber paper 
and the radioactivity counted in a Packard 
Scint i l la t ion  Spectrometer by procedures 
similar to those described for the counting of 
cholesterol and its esters (20). Most of the 
radioactivity was found in the eluates consisting 
of a mixture of hexane-benzene, (100:35). 
Final purity of the d,l-~-tocopherol ester was 
checked by glass fiber chromatography imme- 
diately prior to use. Using suitable standards of 
free a-tocopherol and d,/-~-tocopheryl acetate 
(both from Hoffmann-La Roche Inc., Nutley, 
New Jersey), it was found that the fraction 
corresponding to the radioactive tocopheryl 
acetate was more than 99% pure. 

Vitamin E Extraction Procedures 

Lymph samples were extracted immediately 
after collection. The method used for the 
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extraction of lipids from lymph is reported in 
detail elsewhere (20). Briefly, this procedure 
involved extraction of the lymph with ethanol- 
isopropyl ether (2:1 v/v) and in the ratio of 1 
ml of lymph per 20 ml of extracting mixture. 
After centrifugation, the supernatant was dried 
under N 2 and the samples were made up to a 
known volume (0.3 to 1.0 ml) with n-hexane, 
and aliquots of 100 /al used for chromato- 
graphy. Absolute ethanol (U.S.P. 200 Proof, 
Distilled by Publicker Industries, Inc., Philadel- 
phia, Pa.) was freed of aldehydes by redistil- 
lation over KMnO 4 (Baker Analyzed Reagent, 
J. T. Baker Chemical Co., Phillipsburg, N.J.) 
and KOH pellets (Fisher Scientific Co., Fair  
Lawn, N.J.) and kept in dark bottles until use. 
Isopropyl ether (Practical, Matheson Coleman 
& Bell, East Rutherford,  N.J.) was freed of  
peroxides by procedures reported previously 
(20). The lymph extraction mixture was pre- 
pared immediately after purification of iso- 
propyl  ether. 

Chromatography and Radioactivity Measurements 

The separation of free tocopherol  from toco- 
pheryl acetate and from other lipid components  
was carried out  by glass paper chromatography 
using glass fiber paper obtained from Gelman 
I n s t r u m e n t s  Co., Ann Arbor,  Michigan 
(ITLC-SG) and employing two solvent systems. 
The first solvent system consisting of iso- 
octane-benzene (100:15 v/v) is the same used 
for the separation of cholesterol and cholesterol 
esters in blood (21) and lymph (20). Using this 
system, free tocopherol  traveled just below 
cholesteryl arachidonate and separated quite 
well from a- tocopheryl  acetate, which traveled 
much lower than the unesterified vitamin. Oxi- 
dation products of  o~-tocopheryl remained at 
the origin of the chromatogram. These oxi- 
dation products were chromatographed by  
using an acidic solvent system consisting of iso- 
octane-ethyl ether-formic acid (100:10:0.5).  
Anhydrous ethyl ether (Reagent A.C.S.) and 
formic acid (both purchased from Allied 
Chemical, Morristown, N.J.) were used without 
further purification. Using this solvent system, 
free tocopherol  and its acetate ester traveled 
close to the solvent front. The oxidation prod- 
uct comparable to the one obtained after 
reaction of a- tocopherol  with FeC13 in absolute 
e t h a n o l ,  presumably the a-tocopheryl-p- 
quinone (22), remained distinctly isolated in 
the middle of the chromatogram. 

Glass fiber paper chromatography of the 
lymph extracts was done in duplicate and excel- 
lent agreement was obtained. Suitable mixtures 
of standards were applied to one side of the 
chromatograms as 5 /al (0.4/2g) aliquots; after 
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FIG. 2. The appearance of radioactive Oytocopherol 
and derivatives in the thoracic duct lymph of rats at 
hourly intervals in the presence of biliary and pan- 
creatic secretions (upper graph) or in their absence 
flower graph). In both instances, an emulsion was 
administered containing protein, carbohydrate, mono- 
olein and trifiated a-tocopheryl acetate. Each graph is 
representative of three experiments. 

developing and drying of the chromatogram, 
the side (about 3 cm wide) containing the mix- 
tures of standards was cut, sprayed with con- 
centrated sulfuric acid and charred over a hot  
plate. The corresponding radioactive bands 
were systematically removed and prepared for 
counting as described (20). The counting was 
carried out in a Packard Tri-Carb Liquid Scintil- 
lation Spectrometer,  Model 3380, with Model 
544 Absolute Activity Analyzer attachment.  
The results are thus expressed in dpm per hour 
of lymph production.  

RESULTS 

Simultaneous Effect of Bile and Pancreatic 
Juice on Tocopherol Absorption 

Three animals were prepared in which a 
thoracic duct fistula was performed but had the 
enterohepatic circulation reconsti tuted by an 
external shunt. Saline was given ad lib. The 
emulsion, containing a- tocopheryl - l ' ,2 ' -3H 2- 
acetate was given 20 hr after operation. The 
appearance of radioactive a- tocopherol  and its 
derivatives in lymph is shown in Figure 2. Two 
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FIG. 3. The appearance of radioactive o~-tocopherol 
and derivatives in the thoracic duet lymph of rats 
when either pancreatic juice (upper graph) or bile 
(lower graph) is present in the intestine. Other experi- 
mental conditions as described in Figure 2. Each graph 
is representative of three experiments. 

distinctive radioactivity peaks are seen, an early 
peak, occurring at 3 or 4 hr after feeding and a 
second, more significant peak, occurring 6 to 9 
hr after administration of the emulsion. Most of 
the radioactivity was found in the form of free 
tocopherol; however, there was some in the 
form of an oxidized product, presumably 
0t-tocopheryl-p-quinone and a very small 
amount in the fraction corresponding to the 
tocopheryl acetate ester. About 10% of the 
administered dose of radioactivity was re- 
covered in the 12 hr following the intragastric 
administration of the emulsion under these 
experimental conditions. 

In a second group of experiments, three ani- 
mals were prepared in which a thoracic duct 
was created and both biliary and pancreatic 
secretions drained to the exterior by means of a 
cannula in the lower part of the common bile 
duct; through the same opening on the bile 
duct, another catheter was inserted and intro- 
duced 2-3 mm into the intestine. This cannula 
was used to infuse saline (3.6 ml/hr) into the 
duodenum. Negligible amounts of radioactivity 
were detected in the thoracic duct lymph of the 
rats under these circumstances (Fig. 2). There 
was no detectable peak absorption in any of the 
three experiments and the amount of radio- 
activity appearing in the lymph was 0.1% of the 
administered dose (on the average) during the 
12 hr after feeding. At this extremely poor level 
of absorption, there was a predominance of the 
oxidized form of the tocopherol and virtually 
no free tocopherol appeared in lymph during 
this period. 

The Effect of the Infusion of Pancreatic Juice 
Or Bile Alone on Tocopherol Absorption 

The previous experiments showed that both 
pancreatic and biliary secretions, when given 
simultaneously, promote a considerable en- 
hancement of the absorption of vitamin E from 
the intestine of the rats. It was decided, there- 
fore, to study the effect, separately, of each of 
these two secretions. 

Three rats were used in which bile was 
drained to the exterior, pancreatic juice left un- 
disturbed, and a thoracic duct fistula created. 
The animals were hydrated as described in the 
Materials and Methods section. Figure 3 shows 
that, after administration of the radioactive 
a-tocopheryl-acetate-containing emulsion, the 
absorption rate of tocopheryl is very much 
reduced owing to the lack of bile. An average of 
1.5% of the total radioactivity administered was 
recovered in the 12 hr following feeding. There 
was an absorption peak by the third or fourth 
hour. Most of the radioactivity found in lymph 
was due to the labeled 0t-tocopheryl acetate and 
significant amounts were found in the oxidized 
form. Radioactive free tocopherol was either 
absent or very low during the 12 hr of lymph 
collection. 

In a last group of experiments, the effect on 
tocopherol absorption of infusion of bile alone 
into the duodenum was studied. For this pur- 
pose, bile, uncontaminated with pancreatic 
juice (18), was collected for up to one week 
from several rats and the pooled collections 
kept at 4 C until  use. Three animals were can- 
nulated in the thoracic duct and thrice can- 
nulated in the common bile duct (Fig. 1). The 
catheter in the upper part of the common bile 
duct drained pure bile; one of the two catheters 
in the lower part of the common duct was used 
to drain pure pancreatic juice from the animal's 
body. Through the infusion cannula, each rat 
received 1.5 ml bile (from experimental data 
on bile flow in these well hydrated fistulated 
animals, it has been found that from 0.8 to 1.5 
ml/hr of bile is produced) plus 2.1 ml saline 
per hour into the intestine. Owing to the lack 
of pancreatic juice, a severely reduced rate of 
absorption was observed in lymph during the 
12 hr following administration of the emulsion 
containing radioactive a-tocopheryl acetate 
(Fig. 3). It was seen that there is no real peak 
absorption; total radioactivity was somewhat 
higher during the first 5 hr after feeding, and 
about 1.3% of the administered radioactive 
dose was recovered in the 12 hr lymph col- 
lection. As in the previous instances of poor 
absorption, the fractions of vitamin E corre- 
sponding to the oxidized form and to toco- 
pheryl acetate had most of the radioactivity 
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and very little, if any, free tocopherol was 
found. 

DISCUSSION 

The studies reported here are the first in 
which the appearance of radioactive tocopherol 
fractions has been followed as a function of 
time during conditions of presence and absence 
of bile in the intestine. This was accomplished 
after feeding identical amounts of the radio- 
active d,/ax-tocopheryl acetate in an emulsion. 
Since the same concentration of the vitamin E 
acetate ester was administered in each instance, 
it was possible to carry out appropriate com- 
parisons under the several conditions studied. 
Infusion of saline at a constant rate has assured 
not only an adequate hydration, but a uniform 
lymph flow as well (18). The results of this 
study have provided definitive evidence that the 
presence of bile salts and pancreatic juice in the 
intestine is a requisite for the intestinal absorp- 
tion and the lymphatic transport of vitamin E. 

During the simultaneous infusion of bile and 
pancreatic juice into the duodenum, labeled 
vitamin E appears in lymph mostly as the un- 
esterified tocopherol and very little as the toco- 
pherol ester. Two peaks of radioactivity appear 
and this biphasic type of kinetics suggests the 
existence of a dual mechanism of absorption. 
Data obtained indicate that the infusion of 
pancreatic juice alone can support appearance 
of vitamin E in lymph, which, quantitatively, is 
very similar to that seen in the early peak of 
absorption under conditions of reconstituted 
enterohepatic circulation. However, qualitative 
differences were evident and more experiments 
would be necessary to further clarify this obser- 
vation. 

The recovery of 10% of the radioactivity 
from the administered dose agrees with that 
reported by Simon et al. (6) after feeding 
d-a-tocopheryl-5-methyl-14C-succinate to 
rabbits. However, in the present study, unlike 
that of Simon et al. (6), no recirculation of the 
absorbed isotope to the intestine is possible 
because the absorbed labeled vitamin E is 
diverted outside the animal's body owing to the 
lymph fistula. Since data reported herein were 
obtained under ideal conditions for absorption, 
i.e., normal animals with undisturbed entero- 
hepatic circulation to which a physiological 
dose of tocopheryl acetate (2.14 mg) was 
administered in a fat-containing emulsion, it 
can be concluded that a-tocopheryl acetate is a 
fat-soluble ester which is poorly absorbed from 
the intestinal tract, even though this compound 
is liquid at room temperature and presumably 
might be soluble in micellar bile salt solutions. 

The poor absorption of the vitamin E ace- 
tate ester is in sharp contrast with that of other 
lipid materials, notably, glycerides, which are 
absorbed, after intestinal digestion, with an 
efficiency close to 100%. This observed dis- 
similarity is perhaps indicative of a lack of 
parallelism between vitamin E and glycerides 
during digestion, intestinal absorption and 
lymphatic transport. From the above consid- 
erations, it is also clear that absorption data, 
based on fecal excretion of a substance or its 
metabolites after feeding of the radioactive 
compound, should be interpreted with caution, 
especially if the compound, as in the case of 
vitamin E (23), undergoes an enterohepatic 
circulation. Recirculation of the absorbed 
radioactive material might possibly affect the 
fecal excretion data. 

The appearance of radioactive vitamin E in 
lymph was at a minimum in the absence of 
either bile or pancreatic juice. Two main radio- 
active fractions are detected in lymph under 
these very poor absorption conditions: the a- 
tocopheryl-p-quinone and traces of the adminis- 
tered ester; unesterified vitamin E is almost 
completely absent under these conditions. 
These data suggest that the small quantity of 
radioactive vitamin E that appears in lymph in 
the presence of only pancreatic juice in the 
lumen is the result of an entirely different and 
inefficient mechanism than the one operating 
when both bile and pancreatic juice are present 
in the duodenum. These findings clearly 
emphasize the obligatory role of biliary 
secretions in the absorption of a-tocopheryl 
acetate. They also explain why vitamin E 
deficiency syndrome develops under conditions 
in which there is insufficient bile or pancreatic 
juice in the gastrointestinal tract (I ,2). 

The requirement for bile indicates that 
emulsification of this water-insoluble vitamin is 
required prior to its penetration into the intesti- 
nal mucosa. Pancreatic juice presumably might 
contain an enzyme (a-tocopherol ester hydro- 
lase) the existence of which, as well as its site of 
action (intraluminal, surface or interior of the 
intestinal cell), remains to be demonstrated. 
Indeed, from the present studies, it is evident 
that in the rat the first step in the absorption of 
~-tocopherol ester is hydrolysis. In those cases 
of good absorption, there was extensive 
hydrolysis of the administered a-tocopheryl 
acetate, which presumably occurred in the 
intestinal lumen, and accounts for the virtual 
absence of tocopheryl acetate in the lymph. 
This absence of vitamin E ester in the lymph of 
the rat is in complete agreement with reported 
data on the absorption and distribution of a- 
tocopheryl acetate in chicks (8). Aside from its 
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e m u l s i f y i n g  p r o p e r t i e s ,  t h e  p r e s e n c e  o f  bi le  sa l t s  
c o u l d  be  a r e q u i s i t e  f o r  t h e  h y d r o l y s i s  o f  c~- 
t o c o p h e r o l  a c e t a t e  p r i o r  o r  d u r i n g  p e n e t r a t i o n  
o f  v i t a m i n  E i n t o  t h e  m u c o s a l  cel l .  I t  w a s  
d e m o n s t r a t e d  b y  G r e a v e s  a n d  S c h m i d t  ( 1 ) t h a t  
t h e  ora l  a d m i n i s t r a t i o n  o f  d e o x y c h o l i c  ac id  
i n c r e a s e s  t h e  a b s o r p t i o n  o f  v i t a m i n  E in  b i le-  
f i s t u l a t e d  r a t s ,  t h u s ,  t h e s e  a u t h o r s  p r o v i d e d  
i n d i r e c t  e v i d e n c e  t h a t  an  i n d i v i d u a l  b i le  ac id  is 
ab le  t o  p r o m o t e  t h e  a b s o r p t i o n  o f  v i t a m i n  E.  I t  
w o u l d ,  t h e r e f o r e ,  be  o f  i n t e r e s t  t o  d e m o n s t r a t e  
w h e t h e r  f ree  o r  c o n j u g a t e d  i n d i v i d u a l  bi le  a c i d s  
p r o m o t e  t h e  a b s o r p t i o n  o f  u n e s t e r i f i e d  o r  e s t e r -  
i f ied  v i t a m i n  E or  b o t h  a t  d i f f e r e n t  r a t e s  i n t o  
t h e  t h o r a c i c  d u c t  l y m p h .  
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Correlation Between Post-Heparin Lipase and 
Phospholipase Activities in Human Plasma 1 

WILLIAM C. VOGEL and EDWIN L. BIERMAN, Medical Service, 
Veterans Administration Hospital, and Department of Medicine, 
University of Washington School of Medicine, Seattle, Washington 98108. 

ABSTRACT 

The hypothesis that a single lipolytic 
enzyme in post-heparin plasma effects the 
hydrolysis of both triglyceride and phos- 
pholipid was tested. After intravenous 
heparin, activity in plasma with the two 
substrate classes appeared and disap- 
peared in parallel. The activities were not 
separable by the fractionation methods of 
z o n e  electrophoresis, gel filtration, 
anion-exchange, ultracentrifugation, or 
by combinations of these techniques. The 
degree of purification of the two activi- 
ties with the use of n-butanol was similar. 
Lipolytic activity appeared to be asso- 
ciated with a large high density molecular 
aggregate. However, the concept of a 
single post-heparin enzyme does not 
explain all the observations since the ratio 
of activity with triglyceride substrate to 
activity with phospholipid substrate 
decreased markedly in some subjects after 
i n c r e a s e d  a m o u n t s  of intravenous 
heparin. 

INTRODUCTION 

It has been shown that post-heparin plasma 
of man contains a phospholipase activity that 
degrades phosphatidyl ethanolamine (PE) and 
phosphatidyl choline (PC) to their lyso deriva- 
tives LyPE and LyPC (1,2). In contrast to the 
site of action of snake venom phospholipase or 
of heat-treated human pancreatic extract, post- 
heparin plasma phospholipase activity attacks 
the fatty acid (FA) at the c~" (C-l) position of 
egg PC or PE (2,3). In post-heparin rat plasma 
the endogenous plasma lipoprotein PC can serve 
as a substrate for the phospholipase activity 
which is also a '  specific (4,5). In addition, evi- 
dence has been obtained for an in vivo action of 
post-heparin phospholipase activity in con- 
junction with that of the well-known post- 
heparin lipase activity (mainly on plasma very 
low density lipoprotein) (6). 

The similarities of optimal incubation sys- 
tems with phospholipid (PL) or triglyceride 

1 Presented in part at the AOCS Meeting, Washing- 
ton, D.C., April 1968. 

(TG) substrate, of effects of inhibitory factors, 
and of in vivo action led to the suggestion that 
a single heparin-released lipolytic enzyme was 
involved (1,2,6). This concept was strengthened 
by the demonstration of ( a ) t h e  positional 
specificity with PL substrate; (b) the presence 
in various animal tissues of a" specific phospho- 
lipase activity (7,8); and (c) the isolation from 
tissue of a single enzyme, active on both TG 
and PL (~" specific) substrates (9). In the 
present study, the possibility that the hydroly- 
sis of both TG and PL results from the action 
of a single post-heparin lipolytic enzyme, was 
investigated. 

MATERIALS AND METHODS 

Post-heparin plasma was obtained from 
blood samples collected 10 min after a test dose 
(10) of 0.1 mg/kg body weight or 15 min after 
5000 units (50 mg) IV heparin, in tubes con- 
taining the anticoagulant disodium ethylene- 
diaminetetraacetate (1 mg/ml whole blood). 
Large collections of 400 ml blood were 
obtained 15-22 min after 10,000 units (100 
mg) IV heparin (lnvenex Pharmaceuticals, San 
Francisco, Calif.) in bottles containing sodium 
oxalate (1 mg/ml) anticoagulant. The separated 
plasma was frozen in aliquots of 5.5 ml after a 
processing interval of 1.5-2 hr at about 22 C. It 
was accepted that post-heparin lipolytic activity 
had effected some changes in plasma lipopro- 
teins in vitro. Such changes proceed even at 4 C 
(11). 

Egg PE and PC were obtained from a crude 
egg yolk preparation (2), PE after a chromato- 
graphic separation on a column of silicic acid 
(1) and PC after elution from a column of 
alumina (12). Other materials used included: 
Ediol, a 50% coconut oil emulsion (Calbio- 
chem, Los Angeles, Calif.); olive oil (Matheson, 
Coleman and Bell, Los Angeles, Calif.); and 
bovine albumin, fraction V (Armour Pharma- 
ceutical Co., Kankakee, Illinois). 

Lipid substrates, prepared as previously 
described (1,2) contained: 90 gmoles of PC in 
7.0 ml of 0.1 M glycine-NaOH (pH 9.6) con- 
taining 80 /1moles of deoxycholate; 52/amoles 
of PE or olive oil in a 5.0 ml solution con- 
taining 400 mg albumin and 0.45 ml 1 M 
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FIG. 1. The turnover of fipolytic activity in post- 
heparin plasma. Plasma was obtained at intervals of 
2-35 min after a test dose of heparin (0.1 mg/kg body 
wt.). Lipolytic activity was measured with Ediol, olive 
oil and PE substrate. 

(NH4)2SO 4 (pH 9.1 with NaOH); 1.0 ml of 
diluted Ediol reagent (1 to 10 with 0.15 M 
NaC1) plus 5.0 ml of albumin-(NH4)2SO 4 
solution above. 

Assays of lipolytic activity with PE, olive oil 
and Ediol were carried out by incubation at 
38 C of 1.0 ml samples with the substrates 
described above. The method of Dole and 
Meinertz (13) was used to measure FA release 
in incubations with olive oil or Ediol substrate. 
Quantification of LyPE formed from PE sub- 
strate was obtained by a measurement of the 
phosphorus of the LyPE fraction separated 
chromatographically on silicic acid impregnated 
paper (1,2). To monitor enzyme purification 
procedures, a qualitative demonstration of the 
location or distribution of lipolytic activity was 
often considered sufficient. For this purpose a 
10 /al aliquot of each incubation mixture (with 
occasional variation in the volume ratios of sub- 
strate to tested samples) was applied directly to 
a silicic acid chromatoplate. The plates were 
developed for phospholipid or neutral lipid 
separation (1-3). For detection of hydrolysis of 
PE, a spray of 0.15% ninhydrin in lutidine-ace- 
tone (10:90 v/v) was used. 

Zone electrophoresis of post-heparin plasma 
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FIG. 2. The correlation of post-heparin lipolytic 
activity measured with phospholipid or triglyceride 
substrate. Four subjects were maintained on a 
moderate fat intake (40% fat calories) and later on a 
fat-free diet. On each diet plasmas were obtained 10 
min after heparin (0.1 mg/kg body wt.). Each plasma 
activity (ml/hr) with PE substrate was plotted against 
the activity with olive oil substrate. Solid circles are of 
activities measured on the fat-free diet. 

was accomplished on blocks of starch or on the 
synthetic polymer, Pevikon C-870 (Fosfatbola- 
get, Stockholm, Sweden). 

Gel filtration of post-heparin plasma, and 
purification of lipolytic activity upon an anion- 
exchange medium, employed Sephadex G-200 
and DEAE-Sephadex (both of particle size 
40-120/~). These media were prepared and used 
in Sephadex column assemblies in accordance 
with recommendations of the manufacturer 
(Pharmacia Fine Chemicals, Inc., Piscataway, 
N.J.). 

The absorption at 280 mp of solutes in 
column effluents was continuously monitored 
with a UV absorption meter and fraction col- 
lector assembly (Gilson Medical Electronics, 
Middleton, Wis.). A simultaneous record was 
obtained of fraction collection and absorption 
at 280 m# in per cent Transmission (Model RR 
Recorder, Texas Instruments, Inc., Houston, 
Texas). A faulty 280 m/a interference filter was 
used in the experiments of Figures 5 and 6. The 
distribution of peak components was correctly 
recorded, however the magnitude of decrease of 
per cent transmission was reduced. 

RESULTS 

Turnover of Plasma Lipolytic Activity 

Plasma lipolytic activities with TG or PE 
substrates have a similar turnover in the circu- 
lation after a test dose (10) of IV heparin. One 
of two studies showing similar results is shown 
in Figure 1. With PE or 2 TG substrates, the 
same order of appearance, peak and decline of 
activity was obtained in plasma during intervals 
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FIG. 3. Location of lipolytic activity after zone 
electrophoresis of post-heparin plasma. Fifteen 
minutes after 5,000 units of IV heparin, plasma was 
obtained without and with the inhibitor diethyl-p- 
nitrophenyl phosphate (11). The plasmas were kept 
chilled until applied to a block of Pevikon. Fifteen 
milliliters of uninhibited and 1.5 ml of inhibited 
plasma samples were applied in separate parallel slits. 
Electrophoretic conditions as previously described 
(14): barbital buffer, pH 8.6, 0.1 kt; 5 V/cm for 26 hr 
at 25 C block temperature, 18-20C environmental 
temperature. Segments of the block (1/2 in.) were cut 
from the point of application towards the anodal end. 
Each segment (uninhibited plasma separation) was 
thoroughly mixed with 7.5 ml of 0.15 M NaC1 and the 
Pevikon sedimented by centrffugation. Activity in 
supematants was measured with ohve oil and PE sub- 
strate in 4 hr incubations. The ratio of activity olive 
oil/PE per ml/hr in segment 9 of 2/1, equaled the 
activity ratio per ml/hr of the original plasma of 
25/13. 

of 2 to 35 min after IV heparin. A similar curve 
of activity was obtained with PC substrate. 

Ratio of Activities With Triglyceride and 
Phospholipid Substrates 

In a limited study (four subjects) of the 
effect of diet on the enzyme response to IV 
heparin (10), a significant correlation of lipo- 
lyric activity measured with PE or TG (olive 
oil) substrate was found (Fig. 2). The lipolytic 
response to heparin on a fat containing diet was 
higher with three of the four subjects than that 
on a fat-free diet. The ratio of activities olive 
oil/PE substrates was about 2 (Fig. 1 and 2) and 
Ediol/PE substrates about 4 (Fig. 1). However, 
in three subjects after 10,000 units of heparin 
(versus about 700 units in the studies of Fig. 1 
and 2) the ratio of lipolytic activities Ediol/PE 
substrates was reduced to 1.3 to 1.5. Therefore, 
lipolytic activities were measured in the plasmas 
of four normal subjects after different amounts 
of IV heparin (Table I). With subjects 1 and 2 a 
greater increase in lipolytic activity was 
measured with PE than with Ediol substrate 

FIG. 4. Location of fipolytic activity relative to 
location of plasma lipoproteins after electrophoresis of 
post-heparin plasma. In the separation described for 
Figure 3, the 1/2 in. segments of the inhibited plasma 
separation were processed with 2 ml of 0.15 M NaC1. 
Equal amounts of the lower phase of lipid extracts, 
prepared by the procedure of Folch et al. (15), were 
applied to a chromatoplate and developed for neutral 
lipid separation. The chromatoplate was photographed 
immediately after exposure to iodine vapor. 

after the larger amount  of IV heparin. This 
effect was moderate in subject 3 and not 
observed with subject 4. 

Zone Electrophoresis of Post-Heparin Plasma 

After zone electrophoresis of post-heparin 
plasma in blocks of starch or Pevikon, the peak 
activity with PE or TG substrate was recovered 
in the same area (Fig. 3). From the distribution 
of the plasma neutral lipids (of inhibited 
plasma) in the block segments as shown in the 
chromatogram of Figure 4, the peak enzymatic 
activity appeared to be located in an inter- 
mediate position between the triglyceride-rich 
very low density lipoprotein and the high 
density hpoprotein (provided that in vitro 
lipolytic activity upon hpoproteins did not 
affect electrophoretic migration in uninhibited 
samples). Larger aliquots of lipid extracts from 
segments 8 and 9 showed some neutral hpid 
and phospholipid. This lipid and all the 
enzymatic activity were recovered in the infra- 
natant when aqueous eluates of segments 8 and 
9 were subjected to ultracentrifugation at 
c/=1.006. Thus the lipolytic activity was sepa- 
rated from very low density lipoprotein by 
electrophoresis and ultracentrifugation. 

Gel Filtration of Post-Heparin Plasma 

The hydrolysis of PE and PC with post- 
hepafin lipolytic activity proceeds effectively ha 
a glycine medium (1,2). Thus, molecular filtra- 
tion of post-heparin plasma (10,000 units IV 
heparin) on Sephadex G-200 was carried out in 
0.1 M glycine-NaOH pH 8.0 (Fig. 5). The chro- 
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FIG. 5. Gel filtration of post-heparin plasma. The 
plasma (5.0 ml) was filtered on a 2.5 x 38.5 cm 
column of Sephadex G-200 prepared in 0.1 M glycine- 
NaOH (pH 8.0). Elution with the same buffer was at 
22 C with a flow rate of 26 ml/hr. Eluates 15 and 
24-31 (0.1 ml) were each incubated with 0.1 ml of PE 
substrate for 90 rain. A segment of  the chromatogram 
shows the location of maximmn lipolytic activity. 

FIG. 6. The effect of salt upon the location of 
lipolytic activity in gel filtration of post-heparin 
plasma. The plasma (5.0 ml) was filtered on a 2.5 x 
37.5 cm column of Sephadex G-200 prepared in 0.2 M 
NaC1-0.1 M glycine-NaOH (pH 8.0). Elution with the 
same medium was at 22 C and flow rate of 20 ml/hr. 
Chromatogram: 180 min incubations of 0.1 ml of 
eluates with 0.1 ml PE substrate. 

ma togram shows tha t  the  convers ion of  PE to  
LyPE was at a m a x i m u m  in the  8 ml eluate 
(lipid rich) of  a l iquots  26-29. A virtually ident i-  
cal d i s t r ibu t ion  of  l ipolyt ic  act ivi ty wi th  TG 
and PC subst ra te  was also found .  The e lut ion of  
the  l ipolyt ic  activity along wi th  plasma l ipopro-  
teins of  high molecular  weight  in the  co lumn 
void volume indicates  that  the  e n z y m e  has a 
high molecular  weight  or is p resent  in aggregate 
form.  

In a f i l t ra t ion comparable  to  tha t  o f  Figure 
5, 5.0 ml plasma (after  10,000 units  IV 

hepar in)  had a lipase activity of 53.1 /.teq F A  
released per ml /h r  and activity wi th  PE sub- 
s t ra te  of  36 .6 /zmoles  LyPE fo rmed  per  ml/hr .  
In th ree  successive 4 ml al iquots  of  eluate the  
to ta l  recoveries of  act ivi ty wi th  Ediol  and PE 
subst ra te  were 90% and 69%, respectively.  In 
the successive a l iquots  the  ratios of  activity 
Ediol /PE substrate  were 2.2, 2.0, and 2.0, 
respect ively,  versus 1.45 in the original plasma. 
Thus,  while recovered activities wi th  each sub- 
strate were no t  equal ,  the  rat io o f  activities in 
each eluate was cons tan t .  

TABLE I 

The Effect of the Amount of Intravenous Heparin Upon 
Plasma Lipolytic Activities With Triglyceride or Phospholipid Substrates 

Lipolytic activity b Activity ratio 
Intravenous heparin, a 

Subject Weight, kg units Ediol PE Ediol/PE 

1 80 400 22.8 4.9 4.7 
10,000 80.0 40.7 2.0 

2 79 790 26.0 6.1 4.3 
10,000 51.4 29.0 1.8 

3 84 840 38.7 10.6 3.7 
10,000 69.8 22.2 3.1 

4 94 940 27.0 8.8 3.1 
10,000 61.9 18.9 3.3 

aThe plasmas of normal adult male subjects were obtained from blood collected with oxalate anti- 
coagulant and processed as described under Materials and Methods for collection of large amounts of 
blood. Blood (1 O0 ml) was collected 8-10 min after the low dose of heparin and 400 ml blood was col- 
lected 15-25 rain after 10,000 units of heparin. 

bLipolytic activity: #eq FA released or #moles LyPE produced per hr/ml plasma with Ediol or PE 
substrate, respectively. Since plasma may contain more glycerol from in vitro hydrolysis of TG after 
the larger amounts of IV heparin, and since glycerol may activate hydrolysis of PE (3), all incubations 
with PE substrate were carried out in a medium of 0.5% glycerol. 
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FIG. 7. Purification of post-heparin lipolytic 
activity utilizing n-butanol in the elution from an 
anion-exchange column. A column (2.5 x 4.0 cm) of 
DEAE-Sephadex was prepared at 4 C in 0.02 M 
(NH4)2SO4-0.1 M glycine-NaOH (pH 8.0). Initially 
the exchanger was suspended several times in excess 
solvent at 22 C in order to remove fine particles in the 
supernatant, equilibrated in the column with solvent 
at 22 C and finally resuspended and packed at 4 C. 
Lipolytic activity applied: 11.8 ml of the eluates of 
peak activity of 5.0 ml plasma filtered on G-200 as in 
Figure 5, with 1 M (NH4)2SO 4 added to effect a 0.02 
M concentration. Initial eluation flow rate was 60 
ml/hr.  Solvent changes: at A, 8:4:88 v/v/v 
butanol/methanol/0.075 M (NH4)2SO4-0.1 M 
glycine-NaOH (pH 8.0); at B and C, 0.1 and 0.2 M 
(NH4)2SO4, respectively, in 0.1 M glycine-NaOH (pH 
8.0). Chromatogram: 135 min incubations of 0.1 ml 
each of eight consecutive 2 ml eluates with 0.4 ml PE 
substrate. 

The nature of  the protein elution curve of 
Figure 5, which is quite different from elution 
pattern obtained with normal plasma (16-18), 
apparently reflects the extensive in vitro (rather 
than in vivo) changes in lipoproteins that have 
occurred in post-heparin plasma. Blood also was 
obtained before and 15 min after 10,000 units 
IV heparin and in each case was immediately 
treated with diethyl-p-nitrophenyl phosphate to 
inhibit in vitro lipolysis (11). With this pro- 
cedure gel filtration of each plasma yielded 
three distinct protein peaks, comparable to 
published reports. An observable difference in 
the elution patterns of pre- and post-heparin 
plasma was a moderate decrease in the height of  
the first peak (area of very low density lipopro- 
rein) in the post-heparin sample. 

An increased salt concentration has been 
recommended in gel filtration of normal plasma 
in order to limit protein-protein interactions 
(16,17). With post-heparin plasma, both the 
protein elution pattern and the distribution of 
l i p o l y t i c  activity were indeed markedly 
affected. In Figure 6 an aliquot of the same 
plasma as used in Figure 5 was filtered in the 
presence of 0.2 M NaC1. The lipolytic activity 
was spread over more than 24 ml (aliquots 
14-19); activity with PC and olive oil substrate 
corresponded to that shown with the chromato- 
gram of activity with PE substrate. Recovery of 
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FIG. 8. Purification of post-heparin lipolyfic 

activity by gel filtration and anion-exchange. Three 5 
ml amounts of a plasma pool were separated on three 
separate G-200 columns as in Figure 5 and the eluates 
of peak activity were pooled (30.8 ml). Two 12 ml 
aliquots were fractionated on two separate DEAE- 
Sephadex columns by the technique illustrated in 
Figure 7; and the 8 ml of eluates of peak activity of 
each column were dialyzed against 0.1 M glycine- 
NaOH (pH 8.0) for 3 hr. Activity measurements with 
TG (Ediol) and PE substrates, and measures of pro- 
tein, were calculated on the basis of the original 15 ml 
plasma volume. The original plasma (10,000 units IV 
heparin) had a lipase activity of 56.2 bteq FA released 
per hr/ml and activity with PE substrate of 42.2 
/dmoles LyPE formed per hr/ml, ratio of activity 
Ediol/PE substrate of 1.3. The inhibition of color 
development by glycine in the protein measurement 
(21) was corrected by addition of glycine to the blank 
and standards. 

original activity in the 24 ml peak was reduced 
(40% for activity with PE substrate and 32% 
with Ediol substrate). 

The elution of peak enzymatic activity was 
also moderately delayed when heparin (0.1 
mg/ml) was added to the 0.1 M glycine-NaOH 
of pH 8.0. Furthermore,  an adverse effect of 
increased pH was observed on refiltration of the 
recovered peak of activity as in the experiment 
shown in Figure 5. At pH 8.0 a symmetrical 
protein elution peak was obtained with a cor- 
responding distribution of activity; at pH 9.2 
(in the optimal pH range for assays of activity 
with PE and PC substrate) a considerable loss of 
activity occurred and the peak of activity (all 
substrates) was recovered in an eluate of 
decreasing protein content. 
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TABLE II 

Characterization of Post-Heparin Lipolytic Activity by Ultracentrifugation and Gel Filtration 

Slice of 10 ml tube 
Ultracentrifugal data 

Sample (Spinco 50 Rotor) Supn Infn 

Filtration on G-200 
Location of activity 

Nature of protein elution 

A. Plasma d 1.063 (D20) 6 ml 4 ml 
1.2 X 10bg ~ min, 4 ~ 

B. Peak activity of d 1.210 (NaCI/KBr) 8 ml 2 ml 
eluates of plasma 2.8 X l0 b g ~ min, 4 ~ 
filtered on G-200 

C. Plasma d 1.210 (NaC1/KBr) 8 ml 2 ml 
2.8 X 108g ~ min, 4 ~ 

Supn: no activity in a single sym- 
metrical component at void 
volume. 

Infn: activity at void volume, pro- 
tein elution curve very similar 
to that of whole plasma. 

Supn: trace of activity at void 
volume in one symmetrical 
component. 

lnfn: activity at void volume, a in 
an asymmetrical peak, and ap- 
parently a small albumin 
component. 

Infn: activity at void volume, con- 
siderable trailing protein eluted 
to the albumin component. 

aThe pool of peak activity contained 24% of the activity of the fraction subjected to ultracentrifugation, and 
7% of original plasma activity. 

Ultracentrifugation and Gel Filtration 

Afte r  u l t racentr i fugat ion of  samples, as 
described in Table II,  the  f ract ions were fi l tered 
on Sephadex G-200. (The f i l t ra t ion technique  
effect ively  separated the activity f rom the high 
concent ra t ion  of  salt.) The peak of  activity 
wi th  PE, PC or TG substrate appeared in the 
same eluate (void volume)  in these fil trations. 
Quant i ta t ive  measurements  of  lipids were not  
done;  thin layer ch romatography  for lipids 
showed the al iquot  of  peak l ipolyt ic  act ivi ty 
conta ined phosphol ipid  and neutral  lipid. Thus, 
the l ipolyt ic  activity,  sedimenting at d = l . 2 1 0 ,  
has a densi ty greater than that  of  most  plasma 
l ipoprote ins  and, by its appearance in the void 
vo lume after gel f i l t rat ion,  is still characterized 
as a large molecular  aggregate. 

Purification With Anion-Exchange and n-Butanol 

The activity eluted f rom a G-200 f i l t rat ion 
(Fig. 5) was fur ther  purified on a short (2.5 x 
4.5 "cm) co lumn of  DEAE-Sephadex  (Fig. 7) 
utilizing the l ipoprote in  solubilizing effect  of  
n-butanol  (19,20).  Enzymat i c  act ivi ty could be 
eluted after  the rapid elut ion of  a large inactive 
componen t .  The adsorpt ion of  the  enzymat ic  
act ivi ty was critically dependen t  on the pH of  
8.0 and a 0.02 M (NH4)2SO 4. The  sharp 
e lut ion of  activity,  fol lowing e lut ion change A, 
requi red  an increased (NH4)2SO 4 concen- 
t ra t ion as well  as the use o f  bu tano l -methano l  
(or butanol) .  The changes in e lut ion med ium at 
B and C show the fur ther  e lut ion of  inactive 
protein .  Without  butanol ,  the l ipolyt ic  activity 
was eluted at the start of  the c o m p o n e n t  eluted 

fo l lowing change B. Pigmented material  at the 
top  of  the co lumn  was no t  eluted with  fur ther  
increases of (NH4)2SO 4 concent ra t ion  or  at a 
higher pH. The incubat ions  of  al iquots of  eight 
consecut ive  2 ml eluates with PE, PC or TG 
substrate showed the same peak of  enzymat ic  
act ivi ty as the  ch romatogram of act ivi ty  with 
PE substrate in Figure 7. The arrow indicates 
the area of  the e lut ion of  the 6 ml of  peak 
activi ty.  This active fract ion was f i l tered on 
G-200;  a single componen t ,  eluted at the  void 
volume,  conta ined act ivi ty with the three lipid 
substrates. 

The  recovery and purif icat ion of  post- 
heparin l ipolyt ic  act ivi ty with TG and PE sub- 
strate proceeded in parallel (Fig. 8). Of  the 
to ta l  act ivi ty,  35% and 31% was recovered after  
gel f i l t ra t ion and 6% and 8% was recovered 
after  f rac t ionat ion  on DEAE-Sephadex .  In 
act ivi ty  per mil l igram of protein (specific 
act ivi ty) ,  the purif icat ion,  also in parallel, was 
about  56-fold (47 and 65 with  TG and PE sub- 
strate,  respectively).  Of  the total  plasma pro- 
tein,  0.1% was recovered in the last f ract ion-  
ation. 

In the separat ion illustrated in Figure  7 
defini t ive measurements  of lipids were  not  
made in the eluates containing l ipolyt ic  acti- 
vi ty.  While thin layer chromatography  for  lipids 
apparent ly  showed componen t s  wi th  the  Rf  of  
phosphol ipid  and neutral  lipid, lipid-like com- 
ponents  were ex t rac ted  f rom the med ium and 
accessories o f  the  co lumn assembly by butanol .  
Such lipid-like material  was not  comple te ly  
e l iminated  th rough  the use of  an all glass and 
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t e f lon  c o l u m n  assembly  and  an ion -exchange r  
p re -ex t r ac t ed  w i th  the  b u t a n o l  reagent .  T he  
possible i n t e r f e r ence  of  this  mater ia l  in tes t s  of  
l ipo ly t ic  ac t iv i ty  was n o t  explored .  

DISCUSSION 

The  pos t -hepa r in  p lasma l ipolyt ic  ac t iv i ty  
w i th  TG and  PL subs t ra t e  appears  to  be  a large 
molecu la r  aggregate of  dens i ty  grea ter  t h a n  
mos t  p lasma l ipopro te ins .  The  act ivi ty  e lu ted  
w i th  t he  void vo lume  of  gel f i l t r a t ion  (G-200)  
dur ing  ini t ia l  f i l t r a t ion  of  whole  pos t -hepa r in  
plasma,  a f te r  pr ior  s e d i m e n t a t i o n  at d = l . 2 1 0 ,  
and  af te r  separa t ion  o n  a shor t  c o l u m n  of  
DEAE-Sephadex .  The  la t t e r  m e t h o d  d e m o n -  
s t ra ted  the  po t en t i a l  value of  n - b u t a n o l  in  the  
pur i f i ca t ion  of  the  enzym e .  Conce ivab ly ,  o t h e r  
an ion -exchange r s  used wi th  b u t a n o l  could  
f u r t h e r  improve  the  pur i f i ca t ion  p rocedure .  

The  ma jo r  in vivo subs t ra tes  of  the  post -  
hepa r in  l ipo ly t ic  ac t iv i ty  are PC and  TG of  very  
low dens i ty  l i pop ro t e i n  (6).  The  act iv i ty  w i th  
TG subs t ra t e  has  b e e n  separa ted  f r o m  its 
na tu ra l  subs t r a t e  in v i t ro  by  u l t r a cen t r i f uga t i on  
at h igh  dens i ty  (22)  and  by  e lec t rophores i s  
(23) .  The  act iv i ty  w i t h  PE subs t ra te  was also 
r ecovered  w i th  the  ac t iv i ty  for  TG subs t ra t e  in 
the  p resen t  comparab l e  s tudies .  

Some resul ts  of  th is  s t udy  seem to s u p p o r t  
the  h y p o t h e s i s  t h a t  the  hydro lys i s  of  PL and  
TG is e f fec ted  by  a single l ipolyt ic  e n z y m e  in 
pos t -hepa r in  plasma.  T he  l ipolyt ic  ac t iv i ty  w i th  
PL and  TG varied in parallel:  (a) in  t u r n o v e r  of  
act ivi t ies  in p lasma;  (b)  in  zone  e lec t rophores i s  
a lone  or  c o m b i n e d  w i t h  u l t r a cen t r i f uga t i on  of  
the  separa ted  ac t iv i ty  at  low dens i ty ;  (c) in  gel 
f i l t ra t ion ;  (d)  in s e d i m e n t a t i o n  at  high dens i ty  
a lone  or  c o m b i n e d  w i t h  gel f i l t ra t ion ;  (e) in 
e lu t ion  f rom an  an ion -exchange  m e d i u m  wi th  
or  w i t h o u t  added  n - b u t a n o l ;  (f)  and  in t he  
specific ac t iv i ty  and  recovery  af te r  pur i f i ca t ion .  

However ,  some obse rva t ions  are at  diver- 
gence w i th  the  single e n z y m e  hypo thes i s :  (a) 
the re  was some var ia t ion  of  the  ra t ios  of  
r ecovered  act ivi t ies  T G / P L  subs t ra tes  in b l o c k  
segments  a f te r  e l ec t rophores i s  (Fig. 3);  (b)  a 
decreased  ra t io  of  p lasma activi t ies T G / P L  sub- 
s t rates  was f o u n d  in t h r ee  of  four  subjec ts  a f te r  
increased  a m o u n t s  of  i n t r avenous  hepa r i n  
(Table  I);  (c) whi le  p lasma m a y  ini t ia l ly  have a 
grea ter  ac t iv i ty  wi th  T G  t h a n  PL subs t r a t e  the  
pur i f i ca t ion  p rocedure  of  Figure  8 y ie lded  a 
p r epa ra t i on  essent ia l ly  equa l  in  ac t iv i ty  w i th  
T G  and  PL subst ra tes .  

These  obse rva t ions  m ay  be exp la ined  ( if  t he  
pur i f i ca t ion  p rocedure s  have no t  r e m o v e d  
plasma fac to rs  which  ac t iva te  TG hydro lys i s  or  
inh ib i t  hydro lys i s  of  PL)  as fol lows.  In t ra -  

venous  hepa r in  releases a n u m b e r  of  closely 
re la ted  e n z y m e s  (24-26) ,  some  of  w h i c h  m a y  be  
specif ic  for  TG or  the  p r o d u c t s  of  i ts  par t ia l  
hydro lys i s ,  bu t  p r e s u m a b l y  one  e n z y m e  could  
h y d r o l y z e  b o t h  TG and  PL (9) ;  t he  possible  
p resence  of  t h a t  e n z y m e  and  the  closely similar 
p roper t i e s  of  all act ivi t ies  are respons ib le  for  
those  tes ts  which  s u p p o r t  the  single e n z y m e  
hypo thes i s .  A pur i f i ca t ion  p r o c e d u r e  (Fig. 8) 
m ay  be  re la t ively  selective for  specific enzymes .  
The  d i f fe ren t ia l  release of  these  l ipolyt ic  
enzymes  may  be  re la ted  to  the  a m o u n t  of  in t ra-  
venous  hepar in .  
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Specificity of Flaxseed Lipoxidase 

D. C. ZlMMERMAN 1 and B. A. VICK, Department of Biochemistry, 
North Dakota State University, Fargo, North Dakota 58102 

ABSTRACT 

Mass spectrometric data indicate that 
products of linoleate oxidation by flax- 
seed lipoxidase consist of 80% 13-hydro- 
p e r o x y o c t a d e c a d i e n o a t e  and  20% 
9 - h y d r o p e r o x y o  ct adecodienoate; the 
products of linolenate oxidation by flax- 
seed lipoxidase consist of 88% 13-hydro- 
p e r o x y o c t a d e c a t r i e n o a t e  and  12% 
9-hydroperoxyoctadecatr ienoate.  Flax- 
seed lipoxidase possesses a high degree of 
specificity for attachment of oxygen to 
linoleic and linolenic acid molecules. 

INTRODUCTION 

Much work has been done on the oxidation 
of polyunsaturated fatty acids by the enzyme 
lipoxidase (E.C. 1.13.1.13) (1). Most of this 
work was accomplished by using the enzyme 
prepared from soybeans. Many other plant tis- 
sues have been tested for lipoxidase activity, 
but the products of lipoxidase activity and the 
mechanism of reaction are based solely on 
studies conducted with soybean lipoxidase 
(2,3). Because of renewed interest in pathways 
of fatty acid oxidation in flaxseed which 
involved lipoxidase (4), it was necessary to 
know the specificity of this enzyme toward 
linoleic and linolenic acids. 

MATERIALS AND METHODS 

Enzyme Reaction 

Linoleic and linolenic acids were purchased 
from the Hormel Institute and emulsified with 
Tween 20 according to the method of Surrey 
(5). Flaxseed acetone powder, 11.0 g, was 
extracted with 110 ml of 0.1 M phosphate 
buffer, pH 6.5. After 45 min, the mixture was 
centrifuged at 12,000 x g for 20 min. The 
supernatant was decanted, diluted one to five 
with buffer and then heat treated for 10 min at 
55 C to  destroy hydroperoxide isomerase 
activity (4). 

Linoleic or linolenic acid substrate, 72.0 ml, 
was added to 1800 ml of 0.1 M phosphate 

1Research Chemist, Crops Research Division, ARS, 
USDA, in cooperation with the North Dakota Agri- 
cultural Experiment Station. 

buffer, pH 6.5, along with 300 ml of the 
diluted, heat-treated enzyme extract. After 1 hr 
incubation at 24 C the mixture was placed 
under nitrogen and extracted with diethyl 
ether, once with 600 ml and twice with 400 ml. 
The combined ether extract was dried over 
anhydrous sodium sulfate and then concen- 
trated to 20 ml under reduced pressure. 

Sodium Borohydride and Catalytic Reductions 

Reduction of the hydroperoxide group to a 
hydroxyl group was accomplished with sodium 
borohydride. Ethanol, 50 ml, was added to the 
ether concentrate and the ether removed under 
reduced pressure. Sodium borohydride, 90 mg, 
was added and the solution stirred for 1 hr 
under nitrogen. Water, 50 ml, was added, the 
solution acidified to pH 3.0 and extracted twice 
with 50 ml diethyl ether. Ethanol, 10 ml, was 
added and the ether removed under vacuum. 

o 0 

AO 
BO 

0 0 

1 2 3 

FIG. l. Thin layer chromatogram of reaction 
products from flaxseed lipoxidase, after reduction, 
hydrogenation and esterification. 1. Linolenic acid 
substrate. 2. Methyl-9-hydroxystearate. 3. Linoleic 
acid substrate. Silica Gel N-HR/UV254 with petro- 
leum ether-diethyl ether-acetic acid (60:40:1 v/v) sol- 
vent. 
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FIG. 5. Partial mass spectrum of methyl hydroxystearates resulting from oxidation of linolenic 
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The ethanolic solution was hydrogenated for 3 
hr at 30 lb. pressure with 10 mg of  10% 
palladium on Norite as the catalyst. The 
solution was filtered, evaporated to dryness and 
esterified with boron trifluoride in methanol.  
The methyl  esters of the reaction products were 
purified on thin layers of silica gel (MN Silica 
Ge l  N-HR/UVzs4)  using petroleum ether- 
diethyl ether-acetic acid (60:40:1 v/v) as the 
d e v e l o p i n g  solvent. The major (>80% of 
material on plate) spot was eluted from the gel. 
The Rf of this material corresponded with 
methyl  hydroxystearates  spotted on the same 
plate. Mass spectra were obtained with a 
Hitachi-Perkin Elmer RMU-6E mass spectro- 
meter equipped with a glass inlet. Inlet temper- 
ature was 60 C, source temperature 100 C, and 
electron potential  70 v. 

RESULTS AND DISCUSSION 

The oxidation of linoleic acid by flaxseed 
lipoxidase yielded primarily, if not  exclusively, 
1 3 - h y d r o p e r o x y o c t a d e c a d i e n o i c  acid. The 
material which migrated on the thin layer plates 
as a mono-hydroxy fat ty acid (Fig. 1) produced 
the spectrum shown in Figure 2. Table I shows 
the various ion species responsible for tile dif- 
ferent mass peaks. The mass peaks at 155,158 
and 187 arise from the scission of a molecule 

with the hydroxyl  in the 9 position. Figure 3 
shows the mass spectrum of  methyl  dimorphe- 
colate. Mass peaks 211 ,214  and 243 arise from 
methyl-13-hydroxysteara te .  Analysis of the 
spectrum shows that the material from the thin 
layer plate contains 80% of the 13-hydroxy iso- 
mer and 20% of the 9-hydroxy isomer. There 
was no evidence for the presence of  an 
11-hydroxy isomer. 

Early at tempts to reduce the linoleic hydro-  
peroxides directly in the reaction mixture 
produced unexpected results. Figure 4 shows 
the mass spectrum of  the p ;oduct  reduced in 
the phosphate buffer reaction mixture. The 
mass peaks at 197,200 and 229 indicate attach- 
ment  of a hydroxyl  group in the 12 posit ion 
(Table I). Analysis of the spectrum indicates 
the following composit ion: 58% of  the 12-iso- 
mer, 36% of the 13-isomer, and 6% of  the 
9-isomer. The presence of phosphate ions in the 
reaction mixture or a pH of 6.5 apparently 
a l t e r s  the mechanism of the borohydr ide  
reduction.  Neither of the previous publications 
(3,6) observed this phenomenon when the 
reduction was performed in borate buffer at pH 
9.0. Because of this hydroxyl  shift, the hydro-  
peroxide was isolated from the reaction mix- 
ture and placed in ethanol prior to reduction 
with sodium borohydride in all subsequent 
experiments.  
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TABLE I 

Ion Species and Their Origin 

Mass Parent 
no. Ion species compound 

155 CH-(CH2)6-CH=C=O methyl-9- 
1 hydroxystearate 
OH 

158 (CH2)7-~-OCH3+H + methyl-9- 
hydroxystearate 

O 

187 ~H-(CH2)7-~-OCH 3 methyl-9- 
hydroxystearate 

OH O 

197 .CH-(CH2)9-CH=C=O methyl- 12- 
| hydroxystearate 
OH 

200 (CH2) 10-[~-OCH3+H + methyl-12- 
hydroxystearate 

O 

211 C, H'(CH2) 10 -CH=c=O methyl- 13- 
! hydroxystearate 
OH 

214 (CH2) 1 I-~-OCH3+H+ methyl-13- 
hydroxystearate 

O 

229 ~H-(CH2) 10-1~-OCH3 methyl-12- 
OH ~ hydroxystearate 

243 ~H-(CH2) 11-~-OCH 3 methyl-13- 
hydroxystearate 

OH O 

The mass spectrum of the monohydroxy- 
stearic acids (Spot A, Fig. 1) which resulted 
from the incubation of linolenic acid with flax- 
seed lipoxidase is shown in Figure 5. Analysis 
of the mass peak intensitities indicates that the 
product consists of 88% methyl-13-hydroxy- 
stearate and 12% methyl-9-hydroxystearate. 
There were no mass peaks indicating the 
presence of a hydroxyl group at the 11, 15 or 
16 position. 

The results with both linoleic and linolenic 
acid as substrates for flaxseed lipoxidase indi- 
cate a high degree of specificity for attack of 
oxygen at carbon 13. It is the author's belief 
that the formation of the 94somer is the result 
of autoxidation. The amount of autoxidation 
occurring during preparation of the substrate, 
the enzymatic reaction, extraction and analysis 
is difficult to control, even when working under 
n i t r o g e n .  Different experiments with the 
linoleic acid substrate showed varying amounts 
of the 9-isomer, ranging from 6% to 30%. This 

problem was also encountered by Hamberg and 
Samuelson: In their first publication (7) with 
soybean lipoxidase they reported 70% and 30% 
of the 13-isomer and 9-isomer, respectively, for 
linoleic acid and 80% and 20%, respectively, for 
linolenic acid. In a later publication (2) they 
reported 92% and 8% for the 13- and 9-isomer 
with linoleic acid and 100% of the 13-isomer 
with linolenic acid. When we analyzed the 
products of soybean lipoxidase and linoleic 
acid, we obtained 80% of the 13-isomer and 
20% of the 9-isomer. Differences in the ratios 
of the two isomers could be explained by the 
varying amounts of two lipoxidase isozymes, 
each responsible for the formation of a single 
isomer. However, this is unlikely in our case 
since the enzyme extracts were prepared from a 
single flaxseed acetone powder. We believe that 
the varying amounts of the 9-isomer which 
were observed were due to different degrees of 
a u t o x i d a t i o n  in the various experiments. 
Although the formation of an l l-hydroper- 
oxide isomer has been theorized for the autoxi- 
dation of methyl linoleate (8), no evidence for 
its presence has been found (3,9-11). Only the 
9- and 13-hydroperoxy isomers have been 
observed. The formation of the 9-hydroperoxy 
isomer by autoxidation or enzymatic activity 
could be determined by the optical activity of 
the compound. We have not made this deter- 
mination. 

The incubation of linolenic acid with flax- 
seed lipoxidase resulted in the formation of a 
second product (Spot B, Fig. 1). This material 
ran below the monohydroxystearates on the 
thin layer plate and its mass spectrum showed 
that it was definitely not a methyl hydroxy- 
stearate (Fig. 6). The structure of this material 
is unknown,  but it may be a cyclic compound 
similar to that found in the synthesis of pro- 
staglandins. 

Our results with flaxseed lipoxidase indicate 
that its specificity for attachment of molecular 
oxygen to linoleic and linolenic acid molecules 
is very similar to that of soybean lipoxidase. 
The function of the hydroperoxides formed by 
lipoxidase is not  known. However, they do 
serve as substrates for an isomerase enzyme 
found in flaxseed, wheat and barley (4,12). 
13-Hydroperoxyoctadecadienoic acid formed 
f r o m  l inoleic  acid can be isomerized to 
13-hydroxy-12-keto-octadec-9-enoic acid by 
the flaxseed hydroperoxide isomerase enzyme. 
In a similar fashion, linolenic acid will give rise 
to  13-hydroxy-12-keto-octadec-9, 15-dienoic 
acid. The amount of 13-hydroperoxyoctadeca- 
dienoic acid formed by flaxseed lipoxidase 
from linoleic acid is in close agreement with the 
amount of 13-hydroxy-12-keto-octadec-9-enoic 
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acid f o r m e d  b y  i n c u b a t i o n  of  a c rude  f lax 
ex t r ac t  w i th  l inoleic  acid. T h e - m e t a b o l i s m  and  
me tabo l i c  s igni f icance  of  these  c o m p o u n d s  is 
u n d e r  c o n t i n u i n g  inves t iga t ion .  
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Composition of the Surface Lipids of Pea Leaves 
(Pisum sativum) 
P. E. KOLATTUKUDY, Department of Agricultural Chemistry, 
Washington State University, Pullman, Washington 

ABSTRACT 

Surface lipid of pea leaves (Pisum 
sativum var. Frosty) was analyzed with 
column, thin layer and gas liquid chro- 
matography in conjunction with mass 
spectrometry and infrared spectroscopy. 
It contained 42% n-hentriacontane and 
7.3% n-hentriacontan-16-ol. About  5% 
was wax esters, C40-C50 consisting of pri- 
marily C26 and C28 alcohols and 
C 16-C22 acids. Almost 5% was aldehydes, 
mainly C26 and C28. Primary alcohols, 
chiefly C26 and C28 , made up 20% of the 
surface lipid. 

INTRODUCTION 

Several components of the surface lipids of 
plants were identified in the 1920's and 30's 

(1,2). However until  chromatographic tech- 
niques became available, a complete analysis of 
the complex mixture of the lipids found on 
plant surfaces was almost impossible, and only 
a few plant surface lipids have yet been sub- 
jected to fairly complete analysis (3,4). 

For biosynthetic studies on surface lipids, 
pea leaves were found to provide an especially 
suitable experimental material (5). In this 
earlier study only the hydrocarbon fraction was 
examined. Often ketones and corresponding 
secondary alcohols that might be biosyntheti- 
cally related to the hydrocarbons were found in 
the surface lipids (1,6) and their biosynthetic 
relationships has been examined experimentally 
in a few cases (7,8). 

In the course of further in vivo and in vitro 
studies on the biosynthesis of the surface lipids 
of pea leaves it became necessary to identify all 
such possible intermediates as well as other 
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FIG. 1. TLC of the surface lipids of pea leaves. 1. 
Total surface lipids. 2. Ketone produced from the 
chromic acid oxidation of the secondary alcohol. 3. 
Acetate of secondary alcohol. 4. Alcohol produced by 
sodium borohydride reduction of the aldehyde frac- 
tion. 5. Acetate of the primary alcohols derived from 
the aldehyde. H, hydrocarbons; WE, wax esters; AL, 
aldehydes; S, secondary alcohols; A, alcohols; O, 
origin. The standards used to identify the various spots 
on the TLC were n-C3o alkane, hexacosyl docosa- 
noate, hexacosanal, n-nonacosan-15-ol, hexacosanol 
and cabbage surface lipids. Total surface lipid, various 
column chromatographic fractions and isolated indi- 
vidual fractions were chromatogmphed several times 
always with standard mixture alongside. The relative 
migrations of the various components are summarized 
in this Figure. 
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FIG. 2. GLC of the paraffm from pea leaves. 6 ftx 
0.25 in. o.d. Coiled column packed with 3% SE-30 on 
Anaktom Q 80-90 mesh with the carrier gas nitrogen 
at 100 ml/min, and column temp. 280C. Hydro- 
carbons isolated from cabbage leaf and Senecio orcloris 
leaf (16) and synthetic n-C3o alkane were used as 
standards. 
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major components in order to gain insight into 
the biosynthetic mechanisms" involved. This 
paper describes the identification of the major 
components of the surface lipids of pea leaves. 

EXPERIMENTAL PROCEDURES 

Plants and Extraction of Wax 

Pea plants (Pisum sativum var. Frosty) were 
raised in sand on a subirrigated bench in the 
greenhouse. Leaves of all ages were collected 
from mature plants (flowering) and they were 
immersed in chloroform for 20-30 sec. On 
evaporation under reduced pressure the crude 
surface lipid was obtained. 

Fractionation 

The crude surface lipid (1 g) was dissolved in 
ethyl ether and dried onto SilicAR-CC-4 100 
mesh (Mallinckrodt Chemical Works, St. Louis, 
Mo.). This silica gel was placed on a column of 
SilicAR (2 x 40 cm) and eluted in turn with 
n-hexane (160 ml), benzene (300 ml), chloro- 
form (360 ml) and methanol (400 ml). 

Samples of 20 ml were collected and all frac- 
tions were evaporated to dryness under a 
stream of nitrogen. Thin layer chromatography 
(TLC) was used to monitor the fractionation. 
Hexane elution gave one thin layer chromato- 
graphically homogeneous component (Fraction 
1) and benzene gave two fractions. The early 
one (Fraction 2) consisted of three components 
on thin layer, and the latter one (Fraction 3) 
showed only one spot on thin layer. Chloro- 

form apparently completed the elution of Frac- 
tion 3 and gave a little more waxy material 
(Fraction 4). Methanol yielded a small amount 
of more polar materials (Fraction 5) which was 
not examined further. 

Fraction 2 was further separated into three 
components by preparative TLC on Silica Gel G 
with benzene as the developing solvent. 

When small quantities of the surface lipids 
were to be fractionated complete fractionation 
could be done by preparative TLC on Silica Gel 
G with benzene as the developing solvent. 

Chromatography 

TLC was carried out with 20 x 20 cm plates 
coated with either a 0.25 or 0.5 mm thick layer 
of Silica Gel G and activated overnight at 110 C 
(9). A lined tank was used with benzene as the 
developing solvent and a spray of 2",7"-dichloro- 
fluorescein was used to detect the lipids. For 
isolation of the individual components silica 
gel, scraped off from the appropriate areas, was 
rinsed with ethyl ether. 

Gas Ch romatography 

Either a Perkin-Elmer 810 or a Barber- 
Colman gas chromatograph equipped with 
flame ionization detector was used. Fatty acids 
were analyzed on 15% diethylene glycol succi- 
nate on 80-100 mesh Anakrom AB or on 4% 
silicone gum rubber (SE 30) on Anakrom SD 
(Analabs, North Haven, Conn.). The alcohol 
acetates, paraffins, ketones and secondary alco- 
hol acetates were analyzed on a 4% SE-52 
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FIG. 3. Infrared spectra of the wax ester (WE), aldehyde (AL) and secondary alcohols (SA) 
isolated by TLC from Fraction 2. 
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FIG. 4. GLC of the ketones produced from the 
secondary alcohol by chromic acid oxidation. Column 
and conditions same as in Figure 2. 

column and a 3% SE-30 column, and ur/hydro- 
lyzed wax esters were analyzed on 3% SE-30 
column. Details of the chromatographic condi- 
tions are shown under the appropriate figures 
and tables. 

Preparation of Derivatives 

Aldehydes were reduced at room tempera- 
ture (15-30 rain) with a methanolic solution of 
sodium borohydride. Acetates of  the primary 
and secondary alcohols were prepared by 
refluxing with an excess of acetic anhydride for 
2 hr. Methyl esters of fatty acids were prepared 
either by refluxing the wax ester fraction with 
an excess of  BF3-methanol reagent for 2 hr or 
by heating the free acids with BF3-methanol 
reagent for 5 rain. In the former case the iso- 
lated products were subjected to preparative 
TLC with hexane-ethyl ether-formic acid 
(40: 10:1) as the developing solvent to separate 
the alcohols and the methyl esters of the acids. 

The secondary alcohols were oxidized to the 
ketones with CrO 3 in glacial acetic acid at 60 C 
for 15 min. After dilution of the reaction mix- 
ture with water the product was extracted with 
chloroform and purified by TLC with benzene 
as the solvent. Wax esters used as standards 
were prepared from C26 alcohol and appro- 
priate acids to make a total length of  C44-C50. 
The acids were refluxed with an excess of tri- 
fluoroacetic anhydride for 1 hr with enough 
benzene to give a single phase. After removing 
the excess trifluoroacetic anhydride with a 

TABLE I 

Composition of Pea Surface Lipids a 

Per cent 
Fraction Rf of total 

Hydrocarbon 0.85 42.2 
Wax ester 0.65 4.8 
Aldehyde 0.49 4.6 
Secondary alcohol 0.32 7.3 
Primary alcohol 0.1 20.0 

aA combination of column and thin layer chroma- 
tography described under the experimental sec t ion  w a s  
used to fractionate the total surface lipid and the per 
cent composition by weight is shown in this table. 

stream of nitrogen, equimolecular amounts of  
C26 alcohol were added and refluxed for an 
additional 30-40 min. The reaction mixture was 
washed with water and the esters recovered by 
passing the benzene solution through SilicAR- 
CC-4, giving almost quantitative recovery of 
pure wax ester. 

Infrared Spectra 

The IR spectra of thin films of various com- 
ponents were taken with a Perkin-Elmer Model 
21 spectrophotometer.  

Mass Spectra 

Mass spectra were made with an MS mass 
spectrometer at 70 eV. 

RESULTS 

The composition of the surface lipids of  pea 
leaves as obtained by a combination of column 
and thin layer chromatography is shown in 
Table I. 

Fraction 1 

TLC showed this fraction to contain hydro- 
carbons (Fig. 1) and the infrared spectrum 
showed them to be saturated long chain hydro- 
carbons. Gas liquid chromatography (GLC) 
revealed essentially one component, n-C31 
alkane, with very small amounts (less than 1% 
of C29 , C30 , C32 and C33 and traces of  C27 
and C28 (Fig. 2). Mass spectrum confirmed 
these conclusions and showed the absence of 
branching that might not have been detected by 
the other techniques. 

Fraction 2 

TLC showed three components with their Rf 
suggesting that they were wax esters, aldehydes 
and secondary alcohols (Fig. 1). The wax ester 
fraction, separated by preparative TLC, gave an 
infrared spectrum consistent with the tentative 
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TABLE II TABLE III 

Fatty Acid Composition of the Eax Esters 
From the Surface Lipids of Pea Leaves a 

Chain length Per cent 

C14 1.8 
C16 28.8 
C18 30.3 
C20 17.1 
C22 22.1 

aMethyl esters were analyzed on a coiled column 
(6 ft X 0.25 in. o.d.)packed with 15% stabilized di- 
ethylene glycol succinate on 60-70 mesh Anakrom AB. 

identification (Fig. 2). Saponification gave acids 
and alcohols from which derivatives were pre- 
pared (methyl esters and acetates respectively). 
These were further analyzed by GLC. The 
major acids were C16 , C18 , C20 and C22 
(Table II) while the major alcohols were C26 
and C 28 (Table III). The mass spectrum of the 
unhydrolyzed ester fraction revealed molecular 
ions at 538 (C42) , 566 (C44) , 594 (C46), 622 
(C48) and 650 (C50). Fragments corresponding 
to RCOOH 2 were found for C16 , C18, C20 and 
C22 acids. GLC of the unhydrolyzed ester frac- 
tion also showed C42 , C44 , C46 , C48 and C50 
esters and their quantitative distribution is 
shown in Table IV. 

Also included in Table IV is the distribution 
of wax esters expected from a random combi- 
nation among the major acids (Table II) and the 
major alcohols (Table III). There is good agree- 
ment in most cases between the calculated and 
measured values. 

The aldehyde fraction isolated by TLC gave 
an infrared spectrum consistent with the tenta- 
tive identification (Fig.. 3). On reduction with 
sodium borohydride at room temperature it 
gave primary alcohols (Fig. 1), acetates of 
which were subjected to GLC. The major alde- 
hydes were C 26 and C 28. The mass spectrum of 
the aldehyde fraction confirmed the identifi- 
cation, giving molecular ions at 380 (C26) and 
408 (C28). The major ions corresponded tc 
M-18 which is common among long chain alde- 
hydes (10). The other series of ions expected of 
the long aldehydes were also present. M-29 ions 
were only minor and M-28 coincided with the 
molecular ion of the next lower homolog. 
Reference spectra were run with synthetic alde- 
hydes to confirm the fragmentation pattern by 
direct comparison. 

The secondary alcohol fraction gave an IR 
spectrum indicative of secondary alcohol (Fig. 
3). Mass spectrum of this fraction gave a 
molecular ion at 452 consistent with n-C31 
secondary alcohol and gave a major fragment at 

Composition of Fatty Aldehydes and Free and 
Esterified Primary Alcohols of the Surface 

Lipids of Pea Leaves a 

Chain Free Wax 
length Aldehyde alcohol, % alcohols 

C22 Trace Trace 1.8 
C24 1.4 2.1 2.1 
C26 55.7 57.7 56.2 
C27 1.0 1.4 1.9 
C28 40.9 38.8 38.0 
C30 1.0 Trace Trace 

aAldehydes were analyzed as acetates of alcohols 
produced by sodium borohydride reduction. Free and 
wax alcohols were analyzed as acetates on coiled col- 
umn (6 ft 0.25 in. o.d.) packed with 4% SE-52 or 3% 
SE-30 on Anakrom Q. Column temperature 285 C; 
flow rate 90 ml/min of Argon. Traces of C32 were 
found especially in the aldehyde fraction. 

434 (M-18) diagnostic of the a lcohol  A very 
strong ion at 241, representing C 15H31-CHOH 
showed the molecule to be a symmetrical n-C 3 l 
secondary alcohol. The acetate derivative of  the 
secondary alcohol gave one peak on GLC the 
retention time of which was consistent with the 
assigned structure, with very small amount of 
C29 , C30 ~ C32 and C33. Chromic acid oxi- 
dation of  the alcohol gave a ketone (Fig. 1) 
which on GLC showed essentially one peak 
with the retention time corresponding to palmi- 
tone with a trace of  nonacosan-15-one (Fig. 4). 
The mass spectrum of the ketone confirmed the 
assigned structure with the molecular ion at 
450, the C15H31-CO ion at 239 and the three 
ions C15HalCO=CH2, C15H31COHCH 2 and 
C15H31COH2CH 2 at 253, 254 and 255 
respectively. In the mass spectra of the 
secondary alcohols M-18 ions 406 (C29) , 420 
(C30) , 462 (Caa) and 448 (C32) could be 
detected in decreasing order of intensity. 
RCHOH ions where R = C14H29 and C16H33 
were also detected. In the mass spectra of the 
ketone RCO ions where R = C14H29 and 
C 16H33 were found. Thus the minor secondary 
alcohols are nonacosan-15-ol, triacontan-15-ol, 
dotriacontan-16-01 and tritriacontan-17-01 and 
possibly hentriacontan-15-01. 

Fraction 3 

TLC indicated primary alcohols and the 
infrared spectrum supported this conclusion. 
Formation of acetate derivatives which had an 
Rf corresponding to synthetic hexadecanol acc- 
tate also agreed with the assigned structur,'. 
GLC showed that the major alcohols were C,,o 
and C28. The more polar materials, repro- 
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TABLE IV 

Composition of Unhydrolyzed Wax Esters of the 
Surface Lipids of Pea Leaves 

Chain 
length a Calculated,b % Experimental, c % 

C40 2.3 3.4 
C42 17.8 28.5 
C44 28.7 30.4 
C46 21.6 23.8 
C48 18.9 10.8 
C50 8.4 3.2 

aChain length refers to the total length of the acid 
and alcohol moiety. 

bCalculated assuming random combination of the 
acid and alcohol moieties listed in Tables II and IIL 

CDetermined by subjecting the unhydrolyzed wax 
ester to GLC on 3% SE 30 at 335 C at a flow rate of 
400 ml/min. 

senting only a small por t ion  of  the to ta l  surface 
lipids, were no t  s tudied fur ther .  

DISCUSSION 

It  appears that  surface lipids of  pea leaves 
represent  one  of  the simplest  mixtures  found  in 
plants. The  alkane fract ion is essentially pure  
n-C31 alkane. Unl ike  o ther  tissues, such as 
Brassiea oleracea, where the corresponding 
ketones  and secondary alcohols are found,  pea 
leaf lipids conta in  only the  secondary alcohol.  
Trace amount s  of  ke tones  might  have been  
present but  they were no t  de tec ted  in the  
present studies. Alkanes have been de tec ted  in 
many  plants but  the analyses were no t  
comple te  enough to detect  the ketones  and 
s e c o n d a r y  alcohols wi th  similar carbon 
skeletons. However  there  are instances where  
the alkanes are accompanied  by the secondary 
alcohols of  the  same chain length in plants, and 
where mixtures  of  alkanes are found cor- 
responding mixtures  of  secondary alcohols are 
also present (6). The  results repor ted  here  
clearly show that  the chain length dis t r ibut ion 
of  secondary alcohols correspond with  the dis- 
t r ibut ion  o f  alkanes. How exact ly  these two  
classes of  compounds  are b iosynthet ica l ly  
related is still not  known.  C29 secondary alco- 
hols are the  dominan t  ones found in most  cases 
thus far s tudied (6) and even when C31 
secondary a lcohol  was recent ly  repor ted  to be 
the  major  componen t ,  the hydroxy l  group was 
found in the C 9 posi t ion (6). Pea leaf surface 
lipid described here represents  the first repor t  
of  the occurrence  of  hentr iacontan-16-ol  as the  
dominan t  secondary alcohol  in plant surface 
lipids. 

Besides in the  present  repor t  a ldehydes have 
been ident i f ied in sugar cane (11),  grapes (4), 

a n d  r e c e n t l y  an  u n k n o w n  c o m p o n e n t  
encounte red  earlier (9,12) in the  surface tipids 
of  Brassica oleracea was shown to be aldehydes 
(13). Recen t ly  enzymat ic  reduc t ion  of  a w l  
CoA to  the  a ldehyde and subsequent  reduc t ion  
of  the  a ldehyde to the a lcohol  by an a ldehyde 
reductase has been demons t ra ted  in broccol i  
and pea leaf acetone powders  (14). Fa t t y  acids 
are reduced to  the alcohol  in the presence o f  
ATP,  CoA and DPNH (but  no t  TPNH) by  a 
soluble enzyme  partially purif ied f rom et iola ted 
Euglena gracilis. (P. E. Kola t tukudy ,  manu-  
script in preparat ion) .  If  the  aldehydes found in 
plant surface lipids are in termedia tes  in the  con- 
version of  acids to alcohols the aldehydes 
would  be expec ted  to resemble the alcohols,  
and in fact  in pea leaves the  aldehydes were 
ident ical  to the  free alcohols  in their  chain 
length dis tr ibut ion.  Fu r the rmore ,  the free alco- 
hols were ident ical  to the esterified alcohols in 
chain length,  suggesting that  this free a lcohol  
pool  par t ic ipated in the esterif icat ion process. 
Analysis of  unhydro lyzed  wax esters f rom 
marine organisms indicated tha t  the acids and 
alcohols combined  randomly  (15) and the 
results r epor ted  here are generally in agreement  
wi th  this conclusion.  However  there may be 
some preference for the longer  alcohols to ester- 
ify wi th  shorter  acids giving rise to the slightly 
higher values than expec ted  in the case of  
shorter  esters and lower values for longer esters. 
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ABSTRACT 

/3-lactoglobulin (BLG), a bovine milk 
protein that is available commercially in 
crystalline form, binds long chain free 
fatty acids (FFA). The binding data were 
analyzed with a model containing one pri- 
mary FFA binding site and a large 
number of weak secondary binding sites. 
At 37 C and pH 7.4, the apparent asso- 
ciation constant for binding of FFA to 
the primary site was of the order of 
105 M -t and that for binding to the 
s e c o n d a r y  sites was approximately 
103 M -1. The strength of binding was: 
palmitate>stearate>oleate>laurate. The 
affinity of BLG for palmitate increased as 
the pH of the incubation medium was 
raised from 6.5 to 8.7 and decreased as 
the ionic strength of the medium was 
raised. Palmitate binding was decreased in 
the presence of 6 M urea and when the 
protein either was exposed to elevated 
temperature or was acetylated prior to 
incubation. BLG took up methyl palmi- 
tate, cetyl alcohol, hexadecane and cho- 
lesterol to a lesser extent than FFA. 
Binding of FFA to BLG was associated 
with a small increase in the intensity of the 
fluorescent emission of the protein at 333 
m/~. BLG can serve as an FFA acceptor or 
carrier in biological experiments. FFA 
released from adipose tissue during in 
vitro incubation was taken up by BLG. 
Net transfer of fatty acid to the incu- 
bation medium ceased when the molar 
ratio of FFA to BLG exceeded 1.1. 
14C_l_palmitat e bound to BLG was taken 
up by Ehrlich ascites tumor cells in vitro. 
At a given palmitate-protein molar ratio, 
much more labeled fatty acid was taken 
up by these cells from media containing 
BLG than from those containing bovine al- 
bumin, apparently because FFA is bound 
less firmly to BLG than to albumin. 

ISpecial abbreviations used in this text: P, average 
molar ratio of bound FFA to total protein; c, molar 
concentration of FFA in free solution and in equili- 
brium with that bound to protein; n, number o f  
binding sites in a given class; k', apparent association 
constant for binding to a given class of sites. 

2present Address: Department of Internal 
Medicine and Biochemistry, University of Iowa, Iowa 
City, Iowa 52240. 

I NTRODUCTION 

/3-1actoglobulin (BLG), a protein present in 
bovine milk, can be obtained commercially in 
crystalline form. We have noted that this pro- 
tein will bind long chain free fatty acids (FFA) 
in an aqueous solution (1). Therefore, it was 
reasonable to assume that BLG might serve as a 
substitute for serum albumin in incubations 
that require the presence of an FFA carrier or 
acceptor. 

There are two properties of long chain fatty 
acids that make them difficult to work with in 
biological systems. First, they are poorly 
soluble in aqueous solutions. Second, unbound 
FFA are injurious to mammalian tissues even in 
relatively low concentrations, e.g., 10 -4 M. 
Thus, for most biological work with FFA, it is 
necessary to employ a fatty acid carrier in order 
to introduce the required amounts of FFA into 
the incubation medium while, at the same time, 
preventing exposure of the tissue to an 
excessive amount of unbound fatty acid. Serum 
albumin, the physiological FFA transport pro- 
tein, is used almost exclusively for this purpose. 
The availability of BLG as an alternative to 
albumin may provide a useful tool for the eluci- 
dation of several points concerning the mecha- 
nisms of FFA metabolism. For example, com- 
parative studies of media containing either BLG 
or serum albumin may indicate whether 
albumin possesses some special property for 
transferring FFA to or into ceils or for 
removing fatty acid from adipose cells. 

The interaction of FFA with proteins also 
has been studied almost exclusively with serum 
albumin. Hence, it is of interest to determine 
whether the mechanism of FFA association 
with albumin is unique for that protein or is 
applicable in general to other proteins that can 
bind FFA. Study of FFA binding to BLG 
should help to clarify this point. In addition, 
our initial observations indicated that BLG 
possessed a much smaller capacity to take up 
FFA than serum albumin (1). Preliminary 
analyses of these data suggest that BLG con- 
tained only one binding site with high affinity 
for FFA. In contrast, serum albumin contains 
approximately six high energy FFA binding 
sites (1). For studies of the detailed mechanism 
of FFA binding to proteins and FFA transfer 
from a carrier to a cell, the use of a protein 
having only a single strong binding site is 
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FIG. 1. Scatchaxd .plot of data for binding of 
1-14C-palmitic acid to ~-lactoglobulin at 37 C in phos- 
phate-buffered salt solution, pH 7.4. 

advantageous because it greatly simplifies the  
theoret ica l  considerat ions and the mathemat ica l  
analysis. 

Because o f  the potent ia l  usefulness of  BLG 
for these purposes we have invest igated the  
binding of  long chain F F A  to  this prote in  and 
the uptake  and release of  F F A  by  mammal ian  
tissues in media  conta ining BLG. 

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

Materials 
Crystall ine BLG (lots 36 and 38) were pur- 

chased f rom Pentex ,  Inc. (Kankakee,  Ill). These 
preparat ions  conta ined less than 0.2 /aeq F F A  
per / . tmole  protein as measured by  t i t ra t ion (2). 
BLG was dissolved in buffered  salt solut ion and 
dialyzed against 4 liters of  this solut ion for 24 
to 48 hr  at 4 C with  mechanical  stirring. The  
dialyzing solut ion was changed at least once 
during this t ime.  Unless no ted  otherwise,  the 
buf fe r  solut ion conta ined 0.116 M NaC1, 0 .004 
M KC1, 0 .0012 M MgSO 4 and 0.016 M sodium 
phosphate  and was adjusted to  pH 7.4 wi th  1.0 
N HCI. This is referred to in the  tex t  as phos- 
phate-buffered salt solution.  Fo l lowing  dialysis, 
the BLG solut ion was adjusted to  pH 7.4, and 

TABLE I 

Reversibility of Fatty Acid Binding 
to 13-Lactoglobulin a 

/3-Lactogiobulin solutionb 

Radioactivity, cpm Fatty acid, 
Time of 

incubation, hr 14C 3H m/~eq 

0 3160 0 25 
0.5 2250 565 55 
1 1810 425 43 
4 595 1340 94 
7 440 1980 135 

16 260 2280 154 

aIncubation was done at 37 C. 1-14C-palmitate was 
added to BLG dissolved in phosphate-buffered salt 
solution by exposure to palmitate-coated Celite par- 
ticles. This solution contained 0.2 #mole/ml BLG and 
0.025 ~eq of 1-14C-palmitate. A heptane solution con- 
taining palmitate-9,10-3H (20 ~eq/ml) was prepared, 
and 1 ml of it was incubated with 1 ml of the BLG 
solution containing 1-14C-palmitate in a series of 
flasks. At each of the time intervals shown, two flasks 
were removed and the content of 14C and3H in the 
heptane and aqueous phases was determined. 

beach value is the mean of two determinations. 

the  protein concen t ra t ion  was de termined  by 
the  biuret  m e t h o d  (3). Dried samples of  BLG 
served as the  s tandard for this procedure.  The  
molecular  weight  of  BLG was taken as 42,000.  
Freshly  prepared solutions of  the prote in  
migrated as a single band when subjected to  
electrophoresis  at pH 8.2 on glass microscope 
slides coated wi th  Agarose (1). Addi t ional  tests 
to  de tec t  he te rogene i ty  in these BLG prepara- 
t ions were no t  done  (4). 

BLG was ace ty la ted  at pH 8 according to the  
m e t h o d  of  Fraenkel -Conra t  et al. (5). Free  
amino groups were measured by the n inhydr in  
m e t h o d  (6). 

The  commerc ia l  sources and me thods  for 
pur i f icat ion of  the  radioact ive lipids used in this 
s tudy have been described (1). 14C-4-Choles- 
terol  that  had been  purif ied by thin layer chro- 
matography  (:>99% radiopure)  was a gift f rom 
Dr. W. E. Connor .  

Measurement of Binding 

Associat ion of  labeled F F A  with  BLG was 
measured by a modi f ica t ion  o f  the equi l ibr ium 
par t i t ion analysis m e t h o d  devised by Goodman  
(1,7). The react ion was carried out  in specially 
const ructed glass flasks (1). Incubat ion  was 
done with shaking in a tempera ture-cont ro l led  
water  bath. Increasing amounts  of  labeled F F A  
of  known specific radioact ivi ty  were dissolved 
in 1 ml  of  n-heptane and incubated with  1 ml 
of  an aqueous  solut ion containing BLG (2 x 
10 -4 M). The par t i t ion ratio of  F F A  be tween  
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heptane and the protein-free buffered salt 
solution was determined in a separate set of 
flasks (1,8). Equilibrium was reached in this 
system after 6-10 hr at 37 C and, for con- 
venience, an overnight incubation usually 
lasting 16 hr was used. Both heptane and 
aqueous phases remained optically clear during 
incubation, and precipitates did not form at the 
interface. 

Radioactivity was measured with a Packard 
Tri-Carb 3375 liquid scintillation spectrometer. 
The scintillator solution contained 0.3%, 2,5-di- 
phenyloxazole and 0.01% 1,4-bis [2-(4-methyl- 
5-phenyloxazolyl)]-benzene in toluene and 
methanol (7:3 v/v) (1). Quenching was moni- 
tored initially both with the external standard 
and by addition of 14C-l-palmitate as an inter- 
nal standard. Both methods indicated that the 
amount of quenching varied between 1% and 
8%, and only the external standard was 
employed in subsequent experiments. 

From the binding data, the unbound FFA 
concentration, c, at each molar ratio of bound 
FFA to protein, 9, was calculated (1,7). A com- 
puterized curve-fitting procedure (9) was 
employed to analyze these results in terms of 
number of classes of binding sites, number of 
sites within a given class, n, and the apparent 
association constant for binding to each class of 
sites, k'. Corrections for electrostatic inter- 
actions were not made, and the intrinsic asso- 
ciation constants were not determined. 

Incubation with Celite 

Celite 545 was coated with labeled lipids of 
known specific radioactivity (10). Weighed 
amounts of these Celite preparations were incu- 
bated with BLG solutions or protein-free buffer 
solutions in a temperature-controlled water 
bath with shaking (1). The Celite was sedi- 
mented by centrifugation, and the uptake of 
radioactivity by the protein solution was deter- 
mined ( 1 ). 

Fluorescence Measurements 

Fluorescence emission spectra of BLG and 
bovine albumin excited at 280 m/~ were 
recorded between 280 and 450 my (11). All 
fluorescence measurements were made with the 
Aminco-Bowman spectrophotofluorometer cali- 
brated by Chen (12). 

Incubations with Mammalian Tissues 

Epididymal fat pads obtained from fasted 
Osborne-Mendel rats were incubated at 37 C 
under air with shaking in 10 ml  of phosphate- 
buffered salt solution containing protein and 
adrenocorticotropic hormone (11). One fat pad 
from each rat was incubated in medium con- 

taining BLG, the other in medium containing 
albumin. The FFA content of 1 ml aliquots of 
the incubation medium were measured by 
titration (2). 

Isolated, washed Ehrlich ascites tumor cells 
were incubated with shaking under air at 37 C 
(13) with 14C-l-palmitate bound to either BLG 
or bovine albumin. Incorporation of the labeled 
pahnitate into the cell lipids or into CO 2 was 
measured (14). 

RESULTS 

FFA was taken up by BLG when an aqueous 
solution of the protein was incubated with a 
soap solution, fatty acid-coated Celite particles, 
a rat epididymal fat pad or fatty acid dissolved 
in heptane. If the BLG solution was exposed 
subsequently to heptane, fatty acid was 
released into the organic phase. As indicated by 
the data contained in Table I, this was due to 
the reversibility of FFA binding to BLG and 
not damage to the protein from exposure to 
heptane. 14C-1-Palmitate was added to BLG, 
and the resulting solution was incubated with a 
large excess of palmitate-9,10-aH in heptane. 
As the incubation proceeded, the 14C content 
of the BLG solution decreased to less than 10% 
of the original amount  while increasing 
amounts of 3H appeared in the aqueous phase. 
This was accompanied by the appearance of 
increasing quantities of 14C in heptane and a 
decrease in the 3H content of the heptane. The 
total palmitate content of the BLG solution 
increased sixfold during the incubation. Thus, 
most of the 14C-1-palmitate content of the 
BLG solution was exchangeable even under 
conditions that produced a targe net increase in 
the total palmitate content of the protein 
solution. 

Data obtained for palmitic acid binding to 
BLG at 37C  in phosphate buffered salt 
solution are shown in Figure 1. In this graph, u 
is plotted against u/c according to the method 
of Scatchard (15). These data were obtained in 
two separate experiments, each with a different 
commercial preparation of BLG. Note the 
excellent agreement of the two sets of data 
points. The data show a nonlinear correlation 
between 9/c and 9. This suggests that BLG, like 
the serum albumins (1,7), contains more than 
one class of palmitate binding sites. However, 
the possibility that the nonlinear correlation 
results at least in part from electrostatic effects 
that occur in the binding process cannot be 
excluded. Results similar to these were 
obtained with laurie, stearic and oleic acids. 

Analyses of these data were made with a 
model consisting of two independent classes of 
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BLG binding sites�9 This treatment assumes that 
BLG contains a fixed number of total FFA 
binding sites and that the sites are not altered 
by the binding process�9 Starting estimates for 
fitting the experimentai points to a binding 
curve were obtained with a system that did not 
constrain the number of binding sites, n, to 
integer values (1,9). These estimates are shown 
in Table II. The range of estimates for n, (0.52 
to 1.34) suggested that the primary class of 
BLG sites consisted of only a single site. In 
marked contrast, the computed estimates for 
n 2 (0.1 to 26.1) suggested that a single integer 
value for the secondary class of sites may not 
be applicable to each of the fatty acids�9 More- 
over, the large uncertainties in n2k' 2 and k'  2 
for lauric and stearic acids further suggested 
that different integer values of n 2 should be 
considered for each acid (9). 

With the values listed in Table II as initial 
estimates, these data were fitted to models con- 
strained so that n I and n2 must be integers�9 
Table III contains the most satisfactory integer 
models for binding of each fatty acid. The best 
fit for oleate was obtained when n 1 = 1 and n 2 
= 24. A best fit for stearate also was obtained 
with this model, but other integer values 
produced equally good fits. This is consistent 
with the large uncertainty in n2k' 2 with 
stearate (Table II). The best fits for lauric and 
palmitic acids were obtained with a 1,2 and 1,6 
integer model, respectively. In order to com- 
pare more readily the binding of each of the 
four acids and to satisfy our initial assumption 
that BLG has a fixed number of pre-existing 
binding sites, we attempted to fit all of the data 
to a single model�9 The value of 24 was selected 
as most representative for the actual number of 
secondary binding sites because it was best for 
oleate, the ligand with which we obtained the 
highest experimental values of v. The fits 
obtained with the 1,24 model for laurate and 
palmitate, although adequate, were not as good 
as the respective best case for these acids. With 
the 1,24 model, k' 1 was of the order of 10SM q 
and k' 2 was of the order of  103 to 102M -1 for 
each of  the four acids�9 Note that even when n 2 
was varied over a wide range, there was very 
little change in the value obtained for k'  1 . This 
indicates that the character of the single high 
energy BLG binding site is relatively insensitive 
to the assumptions made concerning the class 
of weaker secondary binding sites. 

Figure 2 shows plots of  the data for each 
acid and the binding curves derived from the 
values of n and k' for the 1,24 model listed in 
Table III. These are graphs of v (the molar ratio 
of bound FFA to BLG) against the negative 
logarithm of c (the unbound FFA concen- 
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FIG. 2. Graphs for the binding of radioactive free 
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tration). The strength of association was 
palmitate>stearate>oleate>laurate.  The maxi- 
mum values of v that were obtained in these 
experiments were: oleate, 4.6; palmitate, 2.0; 
stearate, 1.6; laurate, 1.3. Similar maximum v 
values were obtained when FFA adsorbed on 
Celite were incubated with BLG. With each 
acid, the concentrations of  c that occurred at 
the maximum v values were equal to the maxi- 
mum solubility of that particular fatty acid in 
the protein-free aqueous phase (1). A Iarge 
excess of FFA was present in the heptane phase 
or on the Celite under conditions where the 
maximum v values were obtained. 

Effect on Binding of Changes in 
Lipid and Protein Structure 

The maximum quantity of  ligand that was 
taken up by BLG from Celite decreased when 

the palmitate carboxyl group was modified or 
removed. The highest v values that were 
obtained were: palmitic acid, 1.9; cetyt alcohol, 
0.67; methyl  palmitate, 0.28; hexadecane, 0.92. 
Cholesterol also was taken up to a limited 
extent,  the maximum v being 0.40. In these 
systems, large excesses of ligand in the Celite 
phase also were present when the maximum v 
values were reached. 

Alterations in the structure of BLG by either 
physical or chemical means affected the binding 
of  palmitate (Fig. 3). Both the maximum up- 
take and the strength of association were 
reduced when the incubation medium con- 
tained 6 M urea and when the protein was 
acetylated or exposed to elevated temperatures 
prior to incubation. 

Effect on Binding of Changes in the 
Incubation Medium 

Palmitate was bound more firmly by BLG at 
pH 7.4 in 0.05 M Tris-HC1 than in phosphate- 
buffered salt solution (Table IV). In Tris buffer, 
palmitate was bound more tightly at pH 8.7 
than at pH 7.4. In contrast, we did not observe 
these differences when palmitate binding to 
bovine albumin was studied (1). In phosphate 
buffer, palmitate was bound more tightly at pH 
7.4 than at pH 6.9. Similar results were noted 
for FFA binding to both bovine and human 
serum albumin (1). This observation also is con- 
sistent with the finding that palmitate uptake 
by tumor cells from media containing BLG 
increased as the pH was decreased below 7.4 
(16). 

The strength of binding of palmitate to BLG 
in 0.02 M sodium phosphate, pH 7.4, decreased 
as the NaC1 concentration was raised from 0-1.0 
M. Similar results were noted for palmitate 
binding to bovine albumin (1). 
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FIG. 3. Binding of 1-14C-palmitate to physically or chemically altered/3-1actoglobulin. The incu- 
bations were done in phosphate-buffered salt solution, pH 7.4, at 37 C. Approximately 90% of the 
free amino groups were modified in the acetylated BLG preparation. 
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T A B L E  III 

C o n s t a n t s  fo r  t he  B ind ing  o f  F F A  t o  13-Lactoglobul in  as Der ived  F r o m  In t ege r  Mode l s  a 

P r i m a r y  sites, M -1 S e c o n d a r y  si tes,  M -1 

F a t t y  ac id  n I k '  1 x 10 -5 n 2 k '  2 x 10 -3 
R o o t - m e a n -  
square  r o o t  

L a u r i c  1 0 .52-+0.15 2 1.12---0.14 
1 0 . 4 0 + 0 . 0 6  24  0 .10-+0.02  

Pa lmi t i c  1 6 .61-+0.39 6 7 .09-+0.14  
1 7.00-+0.51 2 4  1 . 5 8 + 0 . 0 6  

S tea r i c  1 ! .61---0.39 2 4 .22-+5 .50  
1 1 .79-+0.28 4 16.98-+0.59 
1 1 .56-+0.24 6 1 1 . 8 7 + 0 . 2 1  
1 1.51-+0.19 12 5.87-+0.01 
1 1 .87-+0.24 24  2 .48-+0.18  

Oleic  1 0 .40-+0.04 24  1.34-+0.01 

0 . 0 8 5  
0 . 1 3 0  
0 . 0 5 2  
0 . 0 6 3  
0 . 1 1 0  
0 . 1 1 0  
0 . 1 1 0  
0 . 1 1 0  
0 . 1 1 0  
0 . 0 6 7  

a T h e  d a t a  are t h e  s ame  as t h o s e  d e s c r i b e d  in T a b l e  II. 

The temperature dependence of binding of 
palmitate to BLG between 23 and 37 C was too 
small to be measured accurately by the present 
incubation techniques. 

Uptake of FFA from Adipose Tissue 

Like serum albumin, BLG took up FFA 
released from adipose tissue (Table V). How- 
ever, when equimolar amounts of BLG and 
bovine albumin were present, the net release of 
fatty acids was greater in the media containing 
albumin (Experiments 1-3). In these incu- 
bations, the rate of FFA release was constant 
for 90 min when albumin was present but  
diminished gradually in the media containing 
BLG. When the BLG concentration was 3.7 
times greater than that of albumin (Experi- 
ments 4-6), the rates of FFA release in media 
containing either BLG or albumin were approx- 
imately equal, and FFA release was linear 

during 90 min of incubation in both media. Six 
additional fat pad incubations were done with 
media containing low concentrations of protein 
in order to determine the maximum molar 
ratios of total FFA to BLG that could be 
reached in this system. A 4 hr incubation 
period was employed. The maximum molar 
ratio that was observed with BLG was 1.1. 
Under these conditions, there was very little 
increase in the FFA content of the BLG 
medium after 2 hr of incubation. In contrast, a 
molar ratio of 4.7 was reached after 4 hr of 
incubation when albumin was substituted for 
BLG, and FFA release continued at a linear rate 
over the entire 4 hr period. Taken together, 
these results indicate that BLG is less effective 
than bovine albumin as an acceptor for FFA 
released from adipose tissue, apparently 
because its binding sites have a weaker affinity 
for FFA than do those of albumin. 

T A B L E  IV 

E f f e c t  o f  p H  o n  the  B ind ing  o f  P a l m i t a t e  to  13-Lactoglobul in  a 

( - )  log C b,  M 

P h o s p h a t e  b u f f e r  c Tris b u f f e r  d 

p H  6.9  p H  7.4  p H  7 .4  p H  8.7  

0 .4  5 .6  6 .0  6.5 6 .8  
0 .7  5.1 5 .7  6 .2  6 .5  
1.2 4 .6  5 .2  5.6 6.1 
2 .0  e 4 .5  4 .9  5.3 

a I n c u b a t i o n  w a s  d o n e  a t  37 C. 

b N e g a t i v e  l o g a r i t h m  o f  t h e  u n b o u n d  p a l m i t a t e  c o n c e n t r a t i o n .  

C p h o s p h a t e - b u f f e r e d  sa l t  so lu t i on .  

d 0 . 0 5  M Tris  a d j u s t e d  t o  t he  r e q u i r e d  p H  w i t h  I N HC1. 

eThe  m a x i m u m  m o l a r  r a t i o  o f  p a l m i t a t e  t o  13-1actoglobulin t h a t  c o u l d  be  a c h i e v e d  a t  p H  
6 .9  w a s  1.2.  
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TABLE V 

FFA Release From Adipose Tissue a 

Net FFA release, #eq/g x hr 

Expt No. fl-Lactoglobulin Bovine 
albumin 

1 1.4 3.6 
2 1.0 1.9 
3 1.7 2.9 
4 2.6 2.3 
5 2.6 2.6 
6 2.1 2.6 

aEpididymal fat pads were taken from Osborne- 
Mendel rats. One fat pad was incubated under air at 
37 C in 10 ml of phosphate-buffered salt solution con- 
taining BLG, the other in l0 ml of this solution con- 
taining Fraction V bovine albumin. Porcine adreno- 
corticotrophic hormone (5 units) was present in each 
of the media. In experiments 1-3, both the BLG and 
bovine albumin media contained 0.5 ~mole/ml pro- 
tein. In experiments 4-6, the BLG media contained 1.1 
/Jrnole/ml protein, but the albumin media contained 
only 0.3 /Jmole/ml protein. The FFA content before 
incubation and after 20, 40, 60 and 90 rain of incu- 
bation was measured in duplicate by titration of an 
extract of 1 ml of the medium (2). 

Uptake of FFA by Tumor Cells from 
Media Containing BLG or Albumin 

Ehrl ich  ascites t u m o r  cells t ook  up 14C-1- 
pa lmi ta te  when  BLG served as the  F F A  carrier 
(Table VI).  This conf i rmed  our  previous prel im- 
inary observat ions  (16). At  a given F F A - p r o t e i n  
molar  rat io,  much  more  t 4C- l -pa lmi t a t e  was 
bound ,  es ter i f ied and oxid ized  to  CO 2 w h e n  
the  cells were incuba ted  in media  conta ining 
BLG than  when  they  were incuba ted  in media  
conta in ing  bovine a lbumin.  We have shown  tha t  
the  magni tude  of  F F A  uptake  (13), esterifi-  
cat ion (14)  and ox ida t ion  to  CO 2 (14 ) inc rea se  
as the u n b o u n d  F F A  concen t r a t i on  is raised. At  
a given v, pa lmi ta te  is b o u n d  less f i rmly by  BLG 

than  by  bovine albumin.  Hence,  at a given v, 
the u n b o u n d  palmi ta te  concen t r a t ion  is greater  
in a BLG med i u m than  in an a lbumin med ium.  
Therefore ,  one  would  expec t  pa lmi ta te  up take  
and ut i l izat ion to be greater  in the  BLG 
med i u m,  and this was observed exper imenta l ly .  
At  each u value, the  ratio of  F F A  to lipid ester  
radioact iv i ty  in the  cells was m u c h  higher when  
the  m e d i u m  con ta ined  BLG. This observa t ion  is 
compat ib le  wi th  our  previous observat ions  con- 
cerning F F A  ut i l izat ion (13,14).  As the  
u n b o u n d  concen t ra t ion  to  which  a cell is 
exposed  is raised, F F A  incorpora t ion  in un- 
es ter i f ied fo rm increases exponen t ia l ly  whereas  
fa t ty  acid es ter i f icat ion and ox ida t ion  app roach  
l imiting values (14). Therefore ,  one  would  
expec t  the  rat io of  F F A  to lipid ester  radio- 
activity in the  cells to  be m u c h  higher in the  
expe r imen t s  s h o w n  in Table VI tha t  were  done  
in the  BLG media,  for  the  u n b o u n d  pa lmi ta te  
concentration with BLG at u 0.8 is 12 t imes 
greater  than  tha t  present  wi th  bovine serum 
albumin at u = 1.6 (1). 

Similar d is t r ibut ions  of  radioact ivi ty  in the  
cell l ipid esters occurred  w h e n  incuba t ion  was 
done  in e i ther  a BLG or an a lbumin med ium.  
Phosphol ip ids  con ta ined  f rom 1.5-2.0 t imes 
more  radioact iv i ty  than  glycerides and f rom 
10-40 t imes more  radioact ivi ty  t han  choles terol  
esters. 

Ultraviolet Fluorescence Spectra 

The f luorescence  emission spec t rum of  BLG 
exci ted  at 280 m/l was al tered slightly w h e n  
F F A  were  added  (Fig. 4). The wavelength  of  
m a x i m u m  f luorescence occur red  at 333 m/~ 
whe t h e r  or no t  F F A  were added  to  BLG. How- 
ever, the  presence  of  1 geq  of  pa lmi ta te  per 
/amole BLG produced  an 8% increase in 
f luorescence  in tens i ty .  A d d i t i o n  o f  more  
pa lmi ta te  resul ted  in very li t t le fu r the r  increase 
in f luorescence  in tens i ty .  In cont ras t ,  the  addi- 

TABLE VI 

Utilization of 1-14C-Palmitate by Ehrlich Ascites Tumor Cells a 

1-14C-Palmitateincorporated, m#eq/108cells 

v = 0 . 8  ~=1 .6  

Fraction ~-Lactoglobulin Albumin ~Lactoglobulin Albumin 

FFA 200 10 600 19 
Lipid esters 250 100 560 140 
CO 2 32 23 40 28 

aCells were incubated for 1 hr at 37 C under air with 1-14C-palmitate bound to either fl- 
lactoglobulin or Fraction V bovine albumin. The medium contained 3.0/~eq 1-14C-palmitate 
(670,000 cpm/#eq) and sufficient protein so that the molar ratio (~) of total palmitate to 
total protein was that listed in the Table. In addition, the medium contained 0.058 M NaC1, 
0.0025 M KC1, 0.0006 M MgSO 4 and 0.085 M sodium phosphate, pH 7.4. 
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FIG. 4. Effect of palmitic acid on the ultraviolet 
fluorescence spectrum of fl-lactoglobulin. The wave- 
length of excitation was 280 In#. Spectra were 
recorded at room temperature in phosphate-buffered 
salt solution, pH 7.4. The BLG concentration was 10 -4 
M. The curves are labeled as follows: (a), no added 
FFA; (b), P = 0.49; (c), P = 1.4; (d), P = 1.7. 

tion of FFA to bovine albumin produces a 
progressive decrease in fluorescence intensity 
and a blue shift in the wavelength of maximum 
emission of from 4-7 m# (11). 

Similar effects on ultraviolet fluorescence 
occurred when oleate, stearate or laurate were 
added to BLG. An increase in fluorescence 
in tensi ty  occurred independently of the 
method used for adding FFA to the protein, 
mixing with a soap solution, incubation with 
FFA-coated Celite, incubation with FFA dis- 
solved in heptane, or incubation with rat epi- 
didymal fat pads in the presence of adrenocorti- 
cotrophin. 

DISCUSSION 

These results demonstrate that BLG can 
function as a long chain FFA carrier or 
acceptor in in vitro incubation systems. The 
affinity of BLG for FFA is considerably less 
than that of albumin (1,7). BLG contains only 
one high energy binding site for FFA. The 
association constant for FFA binding to this 
site (k' 1 = 105M-1) is one tenth that for FFA 
binding to the primary class of albumin sites 
(1); it is similar in magnitude to the association 
constant of the secondary class of albumin 
binding sites (1,7). Therefore, one can predict 
that at low values of P, much more FFA should 
be available for uptake by tissues from media 
containing BLG than from those containing 
b o v i n e  a l b u m i n .  T h i s  was confirmed 
experimentally by incubation with Ehflich 
ascites tumor cells (Table VI). The weak 
secondary binding sites of BLG have an affinity 
for FFA (k' 2 of the order of 10aM -1) that is 
similar to the third class sites of the serum 

albumins (1,7). Hence, these sites are not  
effective in solubilizing much FFA in aqueous 
media. According to this interpretation, the 
factor that limits the quanti ty of fatty acid that 
can be taken up by BLG in these incubation 
systems is not saturation of available FFA 
binding sites. In fact, many unfilled FFA 
binding sites remain when the maximum p 
values that can be attained experimentally are 
reached. We suggest that FFA uptake is limited 
by the solubility of the particular fatty acid in 
the aqueous incubation medium i.e., the maxi- 
mum activity of unbound FFA anion that can 
exist in the aqueous phase. 

Goodman has shown that the constant for 
association of palmitate with the binding sites 
of the human erythrocyte is in the range of 
105M -1 (17). Hence, one might predict that 
only the single primary binding site would be 
able to compete effectively with a mammalian 
cell membrane for FFA. This prediction was 
confirmed by the adipose tissue experiments 
(Table V) which demonstrated that BLG will 
remove net amounts of FFA only until  the p is 
in the range of 1.0. Under identical conditions 
of incubation, much more FFA was released 
from the fat pads when the medium contained 
an equimolar amount of bovine albumin. We 
conclude that the larger FFA release in the 
media containing albumin results from the 
greater ability of albumin to bind FFA;  not  
from any special property that enables albumin 
to remove or enhance the release of FFA from 
the adipose cell. 

FFA binding to serum albumin involves 
simultaneous electrostatic and nonpolar inter- 
actions (1,7,18,19). The present data con- 
cerning FFA binding to BLG are compatible 
w i t h  a similar interpretation. Palmitate 
analogues in which the carboxyl group is 
modified or removed were taken up to a lesser 
extent than the acid, and acetylated BLG 
bound palmitate very poorly. These obser- 
vations are consistent with the presence of an 
electrostatic component in the binding process- 
attraction between the ionized FFA carboxyl 
group and a cationic protein site. In addition, 
the association constants varied with the struc- 
ture of the FFA hydrocarbon chain, and 
binding was reduced when BLG conformation 
was altered by exposure to urea or heat. These 
findings indicate that nonpolar interactions also 
are involved in the binding process. In fact, 
binding of large organic ligands can occur in the 
absence of ionic interactions, for BLG took up 
small amounts of cholesterol, methyl palmitate, 
cetyl alcohol and hexadecane. 

The binding constants listed in Tables II and 
III were obtained by making the following 
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assumptions: (a) that FFA anions interact with 
BLG; (b) that the measured total unbound FFA 
concentration is an accurate approximation of 
the unbound FFA anion activity (1,8); (c) FFA 
bind to pre-existing BLG sites, and binding sites 
are neither formed nor altered in the binding 
process; and (d) each class of binding sites com- 
petes independently for available FFA. Recent 
evidence indicates that some dimerization of  
FFA occurs in sodium phosphate solutions even 
when the FFA concentration is low (20). If 
subsequent work should confirm these results, 
then our assumption concerning total unbound 
FFA concentration would not be valid and 
small corrections will have to be made in these 
binding constants. In addition, studies on the 
interaction of organic ligands with serum 
albumin led Karush to suggest that proteins 
display conformational adaptability, that is, 
binding is associated with conformational 
changes in which binding sites are either formed 
or altered (21). Recent work by Lovrien also 
demonstrated that the association of dodecyl 
sulfate with alkaline bovine serum albumin 
produces considerable conformational change 
in the protein (22). Our inability to obtain a 
single value for n 2 that was suitable for each of 
the four acids may be considered as further 
support for the conformational adaptability 
hypothesis. If the secondary BLG sites are 
formed or altered when the first FFA molecule 
is bound, then each acid may induce a some- 
what different change. Therefore, n 2 may be 
different for each acid, and our at tempt to fit 
all of the data to a single model may be an 
oversimplification. 

Another  possible source of  error stems from 
the fact that small quantities of heptane were 
present in the aqueous phase in the equilibrium 
partition incubations (8). If  heptane binds to 
BLG, then the binding of FFA might be 
altered. Since small amounts of  hexadecane 
were taken up by BLG, it is likely that some 
heptane also was bound to the protein. In spite 
of this potential difficulty, we employed the 
partition method for the following reasons. 
Other procedures that are used to study pro- 
tein-ligand association also present serious dif- 
ficulties when long chain FFA serve as the 
ligand. Long chain FFA are very poorly soluble 
in aqueous solutions of neutral pH, they do not 
pass through ordinary dialysis tubing, and they 
adsorb onto many types of solid phases. 
Furthermore,  our data suggest that incubation 
in the presence of heptane did not  grossly alter 
the capacity of BLG to bind FFA.  The maxi- 
mum v value that was obtained with palmitate 
was almost identical in heptane partition and 
Celite incubations. In addition, others have 

shown that the apparent association constant 
for binding of testosterone to bovine albumin is 
of  similar magnitude when measured by either 
equilibrium partition or dialysis (23). 

FFA binding was associated with a small 
change in the ultraviolet fluorescence intensity 
of BLG. Hence, it should be possible to 
monitor reactions involving FFA uptake or 
release from this protein by spectrophoto- 
fluorometric techniques. However, this can be 
done more readily with bovine albumin, too, 
because the FFA-induced fluorescence changes 
are larger (11). These effects upon fluorescence 
result from alterations in the environment of  
one or more protein tryptophan residues. This 
could occur because FFA interacts directly 
with a segment of the peptide chain that con- 
tains tryptophan. Alternatively, this could 
result from a small conformational change in 
the region of  one or more tryptophan residues 
that is secondary to binding of FFA at a distant 
region of  the protein. 
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Incorporation of 1,2 -1 4C-Ethanolamine Into Subfractions of 
Rat Liver Phosphatidylethanolamines and Phosphatidylcholines 
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ABSTRACT 

The incorporation of 1,2 -14C-ethanol- 
amine into the liver phosphatidylethanol- 
amines (PE) and phosphatidylcholines 
(PC) in female rats was studied. These 
phosphatides were fractionated according 
to their degrees of unsaturation and the 
specific activities of monoenoic, dienoic, 
tetraenoic and hexaenoic fractions were 
measured at intervals of 1, 20, 60 and 
300 min after injection of the labeled pre- 
cursor.  Hexaenoic and dienoic PE 
incorporated and lost the label rapidly. 
Although the labeled precursor was 
incorporated into tetraene PE at a similar 
rate, this fraction attained a relatively low 
specific activity that remained essentially 
constant between 10 and 300 min after 
injection of the label. Hexaenoic PC had 
the highest specific activity among the PC 
fractions at all time periods. Estimations 
of the rate of loss of radioactivity in the 
hexaenoic PE fraction and its appearance 
in hexaenoic PC indicate that the docosa- 
hexaenoic acid is conserved, possibly by 
being reincorporated into PE after 
becoming a part of the hexaenoic PC 
species. The high rate of turnover of the 
hexaenoic PE also suggests that this frac- 
tion might have some special role in 
endogenous choline synthesis. 

INTRODUCTION 

Methylation of phosphatidylethanolamines 
(PE) to form phosphatidylcholines (PC)is the 
only known pathway for de novo synthesis of 
choline in higher animals. Estimates by Wise 
and Elwyn (1) indicate that this pathway may 
provide choline in amounts equivalent to the 
dietary intake, or about 13 pmoles/day/gram 
liver. 

In the rat the conversion of PE to PC takes 
place mainly in the liver. When 14CH 3. 
methionine is injected, PC containing fatty 
acids with two to six double bonds incorporate 
most of the activity. A PC fraction containing 
docosahexaenoic acid (22: 6) quickly attains the 
highest specific activity, but then loses this 
activity while the other fractions continue to 
increase in specific activity (2,3). During the 

incorporation of methionine, the amounts of 
PE and PC in the liver do not change and the 
amounts of the fractions within these classes 
remain the same (3). Therefore, the labeled PC 
molecules containing 22:6 are being replaced 
by unlabeled molecules. The experiments, how- 
ever, did not indicate whether this replacement 
was through formation of new molecules by 
methylation of PE, or if the label was being lost 
through exchange with different fractions of 
PC. 

If the entire PC molecule were being 
replaced, a probable source of unlabeled 
hexaenoic PC would be the methylation of 
hexaenoic PE. Therefore, we injected rats with 
radioactive ethanolamine to label their liver PE. 
The rate of appearance of this label in 
hexaenoic PC should indicate whether suf- 
ficient PE could be methylated to replace the 
PC which was apparently rapidly removed; and 
the rate of loss of label from hexaenoic PE 
should be consistent with its rate of appearance 
in hexaenoic PC. Arvidson has also studied the 
incorporation of radioactive ethanolamine 
under somewhat different experimental condi- 
tions (4); our results agree closely in com- 
parable cases. 

EXPERIMENTAL PROCEDURES 

Female Long-Evans rats were fed a semi- 
purified diet (Table I) ad lib. for two weeks and 
were allowed access to food until they were 
killed. Each rat (average weight 215 g) was 
injected intraperitoneally with a 0.9% saline 
solution containing 1.5 gc of 1,2 A 4C-ethanol- 
amine (International Chemical and Nuclear Co., 
Industrial City, Calif.) per 100 g body weight. 
At intervals of 10, 20, 60 and 300 rain after 
injection, the animals were exsanguinated by 
decapitation, and their livers were removed, 
frozen on solid CO2, and lyophilized. The 
dehydrated livers were pulverized and extracted 
twice for 1 hr each with 100 ml chloroform- 
methanol (2:1 v/v) containing 0.1 mg hydro- 
quinone. Solvents were removed with a rotary 
vacuum evaporator, and the lipids were 
extracted into redistilled petroleum ether 
(boiling range 30-55 C) for storage at -20 C 
until  analysis. All solvents and chemicals were 
reagent grade. Three animals were used for each 
time period. 
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TABLE 1 

Diet Composition 

Per cent 
Component by weight Comment a 

Casein 20.0 Provided about 500 
pmoles of methio- 
nine per day. 

Cerelose 64.95 
Fortified oil b 1.0 
USP XIV salts 4.0 
Cottonseed oil c 9.0 

B vitamin mix d 1.0 
Choline chloride 0.05 

Linolenate intake 
was about 15 
vmoles/day. 

Intake was about 83 
/.tmoles of choline 
per day. 

aFood intake averaged 20 g/day/rat. 
bprovided, per IO0 g diet, 1700 IU of Vitamin A; 

100 U of D3; and 6.6 mg of Ot-tocopherol. 
CThis cottonseed oil contained 0.21% linolenic 

acid. 
dprovided, as mg]100 g diet, the following: 

Thiamine HCI, 0.5; riboflavin, 0.5; pyridoxine HCI, 
0.25; Ca pantothenate, 2.0; inositol, 10.0; biotin, 
0.010; folic acid, 0.02; nicotinic acid, 2.5; BI2 (0.1%), 
0.002, menadione, 0.05. 

Liver phosphol ip ids  were separated on 0.37 
mm layers of  purif ied Silica Gel H (Merck, 
Darms tad t )  with_ the solvent sys tem of  Skipski 
et al. (5). The plates were sprayed wi th  0.4% 
2 ' , 7 ' - d i c h l o r o f l u o r e s c e i n  (Eas tman Organic 
Chemicals)  in absolute  methano l ,  and phospho-  
lipid bands  were ident i f ied under  ultraviolet  
light. The bands  were scraped in to  vials and 
coun t ed  (see below).  Phospha t idy le thano l -  
amines and phospha t idy lcho l ines  accoun ted  for  
abou t  88% of  the radioactivi ty recovered f rom 
the plates,  and the  remainder  appeared near the  

origin at the Rf o f  e thano lamine ,  or b e t w een  
PC and PE. The same sample was ch roma to -  
graphed on ano the r  plate;  phospho l ip id  bands  
were e luted and their  phospho rus  co n t en t  was 
d e t e r m i n e d  ( 6 ) .  P h o s p h a t i d y l c h o l i n e s  
represen ted  about  48% o f  tota l  liver phospho-  
lipid and PE about  22%. 

Suff ic ient  amo u n t s  of  PE and PC were iso- 
lated by th in  layer ch roma tog raphy  (TLC),  for  
separa t ion in to  subf rac t ions  according to the  
o ~ ' e e  of  unsa tura t ion  by argenta t ion  TLC, as 
previously descr ibed (7,8).  

Fatty Acid Analyses 

Fat ty  acids were analyzed on an F and M gas 
l iquid ch roma tograph  (Model 810) equ ipped  
wi th  hydrogen  f lame de tec tors .  The in s t rumen t  
was cal ibrated daily wi th  s tandards  conta in ing  
k n o w n  amoun t s  of  me thy l  esters of  lauric, 
myris t ic ,  palmitic,  stearic, oleic,  l inoleic and 
arachidonic  acids (Cal Biochem.  Corp. ,  Los 
Angeles,  Calif.; Hormel  Ins t i tu te ,  Aust in ,  
Minn.).  Pentaene  and hexaene  fa t ty  acids were 
ident i f ied  by relative r e t en t ion  t imes and by 
compar i son  with an au then t ic  sample of  me thy l  
docosahexaenoa t e  (Hormel  Ins t i tu te) .  Methyl  
esters  o f  the sample fa t ty  acids were prepared 
by  t ranses ter i f ica t ion (8). 

Radioactivity Measurements 

Radioact iv i ty  of  the lipid samples was deter-  
mined  in a Beckman liquid scint i l lat ion coun te r  
(Model  LS-100).  Ex t rac ted  lipids were dried in 
coun t ing  vials and coun ted  in 0.5% 2,5- 
d ipheny loxazo le  in to luene.  Lipid and silicic 
acid scraped f rom TLC plates were added 
direct ly to the  coun t ing  vials and coun ted  in a 
so lu t ion  of  0.4% 2 ,5-d iphenyloxazole  in 
d ioxane  conta in ing  10% naph tha lene  and 
di lu ted  wi th  0.2 vol o f  water.  Count ing  

TABLE I1 

Fatty Acids of Phosphatidylethanolamine and Phosphatidylcholine Fractions in Normal Female Rats 

Fatty acids, mole% 
#Moles PL 

Fraction in liver ~16:0 16:0 16:1 18:0 18:1 18:2 ~>18:2 20:4 ~20:4 a 22:6 

Unfractionated PE 72.6 b 1.0 13.3 0 32.1 2.7 7.6 0.2 29.4 3.2 10.5 
PE 18:1 + 18:2 11.0 0.1 20.9 0.1 29.1 5.8 43.6 0.4 0 0 0 
PE 20:4 47.4 0.7 9.1 0 37.0 1.9 0.5 0.1 44.9 4.0 1.6 
PE 22:6 14.2 0.5 20.6 0.1 23.7 1.9 0.9 0.1 9.6 3.8 38.8 

Unfractionated PC 158.7 i.1 17.8 0 29.0 3.0 15.6 0.8 28.0 0.8 3.8 
PC 18:1 9.5 1.4 43.7 0 17.0 31.5 6.3 0 0 0 0 
PC 18:2 49.5 0.8 24.0 0.2 23.9 2.4 45.6 0.1 0 0 0 
PC 20:4 88.9 0.5 12.1 0 32.9 1.2 0.7 0.2 50.9 0.9 0.6 
PC 22:6 14.6 0.6 14.7 0.1 24.2 1.2 2.9 0.2 14.1 5.4 36.6 

aprincipally 22:5 fatty acids. 
bNeither the distribution nor the fatty acids of the fractions changed during the course of the experiment ,  so 

values obtained from three individual rats at each time period have been averaged. 
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FIG. 1. Incorporation of 1,2-14C-ethanolamine 
into subfractions of liver phosphatidylethanolamines 
from unfasted female rats. 

efficiency of 14C in the dioxane mixture was 
76%; in the toluene mixture it was 82%. 

R E S U L T S  

The fatty acids of liver PE and PC, and of 
the PE and PC fractions obtained by argenta- 
tion TLC are shown in Table II. A diene frac- 
tion containing a small amount of monoene 
represented about 15% of the total liver PE, 
whereas the tetraene fraction was about 65% 
and the hexaene fraction nearly 20% of the PE. 
The diene and tetraene fractions appeared to be 
quite well resolved, but we were unable to 
obtain a hexaene fraction free from arachidonic 
or pentaenoic acids. The proportion of 22:6 in 
this fraction was about the same as that 
observed by Arvidson in fed female rats (2). 

Four main PC fractions were separated. The 
monoene and hexaene fractions constituted 
about 6% and 9% respectively of the total liver 
PC. The diene (30%) and tetraene (55%) 
represented the major portions of this phospho- 
lipid. The proportions of these fractions in PC 
are similar to those we had obtained previously 
from animals fed the same diet (3). The higher 
proportions of monoene and hexaene fractions 
reported by Arvidson (2) probably result from 
the different animal diets used in the two 
laboratories. 

Table III shows the proportion of adminis- 
tered radioactivity found in PE and PC during a 
5 hr period. Within 10 min after administration, 
most of the radioactivity appeared in the PE 
and maximum incorporation had already been 
attained. As time after injection increased, the 
proportion of radioactivity in PE slowly 
declined while that in the PC progressively 
increased. Figure 1 shows the specific activities 
of the isolated PE fractions. Initially, the diene 

TABLE III 

Incorporation of 1,2-14C-Ethanolamine Into 
Phosphatidylethanolamine and Phosphatidylcholine 

in Female Rat Liver a 

Phosphatidyl- Phosphatidyl- 
Time, ethanolamines, cholines, 
min % of dose % of dose 

10 27.1-1.7 0.7+0 
20 26.0---1.7 1.9-1"0.7 
60 26.7---1.0 4.7-+0.1 

300 22.1+-0.6 9.8+1.3 

aThree rats were analyzed separately for each time 
period. 

and hexaene fractions had very high specific 
activities relative to that of the tetraene frac- 
tion. By 5 hr, however, specific activities of the 
diene and hexaene fractions had declined to 
about half the levels attained in the first 20 
min, while the tetraene specific activity 
remained low and did not change appreciably 
during the course of the experiment. 

In Figure 2 the incorporation of ethanol- 
amine into the fractions of PE is expressed as 
the percentage of total radioactivity in PE. At 
10 and 20 min, hexaenoic PE had the largest 
proportion of radioactivity, which gradually 
decreased by 300 min. Dienoic PE incorporated 
the lowest percentage of the label and its pro- 
portion remained low during the entire period. 
Tetraenes incorporated an intermediate pro- 
portion of activity at 10 and 20 min and the 
percentage in this fraction increased as that in 
the diene and hexaene fractions declined. By 
the end of the experimental period, the distri- 
bution of the label in the fractions resembled 
the proportions of the fractions in the PE; that 
is, their specific activities had converged (Fig. 
1). 

Figure 3 shows the change in specific 
activities of the PC with time after administra- 
t i o n  of the 14C_ethanolamine. Specific 
activities of the monoene, diene and tetraene 
fractions increased slowly for the entire period, 
but the specific activity of the hexaene fraction 
increased more rapidly and remained con- 
siderably higher than the other fractions. 

D I S C U S S I O N  

The hexaene and diene fractions of PE lost 
their radioactivity much faster than did the 
tetraene (Fig. 1). Previously, a similar loss of 
activity had been shown for hexaenoic PC but 
not  dienoic PC after labeling with 14CH 3- 
methionine (3). During the experiments, there 
were no detectable changes in amounts of the 
fractions in either PE or PC, which indicates 
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FIG. 2. Percentage distribution of  radioactivity in 
subfractions of liver phosphatidylethanolamines. 
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FIG. 3. Incorporation of 1,2-14C-ethanolamine 
into subfractions of liver phosphatidylcholines from 
unfasted female rats. 

that the radioactive molecules were being 
replaced with unlabeled ones. The number of 
counts lost from the PE hexaene fraction was at 
least equalled by the number gained in the PC 
hexaene fraction, thus, the loss of activity from 
22:6 PE appears to result from conversion of 
this PE species to the hexaene fraction of PC. If 
so, radioactive hexaenoic PE is also being 
replaced by unlabeled molecules. 

The labeling pattern in the PE and PC frac- 
tions must be a result of the concentrations of 
precursors available, or of a specificity of the 
enzyme that selects certain structures from the 
precursor pool, or both. The labeling pattern of 
1 4 CH 3 -methionine incorporated into PC 
strongly reflects the composition of the PE pre- 
cursors (2;3) though there is also evidence of 
some selectivity for certain PE structures (2). 
The immediate precursor of PE-fatty acids is 
diglyceride, when ethanolamine is incorporated 
through the CDP-ethanolamine pathway. In 
liver diglyceride from male Sprague-Dawley rats 
(180-200 g) Akesson found 25.2% oleate, 
43.2% linoleate, 2.1% arachidonate and only 
0.8% docosahexaenoate (9). Despite the small 
proportion of docosahexaenoate in the pre- 
sumed precursor, our rats incorporated a large 
proportion of the label into docosahexaenoate 
PE. This preferential incorporation therefore 
must be attributed to enzyme specificity, unless 
there is another important precursor in addition 
to liver diglyceride. It is interesting that the 
microsomal enzyme responsible for PC forma- 
tion from diglyceride precursors apparently has 
no such specificity and incorporates various di- 
glycerides into PC regardless of their fatty acids 
(10). Also, in vivo, the incorporation of radio- 
active choline into PC fractions (11) is roughly 
proportional to the unsaturated fatty acids 
present in rat liver diglycerides (9). These 
results suggest that the formation of PE species 
from ethanolamine is distinctly different from 
the analogous synthesis of PC from choline. 

Docosahexaenoic acid is biosynthesized 
from dietary linolenic acid (18:3 60-3,6,9), its 
only known source. Linolenic acid is usually 
present in small quantities in the diet; the 
present diet supplied about 15/amoles/rat/day. 
The animal converts it to docosahexaenoic acid 
and concentrates this fatty acid in the PE par- 
ticularly, and also in the PC of many tissues. In 
livers of EFA-deficient rats, in which no dietary 
source of linolenic acid is provided, docosahexa- 
enoic acid is retained proportionally much 
more than members of the linoleate family 
(60-6) (e.g., 3,12). Arvidson has suggested that 
the rapid turnover of ethanolamine label in the 
22:6 PE is consistent with a more rapid turn- 
over of linolenate metabolites in comparison 
with linoleate metabolites (4). Such a fast turn- 
over seems inconsistent with the retention of 
docosahexaenoic acid in the PE and PC of 
EFA-deficient rats. Thus it would appear that 
the PE molecule containing 22:6 is turned over 
rapidly in its conversion to PC, but in some way 
the polyunsaturated fatty acid is conserved. 

Wi th  the available data and certain 
assumptions, the rate of 22:6 PC formation can 
be estimated. The rat livers in the present 
experiment contained about 14/~moles of 22:6 
PE per liver [This fraction contained a small 
amount of pentaenoic fatty acids (Table II) 
which conceivably could be of metabolic 
importance in these reactions. Because of the 
small amount of pentaene present, and for con- 
venience, this fraction is described simply as 
"hexaenoic PE."].  The radioactivity in this PE 
fraction declined to about half in a period of 
280 min, which corresponds to a removal or 
transmethylation of approximately 35 /.tmoles 
of 22:6 PE in a day. Secondly, if the radio- 
activity found in 22:6 PC is assumed to be 
derived from 22:6 PE labeled with ethanol- 
amine, one can estimate roughly the amount of 
PC formed by using the specific activity of the 
PE precursor. This calculation leads to a value 
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of about 50 #moles of 22:6 PE converted to 
22:6 PC, per day. Finally, with data from an 
earlier experiment on the incorporation of 
14CH3-methionine conducted under nearly 
identical experimental conditions (3), calcula- 
tions show that the replacement of labeled 22:6 
PC amounted to about 40 #moles/day. The 
dietary intake of linolenic acid, the precursor of 
22:6, was only 15 #moles/day, yet  35 to 50 
#moles of 22:6 appear to be moving from the 
PE to the PC, in the liver alone. 

These results have at least two possible in- 
terpretations. First, it is possible that the con- 
version of PE to PC is restricted to some 
metabolic compartment of  the liver (micro- 
somes, for example) which does not  mix with 
liver total PE and PC. Thus the replacement of  
radioactive molecules with unlabeled ones 
might represent a much smaller amount of 22:6 
PE or PC than is present in the entire liver. If 
these conversions occur within a small 
metabolic pool, the rates of 22:6 PC formation, 
and therefore also choline formation, would be 
much lower than those calculated. It should be 
noted, however, that rats given adequate 
methionine but no choline are quite capable of 
meeting their choline requirements, presumably 
by methylating PE (13). Also, Bjornstad and 
Bremer found considerable labeled choline in 
both the supernatant and the mitochondrial 
fractions, as well as in the microsomes, of rat 
liver 10 to 30 min after the injection of  female 
rats with CaH3-methionine (14). It is unlikely, 
therefore, that this reaction is restricted to only 
a small fraction of the liver PE and PC. 

These calculated rates can also be inter- 
preted to indicate that a part of the molecule 
containing the 22:6 moiety is being recycled. If 
the labeled 22:6 PC were split (presumably the 
labeled choline-containing portion would be 
reutilized), the glyceride moiety containing 
22:6 might be reincorporated into unlabeled 
22:6 PE. Such a process could account for the 
apparent transfer of a large amount of 
hexaenoic PE into PC, and would explain why 
the content of 22:6 PE does not  decrease under 
these conditions. It would also provide an 
explanation for the conservation of  22:6 in 
EFA-deficient rats. 

In the foregoing discussion, the possible con- 
tributions of other PE fractions to the biosyn- 
thesis of choline have been neglected. The 
specific activity of tetraenoic PE hardly 
changed after the initial incorporation of about 
35% of the activity into PE at 10 min (Fig. 
1,2). This kinetic behavior is difficult to inter- 
pret since several different mechanisms could 
be responsible. The present experiments do not 
show whether tetraenoic PE is being converted 

to tetraenoic PC, because the activity in 
tetraenoic PC could also have come from 
hexaenoic PC by transacylation or by equili- 
bration through CDP choline. 

Incorporation of activity into dienoic PE 
was rapid, and loss of  activity was also fast, 
much like the incorporation curve of  hexaenoic 
PE (Fig. 1). However, the counts lost from the 
dienoic PE were greater than the counts 
appearing in dienoic PC, so that the loss of 
activity cannot be attributed solely to PC 
formation. The several known mechanisms for 
removal of the label from dienoic PE seem 
indistinguishable under these experimental 
conditions. 

The apparent conversion of the hexaenoic 
PE fraction to PC suggests that it may be of 
importance in the endogenous synthesis of 
choline. Rough calculations made using the 
data of  Arvidson (2) lead to a rate of  22:6 PC 
formation in female rats similar to ours, and 
both calculations are consistent with the rate of 
choline synthesis given by Wise and Elwyn (1). 
If 13 #moles of choline can be synthesized in a 
day by 1 g liver, then the rats in this experi- 
ment would have synthesized about 13 x 7.3 
g/liver or about 95 #moles of choline per day. 
Thus about half the total endogenous synthesis 
of choline might be attributable to the con- 
version of 22:6 PE to 22:6 PC. 
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Analyses of Fatty Acids From Newfoundland Copepods and 
Sea Water With Remarks on the Occurrence of Arachidic Acid 

R. G. A C K M A N  and S. N. HOOPER, Fisheries Research Board of Canada, 
Halifax Laboratory, Halifax, Nova Scotia 

ABSTRACT 

Comparisons of the total fatty acids 
from some North Atlantic (Newfound- 
land) spring copepods (mostly Temora 
longicornis) and from associated sea 
water have been made. The animal fatty 
acids were similar in composition to pub- 
lished data for other copepods and this 
suggests a basic differentiation among 
planktonic crustacea by which species 
and genus fatty acid compositions may be 
compared. The fatty acids recovered from 
sea water unexpectedly showed a high 
p r o p o r t i o n  (~9%) of arachidic acid, 
which is normally a very minor compo- 
nent  in marine lipids of either plant or 
animal origin. The evidence bearing on 
widespread occurrence of this acid in sea 
water and sediments is reviewed. 

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

In the course of other studies a zooplankter 
tow was made in the surface water of Long 
Harbour, Placentia Bay, Newfoundland. Live 
zooplankters, subsequently identified as cope- 
pods, were transported to Halifax by aiI, and 
further maintained in their native sea water for 
48 hr prior to analysis for fatty acid compo- 
sition. 

It was suspected that GLC analysis might be 
complicated by contaminants originating in the 
plastic container. A control analysis, including 
all chemical treatments, was therefore carried 
out on the sea water and revealed unexpected 
and interesting detail in the fatty acid pattern. 

This report does not  constitute a detailed 
analysis by type of lipid for the copepods, or 
the sea water, nor have all the precautions 
sometimes observed (1,2) in analyses of sea 
water for lipids and fatty acids been taken. 
However, the use of open tubular (capillary) 
GLC reveals details in fatty acid composition of 
considerable interest, and also demonstrates 
that precautions ordinarily observed in lipid 
laboratories in handling solvents, etc., to pre- 
vent contamination, can provide satisfactory 
fatty acid analyses from minimal raw marine 
lipid samples. 

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

The plastic (polyvinylchloride) container 
used to transport the zooplankton was of the 
type and size (5 gal) popularly used for trans- 
porting gasoline, water, etc., but had been used 
to deliver reagent grade hydrochloric acid to 
Newfoundland. It was thoroughly rinsed prior 
to filling with the collected zooplankters and 
addit ional water. Aeration was continuous 
except during a few hours of air transport. 
After an elapsed time from capture of 72 hr the 
water was transferred to glass containers and 
allowed to stand without aeration for 1/2 hr. 
At the end of this period a small amount (esti- 
mated at 2-3 ml by volume) of loose, green- 
brown, solid material had settled out but  the 
water was essentially clear to the naked eye. 
The small crustacea were attracted to the sur- 
face by a bright light and removed individually 
with a minimum volume of sea water by aspira- 
t i o n .  Approximately 200 individuals were 
recovered, and 14 of these were removed at 
random for later identification. One hundred 
milliliters of the same top layer of water were 
removed as the water control and the balance 
was decanted (discarded) to leave the solids. 
Microscopic examination suggested that this 
mass consisted mostly of intact strands of fila- 
mentous algae, 2-3 mm long, and this was also 
discarded. No dead copepods were observed. 

The final concentrate of animals in sea 
water, some 100 mi, was filtered through a 
filter paper which had been prerinsed with 
ethanol. The animals and filter paper were 
transferred to a round bot tom flask and 
refluxed in water-MeOH-KOH for 1/2 hr. The 
fluid was transferred to a separatory funnel and 
nonsaponifiabtes were extracted with petro- 
leum ether. The soap solution was then acid- 
ified and the fatty acids extracted with petro- 
leum ether. Methyl esters were prepared with 
MeOH-BF 3 reagent. Gas liquid chromatography 
was carried out on a butanediolsuccinate (BDS) 
polyester open-tubular (capillary) column with 
tentative identifications of minor components 
as described elsewhere (3,4). The results are 
given in Table I. Major components should be 
accurate to + 5%, and components >1% to + 
10%, but accuracy is less with components 
occurring at a level <1%. The minor Cl 6 fatty 
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T A B L E  I 

Weight  Per Cent  o f  F a t t y  Acids  and O t h e r  GLC C o m p o n e n t s  Der ived F r o m  To ta l  Lipids o f  
Some  N e w f o u n d l a n d  Spring C o p e p o d s  (Most ly  Temora longicornis) and  Sea Water  

F a t t y  acid a C o p e p o d  Sea w a t e r  F a t t y  acid (cont . )  Co p ep o d  Sea w a t e r  

12:0  2.2 1.3 18:0  2.6 19.1 
U n k n o w n  

(r, 0 .129 ;  ECL,  12 .46)  1.5 1.3 18:10911 0.3 --- 
13:0 0.2 0.4 18:1(,o9 7.3 13.2 
U n k n o w n  

(r, 0 .187 ;  ECL, 13 .46)  0 . 7  0.8 18:1097 1.7 0.4 
Iso 14:0  0 .4  0.4 18:1095 0.5 0 . I  
U n k n o w n  0.2 . . . .  18: 2099? '~' 0.1 --- 

14:0  9.1 3.5 18:2096 1.3 2.3 
U n k n o w n  

(r, 0 . 2 4 3 ;  ECL,  14 .18)  0.5 0.4 19:0  0 . I  0.7 
14:10972 2.3 1.3 18:3096 0.1 --- 
14:1~05? (ECL,  14 .46)  0.8 0.6 19:1097 f---.0.1 --- 

Iso 15:0  1.6 0.4 18:3o93 0.3 --- 
Ante i so  15:0  0.2 0.5 18:4o93 1.2 --- 

15:0  1.0 1.1 2 0 : 0  0.2 8.8 
15:10987 2.4 1.8 20:10911 ~ 0 . 1  --- 
15:1o967 

(r, 0 .387 ;  ECL,  15 .44)  0.4 0.3 20:1o99 0.2 --- 
Iso 16 :0  0.1 0.2 20:1097 "~ 0.1 --- 
U n k n o w n  

(r, 0 .44 ;  ECL,  15 .78)  1.3 0.4 20:2~o6 ' ~ 0 . 1  --- 
U n k n o w n  

16:0  14.1 1 1.0 (r, 2 .82;  ECL, 20 .85)  10.6 16.9 
16:1099 0.7 Trace  20:4096 0.1 --- 
16:1~o7 11.8 4.6 20:3093 "~0.1  --- 
16:1095 0.2 0.4 20:4093 0.2 - -  

Iso 17:0  0.2 0.1 20:5093 12.4 6.2 
Anteiso 17:0  0.2 0.2 21:5092? ~--.0.1 --- 

17:0  0.7 0.4 22:4096 ' ~ 0 . 1  --- 
2~C16 po lyenes  (misc . )  b 0.2 ) 22:5096 ~-.0.1 --- 
16:46o3 0.3 f 0 .8 22:5o~3 ' ~ 0 . 1  --- 
16:4091 0.3 22:6o93 5.9 --- 

a S h o r t h a n d  n o t a t i o n  for  chain length ,  n u m b e r  o f  doub le  bonds ,  position relative to t e rmina l  me th y l .  

bMost ly  at  the  0 .01 -0 .10% level. 

polyene acids were too low in concentration 
and too poorly defined to permit even tentative 
identifications. The control sea water was 
treated by the same procedures, including alkali 
digestion in the presence of ETOH-washed filter 
paper. The zooplankters set aside were identi- 
fied by R. J. Conover, Bedford Institute, as 
copepods belonging to the Calanidae. Eight 
were adult females and five were adult males of 
the species Temora longicornis. One was a 
m e m b e r  of the Tortanidae, Tortanus dis- 
caudatus [ T h e r e  are various systems of 
descriptive nomenclature and terminology used 
in discussion of crustacea. Most of these are 
based on morphological considerations. For the 
purposes of this paper the classifications have 
been simplified as follows: Phylum: arthro- 
p o d a ;  Class: crustacea, Orders: Copepoda, 
D e c a p o d a ,  Euphausiacea, etc. Within the 
Copepod order, Families: Calanidae, Temori- 
dae, etc. Genera: Calanus, Temora, etc. Species: 
C. finnmarchicus, T. longicornis, etc.]. 

RESULTS A N D  DISCUSSION 

The Temoridae, including Temora longi- 
cornis, are often dominant members of the 
copepod order of zooplankters found in or near 
the surface water layers in the North Atlantic 
and elsewhere in the spring (April-May) zoo- 
plankter bloom. It is probable that adults in the 
natural state exist on a mixed diet of phyto- 
plankters and particles of organic detritus (5). 
Tortanidae on the other hand are reportedly 
carnivorous, but it is difficult to be specific in 
these matters without an examination of actual 
gut contents (5). 

The present experimental data benefits from 
the fact that the animals had been held long 
enough to clear most of the original gut con- 
tents, eliminating the effect of recent heavy 
feeding as an influence on lipid analysis. The 
animals were also freshly killed and promptly 
analyzed, so post mortem oxidation of unsatu- 
rated fatty acids did not take place. 
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Conversely, the type of lipid has not been 
defined due to the limited amount of sample, 
and as has been shown for other marine inverte- 
brates, the fatty acids of triglycerides and phos- 
pholipids are quantitatively different in detait 
although both are subject to some modification 
by diet (3,4,6). Nevertheless certain features 
distinguish the fatty acid composition, which 
may be taken as essentially that of T. longi- 
cornis, from those recently detailed for lipids of 
the  l a rge r  e u p h a u s i i d s  Meganyctiphanes 
norvegica (predominantly a carnivore) and 
Thysanoessa inermis (predominantly a herbi- 
vore) (4,7). The high proportion (for total fatty 
acids) in Table I of 14:0 relative to 16:0, 16:1 
and 18:1 is similar to that reported for fatty 
acids of Pacific samples of the Calanidae: 
Calanus eristatus (8), Calanus finmarehieus (9), 
Calanus ptumchrus (9), and of North Atlantic 
Calanus finmarchieus (10), and relatively very 
much higher than reported for a number of 
other types of marine crustacea (7,9,11). A 
high absolu te  percentage (10.7%) is also 
reported for Pacific Calanus helgolandieus (12). 
Probably this high level of 14:0 is a characteris- 
tic of the copepods. The absence of 22:1 acids, 
and the low level of 20:1 acids, may not be 
strictly a copepod characteristic, as total fatty 
acids from several euphausiids and other zoo- 
planktonic crustacea show low levels of these 
acids (4,9,11). These monoethylenic C2o and 
C22 acids occur prominently in depot fat and 
to a lesser extent in other lipids of the larger 
marine invertebrates and vertebrates (3,13,14), 
but in zooplankters they may be associated 
with, rather than replaced by, high levels of 
18:1 (4,11,15). 

Detailed analysis of lipid from T. inermis 
showed that crustacean triglycerides need not 
include substantial proportions of 20:1 and 
22:1 (4), and their absence from the analysis of 
Table I does not preclude triglyceride as a sub- 
stantial part of the lipid of the copepods. How- 
ever, our present scanty knowledge of the life 
history, feeding habits and lipid metabolism of 
these animals requires much elaboration. For 
example, a high proportion of unsaponifiable 
material is characteristic of copepods (9), and 
may affect total fatty acid composition. 

Another interesting feature of the mono- 
ethylenic fatty acids is found in the isomer dis- 
tribution patterns within the 16:1, 18:1 and 
20:1 acids. These are similar to those observed 
in the larger euphausiids (4) and also in herring 
(Clupea harengus) (13) which feed heavily on 
euphausiids and more especially on copepods 
(5). This common isomer distribution in marine 
organisms with a diversity of food sources, 

including those dependent on phytoplankter 
fatty acids, suggests comparable basic metabolic 
processes based on desaturation and chain 
elongation (13). 

Caution should be observed in drawing 
detailed conclusions from even a number of 
analyses from any one laboratory. For example 
the selection or collection by different labora- 
tories of species for lipid and detailed fatty acid 
analysis sometimes tends to group experimental 
species in categories with 20:5603 ~ 22:6603 
(9), which is suggestive of herbivores (4), or the 
converse (11). 

Filter feeders, mostly sessile molluscs and 
z o o p l a n k t o n i c  c rus tacea ,  have in many 
instances been maintained on pure phyto- 
plankter cultures (5), and the possibility of a 
simple food chain based on fatty acids from a 
single species of algae: plant-+invertebrate filter 
feeder~carnivore (invertebrate or vertebrate), 
has thus been demonstrated (6,16). This is, 
however, a most unlikely occurrence in nature. 
Organic detritus, fecal pellets, moulted integu- 
ments, etc., are as important to many deeper- 
dwelling species as are algae with original fatty 
acids (17,18) intact. The surface living zoo- 
plankters, which may include those migrating 
upwards periodically from greater depths to 
feed in the upper 10-30 meters of the sea, are 
afforded a great diversity of foods since even 
spectacular blooms of single species of phyto- 
plankters (and also some of their attendant 
grazing predators) have a shorter life span than 
the major types of crustacean zooplankters. 

The latter types of animals likely have order, 
family, genus or species-peculiar fatty acid com- 
positions in all types of lipids representing 
basically integration of fatty acids from a long- 
term average food intake modified as necessary 
for the particular metabolism developed by the 
animal to cope with overwintering or other 
periods of food scarcity. Within an order, as 
evidenced by the copepod data, many families, 
genera and species would have similar fatty acid 
compositions if found in a similar habitat and 
exposed  to similar food sources. Deeper- 
dwelling animals are likely to be less influenced 
by transient effects, and their fatty acids of 
exogenous origin should be ingested from a diet 
already averaged by many precursors closer to 
the  surface. Accordingly their fatty acids 
should show a more strict genus or species- 
specific composition pattern. As an example of 
specificity in total fatty acids, samples of the 
euphauslid SysteUaspis delibis collected as far 
apa r t  as 1,000 miles show a remarkable 
similarity in fatty acids (11), although this is 
not a particularly deep-dwelling species. 
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Sea Water Fatty Acids 

Most of the solids suspended in the sea water 
had settled prior to concentration of the cope- 
pods. However, the filtration step for the ani- 
mals would collect fine particulate matter as 
well as possibly result in absorption of some 
dissolved lipids. The sample of sea water, free 
of any obvious large particles or animals, which 
was treated as a control in a fashion similar to 
that of the drained filter paper and animals, 
thus corresponded roughly to normal sea-water 
in terms of organic nutrient materials, both 
part iculate and dissolved. The fatty acids 
recovered, as methyl esters, were estimated 
from GLC response as about 1/50 to 1 1/100 of 
the esters recovered from the animals, and this, 
together with substantial differences in fatty 
acids such as 20:0 (Table I), makes it unlikely 
that contamination by similar materials would 
materially affect the copepod GLC fatty acid 
analysis. 

The fatty acids in this sea-water analysis 
could be derived from a variety of plant, 
animal, or microbial sources. Several minor 
components coincided with fatty acids sus- 
pected as probable minor components of most 
m a r i n e  lipids (e.g., 15:1606, 15:1608), or 
observed as unidentified peaks in the copepod 
fatty acids. There were some noticeable exo- 
genous contaminants probably associated with 
the container, and many trace peaks perhaps 
derived from laboratory solvents. Some may 
have been artifacts from treatment of lipids 
with strong reagents such as the MeOH-BF 3 
(probably including that with ECL 20.85). 
These suspect components are identified solely 
by retention data, or tentatively identified with 
query if in a position likely for a fatty acid, in 
T a b l e  I. A homologous series with FCL values 
of 0.44-0.46 appears to be included. 

The overall definite fatty acids are primarily 
the saturated acids from 12:0 to 20:0, the C16 
and  C18 m o n o u n s a t u r a t e d  acids usually 
observed in marine plants and lower animals, 
and a modest amount of 18:2606 (linoleic) acid 
and rather more 20:5603 (eicosapentaenoic) 
acid. With the exception of the polyunsatu- 
rates, these are all oxidation resistant fatty 
acids, and have in most cases been reported by 
others in sea water, either dissolved or in partic- 
ulate matter (1,2,19-21). The reports of poly- 
unsaturated acids are scanty and depend mostly 
on the state of the GLC technology employed. 
In some cases other materials are differentiated 
from methyl esters of fatty acids (20). The 
homogeneity possible in sea waters of diverse 
origins, except where local effects such as 
plankton blooms supervene, is demonstrated by 
the similarity of our fatty acid results to those 

determined by Ushakov (21) for Black Sea 
water. 

A few deductions may be made for the 
origin of these acids, and the low proportion of 
18:16o7 and 18:16o5 to 18:16o9 suggests that a 
substantial part of the acids are of plant origin, 
as the ratio of 18:1607 to 18:1 609 is usually 
1:10 to 1:2 in marine animals (3,4,13,14), 
w h e r e a s  plants produce predominantly the 
18:16o9 isomer (17). Similarly 18:2606, and 
20:5603 which is the polyunsaturated fatty acid 
most characteristic of marine algae (17), are 
probably derived from very recent breakdown 
of plant ceils. The iso and anteiso ClS and C17 
acids are originally of animal (or bacterial) 
origin (22,23). 

One curious feature of this composition pat- 
tern deserves discussion. This is the high pro- 
portion of 20:0, relative to 18:0 and of 18:0 
relative to 16:0. In most marine life forms 20:0 
to 18:0 to 16:0 as 0.1 to 1 to 10 would be a 
likely proportion. The ratio of 16:0 to 14:0 is, 
however, not abnormal for marine lipids of 
e i t h e r  animal or vegetable types (17,22). 
Broadly the same composition of saturated 
fatty acids, but with less 20:0, was found in 
filtered Halifax harbor water. The ratios for the 
higher fatty acids in sea water are similar to 
t h o s e  of  cer ta in  other analyses (19-21), 
although not all analyses include 20:0. 

This factor affects other data. For example 
20:0 may not have been prevalent in samples 
from the Gulf of Mexico due to a recent plant 
origin for the fatty acids (1,19), or a tentative 
identification of 20:1 (2) may be taken as 20:0 
in Pacific Ocean samples. The latter study 
would then put 20:0 in the dissolved category 
of lipids. Possibly this is why it is reported as a 
significant component only for animals where 
seawater circulates freely internally such as in a 
jellyfish Cyanea capillata (24) or in a deepwater 
holothurian Scotoplanes theeli (15). 

The relative enrichments in higher longer- 
chain saturated acids observed in progressively 
deeper mud samples (23,25), although 20:0 was 
notably absent from these results [compare (2) 
as noted above], suggests that C14 and C16 
acids of surface origin are more successfully 
catabolized by microorganisms or mud feeding 
animals than, for example, 18:0. Possibly a 
similar selective microbial action accounts for 
the accumulation of 20:0 and 18:0 in seawater 
also. Further studies of seawater and sediments 
are obviously needed to clarify the status of 
arachidic acid. 

REFERENCES 

1. Jeffrey, L. M., JAOCS 43:211-214 (1966). 
2. Williams, P. M., J. Fisheries Res. Board Can. 

LIPIDS, VOL. 5, NO. 4 



COPEPOD AND SEA WATER FATTY ACIDS 421 

22:1107-1122 (1965). 
3. Ackman, R. G., J. C. Sipos and P. M. Jangaard, 

Lipids 2:251-257 (1967). 
4. Ackman, R. G., C. A. Eaton, J. C. Sipos, S. N. 

Hooper and J. D. Castell, J. Fisheries Res. Board 
Can., in press. 

5. Raymont,  J. E. G., "Plankton and Productivity in 
the Oceans," The MacMillan Company, New 
York, 1963, 660 p. 

6. Jezyk, P. F., and A. J. Penicnak, Lipids 1:427-429 
(1966). 

7. Ackman, R. G., and C. A. Eaton, J. Fisheries Res. 
Board Can. 24:467-471 (1967). 

8. Saiki, M., and T. Mori, Bull. Japan. Soc. Sci. 
Fisheries 21 : 1041-1044 (1956). 

9. Yamada, Y., Ibid. 30:673-681 (1964). 
10. Lovern, J. A., Biochem. J. 29:84%849 (1935). 
11. Culkin, F., and R. J. Morris, Deep-Sea Res. 

16:109-116 (1969). 
12. Lasker, R., and G. H. Theilacker, J. Lipid Res. 

3:60-64 (1962). 
13. A c k m a n ,  R. G., and J. D. Castell, Lipids 

1:341-348 (1966). 
14. Kuemmel, D. F., and L. R. Chapman, Ibid. 

3:313-316 (1968). 
15. Lewis, R .  W., J. Fisheries Res. Board Can. 

24:1101-1115 (1967). 
16. Kayama, M., Y. Tsuchiya and J. F. Mead, Bull. 

Japan. Soc. Sci. Fisheries 29:452-458 (1963). 
17. Ackman, R. G., C. S. Tocher and J. MeLachlan, J. 

Fisheries Res. Board Can. 25:1603-1620 (1968). 
18. Chuecas, L., and J. P. Riley, J. Marine Biol. Assoc .  

U.K. 49:97-116 (1969). 
19. Slowey, J. F., L. M. Jeffrey and D. W. Hood, 

Geochim. Cosmochim. Acta 26:607-616 (1962). 
20. Garrett, W. D., Deep-Sea Res. 14:221-227 (1967). 
21. Ushakov, A. N., D. M. Vityuk, V. A. Vaver and L. 

D. Bergel'son, Okeanologiya 6:891-894 (1966). 
22. Ackman, R. G., and J. C. Sipos, Comp. Bi0chem. 

Physiol. 15:445-456 (1965). 
23. Cooper, W. J., and M. Blumer, Deep-Sea Res. 

15:535-540 (1968). 
24. Sipos, J. C., and R. G. Ackman, J. Fisheries Res. 

Board Can. 25:1561-1569 (1968). 
25. Parker, P. L., and R. F. Leo, Science 148:373-374 

(1965). 

[Rece ived  S e p t e m b e r  2, 1969]  

LIPIDS, VOL. 5, NO. 4 
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ABSTRACT 

Fatty acid metabolism in developing 
flaxseeds was studied by incubating 
whole seeds or isolated seed tissues in 
buffered solutions of 1-14C-acetate, 
2 -14C-malonate and 14CO2. Lipid classes 
were separated by thin layer chromato- 
graphy, and fatty acid labeling in phos- 
pholipids, diglycerides and triglycerides 
was determined by combined thin layer 
and gas liquid chromatographic tech- 
niques. Incorporation of 14C from ace- 
tate into embryo lipids was very rapid 
with phospholipids and 1,2-diglycerides 
becoming highly labeled in treatment 
times as short as 5 min. Triglycerides 
were labeled more slowly. Phospholipid 
radioactivity was largely associated with 
the phosphatidyl choline fraction. Oleic 
acid had the highest specific activity of all 
major fatty acids in short treatment 
periods. This was followed in decreasing 
order of activity by palmitic, linoleic, 
stearic and linolenic acids. As the treat- 
ment period was lengthened to 90 min or 
longer, linoleic and linolenic activities 
w e r e  m a r k e d l y  increased. Use of 
malonate or CO 2 rather than acetate as 
the substrate increased the labeling of the 
saturated acids. Incorporation of 14C 
from acetate into lipids of endosperm 
tissues and whole flax seeds was slower 
than incorporation into embryo lipids. 
Stearate had the highest specific activity 
of  the fatty acids in endosperm and 
whole seeds. 

INTRODUCTION 

Radioactive metabolites have frequently 
been used to elucidate fatty acid biosynthesis in 
developing flaxseeds. These metabolites have 
been introduced as products of photosynthesis 
(1), injected into attached or cut shoots bearing 
developing fruits (2,3), or incorporated by 
incubation of seed tissue slices or isolated seed 

1presented in part at the AOCS Meeting in New 
York, October 1968. 

parts (4-8). The findings of such studies have 
demonstrated active lipid synthesis in flaxseeds 
at all ages from 10 to 40 days after fertilization 
(5,6,8) and have revealed effects of biotin (4) 
and certain environmental variables (4,6). In 
addition, the apparent interconversion of unsat- 
urated acids by sequential desaturation of oleic 
to linoleic and linolenic acids has received con- 
siderable support (1,3,7). The technique has 
failed to provide evidence of the conversion of 
stearate to oleate, as claimed for other plants 
(9,10), and it has not been used thus far to 
analyze changes in lipid classes during periods 
of active lipid deposition. 

The studies reported here sought to further 
e v a l u a t e  f a t t y  acid interconversions in 
developing flaxseeds, incorporation of newly 
synthesized fatty acids into various lipid classes, 
effects of several substrates on fatty acid 
labeling patterns, and differences in labeling in 
the two lipid-accumulating tissues of the seed. 
Emphasis was placed on stearate metabolism by 
use of a flax line known to be high in this acid 
(8), since part of the difficulty of detecting 
rates of stearate labeling in previous studies was 
due to the low levels in the tissues (1). 

EXPERIMENTAL PROCEDURES 

Materials and Apparatus 

Chemicals used were reagent grade; solvents 
were distilled prior to use. 1-14C-sodium ace- 

TABLE I 

Lipid Class Distribution in Embryo and 
Endosperm of C.L 2138 Flax as Influenced by Age 

mg/1000 Seeds 
Seed age, 

days PL DG TG 

Embryo 
14 8.6 2.9 109.9 
20 27.0 20.8 809.2 
21 29.0 21.0 814.8 
24 25.9 35.7 1091.3 
26 25.9 46.9 1555.6 
28 25.9 44.9 1569.8 

Endosperm 
26 12.5 25.7 524.0 

422 
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FIG. 1. Separation of radioactive lipid classes from flax embryos incubated in 1-14C-acetate. 
Sandwich development of 20 x 24 cm plate (0.6 mm layer thickness) in petroleum ether-diethylether 
(70:30 v/v). Layer contained 1 ml H3PO4 (85%) per 30 g Silica Gel G. Visualization by 2,7-dichloro- 
fluorescein, 0.2% in ethanol. Fraction identification: 1, PL and MG; 2, pigments; 3, DG; 4, unknown; 
5, FFA; 6, TG; 7, hydrocarbons and pigments. Total load, approximately 175 mg. 

tate, sp. act. 44 mc/mM, and 2-14C-sodium 
malonate, sp. act. 18.3 mc/mM, were obtained 
f r o m  Radiochemical  Center, Amersham, 
England. Both were found to have radio- 
chemical purity greater than 99% when 
analyzed by paper chromatography. Ba14CO3, 
sp. act. 1.9 mc/g, was obtained from the same 
source. Silica Gel G for thin layer chromato- 
graphy (TLC) was obtained from Brinkman 
Instruments, Inc. Preparative thin layer plates 
were developed in methanol to remove impur- 
ities prior to separation of lipid classes. Pure 
fatty acid methyl esters, monostearin, dipal- 
mitin, tripalmitin were produced in the labora- 
tory. Egg phospholipids, and alfalfa glycolipids 
were prepared by methods previously described 
(11). Columns and conditions for gas liquid 
chromatography (GLC) included: (a) 3 ft x 
3/16 in. o.d. copper column containing SE-30 
on Chromosorb W, 60-80 mesh (1:6 w/w), 
operated at 190 C and 60 ml/min flow of He in 
a unit of conventional design using a thermal 
conductivity cell for detection; and (b) 8 ft x 
1/8 in. o.d. stainless steel column containing 
o-phthalic ethylene glycol polyester on 60-80 
mesh acid washed C22 firebrick (1:4.5 w/w), 

operated at 205 C and 60 ml/min flow of He in 
an F & M 5750 Research Chromatograph with 
flame ionization detector and Infotronics 470 
digital integrator. Radioactivity was analyzed 
by liquid scintillation analysis using the Nuclear 
Chicago Mark I Spectrometer with 2-(4-tert- 
b utylphenyl)-5-(4-biphenylyl)-l,3,4-oxadiazole 
(CIBA, Ltd.) as the scintillator at a concen- 
tration of 5 g/liter in toluene. Counting 
efficiencies were determined by the channels 
ratio method. 

Tissue Preparation and Treatment 

Flax plants, line C.I. 2138 of the U. S. 
Department of Agriculture flax collection, were 
grown in nutrient solution in a temperature- 
controlled greenhouse at 18 C. Bolls of known 
age were obtained, seeds removed, and tissues 
dissected by methods previously published (8). 
Isolated seed tissues were placed in 60 mm petri 
dishes, 110 to 300 per dish, on filter paper 
moistened with 1 ml of a medium consisting of 
pH 6.0 phosphate buffer and 25/~g/liter biotin. 
Steps in the experimentation, listed in order, 
were: (a) application of labeled substrates, (b) 
incubation at 25 C and 200 ft-c illumination, 
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TABLE II 

Incorporation of 14C Into Components of Embryo Phospholipids and Glycolipids a 

No. 

Fract ion Staining reaction 

Identification Molybdate Dragendorff Ninhydrin 

Radio- 
activity, 

% 

1 3 bands, unidentified + 
2 Phosphatidyl choline + + 
3 3 bands, unidentified + 
4 Phosphatidyl ethanolamine 

and digalactosyl diglyceride + + 
5 Phosphatidic acid and 

1 band, unidentified + 
6 Monogalactosyl diglyceride + 
7 Neutral lipid 

6.7 
65.4 
15.0  

+ 6.2 

0.8 
2.2 
3.8 

aEmbryos, 24 days old, incubated 10 min in 20 btc 1-14C-acetate. Identification made on basis of Rf's of 
standard compounds (phosphatidyl choline, phosphatidyl ethanolamine, phosphatidic acid, digalactosyl di- 
glyceride and monogalactosyl diglyceride) and on basis of staining reactions (15,16). Solvent system for TLC: 
chloroform-methanol-water (65 : 25:4 v/v). 

(c) washing with water to remove unmetabo- 
lized substrate, (d) freezing over dry-ice, (e) 
lyophilization, and (f) storage at -10 C. Expo- 
sure of embryos to 14CO 2 was accomplished 
by similar methods except the culture dishes 
were held in a glass desiccating jar and the 
14CO2 was introduced into the atmosphere. 
Preliminary studies showed that lipid class and 
fatty acid labeling were directly proportional to 
substrate concentration and time of  application 
as long as embryo age, counting from anthesis, 
was not less than 20 days. Actual treatment 
conditions in the experiments varied from 5 to 
40 pc labeled substrate per culture dish with 5 
to 1310 min incubation periods and 20 to 28 
days embryo age at initiation of the experi- 
ments. 

Lipid Class Analysis 

Lipids were extracted with chloroform- 
methanol (2:1 v/v) in an extraction tube con- 
taining stainless steel ball bearings (12). The 
slurry was then filtered, and the residue was 
washed with solvent. Solvent was removed from 
the combined extracts under a stream of nitro- 
gen; lipids were dissolved in chloroform, 
washed with water, and applied to 20 x 24 cm 
glass plates for separation of the lipid classes. 
The layer was 0.6 mm thick and contained 1 ml 
H3PO 4 (85%) per 30 g of silica gel (13). 
Development was accomplished by the sand- 
wich method in a solvent system of petroleum 
ether (Skellysolve B; bp 40-60 C) -diethyl ether 
(70:30 v/v). Lipid components were located by 
2,7-dichlorofluorescein straining (0.2% in 
ethanol). Minor components were scraped into 
counting vials containing 5 ml of methanol and 
assayed directly for radioactivity. Fractions 
containing phospholipids, diglycerides, and tri- 

glycerides (PL, DG and TG, respectively) were 
transferred separately from the plate to 1 x 30 
cm columns for recovery of lipids by elution 
with 3 ml methanol followed in sequence by 10 
ml diethyl ether and 10 ml methanol. These 
fractions were saponified, acidified with acetyl 
chloride, esterified with BF3, recovered in 
petroleum ether, and made to final volume of 
10 ml (14). Aliquots were then assayed for 
radioactivity and analyzed for fatty acid com- 
position by GLC using the polyester column. 
Methyl eicosenoate was used as an internal 
standard for GLC to determine weights of the 
counting aliquot, the lipid fraction, and each 
fatty acid in the fraction. 

Distribution of  radioactivity among the 
various components of the PL fraction was 
determined in a separate experiment by con- 
ventional methods. The PL fraction was 
obtained from radioactive embryo lipids by pre- 
parative TLC as described above. It was further 
divided into seven fractions by chromatography 
on 5 x 24 cm plates (0.25 mm layer thickness) 
in a solvent system of chloroform-methanol- 
water (65:25:4 v/v/v). The seven zones were 
located both by fluorescein staining and 
charring with 50% H2SO 4. Staining reactions 
(15,16), along with Rf's of standard prepara- 
tions of phosphatidyl ethanolamine, phospha- 
t idy1  choline, phosphatidic acid, mono- 
galactosyl diglyceride, and digalactosyl digly- 
ceride, provided identification of some of the 
embryo PL components. 

Fatty Acid Analysis 

Aliquots of samples containing fatty acid 
methyl esters prepared from each of the three 
major lipid classes were fractionated into com- 
ponent esters in two steps: (a) argentation TLC 
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TABLE III 

Lipid Class Specific Activities in Embryos Incubated for Varied Periods in 1-14C-Acetate 

425 

Treatment dpm per mg per 15 Rc substrate a 
period, 

min Phospholipids Diglyeerides Triglycerides 

5 134,500 189 ,600  898 
10 401 ,000  4 3 8 , 4 0 0  4 ,575  
15 4 4 4 , 9 0 0  741 ,500  6 ,066 
25 659 ,800  1 ,023 ,600  10 ,960  
30 673 ,600  1 ,120 ,000  11,160 
60 846 ,500  1 ,106 ,000  20 ,210  
90 1 ,043 ,400  1 ,596 ,100  35 ,570  

240 1 ,559 ,700  1 ,518 ,500  72 ,920  

aCulture medium contained 5 to 45 /./c substrate per 170 embryos. Specific activities 
corrected to standard 15 /2c treatment. Average standard error, 17% of the mean. Total 
number of trials in experiment, 19. Embryo age, 20 to 28 days. 

using 5 x 24 cm plates (0.25 mm thickness) 
developed in chloroform-acetic acid (99.5:0.5 
v/v); and (b) final separation of the saturated 
and monoene fractions into their component 
fatty acids by GLC on a SE-30 column with the 
esters trapped from the effluent gases in glass 
tubes. Diene and triene fractions were used 
directly for linoleic and linolenic acids, respect- 
ively. The monoene fraction was purified by 
GLC in most cases, but less than 0.5% of the 
monoene radioactivity was associated with 
acids other than oleic. Specific activities of 
esters recovered from TLC plates and GLC 
traps were calculated from ester weights deter- 
mined by GLC with the internal standard. Total 
and percentage activities of acids in each of the 
three lipid classes were calculated from fatty 
acid specific activities and lipid class fatty acid 
composition data. Summation of values for the 
three major lipid classes provided an estimate of 
overall fatty acid labeling in total lipids. 

RESULTS 

Embryo Lipid Class Labeling From Acetate 

Preparative TLC of embryo lipids, 100 to 
250 mg per analysis, permitted isolation of 
seven fractions: 1, phospholipids and mono- 
glycerides; 2, pigments; 3, 1,2-diglycerides; 4, 
unknown;  5, free fatty acids; 6, triglycerides; 
and 7, hydrocarbons and pigments (Fig. 1). On 
a weight basis, TG were the major lipid com- 
ponents at all ages (Table I). TG and DG 
increased in weight up to 26 days of age, while 
PL reached a maximum level at 21 days. 
Average TG fatty acid composition was 5.6% 
palmitic, 5.9% stearic, 36.6% oleic, 10.7% 
linoleic, and 41.2% linolenic with little 
variation in embryos older than 20 days of age. 
Compositions of DG and PL were similar to TG 

except PL was slightly higher in palmitic and 
lower in oleic. 

Radioactivity in the embryo lipids was 
largely associated with the PL, 1,2-DG, and TG 
fractions (Fig. 1). Fractions 2, 4, 5 and 7 con- 
tained only 3% of the activity, and this was 
mostly located in the unidentified components 
of Fraction 4. Monoglycerides (MG) did not 
appear as a discreet class on the preparative 
plates and were assumed to be mixed with PL. 
Free fatty acids (FFA) and 1,3-DG also were 
not visible on the preparative plates. The fact 
that FFA were not mixed in the TG fraction 
was experimentally verified by adding 8 mg of 
myristic acid to a sample containing 200 mg of 
embryo lipids and searching by GLC for myri- 
state in the methyl esters from each of the 
seven fractions. PL radioactivity was largely 
associated with phosphatidyl choline with only 
minor labeling occurring in other phospho- 
lipids, in glycolipids, or in neutral lipids asso- 
ciated with the crude PL fraction (Table II). 

Time course experiments showed that 
incorporation of 14C from acetate proceded 
rapidly in embryos with high activity being 
incorporated into PL, 1,2-DG and TG in 
periods as short as 5 rain (Table III). DG and 
PL were labeled very rapidly while TG became 
labeled more slowly. With continuous exposure 
to acetate up to 240 min, PL and TG increased 
progressively in specific activity. DG, in con- 
trast, appeared to reach maximum specific 
activity at 90 rain. When the experimental pro- 
cedure was modified so that a 10 min exposure 
to 1-14C-acetate was followed by prolonged 
incubation in unlabeled acetate after a water 
wash to remove unmetabolized substrate, PL 
and DG declined sharply in specific activity, 
while TG increased (Fig. 2, part A). However, 
there was a slight increase in total lipid radio- 
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FIG. 2. Labeling of lipid classes and fatty acids within classes in flax embryos incubated in 
1-14C-acetate. Experimental treatment was 10 min exposure to labeled substrate (20 //c per 170 
embryos) followed by water wash to remove unmetabolized substrate and then 0, 250, or 1300 min 
incubation on unlabeled acetate. 

activity during the first 250 min after removal 
of the labeled substrate before the reduction in 
PL and DG activities became apparent. A 
possible explanation of this result is that non- 
lipid metabolites labeled during the 10 min 
exposure to 14 C were metabolized to lipid after 
removal of the labeled substrate. 

Embryo Fatty Acid Labeling From Acetate 

Embryos incubated in acetate for very short 
periods (5 and 10 min) had more than 80% of 
the radioactivity of the major lipid classes 
incorporated into oleic acid (Table IV). As the 
period of incubation was increased to 30 min, 
total radioactivity increased in all acids. The 
very large increase in labeling of linoleate and 
linolenate which occurred in this period was 
compensated, on a percentage basis, by a 
decline in labeling of oleate. Finally, oleate 
declined both in total and specific activity as 
the period of continuous exposure to acetate 

was lengthened from 30 to 90 min, and activity 
levels of linoleic and linolenic acids increased 
still further. This pattern of early labeling of  
oleate followed in longer periods by labeling of  
the polyunsaturated acids was verified in Exper- 
iment 2 (Table IV). 

Changes in radioactivity in the saturated 
acids were less pronounced in both experiments 
than were the changes observed for unsaturated 
acids. Palmitic acid was labeled early resulting 
in specific activity values midway between 
oleate and other acids in 5 and 10 min expo- 
sures (Table IV). Prolonged exposure to labeled 
substrate increased total 14C in palmitate but 
did not change the radioactivity level on a per- 
centage basis. Pronounced accumulations of 
radioactivity in stearate were not observed and 
variations which occurred in stearate labeling 
with time were generally within experimental 
error. Calculation of the ratio of per cent radio- 
activity to per cent fatty acid composition 
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TABLE IV 

Labeling of Fatty Acids in Summed PL, DG and TG Fractions 
From Immature Flax Embryos Incubated in 1-14C-Acetate 

427 

E x p e r i m e n t  1, m i n  a E x p e r i m e n t  2, m i n  b 

A c i d  5 3 0  90  1 0 + 0  10+ 1 3 0 0  

To ta l  r a d i o a c t i v i t y :  103  d p m  

1 6 : 0  74  6 8 4  8 6 0  4 9 9  5 8 3  
18 :0  14 108  118  3 0 4  131 
18:1  7 0 4  4 8 9 0  3 5 5 8  6 5 1 7  4 8 1 4  
18 :2  77  1 8 8 7  3 2 4 4  4 9 1  1 5 7 8  
18 :3  8 2 7 7  2 4 9 1  151 2 4 9 7  

Spec i f ic  a c t i v i t y :  103  d p m / m g  

16 :0  10 97  118  4 4  56 
1 8 : 0  3 2 0  15 2 0  10 
18:1  2 0  139  9 0  69  6 0  
18 :2  5 122  2 0 6  2 2  99  
18 :3  ~ 1  4 4 6  2 4 4  

T o t a l  r a d i o a c t i v i t y :  % 

16 :0  8 .4  8 .7  8 .4  6 .3  6.1 
1 8 : 0  1.6 1.4 1 . I  3 .8  1.4 
18:1  80 .3  6 2 . 3  34 .6  8 1 . 8  50.1  
18 :2  8 .8  24 .1  31 .6  6 .2  16 .4  
18 :3  0 .9  3.5 24 .3  1.9 2 6 . 0  

R a t i o :  per  c e n t  r a d i o a c t i v i t y - p e r  c e n t  c o m p o s i t i o n  

1 6 : 0  1 .44  1 .53  1 .44  1 .22  1 .02  
1 8 : 0  0 .35  0 .31  0 . 1 8  0 . 5 7  0 . 1 8  
18:1  2 .76  2 . 1 8  1 .09  1 .92  1 .10  
18 :2  0 . 6 8  1 .93  2 . 4 9  0 . 6 2  1 .82 
18 :3  0 .02  0 . 0 7  0 .56  0 .05  0 .81  

a E x p e r i m e n t  1 : 1 5 / t i c  per  175 e m b r y o s  f o r  5, 30  a n d  9 0  min .  

b E x p e r i m e n t  2 : 2 0  /de per  170  e m b r y o s  f o r  10 m i n  f o l l o w e d  b y  0 a n d  1 3 0 0  ra in  
i n c u b a t i o n  o n  u n l a b e l e d  a c e t a t e .  E m b r y o  age,  2 4  d a y s  in b o t h  e x p e r i m e n t s .  

showed that stearate remained well below a 
ratio of one at all periods of analysis. In con- 
trast, all other acids tended toward a ratio of 
unity. 

Analysis of the fatty acids in each of the 
three major lipid classes revealed only minor 
differences among lipid classes although there 
were tendencies for maximum labeling of satu- 
rated acids in TG as compared to other classes 
and for maximum labeling of oleate in PL 
(Table V). One important difference was 
observed in Experiment 2 when the labeled sub- 
strate was removed at the end of 10 rain expo- 
sure and the embryos were then transferred to 
unlabeled substrate for 250 to 1300 min (Fig. 
2). In this experiment, all PL and DG acids 
declined in specific activity as the period on 
unlabeled substrate was prolonged to 1300 min, 
while all TG acids increased in activity in the 
same period. 

EffectS of Substrate and Seed Tissue 

In the final experiment, effects of type of 

tissue and substrate on incorporation of 14C 
into flaxseed lipids were determined. Immature 
flaxseeds were dissected prior to incubation or 
were tested intact. This procedure permitted 
incubation of the two lipid-accumulating seed 
tissues in separate dishes or in situ in undis- 
sected seeds. Embryo tissues were incubated on 
acetate, malonate and CO2, endosperm tissues 
on acetate and malonate, and whole seeds on 
acetate alone. All three substrates were meta- 
bolized but definite differences between sub- 
strates and tissues were observed (Table VI). 

Fat ty acid specific activities in embryos 
incubated in acetate, as in previous experi- 
ments, were highest for oleic and lowest for 
stearic and linolenic acids. When malonate was 
the substrate for embryos, stearate was the acid 
with maximum specific activity, while with 
14C02, linoleic acid activity was highest of all 
acids. If the data are examined on the basis of 
ratio of per cent radioactivity to per cent com- 
position and allowance is made for time-course 
labeling patterns, C02 labeling of embryo fatty 
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TABLE V 

Labeling of Fatty Acids in PL, DG and TG Lipid 
Classes From Immature Flax Embryos Incubated 

in 1-14C.Acetat e 

Ratio: per cent radioactivity- 
per cent composition a 

Acid PL DG TG 

Palmitic 1.00 a 0.81 a 1.59 b 
Stearic 0.29 a 0.26 a 0.45 a 
Oleic 2.22 a 1.68 b 1.53 b 
Linoleic 1.34 ab 1.09 b 1.51 a 
Linolenic 0.37 a 0.37 a 0.48 a 

aValues for a single acid which are followed by the 
same letter do not differ significantly at the 5% level. 
Data of experiments 1 and 2 (see Table IV) were com- 
bined for the statistical analysis presented in this 
Table. Tabulated values are means of treatments 
ranging from 5 to 90 rain exposure to acetate at levels 
of 15 to 20/Jc. 

acids was m o s t  near ly  r ep resen ta t ive  of  the  pre- 
e x i s t i n g  f a t t y  ac id  c o m p o s i t i o n  (rat io 
a p p r o a c h i n g  u n i t y  for  all acids) of  the  th ree  
subs t ra tes .  

T o t a l  i n c o r p o r a t i o n  o f  14C f r o m  ace ta te  
in to  l ipids of  e n d o s p e r m  t i ssues  and  who le  
seeds  was m u c h  lower t h a n  in e m b r y o s .  F a t t y  
acid label ing p a t t e r n s  were s imilar  in e n d o s p e r m  

and  whole  seeds  in t ha t  i n c o r p o r a t i o n  o f  ace- 
t a te  resu l ted  in very  h igh  specif ic  act ivi t ies for  
s tearate .  This  p a t t e r n  c o n t r a s t e d  m a r k e d l y  wi th  
e m b r y o s  where  lit t le label ing of  s teara te  
occu r red  f r o m  ace ta te .  

DISCUSSION 

These  s tud ies  have revealed the  presence  in 
deve loping  f l axseeds  of small  PL and  1,2-DG 
pools  w h ic h  are very active metabo l i ca l ly  and  
label  rapidly  f r o m  ace ta te ,  m a l o n a t e ,  or CO 2. 
The  p resence  o f  a de tec tab le  DG pool  in flax- 
seeds has  b e e n  q u e s t i o n e d  in  some  work.  
F r a n z k e  and  Stolz  (17)  de t ec t ed  n o t  on ly  DG 
b u t  also MG a nd  F F A .  On t he  o the r  ha nd ,  
Z i m m e r m a n  a nd  K l o s t e r m a n  (13)  were unab le  
to  de t ec t  DG in ge rmina t i ng  f laxseeds.  
McKil l ican and  Sims (18)  c la imed t ha t  thei r  
fai lure to  de t ec t  F F A  or par t ia l  glycerides  in 
deve loping  f l axseeds  was evidence  of  a lack of  
ar t i fac ts  in the i r  t e c hn ique s .  We believe t ha t  the  
DG de tec t ed  in the  p resen t  work  was no t  an 
ar t i fac t  be c a use  t i ssue ha nd l i ng  by  o the r  
m e t h o d s  (13 ,18)  failed to e l imina te  the  h ighly  
labeled 1,2-DG f r ac t ion  and  because  appreci-  
able a m o u n t s  o f  1,3-DG, F F A ,  and  p h o s p h a -  
t idic acid were  no t  f o u n d .  T h u s ,  t he  early 
label ing we observed  in the  DG pool  fo l lowed 
by  s lower  label ing of  TG appears  to  be a signifi- 

TABLE VI 

Effects of Seed Tissue and Substrate on 14C Labeling of Flaxseed Lipids a 

Embryo Endosperm Whole seeds 

Acetate Malonate CO 2 CO 2 Acetate Malonate Acetate 

Lipid classes 
(103 dpm/mg) 

Phospholipids 850 63 20 -- 323 40 157 
Diglycerides 1110 50 14 -- 260 13 176 
Triglycerides 20 1 2 -- 4 ~1 4 

Fatty acids 
(10~dpm/mg) 

Class analyzed DG DG PL TG DG DG DG 
Palmitic 911 42 24 3 276 16 187 
St earic 304 169 14 4 1803 154 801 
Oleic 1764 72 43 3 774 66 314 
Linoleic 918 43 59 9 50 7 18 
Linolenic 220 11 I 0 2 14 2 5 

Fatty acids (Ratio: 
per cent radioactivity- 
per cent composition) 

Palmitic 0.85 0.77 1.06 0.77 1.05 0.74 0.95 
Stearic 0.27 3.12 0.62 1.08 6.72 7.83 3.98 
Oleic 1.60 1.32 1.85 0.83 2.95 3.15 1.60 
Linoleic 0.81 0.79 2.57 2.80 0.19 0.33 0.09 
Linolenic 0.19 0.20 0.43 0.68 0.06 0.11 0.02 

aConditions of experiments: (a) 1-14C-acetate, sp. act. 44.4 mc/mM, 15/2c per dish of 170 seeds or isolated 
seed tissues, 60 min incubation. (b) 2-14C-malonate, sp. act. 18.3 mc/mM, 15 /de/170 tissues, 60 min. (c) 
Bal4Co3, 1.9 mc/g, 25/2c/110 embryos, 300 min. Tissue age, 23 to 26 days. 

LIPIDS, VOL. 5, NO. 4 



FLAX FATTY ACIDS 

cant  ver if icat ion of  the par t ic ipat ion of  a 
1,2-DG as an in termedia te  in TG biosynthesis  in 
plants (19). This conclusion is re inforced by the 
observat ion that  when the tracer source was 
wi thdrawn,  TG fa t ty  acids increased in act ivi ty,  
apparent ly  at the  expense of  PL and DG acids. 
The rapid labeling of  fa t ty  acids in DG and 
phosphat idyl  choline indicates high tu rnover  
rates for these materials in flaxseeds. This 
observat ion agrees with reports  by Nichols  et al. 
(9) for  Chlorella and may  provide some support  
for their  con ten t ion  that  such lipids func t ion  in 
t ransformat ions  be tween  members  of  a fa t ty  
acid series. 

With regard to  fa t ty  acid labeling pat terns,  
we believe that  the fol lowing observat ions are 
significant: (a) In embryos ,  14C accumula ted  
firSt in oleate;  as t r ea tment  period increased,  
labeling o f  oleate declined while l inoleate  and 
l inolenate  increased. (b) Palmita te  was labeled 
early, but  significant accumula t ions  o f  14C- 
stearate did not  occur  in embryos  incubated  in 
acetate.  (c) As incuba t ion  t ime was lengthened 
for embryos  in acetate,  all acids approached a 
per cent  act ivi ty-per cent compos i t ion  rat io of  
uni ty  excep t  stearate which remained much  less 
than one.  (d) Use of  malonate  as the substrate 
e n h a n c e d  incorpora t ion  into stearate in 
embryos .  (e) Stearate labeling pat terns differed 
in whole  seeds and endosperm tissues as com- 
pared to  embryos .  These observat ions are con- 
sistent wi th  the  conclusions that  oleate  is 
sequential ly desaturated to polyunsa tura ted  
acids (1) and that  long chain saturated and 
unsaturated acids are fo rmed  by dif ferent  
metabol ic  pa thways  (7). The  concept  that  
stearate is desaturated to oleate  (9,10) is in- 
consistent wi th  the data for flax embryos  
because,  as was observed in work  with imma-  
ture soybean seeds (20), absolute  and specific 
activities for  stearate remained low at all t reat-  
ment  periods. Very high tu rnover  rates for  the  
stearate desatura t ion react ion could keep to ta l  
incorpora t ion  into this acid at a low level, of  
course, bu t  then specific act ivi ty levels for  
stearate should rise to m u c h  greater levels than  
were observed in any of  the lipid classes 
analyzed.  

However ,  stearate act ivi ty  levels appeared to 
be subject to regulat ion by several factors.  
Embryo  tissues incorpora ted  14C f rom acetate  
into lipids very rapidly,  but  they  did no t  
synthesize stearate at the  equi l ibr ium rate 
existing pr ior  to seed dissection since per cent  
act ivi ty-per cent  compos i t ion  ratios were very 
low for this acid. This s i tuat ion was reversed 
and rates o f  synthesis of  stearate were greater  
than pre-existing p ropor t ions  when malonate  
was the substrate.  Only with  14CO2 was the  
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ratio nearly normal  for stearate in embryos .  
These data might  suggest that  stearate was 
fo rmed  by chain e longat ion of  pa lmi ta te  by the 
malonate  system (21). 

Rate  of  stearate labeling was also inf luenced 
by the tissue studied. Both  endosperm and 
whole  seeds exhibi ted  high labeling of  stearate. 
This close agreement  may indicate  that  stearate 
biosynthesis  in the undissected seeds under  the  
condi t ions  of  the exper iment  occurred pri- 
mari ly in the  endosperm and no t  in the 
embryo .  High specific act ivi ty  o f  stearate in the 
endosperm may  perhaps be accounted  for on 
the  basis o f  tissue senescence if  i t  is assumed 
that  the system by which unsatura ted  acids are 
fo rmed  is relatively inoperat ive  in endosperm 
tissues older  than 20 days, an age well b e y o n d  
the per iod of  m a x i m u m  lipid accumula t ion  in 
this tissue (8). Clearly, the  numerous  levels of  
regulat ion which were observed for  stearate 
labeling in these studies ind ica te  a need for  
fur ther  enumera t ion  of  major  factors  governing 
fa t ty  acid compos i t ion  in f laxseeds in vi t ro  and 
in vivo. 
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Isolation and Structural Determination of the C20 and C22 
Unsaturated Fatty Acids of Rapeseed Oil1 
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University of Cologne, Cologne, Germany 

ABSTRACT 

Polyunsaturated C 20 and C 22 fatty 
acids, which seldom are found in the tri- 
glycerides of higher plants, were isolated 
from rapeseed oil and their structures 
fully characterized. Pure 20:2 and 20:3 
were identified as all-cis A-11,14 and all- 
cis A-11,14,17. Pure 22:2 and 22:3 were 
characterized as all-cis A-13,16 and all-cis 
A-13,16,19. Trienoic acids were found in 
very small amounts. Reinvestigation of 
the 20:1 acid showed that it is a mixture 
of 75% cis A-11 and 25% cis A-13, where- 
as the 22:1 is the cis A-13 isomer only. 
Evidence is also given for the presence of 
a 24:1 acid. 

INTRODUCTION 

Early investigations on the C2o and C22 
fatty acids of Cruciferae seed oils showed 
besides the two saturated acids the existence of 
three unsaturated acids: a 20: 1, a 22:1 and a 
22:2. The 20:1 acid was first isolated by 
Hopkins (1) in 1946 from the seed oil of 
Conringia orientalis and was identified as the cis 
A-I 1 acid. The 22:1 acid (erucic) is a major 
component of most Cruciferae and the cis A-13 
structure of this acid had been known for some 
time. Hilditch and Baliga (2) first indicated the 
existence of the 22:2 acid. Although this acid 
was not isolated in the pure state, they were 
able to show that it contained the methylene 
interrupted structure with A-13 and A-16 
double bonds. 

Mikolajczak et al. (3) were the first to show 
that several Cruciferae also contain 20:2 
(0.2-6%) and 20:3 (0.3-2%) fatty acids. 
Although these investigators found a number of 
species of Brassica (including Brassica napus L.) 
to contain 20:2, only one species (Brassica 
campestris) was shown to contain a 20:3 acid. 
The structure of these polyunsaturated acids 
was not  determined. In 1964 Kuemmel (4) also 
found that rapeseed oil (Brassica napus L.) con- 

IExtract from the doctoral dissertation of E. W. 
Haeffner, Department of Mathematics and Natural 
Sciences, University of Cologne, 1965. 

2present Address: University of Minnesota, The 
Hormel Institute, Austin, Minn. 55912 

tained the 20:2 acid, which he identified as the 
A-11,14 isomer, see also Miller et al. (5). 
Kuemmel further reported the occurrence of a 
mixed A-11 and A-13 20:1 acid with the ratio 
of the isomers being 13:1. 

In our investigations of rapeseed oil we were 
able to isolate and determine the structure of a 
20:3 and a 22:3 acid. These acids were present 
in very small amounts in the rapeseed oil. More 
recently Ackman (6) has also presented evi- 
dence for the existence of 20:3 and 22:3 acids 
in rapeseed oil based on retention time during 
gas liquid chromatography (GLC). A 20:3 acid 
containing A-5,11,14 double bonds has also 
been found in seed fats of non Cruciferae 
species (7,8,9). 

MATERIALS AND METHODS 

Rapeseed oil purchased from the Hospital 
and Wohlfahrtsapotheke in Cologne, Germany, 
was stored at 4 C under nitrogen and had the 
following characteristics: n~ 0 = 1.4730; d20 = 
0.910; saponification number 173 and average 
equivalent weight 116. Thin layer chromato- 
graphy (TLC) according to Blank and Privett 
(10) showed mainly triglycerides with small 
amounts of sterol esters, free fatty acids, sterols 
and phospholipids. The fatty acid composition 
(%) as measured by GLC was as follows: 14:0, 
0.2; 16:0, 3.0; 18:0, 0.9; 18:1, 10.0; 18:2, 
16.0; 18:3, 11.0; 20:1, 6.0; 20:2, 0.4; 20:3, 
trace; 22: 1, 50.4; 22:2, 1.3; and 22:3 trace. 

Analytical Gas Chromatography 

GLC analyses were made with Barber- 
Coleman (Model 10) and W. G. Pye gas chro- 
matographs equipped with ionization detectors 
and using columns (1.2 m, Pye; 2.0 m, Barber- 
Coleman) packed with 10% or 20% diethylene 
glycol succinate (DEGS) on Celite or Chromo- 
sorb W (0.1-0.2 mm mesh). The columns were 
operated isothermally at 160-180 C for fatty 
acids, 140-160 C for long chain dicarboxylic 
acids and 100 C for malonic acid. The vaporizer 
temperature was 60 C above that of the column 
and the flow rate of the argon carrier gas was 
50-60 ml/min. 

Preparative Gas Chromatography 

A Rumeo Type VGCH No. 1155 gas chro- 
matograph equipped with a thermal conducti- 
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vity detector  from Rubarth  & Co., made in 
Hannover, Germany,  was used. .A 130 x 1.1 cm 
stainless steel column packed with 20% 
Apiezon L on Chromosorb W (0.2-0.4 mm 
mesh) was used for the separation of  the fat ty 
acid esters according to chain length. The tem- 
peratures for column and vaporizer were 220 C 
and 230 C. Purified nitrogen was used as carrier 
gas with a flow rate of 500 ml/min. Up to 450 
mg of material dissolved in ca. 1 ml of acetone 
could be separated in one run, at which the C22 
acids had a retent ion time of about 3 hr. The 
separated fractions, collected in U-tubes, were 
obtained in yields of 70% after removal of some 
Apiezon L by silica gel column chromato- 
graphy. 

High Vacuum Distillation 

Fa t ty  acid methyl  esters were distilled at 
10 -3 to 10 -4 mm Hg through a 1730 mm 
column of the type described by Jantzen and 
Wieckhart (11). The esters distilled over 
between 96 and 160 C at silicon bath tempera- 
tures ranging from 200 to 265 C. Good sepa- 
ration of the fat ty  acids required very slow dis- 
tillation. Quantities of  40 and 55 g of methyl  
esters yielded about 92% product;  initial 
amounts below 10 g were recovered in yields of 
only 37%. 

Thin Layer Chromatography 

TLC plates, impregnated with silver nitrate,  
were prepared by dissolving 20 g of silver 
nitrate in 150 ml of water and adding these to 
80 g of silica gel G (Stahl). This mixture was 
spread in a 0.6 mm thick layer on 20 x 20 cm 
glass TLC plates, which were activated at 110 C 
for 1 hr and then kept  in a darkened dessicator. 
Of the fat ty  acid ester mixture,  70 to 80 
rag/plate could be analyzed; the solvent system 
was petroleum ether-ethyl acetate (4:1). The Rf 
values of the unsaturated acids, observed under 
UV light after spraying the plates with 
Rhodamine B, were: 0.71 for the monoenes, 
0.63 for the dienes, and 0.35 for the trienes. 
Using suction the individual bands were trans- 
ferred to a special sintered glass funnel and the 
fat ty acid esters extracted from the adsorbent 
with petroleum ether-ether (80:20).  Rhod- 
amine B was not  eluted by this solvent. The 
yields of methyl  esters were about 90%. All 
operations with the thin layer p l a t e s  were 
carried out  under nitrogen. 

Oxidative and Reductive Ozonolysis of the 
Unsaturated Fatty Acids 

Slight modifications of the procedures 
developed by Klenk 'and Bongard (12) and 
Klenk and Kremer (13) were used. The elution 
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pat tern of the dicarboxylic acids depends on 
the quality of the Isherwood gel. Because of  the 
high adsorption effect of the gel in use, the 
butanol  content  had to be increased to elute 
the dicarboxylic acids. The C 11 and C l 3 acids 
were eluted with 3% butanol  in chloroform, 
and malonic acid with 50% butanol  in chloro- 
form. All dicarboxylic acids were identified by 
GLC using the methyl  esters. 

Column chromatography of  the dinitro- 
phenyl  hydrazones of the aldehydes usually 
shows several other bands, which complicate 
the identif ication of the hydrazones. To over- 
come this problem, TLC on silica gel G (Stahl) 
was used to separate  the dini t rophenyl  hydra- 
zoneS; the solvent system developed by Dhont 
and De Rooy (14) was applied. The plates were 
developed several times in order to get good 
separation of  the aldehyde derivatives. 

UV and IR Spectroscopy 

The UV-spectra of  the unsaturated fat ty  acid 
methyl  esters before and after alkali isomeri- 
zation (15) were obtained with a Beckman 
Instruments Model DK-2 spectrophotometer .  
The IR spectrum was run on a Perkin and 
Elmer Infracord spectrophotometer .  

EXPERIMENTAL RESULTS 

Purification of the C20 Fatty Acids 

Rapeseed oil (450 g) was saponified in 
methanolic sodium hydroxide and the resulting 
reaction mixture crystallized at 5 C. The pre- 
cipitate was converted to methyl  esters (326 g), 
crystallized twice (-25 and -45 C) from acetone 
to give a soluble fraction (65.5 g) containing 
11.4% C20 acids. This material was fractionally 
distilled and purified by preparative GLC to 
yield 3.8 g of C20 esters (79% 20:1,  19% 20:2 
and 2% 20:3). 

The mixture of C2o methyl  esters was then 
resolved by degree of unsaturation by forming 
the mercuric acetate adducts (16) and sepa- 
rating them on a silicic acid column (17). The 
fractionation was monitored by TLC using the 
method of Wagner and Pohl (18). The 
monoene,  diene and triene port ions of the 
eluate were identif ied and isolated; however 
some overlapping of the three groups was evi- 
dent.  After  regeneration of  the original esters 
by addit ion of  dilute HC1, the monoenes (3.25 
g) and the dienes (0.7 g) were separately 
purified by preparative silver nitrate TLC. The 
trienes (70 mg) were purified twice by silver 
n i t r a t e  c o l u m n  c h r o m a t o g r a p h y  using 
essentially the method of  De Vries (19). 
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Characterization of the C20 Fatty Acids 

Oxidative ozonolysis of the 20:1 (iodine 
value; 78.3 found, 81.8 theory)gave  0.75 mole 
C11 and 0.28 mole C la  dicarboxylic acids. 
Reductive ozonolysis gave 0.5 mole nonanal 
and 0.21 mole heptanal.  This shows that the 
20:1 consists of  a mixture of  75% A-11 and 
25% A-13 monoenoic  acid. The percentage of 
the A-11 isomer in the original rapeseed oil is 
about 4.5% and that  of the A-13 isomer about 
1.5%. 

The UV spectrum of  the 20:2 acid after 
alkali isomerization showed the characteristic 
absorption at Xmax, 230 nap. Oxidative 
ozonolysis of this acid (iodine value; 160 
found, 164.8 theory)  gave 0.91 mole C11 di- 
carboxylic acid and 0.25 mole malonic acid. 
Reductive ozonolysis gave 0.79 mole hexanal. 
The 20:2 is therefore a A-11,14 dienoic acid 
and occurs in rapeseed oil at about  0.4%. 

The 20:3 (iodine value; 240.6 found, 248.5 
theory),  which had the same GLC retent ion 
t ime as 22:1 was identified as C20 by  hydro- 
genation with PtO as catalyst in methanol 
followed by GLC. UV-spectroscopy of the 
alkali isomerized substance showed the con- 
jugated triene absorption,  ~max, 268 m/a. Oxi- 
dative ozonolysis of this acid gave 1.0 mole C 11 
dicarboxylic acid and 0.81 mole malonic acid. 
Reductive ozonolysis gave 0.54 mole propanal,  
which was also identified by TLC, Rf = 0.37. 
The 20:3 is therefore a A-11,14,17 trienoic acid 
and occurs in rapeseed oil only in trace 
amounts.  

Purification of the C22 Fatty Acids 

Rapeseed oil (100 g) was saponified in 
methanolic sodium hydroxide,  the unsaponifi- 
ables removed by petroleum ether extraction, 
and the fat ty  acids esterified with methanol.  
Fract ional  distil lation of 95 g methyl  esters 
yielded 37.3 g of over 90% pure C22 acids, 
which were then fractionated by low tempera- 
ture crystallisation using the method of Kolb 
(20) with a slight variation. The material, dis- 
solved in 1875 ml of acetone, was cooled to 
-20 C to yield a small precipitate (I), which was 
separated, and 36.8 g (iodine value; 76.5) of 
esters in the filtrate. These were dissolved in 
940 ml of acetone and coiled to -60 C to obtain 
34.7 g (iodine value; 76.7) of most ly 22:1 in 
the precipitate (II) and 2.1 g (iodine value; 
106.3) of diene and triene esters in the filtrate. 
Precipitate II was again dissolved in 940 ml of 
acetone and cooled to  -60 C to yield 34.3 g 
(iodine value; 72.5) of  esters in the precipitate 
(III) and 0.4 g (iodine value; 104) of material in 
the filtrate containing diene and triene esters. 
The fractions containing the C22 diene and 

triene acids (2.1 + 0.4 g) were combined and 
subjected to preparative GLC to obtain 1.1 g of 
pure C22 material. 

The unsaturated C22 fat ty  acid methyl  
esters were separated by  preparative silver 
nitrate TLC. From a mixture of 690 mg, 153 
mg 2 2 : 1 , 3 0 0  mg 22:2, 50 mg 22:3, and 6.8 mg 
(1% of  the mixture) of  an unidentified sub- 
stance which had a Rf value between that  of 
the diene and triene acid, were obtained. The 
total  recovery was 73%. GLC analysis of the 
unknown material showed a double peak with a 
re tent ion time similar to that  of the triene acid. 
IR-spectroscopy of  this compound showed an 
absorption band at 963 cm-l ,  which is charac- 
teristic for a trans double bond. These analyses 
presented evidence that  the unknown was 
probably  a 22:3 acid containing trans double 
bonds. It remained to be determined whether 
this acid was a natural  product or if it was 
formed during preparative TLC. The C22 rich 
distillation residue from the purification of  the 
C20 acids was fractionated by forming mercuric 
acetate adducts (16). It is known that  the 
formation of mercuric acetates from unsatu- 
rated fat ty acids does not  alter the configura- 
t ion of  the double bond. Neither GLC nor IR- 
spectroscopy indicated the existence of  a trans 
acid. I t  is therefore likely that the 22:3 acid 
with trans bonds was an artificial product  
formed on the thin layer plate or elsewhere. 

Characterization of the C22 Fatty Acids 

Oxidative ozonolysis of the 22:1 (iodine 
value; 75 found, 75 theory)  gave 1.05 mole C 13 
dicarboxylic acid. Reductive ozonolysis gave 
0.72 mole nonanal. The 22:1, commonly 
known as erucic acid, has the double bond in 
A-13 position. There was no indication of  an 
isomeric acid as in the case of 20:1. Erucic acid 
composes 50% of rapeseed oil. 

Oxidative ozonolysis of the 22:2 (iodine 
value; 142.2 found, 151 theory) gave 0.96 mole 
C la  dicarboxylic acid and 0.31 mole malonic 
acid. Reductive ozonolysis gave 0.58 mole 
hexanal. Alkali isomerization of the 22:2 
produced UV-absorption characteristic of a 
conjugated diene, Xrnax = 230 m/a. The 22:2 is 
therefore a A-13,16 dienoic acid and occurs in 
rapeseed oil at about  1.3%. 

Oxidative ozonolysis of the 22:3 (iodine 
value; 219 found, 228 theory)  gave 0.8 mole 
C13 dicarboxylic acid and 0.72 mole malonic 
acid. Reductive ozonolysis gave 0.40 mole 
propanal,  which was also identified by TLC by 
comparison with a known standard, Rf = 0.37. 
Alkali  isomerization of  the 22:3 produced UV- 
absorption characteristic of  a conjugated 
trienoic acid, Xmax = 268 m//. The 22:3 is 
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C20 AND C22 UNSATURATED FATTY ACIDS 

therefore a A-13,16,19 trienoic acid. This acid 
occurs in rapeseed oil only in trace amounts. 

The existence of a 24:1 acid could be 
demonstrated by GLC analysis before and after 
hydrogenation of  the distillation residue from 
the purification of  the C20 acids, which con- 
tained, as already mentioned, mainly high 
boiling material. The position of  the double 
bond was not elucidated. 

DISCUSSION 

The data presented for the oxidative and 
reductive ozonolysis of the C2o and C22 unsat- 
urated fatty acids clearly shows the structure of 
these compounds. The yield of dicarboxylic 
acids in the oxidation reaction was close to the 
theoretical yield, i.e., one mole of  dicarboxylic 
acid per mole of  fatty acid. The yields of  
malonic acid (25-50%) were less than the theo- 
retical yield due probably to the lability of  this 
acid. The percentage yield of malonic acid 
increased with the number of double bonds of 
the fatty acid. Because of the occurrence of 
side products, the reductive ozonolysis results 
were less conclusive than the oxidation results. 
TLC was therefore used to aid in the identifi- 
cation of the aldehyde dinitrophenyl hydra- 
zones. The recovery of the aldehydes was 
similar to that of malonic acid and increased 
with increasing carbon chain length. 

The A-11 and A-13 20:1 acids, which 
occurred in large amounts, were unequivocally 
identified on the basis of  column and gas chro- 
matographic (GLC) analyses of the dicarboxylic 
acids. One of these peaks corresponded to 
azelaic acid. Fintelmann (21)has  reported the 
existence of small amounts of A-9 C2o and C22 
isomers in rapeseed oil. Ziegler et al. (22) how- 
ever, have shown that dicarboxylic acids may 
be degraded during ozonolysis, and on the basis 
of this observation we were reluctant to postu- 
late the existence of A-9 fatty acids. 

Ackman (6) using open tubular gas liquid 
chromatography has recently presented evi- 
dence for the existence of various structural iso- 
mers of fatty acids including a A-15 22:1 in 
rapeseed oil. Our results on the GLC analysis of 
dicarboxylic acids from 20:1, 22: l ,  22:2, 22:3 
showed a peak with retention time similar to 
the C 15 dicarboxylic acid, but upon saponifi- 
cation and rechromatography this peak disap- 
peared. On the basis of these findings it was 
assumed that A-15 isomers do not occur in this 
rapeseed oil. Ackman's results should be inter- 
preted with caution, as no attempt was made to 
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isolate and purify the A-15 22:1 acid; also the 
peak corresponding to this acid was very small 
and may have possibly been an artifact. 

The discrepancy between our findings and 
Kuemmel's results (4) concerning the 20:1 iso- 
mer may probably be explained by the 
observation of Appelqvist (23), who showed 
that the seed coat of  Brassica napus contained 
considerable amounts of ~0-7 acids. These dif- 
ferences in fatty acid composition may there- 
fore be a reflection of  different extraction pro- 
cedures; presumably Kuemmel's sample of rape- 
seed oil was more completely free of contami- 
nating seed coat oils. 

ACKNOWLEDGMENTS 

E. Klenk gave advice and supervised this work; C. 
Litchfield gave editorial assistance. 

REFERENCES 

1. Hopkins, C. Y., Can. J. Res. B 24:211 (1946). 
2. Baliga, M. N;, and T. P. Hilditch, J. Soc. Chem. 

Inc. 67:258 (1948). 
3. Mikolajczak, K. L., T. K. Miva, F. R. Earle, I. A. 

Wolff and Q. Jones JAOCS 38:678 (1961). 
4. Kuemmel, D. F., Ibid. 41:667 (1964). 
5. Miller, R. W., F. R. Earle, I. A. Wolff and Q. 

Jones, Ibid. 42:817 (1965). 
6. Ackman, R. G., Ibid. 43:483 (1966). 
7. Takagi, T., Ibid. 41:516 (1964). 
8. Kleiman, R., G. F. Spencer, F. R. Earle and I. A. 

Wolff, Chem. Ind. 1967:1326. 
9. Smith, C. R., R. Kleiman and I. A. Wolff, Lipids 

3:37 (1968). 
10. Blank, M. L., and O. S. Privett, J. Lipid Res. 

4:470 (1963). 
11. Jantzen, E., and V. Wieckhart, Chem. Ing. Techn. 

26:392 (1957). 
12. Klenk, E., and W. Bongard, Z. Physiol. Chem. 

290:181 (1952). 
13. Klenk, E., and G. Kremer, Ibid. 320:111 (1960). 
14. Dhont, J. H., and C. De Rooy, Analyst 86:74 

(1961). 
15. Holman, R. T., and G. O. Burr, Arch. Biochem. 

19:474 (1948). 
16. Jantzen, E., and H. Andreas, Chem. Bar. 94:628 

(1961). 
17. Erwin, J., and K. Bloch, J. Biol. Chem. 238:1618 

(1963). 
18. Wagner, H., ~nd P. Pohl, Biochem. Zeitschr. 

340:341 (1964). 
19. De Vries, B., JAOCS 40:184 (1963). 
20. Kolb, D. K., Progr. Chem. Fats Lipids 3:80 

(19ss). 
21. Fintelmann, E. C., Dissertation, University of 

Hannover, Germany (1959). 
22. Ziegler, K., W. Hechelhammer, H. D. Wagner and 

H. Wilms, Ann. Chem. 567:99 (1950). 
23. Appelqvist, L., Hereditas 61:9 (1969). 

[Received July 11, 1969] 

LIPIDS, VOL. 5, NO. 4 



Glyceride Studies: Part IX" Intraglyceride Distribution of 
Vernolic Acid and of Five Conjugated Octadecatrienoic Acids 
in Seed Glycerides 
H. B. S. CONACHER 1, F. D. GUNSTONE, G. M. HORNBY 2, and F. B. PADLEY 3, 
Chemistry Department, The University of St. Andrews, St. Andrews, Scotland 

ABSTRACT 

Vernolic (epoxyoleic)  acid, present in 
six seed oils over the range 19-72%, 
appears to  be preferentially attached to 
the secondary glycerol hydroxyl  group. 
The distr ibution of five isomeric con- 
jugated octadecatrienoic acids (8,10,12 
and 9,11,13) in 18 seed oils has been 
examined by lipase-catalyzed deacylation. 
The results are not  entirely consistent and 
more species must be examined before  a 
rational distribution pat tern becomes 
apparent.  

INTRODUCTION 

Recent studies of intraglyceride distribution 
by lipase-catalyzed deacylation have revealed a 
selective distribution of  fat ty acids in the lipid 
reserves laid down as glycerides in seeds. Such 
oils most commonly contain palmitic, stearic, 
oleic, linoleic and linolenic acids and it seems 
that the secondary hydroxyl  group is acylated 
by the unsaturated C 1 s seeds in preference to 
the saturated acids. The higher unsaturated 
acids, eicosenoic and docosenoic, however, 
generally accompany the saturated acids in the 
1 and 3 positions (1). Oleic, linoleic and lin- 
olenic acids do not,  in fact, compete equally for 
the 2 posit ion and linoleic acid is usually en- 
riched at this posit ion slightly more than oleic 
acid or linolenic acid (2,3). These widely 
accepted generalizations are based on results 
from many plant species and from investi- 
gations conducted in several laboratories. 

Many unusual acids also occur in seed fats 
but the glyceride distribution of  these acids has 
been studied less extensively because it is diffi- 
cult to obtain enough species containing these 

lpresent address: Food and Drug Directorate, 
Department of National Health and Welfare, Ottawa, 
Canada. 

2present address: Department of Biochemistry, 
The University of Edinburgh Medical School, Teviot 
Place, Edinburgh, 8, Scotland. 

3present address: Unilever Research Laboratory 
(Colworth/Welwyn) The Frythe, Welwyn, Herts, 
England. 

acids in widely varying amount.  I t  is, therefore, 
more difficult to arrive at satisfactory generali- 
zations about their intraglyceride distribution. 
At tempts  to do this have been made for hexa- 
dec-9 and 11-enoic acids (3), octadec-6-enoic 
(petroselinic) acid (3), octadeca-6,9,12-trienoic 
(3~-linolenic) acid (3), octadeca-6,9,12,15-tetra- 
enoic acid (3), some conjugated octadeca- 
trienoic acids (3,4), vernolic acid (4-6), dimor- 
phecolic acid (4), coriolic acid (7), lesquerolic 
acid (6), ricinoleic acid (6), and 9-hydroxyocta-  
dec-12-enoic acid (8). We report  here further 
experiments with six seed oils containing 
vernolic acid and 18 seed oils (25 samples) con- 
taining five octadeca-9,11,13 and 8,10,12- 
trienoic acids (eleostearic, punicic, catalpic, 
calendic, j acaric). 

EXPERIMENTAL PROCEDURES 

All solvents were distilled before use. Petro- 
leum refers to the fraction boiling between 
40 C and 60 C. 

Thin layer chromatography (TLC) was 
carried out on thin layers of silica (0.3 mm for 
analytical purposes, 1.0 mm for preparative 

9clltl3c 9clltl3t 9t t I ~ 9tlltl3t 

4"17 4"-f 4T 4T  4T  

FIG. 1. NMR spectra of M. balsamina seed oil 
(9cllt13c), M. charantia seed oil (9cll t l3t) ,  C. 
speciosa seed oil (9tl lt13c), C. officinalis (8tlOtl2c), 
and ~-eleostearic acid (9tl l t l3t) .  
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VERNOLIC AND OCTADECATRIENOIC ACIDS 

TABLE 1 

Vernolic Acid-Containing Giycerides 
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Species Family V a x3b x 2 v b  xv2b  v3b X 2 V C  XV2C 

Cephalocroton peuschelli (Cp) 
Cephalocroton cordofanus (Cc) 
Crepis aurea (Ca) d 
Euphorbia la~ascae 
Crepis aurea u 
Crepis vesicaria (Cv) 
Cephalaria /oppica~Cj) 
Cephalaria ]oppica u 
Cephalaria leucantha (CI) 

Euphorbiaceae 72 3 14 43 40 35 79 
Euphorbiaceae 67 4 18 44 34 39 77 
Compositae 60 9 18 59 14 56 96 
Euphorbiaceae 58 l0 15 56 19 20 92 
Compositae 54 13 18 59 l 0 57 94 
Compositae 52 14- 15 60 l 1 54 96 
Dipsacaceae 36 31 38 25 6 e 50 gl 
Dipsacaceae 27 37 40 22 0 57 94 
Dipsacaceae 19 5 $ 32 10 3 e 51 75 

aContent (mole %) of vernolic acid in seed oil. 
bContent (mole %) of glycerides containing 0,1,2 and 3 epoxyacyi chains (V, vernolic acid; X, all other 

acids). 
CContent (mole %) of 2-monovernolin in the 2-monoglycerides resulting from lipolysis of these fractions. 
dResult taken from Reference 5. 
eThese values are too high since the extracted glycerides contain less than 100% of vernolic acid (see Table 

Ill). 

purposes)  conta in ing,  where  necessary,  15% of  
silver ni t rate .  C o m p o u n d s  were made visible by 
spraying wi th  an e thanol ic  solut ion (0.2%) of  
2 ,7-d ichlorof luoroscein  and viewing under  UV 
light. 

A Pye 104 was used for  mos t  o f  the  gas 
liquid c h r o m a t o g r a p h y  (GLC). Columns  were 
packed wi th  Gas Chrom Z (70-80 mesh)  coa ted  
wi th  20% d ie thy lene  glycol succinate  and 
opera ted  at 190 C. 

UV spectra  were recorded  in me thano l  
solut ion on a Unicam SP 700 and NMR spectra  
were recorded  in carbon te t rachlor ide  solut ion 
using a Perkin-Elmer  R I 0  spec t rome te r  (60 
Mc/sec).  

Examination of Seed Oils Containing Vemolic Acid 

Triglyceride Isolat ion and Separat ion.  Seeds 
were ground in a mor ta r  under  pe t ro leum and 
ex t rac ted  wi th  this solvent in a Soxhle t .  

Triglycerides ( " 2 0 0 m g )  were separated in to  
five f ract ions  by preparat ive TLC (10 plates) 
using pe t ro leum-e the r  (3:1)  and the separated 
f r a c t i o n s  recovered f rom the  silica by 
ex t rac t ion  wi th  e the r  in a Soxhle t .  

The n o n e p o x y  and m o n o e p o x y  glycerides 
( " 6  mg) were each separated fu r ther  by prepar- 
ative silver ion ch roma tog raphy  using benzene-  
e ther  (9:1 and 3: 1, respectively) .  The separated 
glycerides were recovered f rom the  silica by 
stirring wi th  me thano l -e the r -wa te r  (5:5:  1) and 
me thy l  hep t adecanoa t e  was then  added as inter-  
nal s tandard  (9). The mixture  was ex t rac ted  
wi th  e ther  and the  p roduc t  t ransester i f ied for 
GLC examina t ion .  A cor rec t ion  fac tor  (1.26) 
was used wi th  the peak due  to  me thy l  verno- 
late. 

Methyl  esters  were prepared  f rom the  whole  
oil or f rom separa ted  glycerides ("~5 m g ) b y  
react ion at r o o m  tempera tu re  overnight  wi th  

TABLE I1 

Enrichment Factors of Oieic, Linoleic and Vernolic Acids in the 
X3, X2V and XV 2 Glyceride Fractions a 

X 3 X2V XV 2 

Species O I Lin O l Lin V O l Lin V 

Cp b 1.2 1.4 1.3 1.I 1.1 0.9 0.8 1.2 
Cc 1.2 1.4 1.2 l.O 1.2 0.9 0.9 l . l  
Ca l . l  1.6 0.5 l . l  1.7 0.l 0.2 1.5 

1.0 1.4 0.6 0.9 1.6 0.2 0.1 1.4 
1.2 1.6 1.2 1.4 1.5 1.0 1.3 1.3 

CI 1.5 1.7 1.1 1.4 1.6 1.1 1.4 1.3 

aEnrichment factor: Content of acid in the 2-monoglycerides/Content of the same acid in the 
triglycerides. 

bAbbreviations detailed in Table 1. 
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VERNOLIC AND OCTADECATRIENOIC ACIDS 

TABLE IV 

Glyceride Composition of X 3 and X2V Fractions Determined by Silver Ion Chromatography 
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X 3 Glycerides 001 a 011 002 111 012 112 022 122 222 

Cp b (2.8%) c 6 7 11 6 20 13 
8 9 9 4 19 12 

Cc (3.8%) 6 9 9 7 21 10 
Cj (28.8%) 5 9 9 2 28 10 
CI (53.5%) 9 8 19 3 19 6 

X2V Glycerides 0OV a 01V 11V 02V 12V 22V 

Cp b (13.6%) c 1 13 12 26 26 22 
1 12 10 26 28 23 

Cc (16.7%) 1 10 9 28 26 26 
Cj (35.4%) 19 21 7 30 14 9 
CI (30.7%) 17 23 8 31 12 9 

19 13 5 
20 12 7 
18 12 8 
24 8 5 
21 10 5 

aThese symbols indicate the three acyl chains in the glyceride (0, saturated; 1, 
V, vernolic) and include all possible isomers. 

bAbbreviations detailed in Table L 
Cproportion of the total oil contained in this fraction. 

monoethenoid; 2, diethenoid; 

anhydrous  me thano l i c  sod ium m e t h o x i d e  (5 
ml,  0.05%) and recovered  w i t h o u t  acidif icat ion 
of  the  reac t ion  mix ture .  

Lipolysis.  TRIS buf fe r  was made  by  dis- 
solving t r i h y d r o x y m e t h y l a m i n o m e t h a n e  (12.11 
g) in disti l led water  (20 ml),  t i t ra t ing this  w i th  
1 M hydroch lo r i c  acid to  pH 8.0, and dilut ing 
to  100 ml w i th  water .  Pancreat ic  lipase (15 mg) 
which  had  been  puri f ied by  ex t rac t ion  wi th  ace- 
tone ,  was dispersed in TRIS  buf fe r  (10 ml) and  
an a l iquot  (1 ml) of  this was added  to  the  tri- 
glyceride (5 mg) in a centr i fuge tube.  Calcium 
chloride so lu t ion  (2.2%, 0.I  ml) and bile salt 
solut ion (0.05%, 0.3 ml) were also quickly 
added.  Af t e r  keeping the  mix tu re  at 40 C for  1 
min it was s t i r red at this t e m p e r a t u r e  for  8 min.  

The reac t ion  mix tu re  was t h e n  poured  in to  
water ,  ex t r ac ted  wi th  e ther ,  and the  2-monogly-  
cerides isolated by  preparat ive TLC wi th  chlo-  
ro fo rm-ace tone -0 .880  ammo n i a  (80 :20 :1 ) .  

Examination of Seed Oils Containing 
Conjugated Acids 

Triglyceride Isolation. The  seeds (full names  
are given in Tables I and VI)  were  ground  in a 
mor t a r  unde r  pe t ro leum wi th  six d i f fe ren t  
por t ions  of  solvent  which  was subsequen t ly  
r emoved  f r o m  the  f i l tered so lu t ion  at r o o m  
tempera tu re .  I f  TLC (pe t ro leum-e ther ,  4 :1)  
showed  the  presence  of  part ial  glycerides and 
free acids, neut ra l  t r iglycerides were  isolated by  
c o l u m n  c h r o m a t o g r a p h y  (10) or TLC. 

TABLE V 

Component Acids (mole %) of Triglycerides Before Lipolysis and of 
Unreacted Trigiycerides Recovered After Lipolysis a 

16:0 18:0 18:1 18:2 18:3 b 

C. macrosiphon (9cl 1 t130 
Original 5 3 5 35 52 
Re covered 4 3 4 34 53 

T. anguina (9c 11 t l  3c) 
Original 6 5 13 20 56 
Recovered 6 5 13 20 55 

C. ovata (9 t l l t l 3c )  
Original 3 3 8 38 44 
Recovered 3 2 8 39 45 

T. h yoseroides (St10t12c) 
Original 5 3 8 41 40 
Recovered 5 3 8 42 39 

aSimilar results were obtained with all the oils examined. 
bThis refers to conjugated octadecatrienoic acids; minor unsaturated acids are omitted. 
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VERNOLIC AND OCTADECATRIENOIC ACIDS 

TABLE VII 

Component Acid (mole %) of Triglycerides and 2-Monoglycerides Resulting From 
Lipase Hydrolysis of Seed Oils Containing Conjugated Dienoic, Trienoic and Tetraenoic Acids 
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16:0 18:0 18:1 18:2 18:2 a 18:3 a 18:4 a 

Parinarium laurinum 
(Chrysobalaneae) 
Triglyceride 3.4 3.9 
2-Monoglyceride 1.5 0.9 
Enrichment factor . . . . . .  

Impaffens gladuligera 
(Balsaminaceae) 
Triglyceride 8.8 11.8 
2-Monoglyceride 3.0 9.4 
Enrichment factor 0.3 0.8 

1.9 1.8 17.8 b 30.3 c 40.9 d 
2.6 3.5 28.2 32.8 30.5 
. . . . . .  1.6 1.1 0.7 

14.7 29.8 10.3 b 6.6 b 17.4 d 
16.5 43.1 10.8 5.4 11.0 

1.1 1.4 1.0 0.8 0.6 

aThese acids have conjugated unsaturation. 
bDetailed structure not known. 
CEleostearic acid (9e 11 t 130. 
dparinaric acid (9cl 1 tl 3tl 5c). 

Extraction and purification was carried out on 
the same day as the glycerides were required for 
analysis. 

Lipolysis and Separation and Analysis o f  
Glycerides. The glycerides (400 mg) were sub- 
ject to lipolysis as described by Desnuelle and 
Savary (11) and Coleman (12). After 4-5 min 
the lipolysis mixture was acidified and 
extracted with ether. 

Aliquots of the lipolysis product ( "30  mg) 
were placed on a TLC plate and developed with 
chloroform-acetone-0.880 ammonia (80:20:1) 
[a mixture of ether-petroleum (15:85 was used 
as developing solvent to isolate unreacted trigly- 
cerides]. The separated components were 
extracted from the silica with ether (six 
extractions) and converted to methyl esters by 
reaction with sodium methoxide (13) in a nitro- 
gen atmosphere at room temperature for 2 hr. 

The methyl esters were examined by GLC 
and, in some cases, by UV spectroscopy also. 
These two procedures gave similar results for 
the proportion of conjugated octadecatri- 
enoates and the following examples are typical: 
tung (Aleurites montana), 69.0% by GLC and 
70.5% by [IV spectroscopy; M. charantia, 
61.2% and 59.5%; C. ruber, 52.3% and 48.0%; 
C. ovata, 40.6% and 40.2%; C. bignonoides, 
40.1% and 40.0%. The GLC procedure which 
was necessary for the nonconjugated compo- 
nents of the mixtures was thus used for the 
conjugated esters also. 

NMR Spectra. The examination of a number  
of the oils available to us and, in some cases, of 
the isolated conjugated octadecatrienoic acids, 
along with /3-eleostearic acid formed through 
isomerization of the a-isomer in tung oil, 
showed that there was a marked difference in 

the signals produced by the six olefinic protons 
(Fig. 1). All gave complex signals with the most 
intense signal at 4.1r for the all trans isomer 
( 9 t l l t l 3 t ) ,  at 3.8r for ttc isomers ( 9 c l l t l 3 t ;  
9 t l l t l 3c ;  and 8tlOtl2c), and at 3.7r for a ctc 
isomer (9c 11 t 13c). 

RESULTS AND DISCUSSION 

Vernolic Acid 

The proportion of glycerides containing 
three, two, one and no vernolic acid chain is 
summarized in Table I which contains our 
results along with those previously reported by 
Tallent et al. (5). Our separations were effected 
by TLC and theirs by column chromatography 
but the results are in general agreement. The 
figures do not,  in general, agree with values cal- 
culated according to a 1,2,3-random or to a 
1,3-random-2-random distribution pattern as 
already reported by Tallent et al. (5). 

The present lipolysis studies of the mono- 
and divernolin fractions confirm and extend the 
earlier results (5). The 2-monoglycerides 
resulting from lipase-catalyzed deacylation are 
generally enriched in vernolic acid both in the 
monovernolins (mainly 50-75% compared with 
33% in the triglycerides) and the divernolins 
(75-96% compared with 67% in the trigly- 
cerides). In the divernolins from E. lagascae, C. 
aurea, C. vesicaria, and C. ]oppica the 2 position 
is acylated almost entirely by vernolic acid 
(92-96%). Tallent et al. (5) have already drawn 
attention to the unusually low concentration of 
vernolic acid (20%) in the 2-monoglycerides 
from E. lagascae monovernolins. Our results 
with two other species of the Euphorbiaceae 
family, both with high proportions of vernolic 
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acid (58-72%), give values for vernolic acid in 
the 2-monoglycerides from the monovernolins 
which are a little higher (35% and 39%), but  
not  markedly above the random value (33%). 

In Table II we summarize the enrichment 
factors (14,15) for oleic, linoleic and vernolic 
acid in the X3, X2V and XV2 glyceride frac- 
tions (V, vernolic acid; X, any other acid). The 
factors for oleic and linoleic acid are generally a 
little lower in the X2V and XV 2 glycerides than 
in those glycerides with no vernolic acid but  in 
the divernolins from C. aurea and C. vesicaria 
these values are exceptionally low. These results 
again indicate that  vernolic acid competes suc- 
cessfully with oleic and linoleic acid for the C 2 
position. Full  results are given in Table III. 

Some of the X 3 and X2V giyceride fractions 
have also been examined by silver ion thin layer 
chromatography (9) and the results are given in 
Table IV. Both fractions from C. peuschelli 
were analyzed twice and all values are quoted 
to show the reproducibil i ty of the results. 

Conjugated Octadecatrienoic Acids 

It  has been possible to examine 18 species 
(25 samples) whose seed oils contain, between 
them, the five known conjugated octadeca- 
trienoic acids. When these oils are hydrolyzed 
in the presence of pancreatic lipase, reaction 
occurs as quickly as with oils as typical  as cot- 
tonseed oil. Since, in addition, unchanged tri- 
glycerides had virtually the same composit ion 
as the original oils, lipolysis occured with no 
undesirable selectivity arising from the unusual 
acid present. Some typical  results are given in 
Table V. The propor t ion of conjugated ester 
can be determined by  UV spectroscopy or by 
GLC. In the latter,  some isomerization 
probably occurs on the column but  the total  
area of peaks for conjugated octadecatrienoates 
is easily measured. These two methods gave 
similar values in some test cases and we find the 
GLC method simpler. 

I t  is possible to distinguish ctt  or ttc isomers 
(eleostearic, catalpic, calendic) from ctc isomers 
(punicic, jacaric) and both  of these from t t t  
isomers by NMR spectroscopy (see Fig. 1). We 
therefore examined each oil and found results 
consistent with the structures proposed for the 
acid present in each oil (references are included 
in Table VI). Isomeric conjugated acids could 
be detected by this means at a 10% level and we 
found our sample of V. officinalis to contain 
10-15% of the all trans isomer. This was also 
apparent in several old samples of seed oils con- 
taining conjugated acids (not used in this 
investigation) and probably arises from degrada- 
t i re  changes in storage. I t  should not  affect the 
results of lipolysis. 

The results of this investigation are given in 
Table VI. Different samples of some species 
were examined but  these gave consistent results 
and in the following discussion we refer to the 
number of species examined rather than to the 
number of  samples. The discussion is conducted 
in terms of the enrichment factors listed in 
Table VI. Low values indicate that the acid in 
question is concentrated at C1 or C3 or both  
rather than C2. A value of  1.0 signifies ran.dom 
distr ibution of the acid in question, values 
greater than 1.0 indicate a preference for the 
C 2 position. In assessing the significance of the 
enrichment factor, account must be taken of  
the total  proport ion of the acid and the nature 
of the other  acids also present. 

Catalpic acid (9t 11 t 13c) gives uniformly low 
enrichment factors (0.1-0.4) for the four 
species examined, all belonging to the family 
Bignoniaceae. The single jacaric (8c10t12c) 
acid-bearing species belongs to this same family 
and also has a low enrichment factor (0.2). 
Calendic acid (8 t lO t l2c )  could be examined in 
only two species of Compositae and in both the 
enrichment factor (1.1-1.4) is comparable with 
that  normally observed for oleic and linoleic 
acid. This leaves punicic acid ( 9 c l l t 1 3 c )  and 
eleostearic acid (9c 11 t 13t) for which the results 
are somewhat confusing since both low (0-0.3) 
and high (0.9-1.4) enrichment factors are 
observed. In three species of  Valerianaceae eleo- 
stearic acid has a low enrichment factor but  the 
same acid shows a high enrichment factor in 
one Euphorbiaceae (tung oil) and in two Cucur- 
bitaceae species. Punicic acid shows low factors 
for three Cucurbitaceae species and high factors 
for one Cucurbitaceae and for the single 
Punicaceae species examined. Of the six 
Cucurbitaceae species which we have been able 
to examine, three (containing punicic acid) 
have low enrichment factors. The remainder are 
members of the Momorclica genus and have 
high enrichment factors; two contain eleo- 
stearic acid and one contains punicic acid. 

Table VII shows some interesting results 
w i th  oils containing conjugated dienoic, 
trienoic and tetraenoic acids. In P. laurinum 
where these three acids comprise 89% of  the 
total  there is evidence that  they compete for 
a t tachment  at the C2 position in order of  
dec reas ing  effectiveness: d iene>tr iene>te t -  
raene. The same order is apparent in L glanduli- 
gera (26), but  here oleic and linoleic compete 
even more effectively than the conjugated 
acids. 
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SHORT COMMUNICATION 

Spectrophotometric Determination of Molar Amounts of 
Glycosphingolipids and Ceramide by Hydrolysis and 

Reaction With Trinitrobenzenesulfonic Acid 

ABSTRACT 

Three spectrophotometric procedures 
for determination of chromatographically 
separated glycosphingolipids (cerebroside, 
sulfatide, ganglioside) are described and 
compared. Hydrolysis to release long 
chain base followed by reaction of the 
amino group with trinitrobenzene sul- 
fonic acid (TNBS) and measurement at 
340 m/l was shown to give values in good 
agreement with those obtained by 
reaction of the carbohydrate moiety with 
ot-naphthol or anthrone and measurement 
at 550 and 625 m/a respectively. The 
TNBS method is also applicable to cer- 
amide. 

Glycosphingolipids have been determined by 
weighing or by reaction with a reagent, such as 
anthrone, that produces a color with the carbo- 
hydrate portion of the molecule, and trinitro- 
benzenesulfonic acid (TNBS) has been used pre- 
viously for determination of lipids with free 
amino groups (1). When reacted with different 
amino acids and amines, TNBS yields colored 
derivatives with the same or closely similar 
molar extinction coefficients in contrast to the 
highly variable color yield with ninhydrin. In 

this report we describe a procedure for deter- 
mination of molar amounts of chromato- 
graphically separated glycosphingolipid (cere- 
broside, sulfatide, ceramide polyhexosides, 
gangliosides) and ceramide by hydrolysis, and 
the spectrophotometric determination of long 
chain base with TNBS, which gives values that 
correspond closely to those obtained with the 
anthrone and a-naphthol procedures which are 
also described. 

Lipid (10-120/~g) is heated at 105-120 C for 
90 min in 1.5 ml of methanol-concentrated 
(12 N) hydrochloric acid (9:2 or 8 :3 )o r  boron 
trifluoride in methanol (14 g/100 ml) in a 
screw-capped Teflon-lined tube. After cooling, 
1.5 ml of water is added, and lipid is extracted 
into three portions of chloroform with care to 
obtain complete separation of phases. The 
chloroform solution, in a tube with a Teflon- 
lined screw cap, is evaporated to dryness under 
a stream of nitrogen; 1 ml of 4% aqueous 
sodium bicarbonate and 1 ml of 1% aqueous 
TNBS solution is added, and the mixture is 
incubated in the dark for 1 hr at 40 C. 
Methanolic hydrochloric acid (1 N, 1 m l ) i s  
then added and the solution is extracted three 
times with 2 ml portions of n-hexane, quanti- 
tative extraction being insured by vigorous 
manual shaking (about 200 times) or by use of 
an automatic shaker. The hexane solution is 
evaporated under a stream of nitrogen, 4 ml 

TABLE I 

Comparison of Human Brain Ganglioside Values a Determined 
by the TNBS and Ot-Naphthol Procedures 

Age 

Fetus b 3 Weeks 6 Months 22 Months 8 Years 

O/-Naphthol c 0.132 0.2"77 0.323 0.234 0.244 
TNBS 0.143 0.275 0.337 0.272 0.242 

aGram per 100 g fresh weight. 
bTwenty-five week gestation. 
COptical density was read at 520, 550 and 580 m/~ making possible correction for interfering sub- 

stances. Corrected OD at 550 m/d was obtained by subtracting 50% of the value of the OD difference 
between 520 and 580 m/2 from the OD at 550 m/2. 
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FIG. 1. Optical density values obtained for differ- 
ent amounts of pure cerebroside with the trinitro- 
benzene sulfonic acid procedure. 

95% ethanol is added, and the optical density 
determined at 340 m/a. The amount of glyco- 
lipid is determined by comparison with OD 
values obtained from pure glycolipid standards 
processed in the same way as samples (Fig. 1). 
The same molar color yield is obtained from 
sphingosine, dihydrosphingosine and the o- 
methyl derivatives produced during hydrolysis 
of sphingolipids. 

Recoveries of 98-100% are obtained with the 
method described, and recoveries are not 
changed by the presence of thin layer chro- 
matography (TLC) adsorbent. Spots separated 
by TLC are visualized by spraying with water, 
scraped into tubes, dried in a desiccator and 
processed as described. Low recoveries are 
obtained with several hydrolytic procedures. 
Thus, recoveries for cerebroside after heating at 
105-120C were 17.6% with 3 N  aqueous 
hydrochloric acid (5 hr), 48% with 6 N aqueous 
hydrochloric acid-methanol (1:1, 5 hr), and 
90% with 2 N aqueous sulfuric acid. 

Values obtained by the TNBS procedure 
were found to agree closely with those obtained 
using modified anthrone and a-naphthol pro- 
cedures (Tables I and II). The TNBS procedure 
gives accurate molar values for complex glyco- 
lipids (ceramide polyhexosides, gangliosides) of 

0.3 

0 .~  

0 .1 -  
o 

id0 2do ~o 
CE REBROSIDE (ug) 

FIG. 2. Optical density values obtained for differ- 
ent amounts of pure cerebroside with the anthrone 
procedure. 

unknown structure without use of a pure 
preparation of each lipid as a reference 
standard. Pure reference standards are required 
with the other methods because color yields 
depend upon the type and number of carbo- 
hydrate residues in the molecule. Deter- 
mination with anthrone is as follows. Lipid 
(250 /ag or less) from a column fraction or a 
TLC spot is transferred to a 10-12 ml glass- 
stoppered tube, dried, and 1 ml of N,N-di- 
methylformamide is added. The solvent is then 
warmed gently for about 10 sec for rapid 
Solution of lipid and cooled in an ice bath. A 
stock solution (10 ml) of 2% anthrone in 98% 
reagent grade sulfuric acid (stored at 4 C for 
three weeks or less) is diluted with 90 ml of 
87.5% sulfuric acid, and 4 ml (ice-cold) of this 
reagent is added to the sample. The solution is 
then mixed thoroughly and brought to room 
temperature. Tubes are placed in a boiling 
water bath for exactly 4 min or in a water bath 
at 90 C for 6 min, removed, cooled under 
running tap water, the TLC adsorbent is 
removed by brief centrifugation, and the 
optical density read at 625 m/a using a reagent 
blank and standards of glucose, galactose and/or 
glycolipid run in parallel with samples. 
A straight line passing through the origin is 
obtained with standards (Fig. 2) in contrast to 
the curve obtained with previous anthrone pro- 
cedures. The cuvette must be very clean, other- 
wise the solution becomes turbid. 

Determinations with a-naphthol are per- 
formed by scraping TLC spots (containing no 
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TABLE II 

Comparison of Human Brain Cerebroside Values a 
Obtained by the Anthrone and TNBS Procedures 

Age 

8 Months 6 Years 

TLC, Anthrone b 7.05 12.96 
TLC, TNBS b 6.95 13.12 
DEAE column, 

Anthrone c 6.58 d 13.21 d 

aper cent total lipid. 
bCerebroside separated from other lipids by two- 

dimensional TLC with chloroform-methanol-28% 
aqueous ammonia (65:25:5 followed by chloroform- 
acetone-methanol-acetic acid-water 3:4:1 : 1 : 0.5. 

CCerebroside eluted with chloroform-methanol 
(9:1). 

dVariable values are obtained in the presence of in- 
terfering substances which in this case were phospha- 
tidyl choline and sphingomyelin. 

cont ro l  reading at 550 m/~ obta ined.  The 
solut ion is then  cooled  (10 min) in an ice bath,  
0 .20 ml of  ice-cold 2% aqueous  (x-naphthol 
solut ion (prepared f rom (x-naphthol recrystal-  
l ized f rom hexane-ch loroform)  is added,  the 
tube  contents  mixed  thoroughly ,  cooled  (10 
min)  in an ice bath,  brought  to r o o m  tempera-  
ture  and al lowed to stand for 1 hr. The optical  
densi ty  (550 m/a) is read against a reagent  blank 
prepared with  adsorbent  scraped f rom an area 
of  the  TLC plate free of  glycolipid,  the cont ro l  
reading subtracted,  and the amount  of  glyco- 
lipid de termined  f rom values obta ined  with 
standards run with  each set of  samples. 
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City of  Hope  Medical Center  
Duarte ,  California 91010 

more  than 250 /ag  of  lipid) in to  10-12 ml glass- 
s toppered tubes, drying in a dessicator over 
potassium hydrox ide  pellets, addi t ion of  2.0 ml 
of  d ime thy l fo rmamide ,  warming (10 secs) for 
solut ion of  lipid, cool ing in an ice bath,  
addi t ion of  6 ml of  ice-cold sulfuric acid (98% 
sulfuric acid-water 9:1 v/v),  mixing,  cooling 
again in the  ice bath,  and then  bringing to r o o m  
tempera ture .  The  stoppers are then  removed 
f rom the tubes,  the  solut ion heated  for  exact ly  
5 min,  cooled  quickly  to r o o m  tempera ture ,  
TLC adsorbent  removed by centr i fugat ion,  4 
ml of  the solut ion t ransferred to a cuvet te  and a 
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Association of Phospholipid-Cholesterol Micelles With Rat 
Heart Mitochondria: Stimulators and Inhibitors 
M I L A D A  D O B I A S O V A  and J A R O S L A V  L I N H A R T ,  Isotope Laboratory  of  the 
Inst i tutes fo r  Biological Research, Czechoslovak Academy of Sciences, Prague, Czechoslovakia 

ABSTRACT 

The uptake of emulsified labeled lipids 
by  rat heart mitochondria was studied. 
Divalent cations greatly stimulated up- 
take of cholesterol in emulsions con- 
taining phospholipids; the effect 
increased with increasing atomic number. 
Epinephrine and norepinephrine were 
also stimulatory. Lipid-depleted mito- 
chondria were less effective in taking up 
cholesterol unless lecithin or serum lipids 
were included in the emulsion. Addit ion 
of iodoacetamide did not  inhibit uptake,  
while use of heated mitochondria or 
extremes of pH augmented lipid uptake. 
Thus the Process appears to be non- 
enzymat ic .  While lecithin emulsions 
showed no visible change on addit ion of 
calcium ions, phosphatidylethanolamine 
emulsions became turbid and the tur- 
bidi ty was largely removed by addit ion of  
heparin. Heparin as well as chondroitin 
sulfate B and nonionic detergent did 
inhibit  lipid uptake by mitochondria.  The 
possible role of such nonenzymatic  lipid 
uptake in membrane formation and cho- 
lesterol accumulation is discussed. 

INTRODUCTION 

As recently reported (1), brain myelin and 
mitochondria  can take up emulsified lipids 
(cerebroside, lecithin, and lecithin-cholesterol 
mixtures) by a nonenzymatic  process. The 

uptake is greatly increased by divalent cations 
and reduced by partial delipidation of the mem- 
brane. The suggestion was offered that the 
uptake process may be similar to the process by 
which membranes are made in vivo. Rodbell  (2) 
has found a similar uptake of  triglycerides by 
adipose tissue and Borgstrom (3) has indicated 
that  the uptake of  lipids by intestinal wall is a 
nonenzymatic  process depending on the lipid 
concentration in the adjacent medium. Much 
recent work on the self-assembly of membranes 
and restoration of enzyme activity within mem- 
branes has shown that significant combination 
of lipids with membrane components is non- 
enzymatic and does not require a chemical 
energy source (4-6). 

This paper presents a further investigation of 
factors influencing lipid uptake by membranes. 
Cholesterol emulsions containing detergent, 
lecithin (PC), phosphatidylethanolamine (PE), 
or serum lipids were examined for uptake by 
native and lipid-depleted mitochondria.  Stimu- 
lation of uptake was observed in the presence 
of Ca ++, Mg ++, Cd ++ and Hg ++, epinephrine 
and norepinephrine, while heparin, chondroitin 
sulfate B, and a nonionic detergent were found 
to inhibit uptake. 

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

Materials 

32p-labeled PC (0.3 mc/mmole)  and PE (0.6 
mc/mmole) were prepared by a modification of 
a biosynthetic procedure (7,8). Nonradioactive 

-~ CHOLESTEROL-G- PE-CHOLESTEROL PC- CHOLESTEROL SERUM LIPID-  
2159 CHOLESTEROL 

- 40 

/ /  

"6 50 / /  

~ 20 - - / /  / /  / /  Q. 

LD N LD N LD N LD N 

FIG. 1. Uptake of lipids by native (N) and lipid-depleted (LD) rat heart mitochondda, and the 
effects of added calcium. Medium contains I m g  of  mitochondnal protein in 1 ml and 0.3 m[ of 
radioactive emulsion, as indicated. Shaded bars show effect of 4/m~oles Ca ++ 
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FIG. 2. Effect of Ca ++ concentration on uptake of 
labeled PC-cholesterol or PE-cholesterol emulsions. 
Conditions as in Figure 1. 
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FIG. 3. Comparison of heavy metal cations with 
Ca ++ on uptake of cholesterol microemulsions. Condi- 
tions as in Figure 1. 

PC and PE were isolated from rat liver using the 
same procedure as for labeled compounds. All 
phospholipid preparations and cholesterol were 
tested by TLC and radioautography and were 
found pure. 4-]4C-Cholesterol (30 mc/mmole) 
was obtained from the Radiochemical Center, 
Amersham and 1-norepinephrine d-bitartrate, 
epinephrine hydrochloride, heparin (5,000 
U.I./ml), and chondroitin sulfate B were 
products of Spofa, CSSR. The detergent 
G-2159 (a polyoxyethylene stearate, now called 
MYRJ 59) was purchased from Atlas Chemical 
Industries, Wilmington, Delaware. Chondroitin 
sulfate A and hyaluronic acid were from Koch- 
Light Laboratories Ltd., England. Divalent 
cations were added as their chlorides. 

Lipid rnicroemulsions were prepared by 
ultrasonication of a lipid-water suspension in an 
ice bath with an MSE Model 60W ultrasonic 
disintegrator for 15 min. The lipids and deter- 
gent, when used, were evaporated from chloro- 
form solution prior to addition of the water. 
Four emulsions were used: (a) 10/~g cholesterol 
+ 1 mg detergent; (b) 10/Jg cholesterol + 40/ag 
detergent + 200/~g PC; (c) 10/ag cholesterol + 
40 ~g detergent + 200 /.tg PE; and (d) 266 /~g 
human serum lipids, estimated (9) to cor/tain 
26/~g cholesterol, 100/lg cholesteryl esters, 40 
/ag triglycerides, and lO0 btg: phospholipids (5/~g 
of 32PE or 10 /.tg of 32PC were added). The 
weights refer to the amounts present per 0.3 ml 
emulsion. Incubated samples contained about 
20,000 cpm of 14C-cholesterol (ca. 0.25 ~g), 
10,000 cpm of 32P-PC (10-15 /.tg) or 32p-PE 
(5-10/ag). 

Mitochondria 

A 10% homogenate of rat heart in 0.25 M 

sucrose containing 10 mM Tris (pH 7.4) was 
filtered through cheese cloth and centrifuged 
twice (at 0-4 C) for 5 min at 750 x g in a refrig- 
erated Janetzki centrifuge. The supernatant 
liquid was then centrifuged twice at 10,000 x g 
for 10 min, suspending the pellet each time in 
Tris-sucrose. Lipid-depleted mitochondria were 
prepared with cold 85% acetone (I0).  The 
treatment removed 80-85% of the phospho- 
lipids. 

Methods 

Mitochondrial protein was determined by 
the Lowry procedure (11), lipid phosphorus by 
a combustion method (12-14). Radioactivity 
was determined in toluene containing PPO and 
POPOP and using a Mark I liquid scintillation 
counter (Nuclear Chicago, Des Plains, Ill.). 
Densitometric determinations were made with a 
Model 1100M Eppendorf recording photometer 
(Eppendorf Ger~ebau,  Netheler & Hinz 
GMBH, Hamburg). 

Incubation Conditions 

Emulsion (0.3 ml) was placed in strong 
walled test tubes, salt or other solution (0.05 
ml or less) were added, and then 1 ml of mito- 
chondrial suspension was added. The mitochon- 
drial suspension contained 1 mg of protein or 
an integral multiple of this. Following gentle 
shaking at 37 C, usually for 15 min, 4 ml of 
cold sucrose-Tris were added and the mito- 
chondria were centrifuged 30 min at 4,500 x g. 
The particles were resuspended in 4 ml of 
sucrose-Tris and again centrifuged. The washed 
pellets were suspended in 1 ml of water, 4 ml of 
chloroform-methanol (2:1 v/v) was added, and 
the extraction carried out by agitation for I 
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min. After centrifugation at low speed, the 
chloroform layer was evaporated to dryness in 
scintillation vials and the radioactivity deter- 
mined. 

RESULTS 

Composition of Emulsions Taken up by Mitochondria 

When doubly-labeled emulsions were used 
(14C-cholesterol and 3~P-lipids), it was found 
that the isotopic ratio in the mitochondria was 
the same as that in the initial emulsion. The 
presence of stimulating materials (Fig. 1-4) and 
the time of sampling (after 5, 10 or 15 min of 
incubation) did not affect this ratio. Thus, it is 
evident that mixed lipid micelles were taken up 
by the membrane as a whole, without preferen- 
tial uptake of one of the components. This is in 
agreement with our previous findings that 
cerebroside-lecithin micelles (in certain ratios) 
were taken up similarly by myelin and brain 
mitochondria (1). 

Effect of Ca ++ on Uptake by Native and 
Depleted Mitochondria 

Ca ++ ions have a marked stimulatory effect 
on the uptake of labeled cholesterol when the 
micelle includes phospholipid, but not when 
only detergent is present (Fig. 1). Emulsions 
containing detergent alone or PE plus detergent 
were taken up to a somewhat lesser extent by 
lipid-depleted mitochondria, but the presence 
of lecithin or serum lipids made the uptake 
normal. The capacity of depleted membranes to 
take up cholesterol was in large part restored by 
preincubating the delipidated mitochondria (1 
mg protein) with 0.5 mg of a lecithin dispersion 
and 4 /~moles Ca ++, or with emulsified serum 
lipids and 3 /~moles Ca ++. When the treated, 
presumably relipidated mitochondria were 
washed twice to remove excess lipid and then 
incubated with cholesterol-detergent emulsion, 
the uptake was 9.7% as contrasted with 5% for 
depleted mitochondria. Thus, an important 
factor for the association of cholesterol with 
the mitochondrial membrane is apparently the 
amount of lipid present in the membrane. This 
point may be related to the observation (Fig. 1) 
that cholesterol-serum emulsions were taken up 
more completely than the other emulsions. 
However, the total weight of lipid in the former 
incubations was somewhat higher. 

Increasing the amount of Ca ++ in the 
medium (Fig. 2) further emphasizes differences 
between micelles containing PC and PE, with 
respect to the uptake by delipidated mito- 
chondria. Inclusion of PE and detergent in the 
cholesterol micelles results in much greater up- 
take by normal mitochondria than the inclusion 
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FIG. 5. Turbidity of micellar PE as affected by 
Ca ++, Mg ++, and hepafin. Absorption cells contained 
1 ml of microemulsified PE (0.7 mg). At zero time 8 
//moles of Ca ++ or 12/Jmoles of Mg § were added and 
at time of maximal turbidity 0.3 mg heparin in 0.1 ml 
was added. 

of  PC; w i th  l ip id-deple ted  m i t o c h o n d r i a ,  how- 
ever, t he  effect  is s o m e w h a t  less, especial ly at 
h igher  Ca ++ levels. A similar ef fec t  was f o u n d  
w i th  Cd ++ and  Hg ++ ions (see be low) .  

Comparison of Ca ++, Mg ++, Cd ++ and Hg ++ Ions 

The  af f in i ty  of  labeled  choles te ro l  micelles 
to  m e m b r a n e s  increases  w i th  a t o m i c  n u m b e r  of  
the  ca t ion  in the  m e d i u m  (Fig. 3). T he  effect  
was seen w i th  b o t h  PC and  serum lipid emul-  
sions,  a l t h o u g h  Cd ++ was more  effect ive  w i th  
the  l a t t e r  t h a n  w i th  the  former .  

Table  I shows the  u p t a k e  of  cho les te ro l  in  
d e t e r g e n t  a lone  is less a f fec ted  by  these  cat ions .  
The  s t imu la to ry  ef fec t  of  Cd ++ and  Hg ++ wi th  
PC and  serum emuls ions  is observed  again in 
this  e x p e r i m e n t ,  b u t  the  s t imu la t i on  is even 
grea te r  wi th  de l ip ida ted  m i t o c h o n d r i a .  T he  PE 
emuls ions ,  in cont ras t ,  show a reverse r eac t ion  
to  Cd ++ and  Hg ++ wi th  dep le ted  m e m b r a n e s ,  

TABLE II 

Competitive Effect of Ca ++ on Phospholipid 
Uptake Stimulated by Hg ++ 

Uptake 
Microemuision % 

PC-cholesterol 2.8 
PC-cholesterol + Hg ++ 80.0 
PC-cholesterol + Hg ++ + Ca ++ 21.2 

PE-cholesterol 3.4 
PE-cholesterol + Hg ++ 85.2 
PE-cholesterol + Hg ++ + Ca ++ 50.1 

aOne milliliter suspension of normal mitochondria 
(1 mg protein), 0.3 ml microemulsion (labeled 14C- 
cholesterol); 1 #mole Hg ++, 2 #moles Ca ++ incubated 
15 min at 37 C. 

a l t h o u g h  these  ions are still more  ef fec t ive  t h a n  
Ca ++ or  Mg ++. 

A compe t i t i ve  ef fec t  of  Ca ++ on  the  u p t a k e  
s t i mu la t i on  by  Hg ++ could  be d e m o n s t r a t e d  
(Tab le  II). High u p t a k e  of  PC-choles tero l  and  
PE-choles te ro l  micelles by  nat ive m i t o c h o n d r i a  
i nduced  by  Hg ++, was cons iderab ly  r educed ,  if  
Ca ++ in add i t i on  to Hg ++ was present .  

Effect of Addit ional  Factors 

With  n o r m a l  m i t o c h o n d r i a  n o r e p i n e p h r i n e  
increased  the  u p t a k e  of  choles te ro l  micelles 
con ta in ing  phospho l ip id s  b u t  no t  t hose  con-  
t a in ing  de te rgen t  a lone  (Fig. 4). As w i t h  Ca ++ , 
se rum lipids p roved  m o s t  effect ive and  PE 
s o m e w h a t  less so. E p i n e p h r i n e  was sl ightly less 
effect ive  t h a n  n o r e p i n e p h r i n e .  The s t imu la to ry  
ef fec t  is no t  l ikely to have physiological  signifi- 
cance  because  of  the  h igh  c o n c e n t r a t i o n s  
requi red .  

Di sod ium E D T A  (1 mM)  did n o t  depress  
Ca ++ s t imu la t ed  u p t a k e  b u t ,  on  the  con t r a ry ,  
i tself  s t imu la t ed  u p t a k e  in all cases s tud ied  to  
a b o u t  twice  the  n o r m a l  value  wi th  Ca ++ a lone.  
A similar  ef fec t  of  E D T A  has  been  descr ibed  
for  the  b ind ing  of  t e t r acyc l ine  to col lagen (15) .  

Hea t ing  m i t o c h o n d r i a  for  15 min  at 90  C 
increased  the  a f f in i ty  of  the  m e m b r a n e  
a l t h o u g h  metal l ic  ca t ions  were  still s t imu la to ry .  
A similar  ef fec t  had  b e e n  seen wi th  ce rebros ide  
u p t a k e  (1).  Perhaps  hea t ing  exposes  add i t i ona l  
b ind ing  sites. 

A similar s t imu la t i on  was seen in a s t u d y  of  
the  e f fec t  of  pH o n  u p t a k e  of  se rum lipids,  
labeled  wi th  cho les te ro l  and  PC. At  pH 7.4,  in  
the  absence  of  ca t ions ,  the  PC-choles te ro l  
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uptake was 5.8%; at pH 4.5 it was 88.3% and at 
pH 10.0 it was 21.6%. .~ 

Iodoacetamide and puromycin had no effect 
e ~  

on lipid uptake, but heparin, chondroitin .~ 
sulfate B and nonionic detergent, G-2159 were 
inhibitory with all emulsions containing phos- 
pholipids (Table III). All three substances sup- = 
press the stimulatory effect not only of metallic o 
cations but also of epinephrine, norepinephrine 
and EDTA. However, chondroitin sulfate A and 
hyaluronic acid, in the same concentration (500 
pg in medium) had no effect. 

In a more detailed examination of the muco- 
polysaccharides (Table IV), we found 
chondroitin sulfata A to be much less inhibi- 
tory than the B form. Hyaluronic acid, which 
does not contain sulfate groups, enhanced lipid ++ 
uptake at higher levels. 

r 

O 

The Clearing Effect of Heparin 

Even though heparin inhibited lipid uptake ~. 
regardless of which stimulator was used (Table 
III), it appears that different mechanisms were 
involved in the effects. When Ca ++ and Mg ++ 
were added to PE dispersions, slight turbidity 
was induced (Fig. 5). This turbid suspension did 
not yield any sediment after centrifugation for 
30 min at 4,500 x g. Addition of heparin ~ 
quickly produced almost complete clarification. ~ = + 
On the other hand, Hg ++, Cd ++, epinephrine, r ~ + 
and norepinephrine had no effect on the <~ ~ ~ 
turbidity of the emulsion, o o 

Like PE emulsions, serum lipid emulsions ~ 
also become turbid with addition of Ca++; but 
added heparin did not clear the suspension. In 
contrast, PC emulsions were not made turbid 
by any of the cations used in this study. 

Stability of the Lipid-Membrane Association 

Mitochondria which had taken up labeled 
serum lipids were incubated with unlabeled 
serum lipid emulsion, Ca ++, heparin, G-2159, 
or distilled water. After washing the particles in + 
the usual way, we determined the protein and 
radioactivity content in the pellets or repeated 
the incubation and washing (Table V). Progres- o 
sive loss of mitochondrial protein was seen in 
all incubations with the greatest loss in the ~' 
presence of heparin or detergent. Calcium ions 
prevented loss of labeled lipid, except for a 12% 
loss in the second incubation with unlabeled 
lipids. Heparin and detergent caused appreci- 
able loss of lipid. In all cases, protein content 
decreased more rapidly than lipid content as 
measured by radioactivity. As shown with brain 
mitochondria (1), PE was lost into the medium 
more rapidly than PC. 

The physicochemical processes leading to 
the binding or absorption of lipids to subcellu- 
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TABLE IV 

Effect of  Heparin, Chondroit in Sulfate B, Chondroit in Sulfate and 
Hyaluronic Acid on the Uptake of PC-Cholesterol and Serum Lipid-Cholesterol 

Micelles by Normal Mitochondria a 

Uptake of  PC- Uptake of serum lipid- 
14C_cholestero 1 14C_cholestero 1 

Substance /,/g % % 

None 11.1 35.0 

Heparin 250 7.2 34.0 
500 6.5 10.6 

1 ,000  4.1 13.6 

Chondroi t in  250 6.5 28.4 
sulfate B 500 5.4 

1,000 6.8 15.0 

Chondroi t in  250 11.1 38.1 
sulfate A 500 10.2 

1,000 9.4 35.4 

Hyaluronic 250 8.2 32.8 
acid 500 11.0 39.9 

t , 000  18.1 47 .5  

aOne milliliter mitochondriat  suspension (1 mg protein), 0.3 ml microemulsion,  4 #moles  
of  Ca++; other  substances added and incubated 15 min at 37 C. 

lar  p a r t i c l e s  are  c o m p l e x  a n d  h a v e  h a d  l i m i t e d  
s t u d y .  Y e t  it  a p p e a r s  t h a t  t h e y  are  o f  f u n d a -  
m e n t a l  p h y s i o l o g i c a l  i m p o r t a n c e .  F l e i s c h e r  e t  
al. ( 1 6 )  w e r e  t h e  f i r s t  t o  r e a s s o c i a t e  p h o s p h o -  
l ip id  t o  l ip id  d e f i c i e n t  l i p o p r o t e i n s  a n d  t h e r e b y  
r e a c t i v a t e  s o m e  e n z y m e  s y s t e m s .  T h e y  c o n -  
c l u d e d  t h a t  t h e r e  a re  t w o  t y p e s  o f  b i n d i n g  
b e t w e e n  p h o s p h o l i p i d s  a n d  t h e  p r o t e i n  m a t r i x :  
(a)  a n  i o n i c  b o n d  b e t w e e n  ba s i c  p r o t e i n s  s u c h  
as  c y t o c h r o m e  c a n d  ac id  p h o s p h o l i p i d s  a n d  (b )  

a n  a p o l a r  i n t e r a c t i o n  o f  s t r u c t u r a l  p r o t e i n s  w i t h  
e s s e n t i a l l y  all p h o s p h o l i p i d s .  T h e  u p t a k e  p h e -  
n o m e n a  in  o u r  s t u d y  s e e m  to  i nvo lve  o n l y  t h e  
l a t t e r  t y p e  o f  b i n d i n g ,  s i nce  t h e  l ip ids  u s e d  we re  
n o n a c i d i c  ( o r  o n l y  s l i gh t l y  so) .  I n  a d d i t i o n ,  as 
s u g g e s t e d  p r e v i o u s l y  (1) ,  t h e r e  a p p e a r s  to  be  
l ip id- l ip id  b i n d i n g ,  s i nce  d e l i p i d a t e d  m i t o -  
c h o n d r i a  we re  f o u n d  to  e x h i b i t  d e c r e a s e d  
c a p a c i t y  f o r  e x o g e n o u s  n o n i o n i c  l ip id .  T h i s  
d e c r e a s e d  c a p a c i t y  w a s  n e a r l y  r e s t o r e d  b y  

TABLE V 

Radioactivity and Protein Loss F rom Mitochondria 
During Repeated Incubat ions 

Incubat ion Loss in per cent after Loss in per cent after 
condit ions incubat ion incubation 

Radioactivity 
Serum lipids-cholesterol 
+ 4 / /mole  Ca ++ 5 12 
4 / /mole  Ca ++ 4 4 
Water 10 15 
500 lag Heparin 14 27 
500/./g Detergent 29 58 

Protein 
Serum lipids-cholesterol 
+ 4/dmole Ca ++ 20 40 
4/-/mole Ca ++ 20 40 
Water 30 50 
500/./g Heparin 40 55 
500/2g Detergent 40 60 

aA 10 ml suspension o f  normal  mitochondria  ~I mg protein/ml)  was incubated 15 rain at 
37 C with 3 ml of  serum lipid-14C-cholesterol-3zp-PC microemulsion and 40 #moles Ca ++. 
Aliquots of  labeled mi tochondr ia  (1 ml )were  incubated again 15 rain with 0.3 ml of  one of  
the following: serum lipid emulsion (nonradioactive) + Ca++; Ca++; water;  heparin; deter- 
gent. Values est imated after repeated incubat ions are expressed as loss m per cent  of  initial 
values. 
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r eb ind ing  of  l ec i th in ,  suggest ing t h a t  zwi t te r -  
ionic  l ipids are b o u n d  to  m e m b r a n e  p ro te ins  
more  s t rongly  t h a n  are n o n i o n i c  lipids. 

Since u p t a k e  of  Ca ++ in to  m e m b r a n e s  is n o t  
a f fec ted  by  PC or  PE in the  m e d i a  ( u n p u b l i s h e d  
results)  i t  is un l ike ly  t h a t  p h o s p h o l i p i d s  are 
associa ted w i t h  m e m b r a n e s  t h r o u g h  ionic  
bridges.  The  presence  of  Ca ++ changes  the  sur- 
face p o t e n t i a l  of  p h o s p h o l i p i d  micelles (17)  and  
t ends  to  sol idify lec i th in  m o n o l a y e r s  (18) ,  
wh ich  m a y  exp la in  t he  s tabi l iz ing ef fec t  of  the  
d iva len t  ca t ion  o n  m e m b r a n e  s tab i l i ty  and  l ipid 
b ind ing  (Table  V).  Slight i n t e r a c t i o n  b e t w e e n  
p h o s p h a t e  g roups  of  phospho l ip id s  and  Ca ++ 
may  increase  the  apolar  a f f in i ty  b e t w e e n  the  
l ipid micelles and  t he  m i t o c h o n d r i a l  m e m b r a n e .  

The  ef fec t  o f  Cd ++ and  Hg ++ on  l ipid 
u p t a k e  seems to  be  more  compl ica ted .  Prel imi-  
na ry  t r e a t m e n t  of  m i t o c h o n d r i a  w i t h  these  
me ta l  ca t ions  cons ide rab ly  e n h a n c e d  m e m b r a n e  
a f f in i ty  to  l ipids in media  no t  con ta in ing  di- 
va len t  ca t ions  or  s t imula tors .  In add i t i on  to  
e lec t ros ta t i c  e f fec ts  on  lipid mic roemuls ions ,  
the re  may  also be  involved  r e a r r a n g e m e n t  of  
the  m i t o c h o n d r i a l  m e m b r a n e .  E lec t ros t a t i c  
ef fec ts  were n o t  involved  in the  u p t a k e  of  the  
n o n i o n i c  cho les t e ro l  micelles,  in con t r a s t  to  the  
phospho l ip id - cho l e s t e ro l  micelles where  phos-  
phol ip ids  m e d i a t e d  the  i n t e r a c t i o n  of  choles-  
t e ro l  w i th  t he  m e m b r a n e .  U p t a k e  of  cho les te ro l  
seems to be  i n f luenced  by  the  c o n c e n t r a t i o n  of  
l ipid in t he  m e m b r a n e ,  as s h o w n  by  the  several 
fo ld  h igher  u p t a k e  b y  b ra in  mye l in  ( 1 ) i n  com- 
par i son  w i th  hea r t  m i t o c h o n d r i a ;  the  l ipid- 
p ro t e in  ra t io  is m u c h  h igher  in myel in .  

P r e v e n t i o n  of  l ipid u p t a k e  b y  n o n i o n i c  
de te rgen t  may  be  t he  resul t  of  so lub i l i za t ion  of  
m e m b r a n e  c o m p o n e n t s  and  decrease  of  l ipid 
micelle size. However ,  th i s  e x p l a n a t i o n  wou ld  
n o t  apply  to  t he  ef fec ts  of  hepa r i n  and  
c h o n d r o i t i n  sul fa te  B. These  cou ld  be  ascr ibed  
par t ly  to  t he  h igh  b ind ing  capaci ty  of  acid 
m u c o p o l y s a c c h a r i d e s  for  ca t ions ,  c o n f i r m e d  
and  cor re la ted  w i t h  an t i coagu lan t  effects  by  
Mathews  (19)  as well  as to  e lec t ros ta t i c  ef fec ts  
on  m i c r o e m u l s i o n s  and  a n  increased degree of  
d ispers ion  o f  the  mice l la r  s t ruc tures ,  as assumed 
b y  Bianch in i  (20)  and  Capraro  et al. (21) .  
F ina l ly ,  a d i rec t  i n t e r a c t i o n  of  the  acid poly-  
saccharides  w i t h  the  m i t o c h o n d r i a l  m e m b r a n e  

is poss ible ;  here  the  f o r m e r  would  compe t e  
w i t h  t he  l ipid micel les  for  free sites. 
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Quantitative Determination of Heparin Released 
Lipoprotein Lipase Activity in Human Plasma 1 
JONAS BOBERG, King Gustaf Vth Research Institute and the Department of Internal Medicine, 
Karolinska Hospital, Stockholm and the Department of Geriatrics, Faculty of Medicine, 
University of Uppsala, Uppsala, Sweden 

ABSTRACT 

A method for quantitative deter- 
mination of heparin released lipoprotein 
lipase (LPL) activity has been developed. 
The importance of standardization of 
substrate and albumin in the assay system 
has been investigated. Determination of 
glycerol release in the assay system has 
been shown to have advantages compared 
with titration of fatty acids released. 
Enzyme plasma samples frozen for four 
months decreased in activity. The method 
seemed to be specific for emulsified tri- 
glycerides and the LPL activity was 98% 
inhibited by 1 M NaC1. However, there 
was a lack of reproducibility of the sub- 
strate when different lots were used. 
Analytical error of t h e  method was 
approximately 5% and there was good 
reproducibility. 

INTRODUCTION 

Lipoprotein lipase (LPL) activity appearing 
in the blood after parenteral administration of 
heparin was first described by Hahn (1). Since 
then many methods to determine LPL activity 
both in blood plasma and in different tissues 
have been described (2,3). However, it has been 
difficult to find a specific method for LPL 
activity with good reproducibility, allowing 
comparison of activities in samples determined 
at different times. 

This paper describes a quantitative method 
to determine heparin released LPL activity in 
human plasma. It is essentially a modification 
of a method described earlier (4,5) where 
materials and procedures have been further 
standardized. 

MATERIALS 

The substrate, supplied by AB Vitrum, 
Stockholm, was a soybean oil emulsion (con- 
taining 10% triglycerides and 1.2% egg phos- 
phatides) made in the same way as Intralipid 

1presented in part at the AOCS-AACC Joint 
Meeting, Washington, D.C., April, 1968. 

(AB Vitrum, Stockholm) (6) with the 
exception that no free glycerol had been added. 
The emulsion was stored at 4 C in 10 ml sterile 
portions (7). A new portion was broken each 
experimental day. 

Egg phosphatide emulsion, the emulsifier of 
the substrate mentioned above, was supplied by 
AB Vitrum and prepared in the same way as the 
ordinary substrate with the exception that no 
triglyceride was added. 

Albumin was lyophylized and prepared from 
human blood serum using donor blood and 
retroplacental blood (AB Kabi, Stockholm). 

Heparin (AB Vitrum, Stockholm) was given 
intravenously (100 IU/kg body weight) to over- 
night fasting adult men. 

DETERMINATIONS 

Fatty acids were determined by micro- 
titration according to the method of Dole (8). 
Following each extraction, titrations were done 
in duplicate. Glycerol was determined by 
pipetting 0.2 ml of incubation mixture into 1 
ml 12% trichloroacetic acid. The protein was 
precipitated by centrifugation, glycerol was 
determined on the supernatant by periodic acid 
oxidation and colorimetric estimation in tripli- 
cate of the formaldehyde, as previously 
described (4). 

f ,~ IO.o- 
~ o glycerol 

0 100 minutes 

FIG. 1. Release of fatty acids and glycerol in the 
lipoprotein lipase reaction. Albumin concentration in 
the medium was 6%. Unless otherwise stated all other 
incubation conditions are as described under General 
Procedure. 
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FIG. 2. Release of glycerol at different albumin 
concentrations. 

G E N E R A L  PROCEDURE 

Plasma Samples 

Nine volumes of blood were added to glass 
tubes containing 1 vol of 0.1 M trisodium 
citrate. The tubes were stored in ice water. 
Blood was centrifuged at 5,000-10,000 g x min 
and plasma was removed either for immediate 
use or put into a freezer (-15 C) for later deter- 
mination of LPL activity. 

Substrate Mixture 

One milliliter of substrate mixture was pre- 
pared by dissolving 133 mg albumin (10% in 
the final incubation mixture) in an ammonium 
buffer (31 vol of 0.1 M NH4OH + 30 vol of 0.1 
M NH4C1). Of the substrate 0.093 ml was 
added to the albumin solution. Finally this mix- 
ture was made up to 1 ml with the ammonium 
buffer. If necessary the pH was adjusted to 
8.68-8.72 with the above mentioned solutions 
of NH4OH and NH4C1. 

I ncu bation 

One volume of plasma was added to 3 vol of 
substrate mixture and the incubation was per- 
formed at 37 C in a Gallenkampf metabolic 
incubator (80-100 cycles/min). Incubation time 
was dependent on expected amount of LPL 
activity in the actual plasma sample. Generally 
aliquots for glycerol determinations were 
removed at 10 min intervals after 30 to 90 min 
incubation and immediately extracted. 

Calculations of LPL Activity 

The amount of  glycerol in the incubation 
medium was plotted against incubation time 
and the slope of the linear part of the curve 

.c 
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FIG. 3. Release of glycerol with different amounts 
of lipoprotein lipase using postheparin plasma mixed 
with different amounts of preheparin plasma. Post- 
heparin plasma without addition has been called 
100%. 

that was taken as LPL activity. Measurement 
was expressed in/Jmoles  or mmoles of glycerol 
released per liter of  incubated blood plasma per 
minute. 

RESULTS 

Release of Fatty Acids and Glycerol in the 
Lipoprotein Lipase Reaction 

A typical study in which there was a linear 
release of fatty acids from zero time to 70 min 
incubation is shown in Figure 1. For glycerol 
there was a lag period of 20 min followed by a 
linear release up to 80 min. The ratio between 
the slopes of the linear part of fatty acid and 
glycerol release in postheparin plasma from 16 
healthy individuals was 3.25+0.45 (mean + 
standard deviation). This ratio is compatible 
with triglycerides being the essential substrate 
for the enzyme system studied. 

In plasma samples with high LPL activities 
the linear part of  glycerol release was short but 
could be extended when the albumin concen- 
tration of the incubation mixture was increased 
(Fig. 2). With 4% albumin the curve started to 

I 00 -  

�9 ~ ~ �9 �9 n 

50- 

y = 0 .016x  + 81 .4  

0 days  
I . . . .  I . . . .  i ' / /  ' 
0 50 100  200 

FIG. 4. LPL activity in a postheparin plasma 
obtained 40 min after i.v. heparin (100 IU/kg body 
weight) kept in a freezer for 203 days. Zero time value 
is determined on unfrozen plasma. 
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TABLEI 

Errorsin DeterminationofFatty Acidand GlycerolReleaseintheLipoprotein LipaseReaction a 

Concentration after 
incubation 20 rain, 
b/mole/liter plasma 

Concentration after 
incubation 40 min, 
/./mole/liter plasma 

LLA in/2mole/ 
liter plasma/rain 

FFA FFA Glycerol FFA Glycerol FFA Glycerol 

Mean 11607 1442 16054 2920 223 73 
SD 921 27 1027 33 32 2 

(7.9%) (1.9%) (6.4%) (1.1%) (14.4%) (2.7%) 
n 30 15 30 15 30 15 

aActivity determined by fatty acid and glycerol release in one postheparin blood plasma sample. 
SD, standard deviation and n, number of incubations. 

level off when the glycerol concentration in the 
medium was approximately 0.5 mmoles/liter. If 
the albumin concentration was increased to 
10% the release was linear up to a medium con- 
centration of glycerol of about 1.2 
mmoles/liter. 

The lag period for glycerol release in the 
beginning of the incubation was longer with 
lower LPL activity. For this reason plasma 
samples with low activities require incubation 
for longer periods than samples with high 
activities. If LPL activities were measured from 
the linear part of the curve the release of 
glycerol was directly proportional to the 
amount of postheparin plasma present in the 
incubation medium, which is evident from 
Figure 3. 

Table I shows the analytical errors for the 
fatty acid and the glycerol determinations to be 
approximately 7% and 1.5%, respectively. 
These results demonstrate that measurement of 
glycerol release is preferable for evaluation of 
LPL activity. 

Studies on the Characteristics of the Test System 

Table II shows plasma LPL activity in 28 
men, 40 min after a single intravenous injection 

TABLE II 

Blood Plasma LPL Activity in Healthy Men 
40 Min After Intravenous Injection of Heparin 

Plasma glycerol release, 
/dmole/liter plasma/min 

Standard 
conditions 1 M NaCI 

Mean 112 2 
SEM 5 0.2 
Range 76-181 1-4 
n 28 28 

aNaCl was added to the substrate mixture 15-30 
rain before the incubation was started. SEM, standard 
error of the mean and n, number of subjects. 

of heparin. The heparin released LPL activity 
found in these men was 98% inhibited by 1 M 
NaC1, in good agreement with the studies by 
Korn (9) and with our previous results using 
Intralipid as a substrate (4,5). 

Table III suggests that triglycerides in the fat 
emulsion are the only substrate for lipoprotein 
lipase in the test system. With ordinary sub- 
strate LPL activity was 123+3/~moleJliterJmin, 
and this activity was 98% inhibited by 1 M 
NaC1 and 47% by heparin (10 IU/ml added in 
vitro). However, with no triglycerides in the 
emulsion and only egg phosphatides, the 
emulsifier of the ordinary substrate emulsion, 
no LPL activity was found in the test system. 
This suggests that the phospholipase which is 
also released or activated by heparin injection 
(10) is not measured in this test system. 

Factors Affecting Reproducibility of the Method 

Various batches of the fat emulsion used 
resulted in different LPL activity. Two post- 
heparin plasma samples incubated with two dif- 
ferent substrate lots resulted in LPL activity of 
108, 106 and 51, 45 /~mole/min, respectively. 
The same variability in LPL activity occurred 
with different batches of albumin (Table IV) 
and the activity obtained did not seem to be 
related to the FFA content of the albumin 
(Table IV). Postheparin plasma obtained after 
centrifugation at 2200 g x min (platelet rich) 
and 24,000 g x rain (platelet poor) had the 
same LPL activity. Also, the LPL activity was 
present only in plasma since whole blood activ- 
ity corrected for blood cell volume reached the 
same value as the activity determined on plasma. 
During low temperature storage of postheparin 
plasma the LPL activity decreased (4). Table V 
shows that the LPL activity had decreased 10- 
30% during storage at -15 C for four months. 

Statistical Analysis, Analytical Error and 
Reproducibility of the Method 

Plasma from a healthy young man obtained 
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TABLE III 

Postheparin Plasma LPL Activity Incubated With Differeot Substrates a 
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Plasma glycerol release,/2mole/liter/min 

Addition of Egg 
Standard Addition of heparin No phosphatide 

conditionsb NaC1 b 10 IU/ml b substrate emulsion 

Mean 123 3 65 1 1 
SEM 3 2 6 1 1 
n 5 5 5 5 5 

aThe inhibitors NaCI and heparin were added in vitro to the substrate solution 15-30 rain before 
the incubation was started. For "No substrate" fhe solution consisted of only buffer and albumin. The 
egg phosphatide emulsion was prepared by AB Vitrum in the same way as the fat emulsion with the 
exception that no triglycerides (soybean oil) were added. SEM, standard error of the mean and n, 
number of incubations. 

bStandard substrate. 

40 min after  an in t ravenous  in jec t ion  of hepar in  
was p ipe t t ed  in to  several tubes  and kep t  ha a 
f reezer  at -15 C. Over a per iod  of  200 days LPL 
activi ty was de t e rmined  in dupl icate  ( the same 
ba tch  o f  emuls ion  and a lbumin was used).  Mean 
activity for  each day has been  p lo t t ed  versus 
t ime in Figure 4. The data have been  subjec ted  
to  l inear regression analysis (11) and the  
equa t ion  of  the  regression line is y = -0.016x+ 
81.4 (where  x is storage t ime in days and y is 
LPL activity in /amoles per  li ter plasma per 
minu te .  S tandard  deviat ion for  y is + 7.2. The 
analytical  error  calculated f rom the  d i f ferences  
of  the  dupl icates  (d2/2nyA is -+ 3.9 cor- 
r e spond ing  to  5%. F r o m  the regression line this 
plasma lost an activity of  0.016 
gmole s / l i t e r /m in /day ,  cor responding  to about  
0 .02%/day or storage.  

DISCUSSION 

The results suggest de t e rmina t i on  of  
glycerol  release ra ther  than  F F A  release is 
preferable  to  use for  in vitro assay of  hepar in  
released LPL activi ty.  The de t e rmina t i on  of  
glycerol  has m u c h  lower  analytical  error than 

TABLE IV 

LPL Activity of a Single Plasma Sample Using 
Three Different Batches of Albumin 

Albumin //mole/liter plasma/min 
concentration, 

% Batch A Batch B Batch C 

4 144 112 72 
6 156 120 72 
8 148 128 76 

10 152 128 64 

mmole FFA/g 
albumin 0.022 0.022 0.023 

t i t ra t ion  o f  fa t ty  acids, and wi th  the  subst ra te  
used here there  seems to  be no  risk to  include 
hepar in  released phosphol ipase  activity in the  
assay procedure .  F u r t h e r m o r e ,  de t e rmina t i on  
of  glycerol  is less ted ious  than  t i t ra t ion  of  f a t ty  
acids by  the Dole m e t h o d .  One poin t  o f  major  
i m p o r t a n c e  in de t e rmina t ion  of  hepar in  
released LPL activi ty is to  s tandardize  the  sub- 
strate and the  a lbumin  used in the  assay sys tem.  
This s tudy  shows tha t  even d i f ferent  ba tches  
f rom one and the  same c o m p a n y  can differ  con-  
siderably,  i.e., assay of  one and the  same 
enzy me  plasma sample  results  in d i f fe ren t  
values for  the  activity.  This causes serious 
d o u b t  as to  the  validity of  compar ing  LPL 
activity values de t e rmined  by d i f ferent  labora- 
tories.  Our m e t h o d  for  quan t i t a t ion  of  hepar in  
released LPL activi ty appears  to  measure  an 
e n z y m e  sys tem which  hydro lyzes  tr iglycerides 
to  glycerol  and fa t ty  acids. It has recent ly  been  

TABLE V 

Effect of Four Months of Plasma 
Storage at -15 C on Plasma LPL Activity 

in 21 Men 40 Min After Heparin a 

/2mole/liter 
plasma/min 

Four 
months Change 

Initial storage % Significance 

135-185 162 111 -52"t-14 p ~ 0.05 
(n=4) 

100-134 110 101 - I0 -  8 p < 0.05 
(n=8) 

70-99 
(n=9) 89 68 -22 1- 7 p ~ 0.02 

aLPL activity was determined directly on unfrozen 
plasma and later on plasma frozen for four months. 
Plasma samples were ranked in three groups according 
to the initial levels of LPL activity. 
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s h o w n  t h a t  this  e n z y m e  sys tem consis ts  of  at  
least  one  t r ig lycer ide  l ipase and  one  monog ly -  
ceride hydro la se  (12) .  However ,  the  ra te  
l imi t ing  step for  c o m p l e t e  l ipolysis  has  b e e n  
s h o w n  to  be  the  t r ig lycer ide  lipase act iv i ty  (13) .  
This  obse rva t ion  is s u p p o r t e d  b y  the  c o n s t a n t  
r e la t ionsh ip  b e t w e e n  free f a t t y  acid and  gly- 
cerol  release f o u n d  in t he  sys tem presen ted  in 
th is  r epor t .  

LPL act iv i ty  measu red  as descr ibed  in th is  
s t udy  is i n h i b i t e d  98% by  1 M NaC1. This  inhi-  
b i t ab l e  act ivi ty  is heat -sensi t ive  in  con t ras t  to  
the  act iv i ty  n o t  i n h i b i t e d  b y  1 M NaC1 (Boberg ,  
Gus ta f s son  and  Kiessling, u n p u b l i s h e d  data) .  
Since the  t r ig lycer ide  lipase is descr ibed  as con-  
s iderably  more  heat -sens i t ive  t h a n  the  monog ly -  
ceride hyd ro lyase  (12)  the re  is good  evidence  to  
bel ieve t h a t  the  act iv i ty  i n h i b i t e d  b y  1 M NaC1 
in th i s  s tudy  is a m e a s u r e m e n t  of  t r ig lycer ide  
l ipase act iv i ty .  

The  su i tab i l i ty  o f  In t ra l ip id  as subs t ra t e  for  
d e t e r m i n a t i o n  of  p o s t h e p a r i n  LPL or  b e t t e r  tri-  
g lycer ide  lipase act iv i ty  was r ecen t ly  descr ibed  
b y  Biale and  Shafr i r  (14) .  T h e y  also showed  
t h a t  Ediol ,  wh ich  is a subs t ra t e  wide ly  used for  
d e t e r m i n a t i o n  o f  LPL act iv i ty ,  gave too  h igh  
activi t ies.  This  was due  to  hydro lys i s  of  par t ia l  
glycerides,  p resen t  in  the  emu l s ion  b o t h  as 
m o n o s t e a r i n  and  as the  emuls i f ie r  T w e e n  60,  
i nduced  n o t  by  LPL act ivi ty  b u t  b y  a monog ly -  
ceridase.  
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Studies on the Nuclear Magnetic Resonance Spectra of 
Olefinic Protons of Conjugated Fatty Acid Methyl Esters 

OSAMU SUZUKI, TETSUTARO HASHIMOTO, KI KUKO HAYAMIZU and OSAMU YAMAMOTO, 
Government Chemical Industrial Research Institute, Tokyo, Hon-machi, Shibuya-ku, Tokyo, Japan 

ABSTRACT 

The NMR spectra of olefinic protons 
in the four representative conjugated 
fat ty acid methyl  esters, methyl cis- 
9, trans- 1 1 -oc t adecad ienoa te ,  methyl 
trans-9,trans-1 l -octadecadienoate,  methyl  
a eleostearate, and methyl  13 eleostearate, 
were studied. The chemical shift of each 
olefinic proton in these compounds was 
determined by considering their intra- 
molecular environment. Coupling con- 
stants were also obtained as the results of 
spectral analysis. 

INTRODUCTION 

The NMR spectra of many types of fat ty 
acids or their esters have been investigated by 
many workers in regard to the relationship 
between chemical shifts and chemical environ- 
ment of protons (1,4-6,11). However, only a 
few studies on chemical shifts and coupling 
constants of olefinic protons in conjugated 
fat ty  acid esters relating to their structures have 
been reported. 

Recently, Purcell et al. (10) investigated the 
NMR spectra of various unsaturated fat ty acids 
using high resolution NMR at 60 MHz. In this 
report,  particular at tention was focused on the 
changes in NMR spectra caused by cis-trans iso- 
merism and conjugation, but  the complex spin- 
spin coupling patterns of olefinic protons in 
conjugated fat ty  acids have not  been analyzed. 
Tallent et al. determined the geometry of the 
double bonds of methyl  corioleate by the com- 
plete first order analysis of the conjugated ole- 
finic multiplets from the 100 MHz NMR spec- 
t rum (14). 

We have already examined the NMR spectra 
of fat ty acid methyl  esters by using a high 
resolution 100 MHz spectra and demonstrated 
the characteristic spectral patterns of the 
olefinic protons in unsaturated fatty acid 
methyl  esters, i.e., methyl oleate, methyl  
elaidate, methyl  linoleate and methyl  linolenate 
(2). In the present work, we have shown the 
olefinic proton signals of four conjugated fat ty  
acid methyl esters, which include methyl cis- 
9 ,trans-11-octadecadienoate, methyl  trans- 
9,trans-ll-octadecadienoate, methyl  a eleo- 
stearate, and methyl  13 eleostearate. In order to 

interpret  them, the double resonance method 
has been used. The chemical shifts and coupling 
constants are also obtained for each olefinic 
proton by analyzing the spectra, and discussed 
in relation to the geometric structures of the 
compounds. 

EXPERIMENTAL PROCEDURES 

Measurement of NMR Spectra 

The NMR spectra were obtained by a Varian 
HA-100 spectrometer operating at 100 MHz in 
the field sweep mode except in the double 
resonance experiment,  in which case the 
frequency sweep mode was adopted.  The 
spectra of  fat ty acid esters were obtained at 
about 30 C with the solutions of approximately 
20% of the esters in CC14 with TMS added as 
internal reference. The r-value is used to report  
chemical shift. 

Preparation of Conjugated Fatty Acid Methyl Esters 
Methyl Cis-9,trans-11-octadecadienoate 

The commercial dehydrated castor oil fat ty 
acids containing 49.0% of cis, trans-conjugated 
octadecadienoic acid, which is considered to be 
formed by the dehydrat ion of ricinoleic acid, 
were converted to methyl  esters by  refluxing 
for 1 hr with methanol containing about 1% of 
para-toluenesulfonic acid. Methyl cis-9,trans- 
l l -octadecadienoate was separated from the 
methyl  esters by the urea-adduct method,  and 
it was purified by solvent crystallization at 
-60 C, using a mixture of methyl alcohol and 
acetone (7). The ester separated was further 
refined by adsorption chromatography on 
alumina column, using petroleum ether as 
eluant. The product  was analyzed by GLC using 
a H i t a c h i  KGL-2B chromatograph with 
butanediol  succinate (BDS) as the stationary 
liquid at a column temperature of 210 C (3), 
and proved to be 96% pure including methyl  
linoleate and trace of trans, trans-conjugated 
octadecadienoate.  

Methyl Trans-9,trans-11-octadecadienoate 

Ricinelaidic acid was dehydrated by heating 
at 235 C under vacuum for 3 hr and the crude 
dehydrated acids were obtained by vacuum dis- 
tillation. Trans-9,trans-11-octadecadienoic acid 
was obtained by crystallization from 95% 
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TABLE 1 

Identification of the Chemical Shifts of Various Olefinic Protons and Observed Coupling Constants 

Chemical Coupling 
shifts constants 

Compound Proton (ppm) (Hz) 

(Y) (C) 
CHo(CHo).CH~,,, ,,,H (X). . 

,., ~..~ ,- C=C\ /CH2(,CH2)6COOCH 3 
H C=C 

(D) H / "H 
(B) (A) 

Methyl cis-9, trans-11-octadecadienoate 

CH3(CH2,4~n2~ /H (A) 
/C=C~ IH 

H /C=C. 
(A ' )  H. "CH2(CH2)6COOCH 3 

(B) (X) 

Methyl ~an~9,  ~ans-1 l-octadecadienoate 

�9 (Y)  (E)  
CH3(CH2)2CH2~ /H (C) . . 

C=C~ /H (X). . 
H/ C=C~ /CHo(CHo)RC00CH q 
(F) (Riu. H'C:C'H . . . .  

(B) (^) 
Methyl c~ eleostearate 

A 4.793 

B 4.159 

C 3.81 o 

D 4.378 

JAX, JDY 7.2 

JAB 10.5 

JBC 10.9 

JCD 14.5 

JBX 1.2 

JCY 1.0 

A JAB, JA'B' 15.4 
4.543 

A' JAX, JA'Y 6.5 

B JBB' 9.5 
4.133 

B' JAB', JA'B -0.4 

JBX, JB'Y 1.0 

A 4'692 JAX, JFY 7.5 

B 4"110 JAB 10.5 

C 3"815 JBC, JDE 10.6 

D JCD, JEF 15.0 
3.965 

E JAC -0.4 

F 4.408 JBX 1.0 

4.619 

4.047 

. . (Y) (B4) . A 
CH3(CH2)2CH2, , ,,H ( B 2 ) . .  

C=C. ,,H (,A) A' 
H / ~'C=C,, ,,H 

(^ ' )  H" C=C . . BIBI 
(B3) H" "CH^ (,CH2)̂ COOCH 3 

(BI) (X~ b B2 

Methyl/~ eleostearate B3 

B4 

JAB 15.0 

aqueous  ethanol  solut ion of  the crude acids at 
-15 C (12) .  The methy l  ester of  the acid was 
analyzed by  GLC and proved to be 95% pure 
wi th  methy l  stearate. 

Methyl O~ Eleostearate 

The ester was prepared from tung oil by the 
method described by O'Connor et al. (8). After 
saponification of  tung oil, the fatty acids were 
liberated by adding diluted sulfuric acid. The c~ 
eleostearic acid was separated by crystallization 
from 95% aqueous ethanol and then from 
petroleum ether solution of  the acids. The 

product was esterified in N 2 atmosphere, and 
refined by adsorption chromatography with a 
similar method to that used for the methyl  cis- 
9, t rans-1  1-octadecadienoate .  The ester obtained 
was  found to be 98% pure by GLC analysis.  

Methyl/3 Eleostearate 

The /3 eleostearic acid was prepared from c~ 
eleostearic acid by isomerization with 0.3% 
iodine at room temperature, and purified by 
successive recrystallization from petroleum 
ether, a mixture of  petroleum ether and ace- 
tone, and acetone. The ester was obtained 
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TABLE II 

Coupling Constants in Conjugated Fatty Acid Methyl Esters 

Structure Coupling constants 
(Hz) 

(A) 

C=C\ 
/ CH 2- 

(x) 

(D) JAB 
/H (A) 

= c \  /H 
C ----- C \  

H / CH 2- 
(B) (X) JAD 

(c) (A) 
H \ / H JBX 

/C ~--- C 
~CH^-  

(X'~ JAC 

(B) 
H \  

= C/C = 

JAX 7.5 5.5 

15.5 - 14.5 

0.4 (negative) 

1.2 (negative) 

10.5 

JCX 1.0 (negative) 

H J BD 

( D )  

l 1.0 9.5 

through esterification of # eleostearic acid. It 
was analyzed by GLC, and proved to be 98% 
pure. 

RESULTS AND DISCUSSION 

The observed chemical shifts of olefinic pro- 
tons of the fatty acid methyl esters, and their 
spin coupling constants are listed in Table I 
together with the structural formulas of the 
compounds. The results of the analysis of the 
olefinic proton signals will be described later in 
detail. Table I clearly shows that the chemical 
shifts of olefinic protons are different 
depending on chemical environment arising 
from the position of the protons in conjugated 
double bonds. These chemical shifts are graph- 
ically summarized in Figure 1, where the 
chemical shift ranges of several types of olefinic 
protons are shown by filled rectangles. The data 
for the NMR spectra of methyl oleate, methyl 
elaidate, methyl linoleate, methyl linolenate, 
methyl ricinoleate and methyl ricinelaidate (2) 
are also included in the correlation chart. 

From Figure 1, it is apparent that the 
olefinic proton signals of unsaturated fatty acid 

H(D) /CH 2 
\ = 

I =c C'H 
H(C) H 

c �9 " / /C=C 
=C \CH 2 C\ /H (B) 

H/C=C-,,CH2 I 
H\C=c/H(A) 

C / xCH 2 

CHEMICAL SHIFT, PPM. 

FIG. 1. Chemical shifts of olefinic protons in un- 
saturated fatty acid methyl esters. 

esters with the trans configuration generally 
appear at the lower field than those of cis con- 
figuration. However cis and trans isomers of the 
unsaturated fatty acid esters cannot be identi- 
fied by the chemical shifts of olefinic protons. 
As will be shown later, the olefinic proton sig- 
nals of conjugated fatty acid methyl esters give 
complicated broad bands. This may be due to 
the fact that each olefinic proton is in magnet- 
ically different environment. The analysis of 
these complicated signals shows that the chem- 
ical shifts of interior protons in conjugated 
double bonds are observed at a lower field than 
those of terminal protons. The signals of the 
interior protons with the trans configuration 
are also observed at the lower field than those 
with the cis configuration. 

The spin coupling constants are given in 
Table II. The coupling constants in Table II are 
generally in good agreement with those given 
for aliphatic monoolefin hydrocarbons by 
Stheling and Bartz (13). 

The results of these interpretation of the 
complicated olefinic proton signals in conju- 
gated fatty acid esters may give much infor- 
mation in analyzing the structure of unknown 
unsaturated fatty acids and their esters. 

Analysis of Spectra 

Methy l  Cis-9,trans-11-octadecadienoate. The 
olefinic proton signal of methyl eis-9,trans-1 l- 
octadecadienoate is shown in Figure 2. This sig- 
nal is a multiplet consisting of 18 observable 
fines. The structural formula in Table I indi- 
cates that four olefinic protons are chemically 
nonequivalent with each other. Therefore, each 
olefinic proton will give a different chemical 
shift, and also have a different spin-spin inter- 
action with each other. 

In this case the olefinic proton signal is 
expected to give rise to a pattern of 
ABCDX2Y 2 spin system including the spin-spin 
interaction with the four protons of ~x-methyl- 
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..I.. Hc ..I..H e Ho /HA 
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J~(  "1 r 1" - k r  "1 1 t . . . .  lJc0 .!....!..JAB 
J~i ii iJ~lTi dl fflfi f i  ~0('i(li"ljAx 

x 4~@ S.O0 

FIG. 2. Olefinic proton signal of methyl cis- 
9,trans-ll-octadecadienoate at 100 MHz, with lines 
assigned to each proton. 

ene groups adjacent to double-bonded carbons. 
From this point of view, the spectrum was 
analyzed, and it has been found that the inter- 
nal chemical shifts of four protons are large 
enough to give the nearly first-order spectrum. 
Considering the coupling of each olefinic pro- 
ton, each line of the signal could be assigned to 
each olefinic proton by first order approxi- 
mation. 

The result of the analysis is shown in Figure 
2. For instance, the signal of II A observed at 
the highest field is split into two lines with the 
spacing of 10.5 Hz by the interaction with HB, 
and then each of these lines is split into three 
lines separated from each other by JAX = 7.2 
Hz by the interaction with two equivalent H X 
protons to give a sextet. The signal of H B 
appears at 4.15 ppm with three lines, which is 
split by spin-spin interaction with H A and H C 
at J A B  = 10.5 and at JBC = 10.9 Hz, 
respectively. Furthermore, these three lines are 
observed to be split into three lines by long 
range coupling with H x at 1.2 Hz. Signals of 
H C and H D were assigned in a similar manner. 
The spin coupling constant, for example, JAB, 
was determined from the repeated spacing cor- 

3,/,, 

1 '26  7|1 6 ( b )  

I I I I I I 

400 5.00 

FIG. 4. The 100 MHz spectra of olefinic pro- 
tons of methyl trans-9,trans-11-octadecadienoate. (a) 
The single resonance spectrum. (b) The double 
resonance spectrum of olefinic proton signal, in which 
the upper field signal is perturbed by irradiating with 
the second Rf frequency of 205.0 Hz at the position 
of the ffmethylene protons. 

responding to JAB in H A and H B signals. The 
chemical shifts were determined by taking the 
center of gravity of area intensity of each 
olefinic proton signal. The observed chemical 
shifts and coupling constants are given in Table 
I. 

In order to confirm the above spectral 
analysis, the spectral pattern of olefinic protons 
obtained by means of  a 60 MHz spectrometer 
was compared with the calculated one by using 
parameters obtained from the 100 MHz 
spectrum. They are shown in Figure 3, where 
both patterns are in good agreement with one 
another. This fact further supports the interpre- 
tation of olefinic proton signal of methyl cis- 
9,trans-11-octadecadienoate mentioned above. 

Methy l  Trans-9,trans-l l-octadecadienoate. 
The olefinic proton signal of methyl trans- 
9,trans-11-octadecadienoate is shown in Figure 
4a. This signal is characteristically split into two 

_tl I 
x 4.0 5.0 

FIG. 3. Observed and calculated spectra of olef'mic 
protons of methyl cis-9,trans-ll-octadecadienoate at 
60 Mtlz. 

H B HA 
J I 

I I J~LB j~ ':I JA~ 
( ' " ' I " I  J,,. I " i i " j j - " l  JAx 

, , J , , L ~)0 r 4-00 5 

FIG. 5. Olefinic proton signal of methyl c~ eleo- 
stearate at 100 MHz, with lines assigned to H A and 
H B �9 
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FIG. 6. The double resonance spectrum of olefinic 
proton signal of methyl ~ eleostearate at 100 MHz, 
with the theoretical spectrum by a digital calculation. 

parts; one is a complex pattern at the upper 
field, and the other at the lower field is a multi- 
plet consisting of six observable lines. The four 
olefinic protons of this compound, as shown in 
Table I, consist of two equivalent protons 
(HA,HA,) adjacent to the methylene groups 
and two equivalent protons (H B,HB, ) at inter- 
nal positions in the conjugated double bonds. 
Apparently, H A and H B are nonequivalent. 
Thus it is considered that either of the two 
parts of the signal corresponds to the protons 
H A or HB, but these complicated signals do not 
give any useful information. Accordingly, the 
double resonance spectrum which was partially 
decoupled by irradiating with the second Rf 
frequency of 205.0 Hz at the position of a- 
methylene proton signal was measured as 
shown in Figure 4b. In this spectrum, the upper 
field signal is observed to be symmetrical com- 
pared with that of the lower field, although the 
former is much more broadened than the latter. 
The spectrum certainly gives rise to a pattern of 
A2X 2 spin system as far as the olefinic protons 
are concerned. So the spectrum was examined 
as A2X 2 pattern by using the Table published 
by Pople et al. (9). An A2X 2 spectrum 
generally gives a symmetrical pattern with 
respect to the center position of the signal. The 
expressions for the frequency of signal A are 
given in Tables 6-18 of Reference 9, which may 
be considered the same as those of X. Here A 
and X correspond to HA,H A, and HB,HB' , 
respectively. It is clearly noticed that H A and 
H A , are separated by four carbon atoms so that 
the spin-spin coupling between them may be 
neglected in the A2X 2 approximation. So JAA" 
is equal to zero. From this approximation, K is 
equal to M. Therefore, the signals of the total 
10 transitions decrease to 6 transitions, where 
signals 5, 6, 7 and 8 agree with signals 9, 10, 11 
and 12, respectively. The calculated pattern 

i l h i 1 L 

r 4.00 5.00 

FIG. 7. Olefinic proton signal of methyl /3 eleo- 
steaxate at 100 MHz. (a) The single resonance 
spectrum. (b) The double resonance spectrum. 

agrees with the measured one in number of 
lines. By calculating the function in the Table 
with the values of chemical shifts from actual 
measurement, each peak can be assigned as indi- 
cated in Figure 4b. At the same time, the spin 
coupling constants are determined by the calcu- 
lation. Besides, it is concluded that the signal at 
the upper field is assigned to H A and HA, , for 
the signal is perturbed apparently by irradiating 
at the position of the signal of a-methylene pro- 
tons. The partial decoupled signal at upper 
field seems to be broadened by the spin-spin 
interaction of H A and H A, with /~ and more 
remote methylene protons. Thus, the spectrum 
in Figure 4b was interpreted. The spectrum in 
Figure 4a was also analyzed. Here, each signal 
of the decoupled spectrum is split into three 
lines by JAX = 6.5 Hz at the upper field side, 
and also by JBX = 1.0 Hz at the lower field 
side. 

Methyl ~ Eleostearate. The olefinic proton 
signal of methyl a eleostearate is shown in 
Figure 5. This spectrum is a very complicated 
pattern. In order to obtain the additional infor- 
mation from the spectrum, the double 
resonance spectrum shown in Figure 6 was 
measured by irradiating with the second Rf 
frequency of 216.0 Hz at the position of the 
a-methylene proton signal. Referring to the 
structural formula in Table I, it is found that 
the three olefinic protons HA, H B and H F are 
almost in the same chemical environment with 
HA, H B and H D in methyl cis-9,trans-11-octa- 
decadienoate, respectively. So the spectrum was 
analyzed by using the results obtained for the 
s igna l  of  methy l  cis-9,trans-11-octadeca- 
dienoate, and the partially decoupled spectrum. 
The signals assigned to H A and H B are satis- 
factorily interpreted, as shown in Figure 5, by 
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the  s t anda rd  first  o rder  t r e a t m e n t .  However ,  
t he  signals of  the  p ro tons ,  H c ,  H D and  HE, 
wh ich  are cons ide red  to  be  chemica l ly  equi-  
va lent ,  c a n n o t  be  d i s t inguished  b y  the  f irst  
o rde r  a p p r o x i m a t i o n .  There fo re ,  the  par t ia l ly  
decoup led  s p e c t r u m  was ana lyzed  using a 
L A O C O O N  II p rog ram mod i f i ed  for  a F A C O M  
270-30  digital  c o m p u t e r .  

A t heo re t i c a l  s p e c t r u m  was ca lcula ted  by  
using the  spin coupl ing  cons t an t s  resul t ing  f r o m  
the  analysis  of  the  spectra  of  m e t h y l  eis- 
9,trans-11-octadecadienoate and  m e t h y l  trans- 
9,trans-11-octadecadienoate and  t he  assuming 
chemica l  shi f t  of  each olef in ic  p r o t o n  f r o m  
Figure  6. T h e n  t he  compar i son  w i t h  the  exper i -  
m e n t a l  s p e c t r u m  al lowed a rough  ass ignment  of  
the  signal. By means  of  the  expl ic i t  re la t ions  
b e t w e e n  l ine pos i t ions  and  spect ra l  pa ramete r s ,  
f u r t h e r  a d j u s t m e n t  was made  un t i l  t he  calcu- 
la ted s p e c t r u m  agreed w i th  the  e x p e r i m e n t a l  
one.  The  s p e c t r u m  is observed  to  be  a p a t t e r n  
of  A B C D 2 E  spin sys tem.  The  theo re t i ca l  l ines 
of  t he  spec t rum are given in F igure  6. 

The  s p e c t r u m  in F igure  5 was also analyzed.  
Here,  each signal assigned to  HA,  H B and  H F in 
F igure  6 is split  i n to  th ree  l ines b y  JAX,  JFY = 
7.5 Hz and  JBX = 1.0 Hz, respect ively.  T he  
chemical  shifts  and  spin coupl ing  cons t an t s  
d e t e r m i n e d  by  ca lcula t ing  the  theo re t i ca l  
spec t rum are l is ted in Table  I. 

Methyl  [J Eleostearate. The  olef inic  p r o t o n  
signal of  m e t h y l  t3 e leos teara te  and  the  de- 
coupled  one  are s h o w n  in F igure  7a and  7b,  
respect ively .  As s h o w n  in Table  I, t he  o lef in ic  
p r o t o n s  of  this  c o m p o u n d  consis t  of  t w o  
chemica l ly  equ iva len t  p r o t o n s  (HA, H A,)  
ad jacen t  to  a - m e t h y l e n e  groups  and  four  a lmos t  
equ iva len t  p r o t o n s  (HBI  , HB2 , HB3 , HB4 ) at  
t he  in te rna l  pos i t ions  in con juga ted  doub le -  
b o n d e d  s t ruc tu re .  Rough l y  speaking,  the  
s p e c t r u m  in F igure  7a is split i n to  t w o  par ts ,  in 
wh ich  the  signal at lower  field has  twice  the  
area in t ens i ty  as t h a t  at uppe r  field. Hence  it  is 

r easonab le  to  conc lude  t h a t  the  signal a t  uppe r  
f ield is assigned to  H A and  H A , and  t h a t  at 
lower  field to  HB1 , HB2 , HB3 and  HB4.  
F u r t h e r m o r e ,  the  decoup led  s p e c t r u m  of  Figure  
7b,  wh ich  was o b t a i n e d  by  i r radia t ing  at  the  
pos i t i on  of  signal of  a - m e t h y l e n e  p ro tons ,  
shows the  r e m a r k a b l e  change  of  t h e  signal at 
t he  u p p e r  field side, and  conf i rms  this  assign- 
m e n t .  The  in terva l  b e t w e e n  the  t w o  peaks  of  
the  signal of  the  u p p e r  field side in Figure  7b 
co r re sponds  to the  coupl ing  c o n s t a n t  JAB,  
w h i c h  was d e t e r m i n e d  to be  15.0 Hz. 
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Preparation of 3H-Phosphatidylmyoinositol 
With Kloeckera brevis 
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ABSTRACT 

The growth of Kloeckera brevis in the 
presence of uniformly tri t iated myo- 
inositol is described. The major radio- 
active lipid isolated from the cells is 
3 H - p h o  sp h a t idy lmyo inos i to l ,  labeled 
exclusively in the myoinositol  moiety. 
Chromatographic methods for purifying 
3H-phosphatidylmyoinositol ,  free from 
other labeled lipids, are described, and 
the use of this labeled lipid as a precursor 
in studying enzymatic synthesis of com- 
plex inositol  lipids is demonstrated.  

INTRODUCTION 

Lester and Steiner (1) have identified labeled 
glycerylphosphorylmyoinosi tol  and glyceryl- 
phosphorylmyoinosi tol  phosphate from the 
deacylated lipids of Saccharomyces cerevisiae, 
grown in the presence of 14C- and 3H-labeled 
myoinositol.  The yeast Kloeckera brevis (ATCC 
9774) is known to require exogenous myo-  
inositol when grown on glucose as the sole car- 
bon source (2). Dawson et al. (3) have studied 
the fate of 3H-myoinositol incorporated by K. 
brevis and reported that the major labeled lipid 
resembled phosphatidylmyoinosi tol .  Since uni- 
formly tr i t iated myoinositol ,  produced com- 
mercially by the Wilzbach technique (4), is 
both  cheap and readily available it was thought 
worthwhile to study the growth of  K. brevis in 
the presence of  tr i t iated myoinositol  in order to 
follow the metabolism of the label within the 
cell, in general, and its incorporation into phos- 
phat idylmyoinosi tol ,  in particular. This paper 
describes a simple method of preparing 
3 H - m y o i n o s i t o l - l a b e l e d  phosphat idylmyo-  
inositol of very high specific activity, which can 
serve as a valuable tool in studying complex 
inositol-lipid metabolism in living systems. 

MATERIALS AND METHODS 

3H-Myoinositol 

Myoinositol,  uniformly tr i t iated by exposure 
to tr i t ium gas (4), was obtained from New 

1present address: Unilever Research Laboratory, 
Colworth House, Sharnbrook, Bedford, England. 

England Nuclear Corporation as a brown 
powder. An excess of  unlabeled myoinositol 
was added and the mixture was recrystallized 
three times from hot aqueous ethanol,  when a 
constant specific activity was obtained. 

The white, crystalline product  was dried in 
vacuo at 100 C and then made up to a 50 mM 
solution, 1/amole of myoinositol  containing 2.5 
x 106 cpm. Radioactivity was determined with 
a Packard Tri-carb Liquid Scintillation Spectro- 
meter using a toluene-base phosphor.  Trit ium 
was counted with about 30% efficiency. 

Growth of Kloeckera brevis 

In addition to myoinositol ,  K. brevis (ATCC 
9774) requires exogenous biotin,  pyridoxine,  
pantothenic acid, niacin and thiamine when glu- 
cose is the carbon source. Therefore, in this 
study, Difco Inositol Medium KB was used, 
which contains all of the essential growth 
factors except myoinositol  (5). The concentra- 
tion of Difco medium used was 0.5 g/10 ml of 
culture. Unlabeled or 3H-labeled myoinositol  
was added in amounts as described under 
Results. All cells were grown at 25 C for seven 
days, with vigorous shaking. Turbidity was 
measured at 600 mp by diluting a 1 ml port ion 
of the culture to 7.5 ml with water and reading 
against a reference blank culture, similarly 
diluted, but which contained no added myo- 
inositol. 

Chromatographic Methods 

Column chromatography of lipids was per- 
formed on Whatman DE-32 ion-exchange cellu- 
lose (acetate form) in chloroform-methanol-  
water (20:9:1 v/v[v) with ammonium acetate 
gradients, as described previously (6,7). Lipid 
extracts were desalted by fi l tration over Sepha- 
dex G-25 (8). 

Thin layer chromatography (TLC) of lipids 
was performed on Silica Gel H (Merck), con- 
taining 10%, by weight, of magnesium silicate, 
as described by Rouser et al. (9). The following 
solvent systems were used (all ratios are by 
volume): Solvent A, chloroform-methanol-  
w a t e r  (19:7 :1) ;  Solvent B, chloroform- 
methanol-acetic acid-water (30:15:4:2) .  

Paper chromatography was performed on 
Whatman No. 1 paper, using the following sol- 
vent systems: Solvent C, n-butanol/pyridine/ 
water  (10:3:3);  Solvent D, ethylacetate- 
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FIG. 1. Growth of Kloeckera brevis at different 
concentrations of myoinositol. 

pyridine-water (5:3:2);  Solvent E, n-propano|/ 
NH4OH/water(5:4: 1). Sugars were located by 
the alkaline-AgNO 3 dip (10). Highvoltage paper 
electrophoresis was performed in 0.1 M oxalate 
buffer, pH 1.5. Phosphorus-containing com- 
pounds were revealed by the perchloric acid- 
ammonium molybdate spray (11). Phosphorus 
was determined by the method of Bartlett (12). 

Extraction of Lipids 

After growth, K. brevis cells were harvested 
by centrifugation at 4 C (30,000 x g for 20 
rain). The cell-paste was then extracted with 
chloroform-methanol (2:1 v/v) for 3 hr. This 
step was repeated for 3 hr. A final extraction 
was made for 3 hr with 'acidic' chloroform- 
methanol (2:1 v/v, containing 0.3% cone. HC1 
v/v) to insure complete extraction of very 
acidic lipids (I 3). The three extracts were each 
washed with 1/5 vol of sodium EDTA solution, 
buffered at pH 7.0, and the aqueous phases 
were discarded. After determination of radio- 
activity in the extracts, they were combined, 
evaporated to a small volume and filtered over 
Seplaadex G-25 to remove any salt (8). The re- 
sultant straw-colored lipid solution was stored at 
-10 C, under nitrogen, prior to chromatography. 

Purification of 3H-Labeled Lipids 

The total lipid extract, after Sephadex 
filtration, was dissolved in 5 ml of chloroform- 
methanol-water (20:9:1 v/v/v), applied to a 25 
x 2.5 cm column of DEAE-cellulose and eluted 
with a linear gradient of 0-0.5 M ammonium 
acetate in the same mixture of solvents. Frac- 
tions of 7.5 ml were collected of which 0.1 ml 
aliquots were taken for analysis. 

Metabolic use of 3H-Phosphatidylmyoinositol 

Enzymatic conversion of 3H-phosphatidyl- 
myoinositol to 3H-diphosphoinositide followed 
the method of Kai et al_ (14). A total volume of 
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FIG. 2. Ion-exchange (DEAE-cellulose) column 
chromatography of the lipids of K. brevis grown on 
3H-myoinositol. The solid line is radioactivity, the 
dotted line is total phosphate. 

14 ml contained 30 mM MgC12, 20 mM tris 
buffer, pH 7.4, 7 mM ATP, 10 mM glutathione, 
4 #moles of unlabeled phosphatidyl myo- 
inositol from S. cerevisiae, and 0.43 #moles of 
3H-phosphatidylmyoinositol from K. brevis 
(6.3 x 106 cpm). The enzyme preparation was a 
sucrose homogenate of one half of a rat brain. 
The mixture was incubated at 37 C for 20 min. 
The labeled product was purified by ion 
exchange cellulose column chromatography (6). 

3 H-Phosphatidylmyoinositol monomanno- 
side was prepared enzymatically from 3H-phos- 
phatidylmyoinositol by the method of Brennan 
and Ballou (15), with modifications. A 10 ml 
incubation contained 40 mM tris buffer, pH 
7.4, 10 mM MgC12, 0.1% cutscum, 3 mM 
GDP-mannose, 10 mM glutathione and 1.3 
#moles of 3H-phosphatidylmyoinositol (14 x 
106 cpm). The enzyme source was 0.5 g (wet 
weight) of Propionibacterium shermanii (ATCC 
9614) ceils which had been suspended in 2 ml 
of 40 mM tris buffer, pH 7.4, and disrupted for 
3 min at 4 C in a MSE 60W ultrasonicator. 
Incubation was for 1 hr at 37 C. The lipid 
products of the reaction were extracted and 
chromatographed on a 21 x 1 cm column of 
silicic acid, using a gradient elution from pure 
chloroform to pure methanol. Fractions of 5.0 
ml were collected and 0.1 ml aliquots were 
taken for analysis. 

R ESU LTS 

Growth of K, brevis at Different Concentrations 
of Myoinositol 

Cultures of K. brevis (10 ml) were grown, in 
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duplicate, with increasing amounts of  added 
myoinositol .  The growth-time curves are shown 30,000 
in Figure 1. For  levels of myoinositol  up to 10 20,000~ | 
#g/10 ml culture, the growth of cells reached a 
plateau after 24 hr. For  levels of  50 pg to 2 rag, 12.00o 
no difference in growth was observed after four 
days. After  this time, no greater growth was 
obtained with 500 #g of  myoinositol  than that 
produced by 100 #g. Increasing the rnyoinositol 8,000 
concentrat ion f rom 50 to 100 /ag/ml gave on ly  U 

,:C 
a 30% increase in growth. For  the large-scale o 
cultures of  K. brevis with labeled myoinosi tol ,  < 
two 2.5 1 cultures contained 125 g of Difco 4,oo0 
Inositol  Assay Medium KB and 250/~moles of 
3H-myoinositol  (2.6 x l06 cpm/btmole). This 
level of  inositol corresponds to 180/~g/10 ml of 
culture. After  seven days of growth the cultures 
were centrifuged, yielding 27 g wet-weight of 
pale yellow cells. The radioactivity in a por t ion 
of the supernatant indicated that 54% of  the 
tr i t iated myoinositol  had been taken up by the 
ceils. 

I Gradient 

20 40 60 
FRACTION 

FIG. 3. Silicic acid column chromatography of the 
products of the mannosylation of 3H-phosphatidyl- 
myoinositol by P. shermanii. 

Extraction of Lipids from the Cells 

T h e  first chloroform-methanol extract 
removed about 98% of  the labeled lipid from 
the cells. No radioactivity was detected in the 
third extract.  A total  of 1.3 x 109 cpm of 
labeled myoinosi tol  was added to the cultures, 
of which 54% was taken into the cells during 
growth (700 x 106 cpm). Only 65 x 106 cpm 
were found in the combined lipid extracts, 
which accounts for less than 10% of  the label 
taken up by the cells. After  extraction of  lipids, 
the cells were stored at -10 C. About  2.7 mg of 
phospholipid phosphorus was obtained. 

Chromatography of the 3H-Labeled Lipid 
on DEAE Cellulose 

The column chromatography of the labeled 
lipid from K. brevis is shown in Figure 2. Four  
peaks of  radioactivity were observed. The first 
was eluted before the salt gradient was applied 
and corresponded with a yellow pigment. 
Neutral lipid, free fat ty  acid and nonacidic 
phospholipid (e.g., lecithin) have this proper ty  
on DE-32 cellulose. A second, very small peak 
was eluted at low salt concentration and was 
not  further investigated. The major radioactive 
peak was eluted with a gradient of 0-0.16 M 
ammonium acetate. Fractions 60 through 80 
were pooled and desalted by Sephadex G-25 
fil tration. TLC of a por t ion of  the combined 
fractions showed only one radioactive spot, 
which co-chromatographed with phosphatidyl-  
myoinosi tol  prepared from S. cerevisiae. A 
port ion of the third radioactive peak was 
deacylated (11) and the water-soluble fragment 
examined by paper chromatography in Solvent 

D. Glycerylphosphorylmyoinosi tol  was the 
major radioactive compound,  together with a 
small amount  of inositol phosphate. After  
deacylat ion it was found that 94% of the radio- 
activity was water soluble, suggesting that very 
little, if any of the tr i t ium label was 
metabolized by the cells to long chain fat ty 
acids and then incorporated into the phospha- 
tidy1 moiety of  the phosphat idylmyoinosi tol .  

A port ion of the third radioactive peak was 
hydrolyzed with 2 N H 2SO4 at 100 C for 4 hr 
and the hydrolysate examined by paper chro- 
matography in Solvent C. The only radio- 
activity detected corresponded to a marker of 
myoinositol .  None was detected in the glycerol 
moiety.  These data show that the major 
3H-labeled phospholipid extracted from K. 
brevis was phosphat idylmyoinosi tol ,  in which 
at least 94% of the label was located in the 
myoinosi tol  moiety.  

A fourth peak of radioactivity,  eluted from 
the DE-32 column after the 3H-phosphatidyl- 
myoinositol ,  had chromatographic character- 
istics which suggested a phosphorylated phos- 
phat idylmyoinosi tol  (6). This was confirmed by 
deacylation of the lipid from the combined 
fractions 91 through 110. On examination of 
the water-soluble fragments by paper chromato- 
graphy (Solvent D for 48 h r ) w i t h  markers of 
g lycerylphosphorylmyoinosi tol ,  glycerylphos- 
phorylmyoinosi tol  4-phosphate and glyceryl- 
phosphorylmyoinosi tol  4,5-diphosphate,  the 
radioactivity corresponded solely with glyceryl- 
p h o s p h o r y l m y o i n o s i t o l  4-phosphate,  the 
expected deacylation product  of diphospho- 
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inositide. This result suggests that K. brevis con- 
tains diphosphoinositide, as has been reported 
for the yeast S. cerevisiae (1). 

The specific activity of the 3H-phosphatidyl- 
myoinositol obtained from the column was 
1.45 x 106 cpm/ktmole of lipid phosphorus. 
Thus, unlabeled phospholipids, which co-chro- 
matograph with the 3H-phosphatidylmyo- 
inositol, were present only in small amounts. 

Use of 3H-Phosphatidylmyoinositol in Studying 
Lipid Metabolism in vitro 

Two previously reported enzymes, which use 
phosphatidylmyoinositol as substrate, were 
used to test the metabolic activity of the 
3H-phosphatidylmyoinositol purified by the 
above procedures. 3H-Phosphatidylmyoinositol 
4-phosphate was synthesized from 3H-phospha- 
tidylmyoinositol using a rat-brain homogenate 
as the enzyme source (14). A total of 6.3 x 106 
cpm of 3H-phosphatidyhnyoinositol was used 
as substrate. After ion-exchange cellulose 
column purification of the product, a total of 
1 2 , 5 0 0  cpm of diphosphoinositide was 
recovered, representing about 0.2% conversion 
of the substrate to product. The product was 
deacylated (11) and examined by paper chro- 
matography (Solvent D for 48 hr). The radio- 
activity corresponded to marker glycerylphos- 
p h o r y l m y o i n o s i t o l  4 - p h o s p h a t e ,  the  
deacylation product of diphosphoinositide. 

3 H-Phosphatidylmyoinositol monomanno-  
side was synthesized from 3H-phosphatidyl- 
myoinositol using an enzyme from P. shermanii 
and the lipid products of the incubation were 
separated on a silicic acid column, using a 
gradient of pure chloroform to pure methanol 
(7). The chromatogram is shown in Figure 3. 
Fractions 30 through 39 were combined and 
contained about 40,000 cpm, representing 
almost 3% conversion of the substrate to 
product. 

A portion of the product was examined by 
TLC in Solvent B, when it was found that 87% 
of the radioactivity traveled with an Rf of 0.21. 
The remaining 13% of radioactivity had an Rf 
of 0.48, which was identical to the 3H-phospha- 
tidylmyoinositol substrate and to marker phos- 
phatidylmyoinositol from S. cerevisiae in this 
system. The chromatographic characteristics of 
the product closely resembled 14C-phospha- 
tidylmyoinositol monomannoside, which has 
been synthesized from yeast phosphatidyl- 
myoinositol and 14C_GDP_mannos e (15). 

The remainder of the product was hydro- 
lyzed with 10 N NH4OH for 18 hr at 150 C and 
then acetylated with acetic anhydride-pyridine 
(1:1 v/v). Carrier myoinositol 2-monomanno- 
side nonaacetate was added and the mixture 

was recrystallized a total of five times, when 
constant specific activity of the acetate was 
achieved. This indicated that mannosylation of 
the 3H-myoinositol moiety of the labeled lipid 
substrate had occurred and that the linkage was 
to position 2 of the myoinositol ring. 

Metabolism of Myoinositol by K. brevis 

Since only about 10% of the radioactivity 
incorporated into the cells was converted to 
phosphatidylmyoinositol, the nature of the 
remainder of the tritium in the ceils was 
studied. A portion of the K. brevis cells, after 
removal of lipids, was extracted overnight at 
25 C with 10% trichloroacetic acid. The trichlo- 
roacetic acid was removed by washing with 
ether five times. The solution was examined by 
paper chromatography (Solvent A) with 
markers of glycerol, glucose and myoinositol. 
Of the radioactivity recovered from the paper, 
61% co-chromatographed with free myoinositol 
and the remainder stayed at the origin, indica- 
tive of a charged compound. No radioactivity 
was detected in other regions of the chromato- 
gram. 

The trichloroacetic acid solution was also 
examined by paper electrophoresis. It was 
observed that 62% of the radioactivity 
remained at the origin, as did myoinositol, and 
38% migrated to the position of inositol mono- 
phosphate and glucose 6-phosphate (8.5 cm), 
which were not separated by this system. No 
radioactivity corresponded to inositol hexa- 
phosphate (19.5 cm). 

On paper chromatography of the extract in 
solvent E, radioactivity co-chromatographed 
both with inositol 2-phosphate (22.5 cm) and 
glycerylphosphorylmyoinositol (29 cm). The 
identity of the latter radioactive component 
was not further confirmed, although it was 
unaffected by digestion with alkaline phospha- 
tase. 

A portion of the lipid-extracted K. brevis 
cells was hydrolyzed with 6 N HC1 for 18 hr at 
100 C. The hydrolysate was treated with 
mixed-bed resin and then examined by paper 
chromatography in Solvent C. Almost all of the 
radioactivity co-chromatographed with myo- 
inositol, although a very small amount of radio- 
active glucose was detected. 

DISCUSSION 

This study shows that the yeast Kloeckera 
brevis will grow at high concentrations of added 
myoinositol, although the dose response is not 
linear for amounts above about 2 /.tg of myo- 
inositol per 10 ml. Although maximum growth 
was obtained at 100 btg of myoinositol per 10 
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ml, 180 /ag/10 ml was used in the large-scale 
experiments with 3H-myoinositol. About 54% 
of the available myoinositol was taken up by 
the cells. That growth did not increase above 
this concentration or with extended incubation 
times suggests the exhaustion of other essential 
factors in the medium. The radioactivity 
remaining in the supernatant after harvesting 
the cells was confined to myoinositol, sug- 
gesting that this substance is not metabolized to 
other sugars and secreted back into the 
medium. 

The radioactive lipids in the cells were 
removed by two extractions with neutral 
chloroform-methanol. A subsequent extract 
made with acidic chloroform-methanol, which 
is used for complete extraction of polyphos- 
phoinositides (13), contained no radioactivity. 
No inositol-containing lipoprotein was detected 
in this s tudy, in  disagreement with a previous 
report (3). Our work confirms that 3H-phos- 
phatidylmyoinositol is the predominant labeled 
lipid that is extracted. The presence of labeled 
diphosphoinositide in this yeast is consistent 
with its detection in S. cerevisiae by Lester and 
Steiner (1), although the level in both yeasts is 
very low. 

That the major labeled lipid was phospha- 
tidylmyoinositol was suggested by co-chro- 
matography with authentic standards of the 
lipid and its degradation products. The isolated 
labeled lipid was converted to complex inositol 
lipids using enzyme preparations from rat brain 
and Propianibacteriurn shermanii. Previous 
work has shown (14,15) that phosphatidylmyo- 
inositol isolated from liver,soyabean or yeast is 
the acceptor lipid in complex lipid metabolism. 
Thus, it is highly probable that the absolute 
configuration of the labeled lipid from K. brevis 
is identical to that of all species of phospha- 
tidylmyoinositol reported, namely, 1-phospha- 
tidyl-D (t)-myoinositol.  Kai et al. (14) prepared 
3 aP_ labe l ed  phosphat idylmyoinos i to l  by 
growing Schizosaccharomyces pombe in the 
presence of 32P-orthophosphate and showed 
that it was converted to 32p-diphosphoinositide 
using rat-brain preparations. 

Although two of the minor labeled lipids 
shown in Figure 2 were not identified, it is 
reasonable to suppose that little, if any, of the 
3H-myoinositol was degraded to other com- 
pounds and incorporated into fatty acid. It is 
possible that myoinositol could be degraded to 
glucuronic acid, or oxidized to 2-inosose, both 
of which reactions would generate 3H-pyridine 
nucleotides coenzymes which could then 
incorporate tritium into glycolytic inter- 
mediates or long-chain fatty acids. If this 

occurred in K. brevis, one would expect to find 
radioactivity in the glycerol or the fatty acid 
m o i e t i e s ,  or both, of 3H-phosphatidyl- 
myoinositol, which was not the case. In con- 
trast to this, we have grown Mycobacterium 
phlei and Propionibacterium shermanii in the 
presence of 3H-myoinositol and detected large 
amounts of label in the fatty acid moieties of 
the inositol lipids isolated from these bacteria 
(C. Prottey, unpublished work). 

The metabolism of 3H-myoinositol to non- 
hpid products by K. brevis shows a similarity to 
previous work (3). Myoinositol phosphate and 
the tentatively identified glycerylphosphoryl- 
myoinositol could come from phospholipase 
action on 3H-phosphatidylmyoinositol. Dawson 
et al. (3) reported "...a neutral derivative of 
mesoinositol...not identified as any known 
n a t u r a l l y  occurring form of combined 
inositol...". We have found no evidence for this, 
a l t h o u g h  a large intracellular pool of 
3H-myoinositol was found, unreported by the 
above-mentioned workers. In this study, a 
higher level of 3H-myoinositol was used than 
by Dawson et al. (3) (180 pg/10 ml compared 
with 10 pg/10 ml), and the differences observed 
may result from this fact. 

The ready availability of tritium-labeled 
myoinositol, coupled with its specific incorpo- 
ration into the lipid of K. brevis, make this 
method of preparation of isotopically labeled 
phosphatidytmyoinositol very straightforward. 
Although the production of 32p-phosphatidyl- 
myoinositol using a myoinositol-requiring yeast 
has been reported (14), that procedure is compli- 
cated by the facts that a low concentration of 
inorganic phosphate is necessary to avoid 
dilution of the isotope and extensive purifi- 
cation of the 32p-phosphatidylmyoinositol is 
required to remove other labeled lipids. In the 
present study, ion-exchange chromatography 
effects a good separation of the 3H-phospha- 
tidylmyoinositol from the small amounts of 
o t her  radioactive lipids. The enzymatic 
r e a c t i o n s  of 3H_phosphatidylmyoinositol 
described in this paper demonstrate the value of 
this labeled substrate for studies on the metabo- 
lism of complex lipids. 
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Liver Lipids of the Polar Bear, Thalarctos maritimus 
LEON L. GERSHBEIN and ERIC J. SINGH, Biochemical Research Laboratories, 
Northwest Institute for Medical Research, Chicago, Illinois 60634 

ABSTRACT 

The distribution of total and free fatty 
acids as well as the acids from the 
glycerides, sterol esters and phospholipids 
of polar bear liver lipids was ascertained 
and found to contain somewhat higher 
levels of unsaturated components as com- 
pared to those of such mammals as the 
pig. Saponification of the liver lipids 
yielded the hydrocarbons, alcohols and 
sterols which were analyzed by GLC. The 
hydrocarbons occurred at an overall level 
of 55 mg/kg liver or 57.9 rag/100 g total 
lipids, of which pristane and other satu- 
r a t e d  hydrocarbons, mainly normal 
homologs, comprised 2.6 and 5.3 mg/100 
g, respectively; the remainder contained 
squalene (37.7 mg/100 g) and other un- 
saturated types (12.3 mg/100 g). As 
based on the total lipids, the levels of 
fatty alcohols, sterol and glyceryl ethers 
amounted to 1.65%, 5.9% and 0.03%, 
respectively. The fatty alcohols displayed 
about 31 peaks of C12 to C3o, of which 
the hexadecanol and a branched C2o 
component were prominent. 

INTRODUCTION 

The presence of small amounts of saturated 
hydrocarbons has been reported in various 
animal lipids and special attention has been 
directed to 2,6,10,14-tetramethylpentadecane 
or pristane. This hydrocarbon occurs in signifi- 
cant levels in marine lipids, notably those of the 
basking shark and owes its origin principally to 
plankton on which the animal feeds (1-3). 
Aside from special coal tar and petroleum 
sources, the presence of pristane has been 
demonstrated in wool wax (4), several human 
and animal tissues (5) and in human sebaceous 
lipids (6). The distribution of hydrocarbons 
occurring together with pristane and squalene 
has been recently surveyed in liver lipids of the 
basking shark (7), dogfish and cod and in whole 
herring oil (8) and the presence of several 
homologous series noted. As the opportunity 
presented itself for a study of the liver lipids of 
the polar bear, Thalarctos maritimus, it was 
thought timely to screen the hydrocarbons of 
this mammal in addition to other components, 
considering that certain similarities might exist 
in relation to the above marine lipids. In this 

conjunction, the distribution of fatty acids in 
depot fats has been investigated by Brockerhoff 
et al. (9,10) for seals, a whale and a polar bear 
and the findings with the latter were consistent 
w i th  t hose  generally encountered with 
mammals consuming marine fats. 

EXPERIMENTAL PROCEDURES 

All glassware and allied pertinent equipment 
employed in this study were thoroughly de- 
fatted with chloroform-methanol and ethyl 
ether and with no exceptions, the solvents were 
of AR grade and redistilled before use. The 
petroleum ether boiled at 30-60 C and all sol- 
vent compositions are expressed on a volume 
basis. Anhydrous AR sodium sulfate comprised 
the desiccant. Concentration of extracts and 
filtrates was carried out in all glass rotating 
vacuum evaporators. A nitrogen atmosphere 
was maintained to minimize oxidation during 
various procedures and in the removal of the 
last traces of a solvent. The reference fatty acid 
methyl esters, alcohol acetates and batyl, 
chimyl and selachyl alcohols originated from 
Applied Science Laboratories; hydrocarbons to 
Cz9 and higher were obtained from the latter 
source as well as from special collections. 

Liver was removed from a polar bear shot 
during a winter hunt in the Canadian Arctic, 
chilled and shipped frozen to the laboratory. A 
total of 925 g of the tan-colored tissue was 
thawed, blended with chloroform-methanol, 
(2:1), filtered and the residue repeatedly 
extracted with the solvent. The latter was 
removed under vacuum and the residual 
material taken up in petroleum ether, washed 
with several portions of water and the extract 
dried; recovery of lipids: 88.07 g or 9.5%. 

Fractionation of Lipids by Chromatography 
Over Florisil 

A sample of the total lipids in hexane was 
chromatographed over Florisil by the method 
of Carroll (11). Elution of the column with 
hexane as such and containing 5%, 15%, 25% 
and 50% ethyl ether, 98% ethyl ether + 2% 
methanol and 96% ethyl ether + 4% acetic acid, 
gave rise to the hydrocarbons, sterol esters, tri- 
glycerides, sterol, diglycerides, monoglycerides 
and free fatty acids. The phospholipids 
occurred in a final fraction eluted with absolute 
methanol. The mono-, di- and triglycerides, also 
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T A B L E  I 

Fa t ty  Acid  C o m p o s i t i o n  o f  Polar Bear Liver Lipid F rac t ions  a 

Giycer ides  
Sterol  

Ac id  b To ta l  c Free  Mono- Di- Tri- esters Phosphol ip ids  

10:0  0.3 1.0 Trace  0.4 0.6 0.2 Trace 
11:0  0.3 1.2 Trace  0.3 0.6 0.6 Trace  
12:0 2.9 4.0 5.1 3.8 4.4 4.3 0.3 
13:0  0.7 2.0 1.7 1.1 0.6 0.8 Trace  
14:0  1.5 4.5 3.4 1.9 3.3 2.0 0.6 
14:1 Trace  Trace  
15:0  0.7 0.5 1.7 0.8 1.0 1.1 0.1 
16:0 9.6 10.0 13.7 15.7 10.7 6.5 3.9 
16:1 13.5 12.7 11.1 11.7 13.1 18.6 6.5 
17:0  0.7 1.0 1.7 1.1 1.3 1.1 
18:0  13.8 9.5 8.5 7.0 8.4 1.4 21.0 
18:1 21 .4  19.7 18.8 21 .4  20 .8  23.4 16.6 
18:2 1.3 3.0 2.6 1.6 2.0 1.1 1.9 
18:3 0.3 Trace  Trace  Trace  Trace  0.5 0.3 
20:1  4 .8  7.0 5.9 9.4 6.7 3.5 1.8 
20 :2  Trace  Trace  Trace  Trace  Trace  0.5 
20 :4  0.3 0.5 0.8 1.1 0.6 0.5 0.6 
22:1 5.2 4.1 4.3 3.8 5.0 1.7 16.6 
20 :5  8.6 6.2 6.8 5.1 6.7 11.5 12.8 
2 4 : 0  Trace  1.5 Trace  Trace  Trace  0.6 0.6 
24:1 0.8 0.2 0.8 0.7 Trace  1.2 0.6 
22 :5  2.5 2 .0  2.6 2.8 2.7 4.2 3.0 
22 :6  10.4 9.1 10.2 9.8 11.1 14.2 12.8 

Sa tu r a t ed  30.5 35.2 35.8 32.1 30.9 18.6 26.5 
U n s a t u r a t e d  69.1 64.5 63.9 67 .4  68 .7  80.9 73.5 

Mono- 45 .7  43 .7  40 .9  4 7 . 0  45 .6  48 .4  42.1 
Poly- 23 .4  20.8 23.0 20 .4  23.1 32.5 31.4 

hr, 

aAI1 GLC values in the Tables are relat ive (area)  percen tages .  

b N u m b e r  of  C a toms :  n u m b e r  o f  doub le  bonds.  

CAcids ob t a ined  f r o m  saponi f ica t ion  o f  the lipids by  re f lux ing  wi th  10% aqueous  sodium h y d ro x id e  for  16 

checked by the infrared spectra, were trans- 
esterified by the use of sodium methoxide and 
methanol according to the procedure of Luddy 
et al. (12). The phospholipid fraction was 
hydrolyzed by heating with 5% methanolic 
hydrochloric acid for 2 hr (13), a procedure 
also applied to the sterol esters. The free fatty 
acids were esterified by means of methanol con- 
taining hydrogen chloride. 

Separation and Analysis of Unsaponifiable Fractions 

Yields of 6.59 g (8.9%) unsaponifiables 
(UNS) and 57.09 g of saponifiable material 
were obtained from 73.87 g lipids using proce- 
dures (7,14-16) which involve saponification 
w i t h  alcoholic sodium hydroxide, ether 
extraction of UNS, followed by acidification 
and ether extraction of the saponifiable 
portion. 

The UNS in petroleum ether was frac- 
tionated (7) on alumina (Alcoa F-20) which 
had been determined by prior tests to be essen- 
tially free of adsorbed lipid, eluting with suc- 

cessive portions of petroleum ether alone, 
petroleum ether plus 5%, then plus 10% chloro- 
f o r m ,  100% chloroform, and absolute 
methanol; Fractions 1-5 amounted to 4.7, 0.2, 
28.0, 53.7 and 5300 mg (small losses), 
respectively. Infrared spectrophotometry indi- 
cated hydrocarbons in Fractions 1, 2 and 3 and 
to a lesser extent, in 4. Fraction 5 contained 
alcohols and sterol as did Fraction 6 (315 mg) 
which was obtained by repeated extraction of 
the spent adsorbent with chloroform. Addi- 
tional separations were made by chromato- 
graphing 1% solutions of Fractions 1 and 3 in 
petroleum ether on Davison's silica gel 
(200-236 mesh) and eluting with petroleum 
ether, benzene, ethyl ether, acetone and 
methanol. 

The alcohols and sterol of Fractions 5 and 6 
were acetylated with acetic anhydride in 
pyridine preparatory to GLC analysis; sterol 
was also determined by way of the digitonide. 
For check purposes, fractions high in the fatty 
alcohols were crystallized from methanol and 
analyzed. By use of acetic anhydride, the 
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T A B L E  II 

H y d r o c a r b o n  C o m p o s i t i o n  o f  A l u m i n a -  a n d  Si l ica  G e l - t r e a t e d  M i x t u r e s  ( T e m p e r a t u r e - P r o g r a m m e d ;  SE-30)  

Gel  cu t s ,  F r a c t i o n  1 a Gel  cu t s ,  F r a c t i o n  3 b 
Re la t ive  A l u m i n a  
C-No.  F r a c t i o n  1 C u t  2 Cu t  4 Cu t  5 C u t  7 C u t  9 

14 .0  0 .6  0 .3  
15 .0  0 .9  0 .3  
16 .0  0 .6  0 .6  0 .8  
17 .0  1.3 0 .8  0 .8  
1 7 . 5 + P r i s t a n e  4 0 . 3  30.1  4 6 . 8  
18 .0  12 .4  12 .0  9 .4  
18.5  2 .6  1.1 0 .8  
19 .0  12 .4  8.7 9 .4  
19.5 0 .9  1.1 0 .8  
2 0 . 0  3.9 5.5 7 .8  
20 .5  
21 .0  1.9 2 .2  3.1 
21 .5  
2 2 . 0  1.6 2 .2  3.1 
22 .5  
2 3 . 0  1.6 2 .5  3.1 
23 .5  
2 4 . 0  1.9 2.5 2 .3  
2 5 . 0  1.9 2 .7  2 .3  
25 .5  
26 .0  1.6 3 .0  2 .3  
26 .5  
2 7 . 0  1.6 3 .0  1.6 
2 8 . 0 + S q u a l e n e  1.9 c 2 .7  c 1.6 c 
29 .0  1.6 3 .0  1.6 
2 9 . 3  
29 .5  
30 .0  1.3 2.5 0 .8  
30.1  
30 .5  
31 .0  1.3 2 .2  0 .8  
32 .0  0 .9  1.9 0 .8  
33 .0  0 .9  1.6 T r a c e  
34 .0  0 .9  1.6 T r a c e  
35 .0  0 .9  1.4 T r a c e  
36 .0  0 .6  t .4 T r a c e  
37 .0  0 .6  1.1 T r a c e  
38 .0  0 .6  0 .8  T r a c e  
39 .0  Trace  0 .6  
4 0 . 0  Trace  0 .3  
4 1 . 0  Trace  0 .3  

0 .6  2 .2  
0 .6  1.2 

0 .6  0 .6  1.2 
0 .6  0 .6  1.2 
0 .3  
0 .8  0 .8  1.2 

T r a c e  0 .5  T r a c e  
0 .8  0 .5  1.2 

2 .6  3 .4  
0 .6  

0.5  1.2 

1.6 0,5 1.2 

0 .6  0 .5  1.2 

0 .8  2 .3  3 .4  
0 .3  

0, 8 T r a c e  
0 .6  

1.1 1.2 

7 5 . 6  6 2 . 8  69 .7  

11 .2  18.5  8.1 
4 .2  3 .4  1.2 

1.1 1.4 1.2 
0 .8  

a A  s a m p l e  o f  4 .0  m g  F r a c t i o n  1 f r o m  a l u m i n a - t r e a t m e n t  as a 1% p e t r o l e u m  e t h e r  s o l u t i o n  w a s  passed  over  
157 m g  silica gel a n d  the  c o l u m n  e l u t e d  w i th  v o l u m e s  o f  0 .25  ml  e a c h  o f  p e t r o l e u m  e t h e r  ( f o u r  cu t s )  a n d  t h e n  
b e n z e n e  ( th ree  cu t s ) ,  t he  w e i g h t s  be ing  1.4,  1.3,  0 .9 ,  0 .1 ,  0 .2 ,  0.1 a n d  0 .0  rag,  r e spec t ive ly .  L ip id  w a s  a b s e n t  in 
the  e lua t e s  f r o m  e t h y l  e t h e r ,  a c e t o n e  a n d  m e t h a n o l .  Cu t s  1 a n d  3 w e r e  s imi la r  to  Cu t  2 in c o m p o s i t i o n ,  t he  
p r i s t ane ,  C18 ,  C19  a n d  C 2 0  levels a m o u n t i n g  to  36 .8%,  6 .4%,  6 .4% a n d  6 . 9 % a n d  4 1 . 1 % ,  8 .8%,  7 .1% a n d  7 .1%,  
in t he  o r d e r  s t a t ed .  Cu t s  5 + 6 c o n t a i n e d  5 1 . 5 %  p r i s t ane ,  17 .2% C 18,  17 .2% C19  a n d  13 .8% C20 .  

b A l u m i n a  F r a c t i o n  3 ( 2 8 . 0  rag)  w a s  t r e a t e d  w i t h  silica gel ( 825  rag)  a n d  the  l a t t e r  e lu t ed  w i t h  0 . 9 0  ml  
v o l u m e s  e a c h  o f  p e t r o l e u m  e t h e r  ( f o u r  cu t s ) ,  b e n z e n e  ( th ree  cu t s ) ,  e t h y l  e t h e r ,  a c e t o n e  a n d  m e t h a n o l ,  t w o  cu t s  
be ing  t a k e n  w i t h  e a c h  o f  t he  l a t t e r  t h r e e  med ia .  Lipid  w a s  a b s e n t  in Cu t s  1-4 a n d  11-13 ,  inclus ive  a n d  Cu t  10 w a s  
h igh  in squa l ene .  The  w e i g h t s  o f  Cu t s  5-10  w e r e :  3 .9 ,  4 .9 ,  10.8 ,  6 .7 ,  1.0 a n d  0 .6  rag ,  in the  o r d e r  given.  Cu t s  6 
a n d  8 pa ra l l e l ed  Cu t  7 in c o m p o s i t i o n ,  squa l ene ,  C 2 9 . 3  a n d  C 2 9 . 5  b e i n g  p r e sen t  a t  levels o f  62 .7%,  18 .4% a n d  
5 .5% a n d  54 .3%,  2 1 . 7 %  a n d  2 .7%,  in the  o r d e r  s t a t ed .  

CSqua lene  is a b s e n t .  

glyceryl ethers were also converted to the ace- 
tates, an approach employed for their analysis 
by Bloomstrand and Gffrtler (17). As with the 
fatty acid esters, aliquots of the acetate mix- 
tures were hydrogenated in a Parr apparatus al 
40 psi and in the presence of the Adams plati- 
num oxide catalyst. The glyceryl ethers of the 

UNS were also purified by chromatography 
according to the procedure of Hallgren and 
Larsson (18), followed by TLC as described by 
Ramachandran et al. (19). GLC analysis was 
carried out with the isopropylidene derivatives 
prepared by acetonation (20) as such and fol- 
lowing hydrogenation. 
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RESOLUTION TIME (MIN) 

TEMPERATURE, C 

175  
(PRISTANE) 

~S 2 0  i 

I 
l 1 . . . .  lo 10 gO 8tO 710 80 

I I 
200  260  500  

FIG. 1. Gas liquid chromatogram of alumina chromatographed Fraction 1 saturated hydrocarbons 
following treatment with silica gel (Cut 1). Column: 3% SE-30 on Gas Chrom P; temperature-pro- 
grammed from 140 to 300 C. 

G LC Analysis 

A Barber Colman model 5000 gas chromato- 
graph equipped with a hydrogen flame detector 
was used with the conditions essentially the 
same as previously described (7). Peaks were 
identified by use of references and the logarith- 
mic plots of relative retention times vs. chain 
length and degree of unsaturation (21). Pristane 
and squalene eluted at CIT.S and C28.0 , 
respectively, on the SE-30 packing (16). 

RESULTS AND DISCUSSION 

The composition of free, glyceride, sterol 
ester and phospholipid fatty acids derived from 
the Florisil-chromatographed fractions and the 
total acids from saponification of the liver 
lipids with 10% aqueous sodium hydroxide is 
presented in Table I. Essentially the same peaks 
occurred among the samples and the unsatu- 
rated acid levels exceeded those of the satu- 
rated members. Polyunsaturated acids were 
prominent in the phospholipid and sterol ester 
fractions, with the 20:5 constituent at 11.5% 
and 12.8%, respectively, compared to 8.6% for 
the total acids and an average of 6.2% for the 
remaining products. The acids from the sterol 
esters were also high in hexadecenoic acid but 
very low in octadecanoic acid in contrast to the 
other mixtures. The ratios of olefinic to satu- 
rated acids ranged from 1.8 to 2.3 but  
amounted to 2.8 for the phospholipids and 
even higher, 4.4, for the sterol ester compo- 
nents. Except for the acids from the sterol ester 
fraction, these ratios lie far under those of 
marine lipids such as basking shark, dogfish or 
cod liver oils (7,8) but are in the range of the 
fatty acids of the liver of the fin whaIe, 
Balaenoptera physalus (23) and possibly are 
higher than those of the total, free and 
glyceride acids of the liver lipids of such terres- 
trial mammals as the pig [1.2-1.4; (22)]. 

Of the hydrocarbons isolated from the polar 
bear lipids, pristane together with other satu- 
rated components occurred in Fraction 1 to the 
exclusion of any squalene as shown in Table II. 
Of the 31 peaks (C14-C41) obtained by temper- 
ature-programmed GLC, the pristane level was 
40.3%, and the remaining members were pri- 
marily normal, C 18, C19 and C~ 0 amounting to 
12.4%, 12.4% and 3.9%, respectively. On silica 
gel chromatography, the lipid occurred in the 
cuts eluted with petroleum ether, all of which 
were quite similar in composition (Table II). As 
with some of the marine lipid mixtures, the 
pristane peak was well defined as can be noted 
from Figure 1. Fraction 2 (0.2 mg)presented 
several peaks including pristane and squalene 
but the latter hydrocarbon was especially pro- 
minent in Fraction 3 together with lesser 
amounts of C29.3 and C29.5 , also observed in 
the past in marine and pig liver lipids. Squalene 
made up 18% of Fraction 4. 

The overall hydrocarbon content was 57.9 
mg/100 g of total lipids of which the saturated 
components comprised 2.6 mg pristane and 5.3 
mg/100 g other types and the unsaturated 
hydrocarbons, 50.0 rag/100 g (composition: 
squalene, 37.7; C29.3 , 6.6; C29.5 , 1.4 and addi- 
tional homologs, 4.3 mg/100 g). The hydro- 
carbons occurred at a level of 55 mg/kg polar 
bear liver and in the range observed with such 
mammals as the pig [30-45 mg/kg; ratio of 
unsaturated to saturated members, 1.3; (7)].  
Although the presence of pristane in the 
porcine source was equivocal, a small amount is 
probable in view of the findings of Avigan et al. 
(5) with several human, bovine and rat tissues. 
The saturated hydrocarbons of the polar bear 
liver lipids were simpler in composition and the 
branched homologs, far lower than those of 
such marine sources as basking shark liver oil 
which displayed at least two homologous series 
in addition to the normal paraffins. 
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TABLE III 

LIVER LIPIDS OF THE POLAR BEAR 

Alcohol and Sterol Distribution in Polar Bear 
Liver UNS-Fractions 5 + 6 From Alumina 

Chromatography (DEGS) 

Alcohol Sterol-free With sterol 

12:0 3.8 0.8 
12:1 3.0 0.7 
13:0 3.2 0.7 
14 Br a 2.3 0.5 
14:0 2.8 0.6 
14:1 3.1 0.7 
15:0 1.4 0.3 
16 Br 1.6 0.4 
16:0 9.5 2.1 
16:1 0.8 0.2 
17:0 1.2 0.3 
17:1 1.8 0.4 
18:0 1.8 0.4 
18:1 5.6 1.2 
19:0 Trace Trace 
20 Br 18.3 4.0 
20:0 3.0 0.7 
20:1 2.3 0.5 
22 Br 5.3 1.2 
22:0 1.9 0.4 
22:1 3.8 0.8 
24 Br 1.8 0.4 
24:0 3.9 0.8 
24:1 1.4 0.3 
25:0 Trace Trace 
Chimyl 6.4 1.4 
26:1 2.4 0.5 
28 Br 3.5 0.8 
Batyl 0.4 0.1 
Selachyl 0.8 0.2 
29 Br 2.1 0.5 
30 Br 0.4 0.1 
30:0 0.1 Trace 
Sterol (77.9) 

aBr, branched. 

Frac t ions  5 and 6 f rom alumina ch romato -  
graphy con ta ined  81.3% and 20.6% sterol ,  
respect ively,  and the  fa t ty  a lcohol  compos i t i on  
of  b o t h  mix tures  was similar on a sterol-free 
basis excep t  tha t  the  b ranched  C20 and C29 
c o m p o n e n t s  and chimyl  a lcohol  of  Frac t ion  6 
were present  at 1.6%, 24.3% and 9.7%, in the  
order  s ta ted.  The f indings for  Frac t ions  5 + 6 
b o t h  as such and on a sterol-free basis are 
advanced in Table III. Of  the  fa t ty  alcohols ,  
hexadecano l  and the  b ranched  C20 c o m p o u n d  
were qui te  p rominen t .  In  te rms of  the  to ta l  
liver lipids, s terol  occurred  "at 5.9%, the  fa t ty  
alcohols at 1.65% and the  alkyl glyceryl e thers ,  
principally chimyl  alcohol ,  at 30 mg/100  g. The 
la t ter  was som ew ha t  higher  bu t  wi th  a similar 
relative d is t r ibu t ion  by  procedures  employ ing  
TLC and analysis o f  the  i sopropyl idene  deriva- 
tives. The fa t ty  alcohols occur  at levels above 
those  ascer ta ined for  pig liver lipids (7) and the  
glyceryl e the r  con ten t s  are in the range 
repor ted  for  several h u m a n  and bovine lipid 
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sources (18) but  are far be low those  observed 
for  some of  the  fish liver oils (8,18).  

In spite of  the  marine dietary habi ts  o f  the  
polar bear,  its liver lipids show several similari- 
ties to those  of  an animal like the  pig but  the  
occurrence  of  pr is tane is qui te  remarkable  
a l though the  overall sa tura ted  h y d r o c a r b o n  
con t en t  is low. This view had been  ant ic ipa ted  
earlier by  A ck man  et al. (23) in even a more  
ex t reme  case of  a marine animal,  the  fin whale,  
wi th  a liver fa t ty  acid compos i t i on  approaching  
those  r epo r t ed  for  the  human  and rat. However ,  
as based on depo t  lipids, polar bear  fat  has been  
regarded as a marine oil (9). Glyceride struc- 
tures have been  compared  in re la t ion to  the  
pos i t ion  of  the  po lyeno ic  acids by Brocke rho f f  
et al. (24) and a d i f ference  n o t e d  b e t w een  the  
polar bear  on the  one  hand and whales and the  
rat ,  on the  other .  It must  be emphas ized  tha t  
tissue lipid make-up is d e p e n d e n t  on the  nutr i-  
t ion  of  the  animal and wide variat ions in lipid 
and vi tamin A con ten t s  have been  descr ibed for  
the  polar  bear  (25).  Thus,  of  14 animals,  the  
liver oil ranged f rom 8.9% to 28.5% wi th  a 
mean of  14.4%, as compared  to  a recovery  o f  
9.5% in the  present  s tudy.  Few general izat ions 
can be made relative to lipid d is t r ibut ion  in 
re la t ion to  nut r i t iona l  status,  details o f  which  
are lacking for  the single animal involved in the  
current  repor t .  Also, no special a t t en t ion  was 
d i rec ted  to the  isolat ion and analysis o f  vi tamin 
A which  figures p rominen t ly  in the  tox ic i ty  of  
polar  bear  liver (25).  
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Factors Affecting Incorporation of Precursors Into Body 
Constituents: A Review of Common Sense Considerations 
With Glycolipids as Examples 

ROBERT MAIN BURTON, Department of Pharmacology and The Beaumont-May Institute of Neurology, 
Washington University Medical School, St. Louis, Missouri 63110 

ABSTRACT 

The dynamics of cellular growth are of  
prime importance to the biochemist. The 
dynamic state of  lipids can be studied by 
employing radioactive substrates or stable 
isotope-labeled substrates. This paper 
illustrates major factors which may affect 
the incorporat ion of precursor substances 
into body constituents. These factors are: 
(a) age and species; (b) molar size of the 
body 's  pool of precursor; (c) metabolic 
activity of the lipid being synthesized; (d) 
metabolic pathways;  (e) route of adminis- 
trat ion of the precursor; (f) the nature of 
the precursor, i.e., molecular size, ionic or 
nonionic, water soluble vs. lipid solu- 
bility, and micelle formation;  and (g) the 
influence of  hormones and drugs. The 
synthesis and turnover of cerebrosides 
and gangiiosides in the rat are used to 
illustrate these seven factors. 

INTRODUCTION 

The dynamics of  cellular growth, anabolism 
and catabolism have long been major points of 
interest to the biological chemist. One of the 
first methods used to investigate the dynamics 
was the balance study in which input  and out- 
put  of substances were measured as a function 
of time. The addit ion of the powerful tool  of 
labeled substrates to the balance study per- 
mitted the clever chemist to investigate the rate 
of uptake,  the extent  of metabolism, the rate of 
excretion and deductions of  possible mecha- 
nisms of metabolism. The classic example is the 
elucidation of  /3-oxidation of  fat ty  acids by 
Knoop in 1905 (1). Knoop prepared labeled 
fat ty acids by adding a phenyl radical to the 
co-methyl carbon of fat ty acids. The labeled 
fat ty acids were given to dogs and the metabo- 
lites isolated from their urine. The fatty acids 
with an even number  of  carbon atoms always 
produced phenyl  acetic acid and never benzoic 
acid; while fat ty  acid with an odd number of 
carbon atoms always produced benzoic acid 
and never phenyl acetic acid. Hence/3-oxidation 
must occur. The use of chemically-labeled sub- 
strates is still in wide use, despite the many 

disadvantages such as the employment  of  un- 
natural substrates and the associated risk of 
only studying the metabolism of the unnatural 
substrate rather than the natural pathways. The 
introduct ion of  isotopes as a means of labeling 
natural substrates has provided a method for 
very detailed analysis of metabolic pathways 
and the dynamics of many body constituents 
(2). While some biological discrimination does 
occur between the molecules containing the 
natural element and the molecules containing 
the isotope,  this discrimination is not,  in 
general, a problem. Of course it is most 
apparent when the mass of the element and its 
isotope are very different, e.g., hydrogen (mass 
1) vs. deuterium (mass 2) or vs. tr i t ium (mass 
3). One of  the more useful isotopes is carbon- 
14 used to replace carbon-12; the mass differ- 
ences are relatively small being about  16-17% 
(3). 

The study of the factors which may 
influence the incorporation of precursor sub- 
stances into cellular constituents in vivo has 
been investigated by radioactive isotope labeled 
substrates. A new tool introduced by Rynhagen 
(4,5), coupled gas liquid chromatography-mass 
spectrometry,  permits the use of stable-isotope 
labeled substrates thereby expanding the scope 
of dynamic,  in vivo studies to normal,  healthy 
humans without the dangers of radiation injury 
(6). Such stable isotope studies on blood glyco- 
lipids are currently in progress (C. Sweeley, 
personal communication).  

While there is a host of examples in the liter- 
ature of  factors affecting incorporat ion,  the 
following discussion will be confined to the 
glycolipids of the central nervous system since 
two glycolipids, cerebrosides and gangliosides, 
will serve to illustrate the various points. For  
the most part,  these glycolipids are character- 
istic of the central nervous system. They are 
relatively easy to isolate and are composed of  
small molecular weight components  both  
charged and uncharged. The neonatal  rat 
readily synthesizes and deposits these glyco- 
lipids in the brain. 

The primary factors tha t  can affect the in 
vivo incorporat ion of precursors into lipids of 
the central nervous system are: (a) Age and 
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TISSUE ANALYSIS TABLE II 

TISSUE (ca, I-5~ 

20 volumes CM 
Waring Blendor 
2 • 1Oml BM washes 

Whatman i 
Fi l ter  

LIPID FREE Fi l t rate 

SOLIgS IRemove solvent - a i r  o r  R 2 

/ 5 ml CM 
Centrifuge 

i Repeat 3x 

1 ; Residue TOTAL LIPIOS 
3.0 ml CM 
0.3 ml water 
Buzz 
Centrifuge 

l R e p e a t  3x 

,go~oo~ phase I Organic Phase 

Lyophilize iemove solvent - N 2 

GANGLIOSIDEB NEUTRAL LJPJDS 

I ! 
I ~. Thin lay i l i c i c  acid pap d col h tography ' . . . .  . . . .  . . . .  . . . .  
I I B h e m i c a l  analysis 

3: Radioactivity measurements 

FIG. 1. Lipid isolation flow chart. 

species. (b) The moles of precursor adminis- 
tered relative to the molar size of the body's 
pool of  precursor: specific radioactivity. (c) 
Metabolic activity of the lipid being synthe- 
sized: used as fuel or energy reserve, as a 
metabolite or as a precursor of other cellular 
constituents and structurally. (d) Metabolic 
p a t h w a y s :  the position of the isotope label in 
the  compound synthesized, and the position of 
the  isotope label in the precursor compound 
administered. (e) Route of administration. (f) 
Nature of the compound: molecular size, ionic 
or nonionic and water-lipid solubilities and 
micelle formation. (g) Influence of hormones 
and drugs. 

The text that follows and the examples cited 
will illustrate most of thesefactors  and will dis- 

TABLE I 

Incorporation Into Gangliosides 

Specific Radioactivity 
Components Dose a radioactivity incorporated 

U-14C- 15/~c 1.0 mc/mM 1536 cpm/g 
D-glucose w w  brain 

1-14C- 15 0.31 9150  
D-galactose 

aThe radioactive hexoses  were given ip to 13-day- 
old rat litter mates. After 24 hr the rats were killed, 
the ganglioside fraction isolated, and radioactivity 
determined. 

Incorporation of Radioactive 
Substances Into Gangliosides 

Incorporation into 
Precursor gangliosides a 

dpm/g ww brain 
1-14C-Glucosamin e 65,600 
1-14C.Galactos e 38,400 
1-14C-Glucose 18,350 
3-14C-Serine 5,760 
4-14C-Aspartic acid 769 

aThe radioactive substrates were administered ip to 
male rats 13 days old. After 24 hr the rats were killed 
and their brain gangliosides isolated as described for 
Figure 3, in Figure I and Methods section. 

cuss their qualitative and quantitative impor- 
tance to experiments conducted in vivo. While 
many of these factors are apparent from com- 
mon sense considerations, errors of interpre- 
tation still do occur which may lead to faulty 
conclusions. Therefore, it should be useful to 
consider these factors in some detail. 

Most of the examples cited that illustrate 
these factors are from the author's laboratory 
to provide a consistency of the products labeled 
and to facilitate comparison of the factors. Pri- 
mary references are cited specifically in the 
References section or can be found in the bib- 
liography of the references cited. 

MATERIALS AND METHODS 

Sprague-Dawley rats were obtained from 
either Charles River or Holtzman Animal 
colonies. In general, only male rats were used 
and their birthdates are accurate to within 
12-16 hr. The radioactive compounds were pur- 
chased from either New England Nuclear 
Corporation or Tracerlab and administered by 
intraperitoneal or intracerebral injections. The 
intracerebral injections were made using a 
number 25 1/4 in. needle and a 1/4 ml tuber- 
culin syringe. The needle was inserted at the 
base of  the skull, slightly to the right of  the 
midline, and directed towards the third 
ventricle space. While there was no noticeable 
effect of the intracerebral administered 0.05 ml 
volume in the young rats, most of the rats over 
four weeks of age showed a transient paralysis 
of the left fore and hind limbs. Within an hour 
or two, the paralysis disappeared and there was 
no visible residual impairment. Only in rare 
incidents, did death of the rat follow the intra- 
cerebral injection and this was due to subdural 
hemorrhage. 

The animals were killed by decapitation and 
the brains rapidly removed and blended with at 
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FIG. 2. Ganglioside structure as represented by space-filling models. The ganglioside shown is 
gal-galNAc-(neuNAc)-gal-glc-cer. The lipophillic parts are to the right, i.e., sphingosine and stearic acid, 
and the hydrophillic moiety is to the left side of the photograph. The individual components are 
indicated by arrows. Black color indicates carbon atoms, grey indicates oxygen atoms, white indicates 
hydrogen atoms, and the stippling shows the nitrogen atoms. The numbers indicate the position of the 
bonding between the appropriate moieties. 

least 100 ml of chloroform-methanol (CM) (2:1 
v/v) or 20 vol CM whichever is larger (time to 
CM was approximately 5-8 sec). The flow sheet 
(Fig. 1) presents the steps involved in isolation 
of the lipids. This is essentially the Folch-Pi et 
al. procedure (7-9). Cerebrosides were isolated 
by the Radin column (10) and both cerebro- 
sides and gangliosides were examined by thin 
layer chromatography (9,11,12) and silicic acid 
loaded paper chromatography (12a). Ganglio- 
sides were estimated by the Warren thiobarbi- 
turic acid procedure (13), the modified 
Svennerholm resorcinol method (14,15), or the 
Kishimoto and Radin stearic acid measurement 
(16). Radioactivity was measured with the 
Packard 314EX liquid scintillation spectro- 
meter using toluene, dioxane-toluene, or 
impregnated filter paper in toluene. Scintil- 
l a tors  employed were 2,5-diphenyloxazol 
(DPO) and p-bis 2-(5-phenyloxazolyl)-benzene 
(POPOP). 

Other experimental procedures are described 
or referred to in the text, Tables and Figures. 
Post-mortem changes of the glycolipids have 
been evaluated and appear to be of no signifi- 
cance in these experiments (Burton et al., sub- 
mitted for publication). 

RESULTS AND DISCUSSION 

The gangliosides are a family of sphingosine- 
containing glycolipids discovered in brain tissue 
by Klenk (17). They contain sphingosine (sph), 
stearic acid (ste) (85-95% of total fatty acids), 

glucose (glc), galactose (gal), N-acetyl neur- 
aminic acid (neuNAc), and often contain N- 
acetyl galactosamine (galNAc). Their structures 
have been determined (18,19) and the struc- 
tural studies recently reviewed (20-23). The 
structure of one of the dineuraminyl ganglio- 
sides is as follows: 

Sph - glc 
I I 

Ste gal - neuNAc 
I 

galNAc 

glal - neuNAc 

Other gangliosides have more or less neuNAc; in 
some forms they contain neuNAc (2-->8) 
neuNAc bonds. The relative size of the hydro- 
phillic oligosaccharide portion of a ganglioside 
compared to the lipophillic hydrocarbon 
moiety may be visualized by space-filling 
molecular models (Fig. 2). It is this amphi- 
pathic property which gives these glycolipids 
their relatively unique solubility properties and 
their ready ability to form micelles (24). 

Age and Species 

The brain of the late embryo and the 
neonate undergoes rapid and remarkable matu- 
ration. This is reflected by a number of para- 
meters such as the increase in dry weight, for- 
mation of synapses, myelination and the 
increase in lipids including the glycolipids 
(22,25). The data represented in Figure 3 illus- 
trates the accumulation of gangliosides in the 
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FIG. 3. Effect of age upon the incorporation of 
1-14C-D-galactose and 3-14C-DL-serine into rat brain 
gangliosides (8). The serine (3 mc/mmole) and 
galactose (0.9 mc/mmole) were injected into rats (ip; 
1.8 /Jc/g body weight). After 24 hr the rats were 
decapitated and their brain lipids extracted and pro- 
cessed as indicated by the flow sheet (Fig. 1) and 
Methods section. 

developing brain of young rats. Adult concen- 
trations of gangliosides are reached in rats at 
about 40-50 days of age. The fastest rate of 
incorporation of radioactive galactose into the 
oligosaccharide moiety of gangliosides and of 
radioactive serine into the sphingosine and fatty 
acid moieties occurs in rats of 11-12 days post- 
partum (8). This maximal rate of incorporation 
of the radioactive substrates into gangliosides 
occurs approximately two days prior to the 
inflection point of the ganglioside accumulation 
curve. This difference must be the reflection of 
the biosynthesis and deposition of gangliosides 
combined with the biosynthesis and turn-over 
of gangliosides. Similar data have been pub- 
lished for rat brain cerebrosides (26,27) and 
mouse brain cerebrosides (25,28). 

Different species undergo myelination and 
maturation of their brains at different ages. 
This can be demonstrated in mice whose brains 
incorporate radioactive substrates into cerebro- 
sides and gangliosides at an earlier age than rats 
(28). The guinea pig undergoes a large fraction 
of its brain myelination during fetal life. The 
different rates of lipid accumulation by the 
central nervous system of rats, mice and 
humans have been compared (22). 

S p e c i f i c  R a d i o a c t i v i t y  a n d  P o o l  S i z e  

The administration of either glucose or 
galactose to young rats results in the same 
extent of incorporation into gangliosides by the 
intraperitoneal as by the intracerebral route. 
These neutral hexoses can cross the blood-brain 
barrier with ease, from either direction. Table I 
presents results which show a greater extent of 
incorporation into gangliosides by 1-14 C_ 
galactose even though its specific activity is 
one-third that of the glucose. This can be inter- 
preted to mean, (a) that the pool sizes of the 
body's  glucose and galactose are not of equal 
size, and (b) that the glucose-galactose equili- 
brium via the nucleotides UDP-glc and UDP-gal 
is sufficiently slow, inhibited by galactose (or 
its phosphate ester) or saturated, or both, that 
preferential incorporation of galactose can 
occur. To some extent this relates to the 
metabolic demands for glucose which is much 
greater than for galactose. 

The relative incorporation of radioactive pre- 
cursors into ganglioside is illustrated by the 
data reported in Table II. It may be seen that 
glucosamine radioactivity is incorporated to a 
much greater extent than that of either the 
hexoses or the amino acids. This certainly 
reflects differences in pool sizes, in metabolic 
demands upon the pool, and in the directness 
of the routes of incorporation. 

Arp . u i, z 
glucose AT,~ tic-e-P_ -~Lc-I-P UTP LIDP~Ic 

PP 

I A SCoA urP 
:ru-f-P . ~ glcNHz-f-P . "glcN4c-:-P. = gLcNAc-/-P., " gDPgLc/VAc 

ne:NA c 

I + CTP 

Ct4PneuNAc 

FIG. 4. Reactions involved in synthesis of the nucleotide sugar intermediates (22). 
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TABLE III 

Per Cent Saturation of Precursor Pools a 

479 

Isotope administered 

1-14C.glc 1-14c .ga l  1-14c_glcNH2 

Precursor pool 

N-acetyl neuraminic acid 3 10 
N-acetyl galactosamine 5 36 
galactose 5 25 
glucose 6 24 

Saturation, % 

100 
92 

aThe per cent saturation was estimated by the procedure described in the text. 

While a consideration of metabolic pathways 
will occur later, it will be useful to outline the 
pathways for these five isotopic precursors at 
this time. Figure 4 shows the interrelationships 
which exist for glucose, galactose, N-acetyl 
g lucosamine ,  N-acetyl galactosamine and 
N-acetyl neuraminic acids (22). The incorpo- 
ration of the carbohydrate units into the glyco- 
lipids is via the nucleotide sugars, i.e., UDP-gal, 
UDP-glc, UDP-galNAc, and CMP-neuNAc. The 
incorporation of radioactivity from 3-14C - 
serine is direct in the formation of sphingosine 
and indirect in forming acetic acid which will 
label the fatty acids. Incorporation from 
4 -14C-aspartic is totally nonspecific. 

From the data presented in Table II and 
Figure 3 it is possible to estimate the extent of 
precursor pool saturation by the isotope labeled 
substance administered (8). The example which 
follows is for the incorporation of 1-14C-D-glu- 
cosamine; the hexoses can be analyzed in a 
similar manner. 

The rate of incorporation of 1-14C-glucos- 
amine radioactivity into gangliosides (a) and the 
increase in gangliosides (b) are: 

(a) Ganglioside radioactivity, 65,600 (dpm/g 
ww brain/12 hr). (dpm, radioactive atoms de- 
composed per minute, ww, wet weight of 
tissue). 

(b) Increase in total gangliosides, 0.018 
(gmole/12 hr). 
The specific radioactivity of the newly synthe- 
sized ganglioside can be obtained by dividing 
(a) by (b): 

(c) New ganglioside, 3.6 x 106 (dpm/pmole). 
The relative specific radioactivities of the 
galNAc and neuNAc isolated from the ganglio- 
side fraction are: 

(d)  N - a c e t y l  g a l a c t o s a m i n e ,  4,250 
(dpm//amole). 

(e)  N - a c e t y l  neuraminic acid, 4,660 
(dpm//amole). 

The calculation of the actual specific radio- 
activity for galNAc is shown in (f); the brackets 

indicate specific radioactivity, relative (tel) or 
absolute (abs). The proportion of galNAc to 
neuNAc is given in Figure 8 for the dineur- 
aminyl type of ganglioside. 

(f) [ galNAcl abs = 

[ galNAc ] rel 
x [ganglioside ] 

[galNAc]re 1 + 2 [neuNAc]re 1 

Therefore, 

[ galNAc ] abs = 

4250 
x 3.6 x 106 

4250 + 2 (4660) 

= 1.1 x 106 dpm//2mole 

S ince  the specific radioactivity of the 
1-14C-glucosamine administered was 1.2 x 106 
dpm//.tmole, the per cent of saturation by the 
glcNAc of the amino sugar precursor pool is: 

(g) [galNAC]abs 1.1 x 106 
x 100 = - -  x 100 = 92% 

[glcNH2] abs 1.2 x 106 

Similar calculations produce data which provide 
a relative description of the size of the pre- 
cursor pools for the carbohydrate components 
of gangliosides (Table III). 

It should be noted that the pool cannot be 
specifically defined from this data alone, since 
the pool may represent a dilution at any of the 
steps from the compound administered through 
the various intermediates to the product (Fig. 
4). 

Metabolic Activity of the Lipid 

The concept advanced by Folin (28) in 1905 
was that constituents of the body are either 
structural or energy producing compounds. The 
introduction of the modifying idea that body 
constituents exist in steady state equilibrium 
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FIG. 5. Turnover of rat brain cerebrosides. 
1-14C-D-Glucose (open circles) and 1-14C-D-galactose 
(closed circles) were administered ip to young rats, 
i.e., 13 and 14 days old. Fourteen days after the iso- 
topic sugars were given, the initial groups of rats were 
killed and the cerebrosides isolated (Fig. 1). The radio- 
activity was determined and set equal to 100%. All 
subsequent radioactivity measurements were expressed 
as percentages of the initial radioactivity values. 

was due to the use of isotopes to measure these 
dynamic states (31). Subsequent work reviewed 
by Davison and Dobbing (31) indicates a con- 
t inuum of turnover rates and a suggested func- 
tional classification of lipids (27,32). The func- 
tional classification divides the lipids into three 
classes based upon their turnover time, where 
t l / 2  is the time required to synthesize or 
catabolize one half of the total substance. The 
t l / 2  is often measured by the loss of  radio- 
activity from the labeled compound. 

Class 1. t l l  2 < 1 week: Functions as fuel 
and energy reserves (triglycerides); in active 
synthesis as intermediates; in transport and 
related uses (e.g., phosphatidyl inositols in 
sympathetic neurones). 

Class 2 . 4  weeks > t 1 /2>  1 week: Functions 
as membrane components. 

Class 3. t l / 2  > 4 weeks: Functions as struc- 

// 
~H NH C)-galactose 

I c:oR 

galactoseH, e L 
glucos METABOLISM 

FIG. 6. Schematic pools of components involved in 
cerebrosides turnover (27). 
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FIG. 7. Turnover of rat brain gangiiosides (22). 
1-14C-D-Galactose (closed circles) and 1-14C-D-glu- 
cosamine (open circles) were administered ip to young 
rats, i.e., 13 days old. Fourteen days after the isotopic 
substrates were given, the first group of rats were 
killed and their brain gangliosides isolated (Fig. 1). 
The radioactivity of this first group of rats was set 
equal to 100%. All subsequent measurements are 
expressed as percentages of the initial radioactivity 
values. 

tural components (e.g., myelin). 
It is apparent that the incorporation of pre- 

cursor substances into structural components 
will be slower than incorporation into com- 
pounds undergoing rapid turnover. Two illus- 
trations are cerebrosides, constituents of 
myelin, and gangliosides, components of  
neuronal membranes. The detailed description 
is given in the following section. 

Metabolic Pathways 
The Position o f  the Isotope Label in the 

Compound Synthesized. Cerebrosides are com- 
posed of sphingosine, a fatty acid in amide 
linkage, and a galactosyl residue attached to O1 
of sphingosine, i.e., gal(1--~ 1) ceramide. The 
fatty acid in the ceramide is long chain 
(centering around tetracosanoic and tetra- 
cosenoic acids) and over 50% are stable 
a-hydroxy fatty acids. The enzymatic pathway 
of synthesis requires the formation of UDP-gal 
(Fig. 4) and the transfer of the galactose to 
s p h i n g o s i n e  f o l l o w e d  by  N-acy l a t i on  
(22,26,33,34). The intraperitoneal (ip) or intra- 
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Sphingostne 

St!aryl I Glucosyl 0% 

I 0% Galactosyl--NeuNAc 36% 

I 
N-Ac-Galactosamlnyl 28% 

I Galactosyl-NeuNAc 36% 

0% 

FIG. 8. Distribution of radioactivity incorporated 
into gangliosides from 1-14C-D-glucosamine. The 
experimental details are as described in Figure 7 and 
the text. The isolated gangliosides were acid hydro- 
lyzed step-wise and the hexoses and galactosamine 
separated by column and paper chromatography as 
previously reported (8). 

G a n g l i o s i d e s  

ii 
i I i 

FA Glu  
I ~~ ~ . .  

G l u  ~ G o l  Im 
ml 

P r e c u r s o r  P o o l s  

FIG. 9. Schematic pools of components involved in 
gangliosides turnover. 

cerebral (ic) administration of 1-14C-glucose or 
1-14C-galactose to young rats undergoing 
myelination results in the formation of radio- 
active cerebrosides. After the cerebrosides have 
been labeled, the subsequent loss of radio- 
activity can provide an estimation of the turn- 
over of cerebrosides (i.e., the galactose moiety). 
Such an experiment is shown in Figure 5, where 
the t l /2  (gal) is about 45-46 days. In addition, 
there appears to be a hard-core of radioactive 
cerebrosides with a very long t l / 2 .  In similar 
experiments, Davison et al. (35) and Smith and 
Ing (36) have evaluated the turnover of myelin 
cerebroside labeled in the fatty acid moiety by 
administering 1A4C-sodium acetate. The fatty 
acid label indicated a t l /2  of over one year. 
These studies can be interpreted in two ways, 
first, the structures embodying the cerebroside 
do so with the galactosyl residue exposed and 
able to be hydrotyzed and resynthesized, or 
second, the entire cerebroside molecule under- 
goes turnover with a t l /2  of 45 days. In this 
later situation, the galactose would enter a large 
galactose-glucose pool which would dilute the 
radioactive carbohydrate, whereas the fatty 
acid and sphingosine enter small pools and the 
dilution of the 14CAabel is slight. The radio- 
active fatty acid and sphingosine would be rein- 
corporated into the cerebroside. This is pic- 
torially shown in Figure 6 and discussed in 
detail in Reference 27. 

A similar study of gangliosides showed that 
both 1-14C-D-galactose and 1-14C-D-glucos - 
amine can be readily incorporated. The subse- 
quent loss of radioactivity indicated a t l /2  
(galNAc) = 24 days and a t l /2  (gal) = 10 days 
[Fig. 7 and (22)]. Since the entire oligosac- 
charide is labeled by 1-14C-galactose (8), the 
amino sugars must be removed from the oligo- 
saccharide unit at least at the same rate as the 

hexoses. The best explanation for the apparent 
slower turnover of the amino sugar is that the 
14C introduced from the 1-14C-glucosamine 
specifically labeled N-acetyl galactosamine and 
the N-acetylneuraminic acid as indicated in 
Figure 8 (8). Reference to Table III, indicates 
the saturation of the amino sugar pools by 
1-14C-glucosamine, only minimal saturation of 
the hexose pools by administered 1-14C-glucose 
and about 25% saturation by 1-14C-galactose. 
As illustrated by the schematic diagram in 
Figure 9, the entire oligosaccharide unit  is 
hydrolyzed to the individual sugars and amino 
sugars. The 1-14C-N-acety 1 galactosamine and 
1-14C-N-acetyl neuraminic acid enter small 
pools and are reincorporated into gangliosides 
with only a small reduction of their specific 
radioactivities. Whereas the hexoses have 
labeled all components of the oligosaccharide 
unit,  and with turnover, the 1-t4C-glucose and 
1-14C-galactose enter large pools and are 
quickly diluted. However, the amino sugars 
(labeled by the 1-14C-hexose) enter small pools 
and are reincorporated. Thus, the t I/2 (gal) of 
10 days represents a value larger than the true 
turnover time since reincorporation of the 
amino sugars still occurs. While 1A4C-acetate 
can label the fatty acid and sphingosine of the 
gangliosides, the rate is slow (compared to the 
carbohydrates) and different for the two lipid 
moieties (37). 3-14C-Serine is rapidly metabo- 
lized and the isotope can be found in all parts 
of the gangliosides; howeever it is more selec- 
tively incorporated into the sphingosine moiety 
(8,22) as shown by Zabin and Mead (38), 
Sprinson and Coulon (39), and Brady et al. 
(42). 

The Position o f  the lsotope Label Within the 
Precursor  Compound Administered. The 
administration of 1-14C-glucosamine results in 
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TABLE IV 

N-Acetyl Glucosamine and Acetate Incorporation Into Rat Brain Lipids a 

Route Precursor 

Neutral plus 
phospholipids 

mtmaoles/g brain 
Gangliosides 

/~/~moles/g brain 

ip N-acetyl-3H glucosamine 95 
sodium acetate-3H 2,550 

ic N-acetyl-3H glucosamine 1,610 
sodium acetate-3H 12,400 

1 
19 

358 
73 

aData from Sena-Esteves and Burton, in preparation. 

rather specific labeling of gangliosides (Fig. 8); 
only a small amount of radioactivity is found in 
the neutral and phospholipid fraction. How- 
ever, when N-acetyl glucosamine, labeled in the 
acetyl moiety with tritium, is given ip to young 
rats, most of the incorporated radioactivity is 
found in the neutral plus phospholipid fraction 
of brain (Sena-Esteves and Burton, in prepara- 
tion). Thus, the nonspecific incorporation of 
radioactivity must result from the removal of 
the 3H-acetate from the parent compound and 
incorporation of the acetate itself. It should be 
noted that the control experiment in which 
3H-sodium acetate was given in the amount 
equivalent to the N-(3H-acetyl)-glucosamine, 
resulted in a much greater incorporation into 
the neutral plus phospholipid fraction by 
factors of 10 to 250 times. 

Route of Administration 

The route of administration becomes 
important when the nature of the compound is 
such that a barrier exists between the com- 
pound and the organ being studied. In addition, 
the point of administration may route the com- 
pound to the organ of study before, for 
example, passing to the liver where detoxi- 
cation or other reactions may occur (e.g., 
administration into the portal vein vs. the 
femoral artery). 

It has been cited previously that glucose, 
galactose and glucosamine have free access to 
the brain since these are small molecular 
weight, neutral, water soluble compounds. 
However, the ip injection of N-(3H-acetyl) 
glucosamine shows over 350-fold less incorpo- 
ration into gangliosides than the ic route [Table 
IV; (Sena-Esteves and Burton, in preparation)]. 
This is most likely due to the liver deacylating 
the N-acetyl glucosamine. When the N-(aH - 
acetyl) glucosamine is given by the intracerebral 
route, the radioactivity is found in the acetate 
moiety of the amino sugars of the gangliosides. 

Nature of the Substrate 

Molecular Size. The simple hexoses such as 
glucose and galactose have ready access to the 
central nervous system, however high molecular 
weight carbohydrates (e.g., inulin) cannot pass 
the blood brain barrier. Neutral lipids such as 
cerebrosides cannot enter the brain (41), how- 
ever cerebrosides given ic can be metabolized 
(42). 

Ionic or Nonionic Substrates. In general, 
ionic compounds cannot cross the blood brain 
barrier (Table IV, sodium acetate), whereas 
neutral compound can (shown by experiments 
with the ip and ic administration of glucose, 
galactose and glucosamine, cited earlier). 
Notable exceptions are compounds such as the 
amino acids, e.g., 3-14C-serine, which are 
actively transported into the brain. 3-14C - 
Serine is a direct precursor of sphingosine. 

Water-LipM Solubilities and Micelle For- 
mation. In general, the more lipid-soluble and 
less water-soluble compounds can pass the 
blood brain barrier (e.g., diethyl ether vs. 
sodium acetate). This principle is certainly 
associated with the last subsection, which 
mentions ionic and nonionic compounds. The 
example cited in this subsection, for a neutral, 
lipid soluble, higher molecular weight substance 
not  capable of crossing blood brain barrier, i.e., 
cerebrosides, is certainly an example of a com- 
pound which forms micelles and thereby 
assumes in effect a high molecular weight (24). 

Influence of Hormones and Drugs 

Little is known about the effects of hor- 
mones and drugs upon the glycolipids of the 
central nervous system. Unpublished data of 
Burton et al. have shown that high dosages of 
deoxyglucose and deoxygalactose will inhibit 
the incorporation of glucose and galactose into 
cerebrosides and gangliosides. It is not known if 
this is a true inhibition or if the deoxy sugars 
are competitively incorporated themselves. 
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Bur ton  (unpubl i shed)  has no t  been  able to 
inhibi t  the  i nco rpo ra t ion  of  galactose in to  
cerebrosides  by the  prior  adminis t ra t ion  of  
azauracil or o the r  analogues of  uridine com- 
pounds .  It has been  shown  by Kanfer  and 
Richards  (43) tha t  p u r o m y c i n  adminis te red  ic 
in to  the  parietal region of  the  rat brain retards 
the  fo rma t ion  of  gangliosides as evidenced by  
the  use of  radioact ive sugars. While the mecha-  
nism of  pu romyc in  act ion in this example  is 
obscure ,  the au thors  suggest tha t  ganglioside 
synthes is  may require  the  concur ren t  synthesis  
o f  prote ins .  

However ,  o the r  aspects  o f  lipid metabo l i sm 
are under  the con t ro l  o f  h o r m o n e s  and can be 
a f fec ted  by drugs. F o r  example ,  the plasma 
level o f  cholesterol  can be reduced  by t hy rox in  
and estrogens (44,45)  as well as by drugs such 
as  A t r o m i d - S ,  c h l o r o p h e n o x y i s o b u t y r a t e ,  
c l o f i b r a t e ;  Tr iparanol ,  1- [ (4-die thylamino-  
e t h o x y )  phenyl]  -1-(p- tolyl ) -2-(p-chlorophenyl)  
e thanol ;  MER-29,  etc.  (46,47).  

One of  the  more  fascinat ing examples  of  
h o r m o n e s  that  af fect  lipid me tabo l i sm is the  
ho rmona l  regulat ion of  t r iglyceride lipolysis in 
adipose tissue. H o r m o n e s  such as ACTH 
(ad renocor t i co t rop ic  h o r m o n e ) ,  g rowth  hor-  
mone ,  glucagon, etc. ,  increase the  rate of  
l ipolysis (48). Of  part icular  interest  is the  
increased lipolysis due to  no rep inephr ine  
released by s t imula t ion  of  the sympa the t i c  
nerves innervat ing fat pads (49). Similarly, 
denervat ion ,  the  use of  ganglionic blocking 
drugs and drugs tha t  in ter fere  wi th  norepi-  
nephr ine  act ions all reduce  the  rate of  trigly- 
ceride lipolysis (49,50) .  

Finally,  expe r imen t s  by Hokin  et al. (51) 
and Hokin (52) have impl ica ted  the phospho -  
lipids in m e m b r a n e  activities by showing that  
n e u r o h o r m o n e s  such as acetyl  chol ine and nor-  
ep inephr ine  will s t imula te  the  incorpora t ion  of  
32PO43- in to  phosphol ip ids .  A skillfully 
execu ted  expe r imen t  by Larrabee (53) provides 
suppor t  for  the s tudies  of  Hokin  and has pro- 
vided possible physiological  relevance.  In 
Larrabee ' s  expe r imen t  the  cervical sympa the t i c  
nerves were cut (preganglionic) ,  one  nerve was 
s t imula ted  while the  contra la tera l  nerve was 
uns t imula ted  and provided  a control .  The 
super ior  cervical ganglia f rom the  s t imulated  
side showed  increase incorpora t ion  of  32PO43- 
in to  the  phospha t idy l  inositols .  
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SHORT COMMUNICATIONS 

Phospholipid Content of Human and Guinea Pig Muscle: 
Post-Mortem Changes and Variations 

With Muscle Composition 
ABSTRACT 

The phospho l ip id  compos i t i on  of  
h u m a n  and guinea pig skeletal muscle was 
d e t e r m i n e d .  Vir tual ly no auto ly t ic  
changes occur red  in the  first hal f  hour  
p o s t - m o r t e m  and af ter  12 hr  only  very 
small changes were  de tec ted .  There  were 
significant d i f ferences  in the  phospho l ip id  
compos i t ion  of  red and whi te  muscle,  
especially in the  d iphospha t idy l  glycerol 
(DPG) con ten t ,  red muscle  having over 
50% more  DPG than  whi te  muscle.  

Red fibers of  rat  gas t rocnemius  have a h igher  
tota l  phosphol ip id  con t en t  than  white  f ibers 
(1). Some di f ference  is to  be expec t ed  since red 
muscle is r icher in mi tochondr i a  than  whi te  
muscle (2) and it has been  d e m o n s t r a t e d  tha t  
d iphospha t idy l  glycerol  is found  p r edominan t l y  

in the  mi tochondr i a  while sph ingomyel in  is 
absent  f rom these  s t ructures  (3). 

It is essential  to  k n o w  what  au to ly t ic  
changes occur  in the phosphol ip ids  of  muscle 
since it is o f t en  necessary to  use au topsy  
material  when  s tudying muscle  func t ion  and 
metabol i sm.  

H u m a n  rectus  muscle was ob ta ined  as a 
b iopsy  spec imen f rom three  pa t ien ts  showing 
no  muscle abnormali t ies .  For  the  zero t ime con- 
trol ,  1 g of  the  material  was f rozen  wi th in  1 
min of  its removal  and wi thin  4 min of  the  
original surface incision. 

Young adult  male guinea pigs were  decapi-  
t a t ed  and the  entire muscle f rom the  h ind  l imbs 
removed  and freed of  adipose tissue. In those  
expe r imen t s  in which  the  red and whi te  muscles 
were  separated,  the  pink muscle which  is a mix- 
ture  of  the  two  types  of  f ibers was discarded.  
Muscle samples removed  30 min and 12 hr 
p o s t - m o r t e m  were ob ta ined  f rom the  left h ind  

TABLE I 

Phospholipid Composition of Human Rectus Muscle: Autolysis Study a 

Zero 1.5 hr (25 C) 
Phospholipid b time 1 hr (25 C) 4 hr (25 C) 10 hr (25 C) 9 hr ( 4 C) 

PC 55.7 55.0 56.7 51.7 55.1 
PE 21.9 21.8 21.6 22.7 21.6 
DPG 4.7 4.9 4.8 5.3 4.3 
SPH 5.6 5.4 5.3 5.7 5.7 
PS 4.2 4.4 4.2 4.9 4.8 
PI 6.0 6.8 5.2 6.5 6.2 
PA 0.3 0.3 0.4 0.5 0.5 
LPE 0.0 O. 1 0.2 0.4 0.1 
LPC 0.5 0.4 0.7 1.2 0.6 
Other 0.8 0.8 0.7 1.1 0.7 
Origin 0.0 0.1 0.1 0.2 O. 3 
mg lipid/ 16.4 17.5 17.2 13.7 15.0 
g muscle 
% PL of 0.58 0.60 0.61 0.47 0.53 
muscle 

avalues expressed as per cent of total phospholipid. Heading denotes length of time at designated tempera- 
ture for sample prior to freezing at -70 C. Maximum standard error for values over 10% + 1.2, for values above 
0.5% and below 10%, + 0.5 and for values 0.5% or less, - 0.1. Three samples were utilized and each samples was 
analyzed in quadruplicate. 

bAbbreviations: PC, phosphatidyl choline; PE, phosphatidyl ethanolamine; DPG, diphosphatidyl glycerol; 
SPH, sphingomyelin; PS, phosphatidyl serine; PI, phosphatidyl inositol; PA, phosphatidic acid; LPC, lysophos- 
phatidyl choline; LPE, lysophosphatidyl ethanolamine; PL, phospholipid. 
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TABLE II 

Phospholipid Composit ion o f  Guinea Pig Muscle a 

Per cent phospholipid Milligram per gram muscle wet weight 

Phospholipid 0 hr (7) b 0.5 hr (5) 12 hr (5) 0 hr (7) 12 hr (5) % Change 

PC 50.0-+1.7 50.4---0.5 48.3-+0.8 5.15 4.54 -12 
PE 27.7"t"1.0 26.6"I-0.1 27.0-+0.7 2.85 2.54 -11 
DPG 6.4+0.8 7.0-+0.8 6.6-+0.5 0.66 0.62 -6 
SPH 4.2-+0.6 4.0"1"0.2 4.5--+0.2 0.43 0.42 -2 
PS 3.6+0.4 3.6-+0.2 3.4+--0.2 0.37 0.32 -13 
PI 7.9-+0.6 8.0+0.5 6.9+0.3 0.81 0.65 -20 
PA 0.2-+0.1 0.2-+0.1 0.3-+0.1 0.02 0.03 + 
LPC 0.3-+0.0 0.4-+0.1 1.6-+0.3 0.03 0.15 + 
LPE 0.0 Trace 0.3+--0.3 0 0.03 + 
Other 0.3-+0.1 0.4-+0.1 0.6-+0.2 0.03 0.06 + 
Orig. 0.0 Trace 0.7+-0.1 . . . . . .  + 
mg lipid/g . . . . . . . . .  15.5+0.7 13.9+--0.5 -10 
muscle 

mg PL/g . . . . . . . . .  10.5"1-0.3 9.4-+0.3 -10 
muscle 

% Water 75.3 76.0 76.3 

aAll values expressed -+ s tandard error, see Table I for abbreviations. Autolysis  allowed to preceed at 25 C for 
indicated period of t ime. 

bTime post-mortem;  number  in parentheses is number  of  animals in sample. 

l i m b s  a n d  c o n t r o l  o r  z e ro  t i m e  s a m p l e s  w e r e  
o b t a i n e d  f r o m  t h e  r i gh t  h i n d  l i m b s  o f  t h e  s a m e  
a n i m a l s .  W a t e r  c o n t e n t  w a s  d e t e r m i n e d  b y  
d r y i n g  t i s sue  s a m p l e s  t o  c o n s t a n t  w e i g h t .  T h e  
s a m p l e s  w e r e  f r o z e n  in  d r y  ice ,  p u l v e r i z e d ,  
w e i g h e d  a n d  e x t r a c t e d  w i t h  c h l o r o f o r m -  
m e t h a n o l  s o l v e n t s  a c c o r d i n g  t o  t h e  m e t h o d  o f  
R o u s e r  et  al. (4) .  T h e  p h o s p h o l i p i d s  we re  sepa -  
r a t e d  b y  t w o - d i m e n s i o n a l  t h i n  l a y e r  c h r o m a t o -  

g r a p h y  ( c h l o r o f o r m - m e t h a n o l - c o n c e n t r a t e d  
a m m o n i u m  h y d r o x i d e ,  6 5 : 2 5 : 4 ;  c h l o r o f o r m -  
a c e t o n e - m e t h a n o l - a c e t i c  a c i d - w a t e r ,  
5 : 2 : 1 : 1 : 0 . 5 ,  c h a r r e d ,  t h e  s p o t s  a s p i r a t e d  a n d  
t h e  p h o s p h o r o u s  c o n t e n t s  q u a n t i t a t e d  (5) .  

I t  is a p p a r e n t  f r o m  T a b l e  I t h a t  h u m a n  
m u s c l e  u n d e r g o e s  s l ow  p h o s p h o l i p i d  a u t o l y s i s .  
In  t h e  f i rs t  4 h r  o f  a u t o l y t i c  a c t i o n  t h e r e  is 
e s s e n t i a l l y  n o  c h a n g e  in  t h e  p h o s p h o l i p i d  (PL)  

TABLE III 

Phospholipid Composi t ion of  Guinea Pig Red and White Muscle a 

Per cent phospholipid 

Phospholipid Red (5) b White (5) b P 

Milligram per gram muscle wet weight 

Red (5) b White (5) b P 

PC 47.11"0.9 52.0-+0.5 
PE 29.9t"0.9 26.9---0.3 
DPG 7.3---0.2 4.5/-0.4 
SPH 4.4-+0.4 4.7-+0.2 
PS 3.7+-0.2 3.9 +.+.+.+.~. 4 
PI 6.9-+0.1 7.4-+0.2 
PA 0.1 0.1 
LPC 0.2 0.1 
LPE 0.0 0.0 
Other 0.2 0.2 
Orig. 0.0 0.0 
mg lipid/g 
muscle 

mg PL/g 
muscle 

% Water 73.4 73.4 

~ .05  5.98+-0.17 5.15-+0.07 ~ 0 1  
< 0 2  3.80+0,09 2.72-+0.05 < 0 1  
< 0 1  0.93-1"0.02 0.45+---0.03 < 0 1  
]>.05 0.56+0.05 0.47+--0.03 < 0 2  
~ .05  0.47--+0.02 0.39+--0.01 < 0 2  
>.05 0.88+0.03 0.74+0.08 ~ .05 

22.4-+1.9 19.611.4 ~ 0 5  

12.7"t"0.4 10.1 +.+.+.+.~. 5 < 0 1  

aAll values expressed + standard error, see Table I for abbreviations. 
bNumber  in parentheses is number  o f  animals in sample. 
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ratios and no change in the absolute amounts of 
the PL. After 10 hr there is a change in both 
absolute and relative amounts of the PL. The 
largest decrease takes place in phosphatidyl 
choline (PC) with lysophosphatidyl ethanol- 
amine (LPE), lysophosphatidyl choline (LPC) 
and others showing an increase. During this 
time there has been an increase in phosphorus- 
containing compounds that do not leave the 
origin. There appears to be a difference in the 
PL autolysis depending upon whether the speci- 
men is kept at 25 C for 10 hr or at 25 C for 1.5 
hr and then at 4 C for 9 hr. The slow autolysis 
of human skeletal muscle reported here is 
similar to the slow autolysis of aorta reported 
by Rouser and Solomon (6) and is in marked 
contrast to the high rate of lipid autolysis 
reported by Rouser et al. for liver (7). 

The changes which occurred in PL content 
of guinea pig muscle during the two post- 
mortem periods are illustrated in Table II. No 
appreciable changes were found in the percent 
distribution of the individual PL when the 
samples were obtained 30 min after killing. 
When the post-mortem period was increased to 
12 hr a definite decrease in the per cent of each 
of the PL except diphosphatidyl glycerol (DPG) 
and sphingomyelin was found. On the basis of 
milligram per gram wet weight of tissue, the 
content of  the individual PL in the 12 hr 
samples ranged from 80-98% of the content in 
the zero time samples with the greatest decrease 
in phosphatidyl inositol. Both total lipid and 
PL contents decreased with a more pronounced 
decrease in the amount of total lipid signifying 
neutral lipid decrease is greater than PL 
decrease. 

The per cent of DPG in white muscle is sig- 

nificantly lower than that in red (Table llI). A 
lower per cent of PE is also suggested by the 
data but is not statistically significant. When 
the comparison is made on the basis of milli- 
gram per gram wet weight of tissue a lower con- 
tent of PL, total lipid and of each of the indivi- 
dual PL in white muscle is evident and the dif- 
ferences are statistically significant for total PL, 
phosphatidyl choline and DPG. 
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Chain Length Specificity of the Saturated Fatty Acyl 
Desaturase in Rat Liver Preparations 

ABSTRACT 

Chain length specificity of the satu- 
rated fatty acyl desaturase was studied in 
rat liver preparations using both de novo 
synthesized long chain fatty acids and 
equimolar mixtures of prmormed fatty 
acids. Both experiments show that 
myristic acid is least desaturated and pal- 
mitic and stearic acids are desaturated in 
about equal amounts. 

Aerobic desaturation, which produces a cis 
double bond at the 9,10-position of saturated 
fatty acids, is the predominant pathway for the 
biosynthesis of monoenoic acids in animal tis- 
sues. The most common monoenoic fatty acids 
in animal lipids are, in increasing order of pre- 
valence: myristoleic, palmitoleic and oleic. 
Nakagawa and Uchiyama (1) have reported that 
palmitic acid is desaturated about twice as 
rapidly as stearic acid in mitochondria-free rat 
liver preparations. Very recently Johnson et al. 
(2) reported that in mitochondria-free hen liver 
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preparations, myristic acid is desaturated about 
1.5 times as rapidly as palmitic or stearic acids. 
These in vitro studies do not correlate with the 
monoenoic acid concentrations in animal 
tissues. All the in vitro studies to date were 
carried out under conditions in which one fatty 
acid was tested at a time, and thus are not a 
measure of  the possible competit ion between 
fatty acids of  different chain lengths. In the 
studies reported here, long chain fatty acids 
were desaturated in competit ion with each 
other in rat liver preparations. In one experi- 
ment, fatty acids were synthesized de novo 
from 1-14C-labeled acetate in rat liver high 
speed supernatant fraction and then desatu- 
rated by the addition of microsomes. In a 
second experiment, equimolar amounts of 
1-14C-myristic, 1-14C-palmitic and 1-14C - 
stearic acids were subjected to desaturation to 

FIG. 1. (A) Radiochromatogram of the fatty acids 
synthesized from labeled acetate. Complete system 
contained 2 mg protein of rat liver high speed super- 
natant, 5 panoles of ATP, 15 panoles of reduced gluta- 
thione, 0.25//moles of CoA, 2.5//moles of MnC12, 10 
/Jmoles of potassium bicarbonate, 10//moles of potas- 
sium citrate, 350 /dmoles of potassium phosphate 
buffer pH 7.4 and 50 mbtmoles of 1-14C-acetate (I x 
106 cpm) in a total volume of 1.5 ml. Incubations 
were carried out in a Dubnoff metabolic shaker at 
37 C for 30 min. One milligram of microsomal protein 
was added and the incubation continued for an addi- 
tional 30 min. Incorporation of labeled acetate in long 
chain fatty acids was 10.2 m//moles. Fatty acid methyl 
esters were analyzed by gas radiochromatography 
(column 9 ft x 1/4 in., packed with 15% diethylene- 
glycol succinate on Gaschrom HP and operated iso- 
thermally at 180 C with a flow of 40 ml/min of 
helium). (B) Radiochromatogram showing the desatu- 
ration of myrisfic, palmitic and stearic acids. Complete 
system contained mitochondria-free supernatant (5 mg 
microsomal protein), 10/./moles of MgC12, 20/Jmoles 
of ATP, 100//moles of phosphate buffer, 0.2/amoles 
of CoA, 15 /Jmoles of reduced glutathione, 2//moles 
of NADPH and 750 m//moles of K salts of 1-14C - 
labeled fatty acids (250 m/Jmoles of 1-14C-myristic, 
250 m/dmoles of 1-14C-palmitic and 250 m/Jmoles of 
1-14C-stearic acid) in a total volume of 2 ml. Incu- 
bations were carried out at 37 C for 30 min. The 
methyl esters were analyzed by gas radiochromato- 
graphy. 

their corresponding A9 monoenes by a mito- 
chondria-free rat liver preparation. It was found 
that myristic acid is the least desaturated and 
palmitic and stearic acids are desaturated in 
about equal amounts. 

Adult, ca. 200 g, male rats, maintained at 
least a week on a fat-free diet, were used. The 
animals were killed by cervical fracture and the 
livers homogenized in 3 vol of 0.25 M sucrose. 
The homogenate was centrifuged at 1,000 x g 
for 15 min. The resultant supernatant was then 
centrifuged at 11,000 x g for 20 min. The mito- 
chondria-free supernatant so obtained was used 
for the desaturase experiments. High speed 
supernatant was prepared by centrifugation of 
the mitochondria-free supernatant at 104,000 x 
g and the pellet so obtained was used as micro- 
somes. The incubation conditions are described 
under Figure 1. Enzyme action was stopped by 
the addition of 5 ml of chloroform-methanol 
(2:1 v/v) and the lipids were extracted after 
acidification with dilute HC1 according to the 
procedure of Folch et al. (3). The fatty acid 
methyl esters of the extracted lipids were pre- 
pared by refluxing with a solution of 5% boron 
trifluoride in methanol for 5 min. The methyl 
esters were analyzed by gas radiochromato- 
graphy using an Aerograph A-90-P gas chro- 
matograph connected to a Nuclear-Chicago Bio- 
span proportional counter, and the signal fed to 
a 10 mv strip chart recorder. 

Figure 1A shows the fatty acid activity 
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spectrum obtained when fatty acids were 
synthesized from labeled acetate for 30 min by 
the rat liver high speed supernatant fraction and 
then desaturated by the addition of microsomal 
protein. The extent of desaturation of myristic 
acid was less than that of palmitic acid, showing 
that of the two, palmitic acid is a preferred 
substrate. That the desaturase enzyme for 
myristic and palmitic acid is located in micro- 
somes is evidenced from the observation that 
no myristoleic or palmitoleic acids were pro- 
duced when the high speed supernatant was 
used alone. 

Figure 1B shows the relative degrees of 
desaturation of myristic, palmitic, and stearic 
acids when all three were allowed to compete 
for the desaturase in equimolar proportions. In 
this case, when 250 m/amoles of each acid was 
used, myristic acid was also desaturated less 
than palmitic (39 vs. 70 mgmoles) whereas 
stearic acid was desaturated slightly more (75 
m/amoles) than palmitic acid. Thus the desatu- 
ration of  myristic and palmitic acids in rat liver 
are in reverse order to that of  hen liver prepara- 
tions, as reported by Johnson et al. (2). Also, 
unlike the observation of  Nakagawa and 
Uchiyama (1), the amount of palmitic acid 
desaturated is no higher than that of stearic 
acid. Holloway et al. (4) have also found that 
slightly more stearoyl-CoA is desaturated than 
palmitoyl-CoA in rat liver microsomes. A signi- 
ficantly higher rate of desaturation of stearic 
acid than palmitic acid was observed by 
Elovson (5) in in vivo experiments with rats. 
Thus there are discrepancies in the reported 
desaturase activities for palmitic and stearic 
acids as determined in vitro and in vivo. 

Under in vivo conditions, palmitic acid is 
utilized for at least three important biosynthe- 
tic processes: elongation to stearic acid, desatu- 
ration to palmitoleic acid, and esterification to 

glycerides. The rate of  esterification of stearic 
acid by rat liver microsomes (6) is very low in 
comparison to that of palmitic acid. Further, 
the elongation of stearic acid is not a very 
active pathway in rat liver in comparison to the 
very active elongation of palmitic acid to stearic 
acid. These differences in the rates of utiliza- 
tion of the two saturated fatty acids could 
produce differences in their effective concen- 
trations in vivo, which may be a reason for the 
apparent anomaly in the desaturase activities 
determined in vitro. 
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Separation of the C2O Unsaturated Fatty Acids From 
Rapeseed Oil by Countercurrent Distribution 

ABSTRACT 

A C20 fatty acid mixture (5.9g),  
which was obtained from fractional distil- 
lation of 95 g methyl esters of rapeseed 
oil, was subjected to countercurrent dis- 
tribution. This procedure yielded 4.5 g 
eicosenoic acid (20:1), 0.4 g eicosadienoic 
acid (20: 2), and 0.04 g eicosatrienoic acid 
(20:3), 4.7%, .42% and .04%, respectively, 
of the total methyl esters. 

A number of procedures have been used for 
the isolation and purification of unsaturated 
fatty acids from seed oils, e.g., mercury or urea 
adduct formation of  the unsaturated acids and 
successive column chromatography, low tem- 
perature crystallization, countercurrent distri- 
bution, thin layer and gas chromatography. In 
the present paper a procedure based on frac- 
tional distillation and countercurrent distri- 
bution is described for the isolation of the un- 
saturated C2o fatty acids of rapeseed oil. The 
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ABSTRACT 

A C20 fatty acid mixture (5.9g),  
which was obtained from fractional distil- 
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tribution. This procedure yielded 4.5 g 
eicosenoic acid (20:1), 0.4 g eicosadienoic 
acid (20: 2), and 0.04 g eicosatrienoic acid 
(20:3), 4.7%, .42% and .04%, respectively, 
of the total methyl esters. 
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fatty acids from seed oils, e.g., mercury or urea 
adduct formation of  the unsaturated acids and 
successive column chromatography, low tem- 
perature crystallization, countercurrent distri- 
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the present paper a procedure based on frac- 
tional distillation and countercurrent distri- 
bution is described for the isolation of the un- 
saturated C2o fatty acids of rapeseed oil. The 
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TABLE I 

Fatty Acid Composition of the Segments Under the Countercurrent Distribution Curve 

20 20 : 1 20:2 20:3 C 18 acids Impurities 

Segment g % g % g % g % g % % 

I 0 .18  30 0 .3  a S0 
II  4 .14  a 99 0 .02  0.5 

I I I  0 .4  76 0 .13  22 
IV 0 .012  8 0.01 6 0 .04  25 0 .09  60 

20 

aThese two values and the corresponding areas under the distribution curve cannot be compaired, since most 
of the 20:1 acid found in segment I stems probably from tubes 95-110, a part of the main 20:1 peak. 

obtained acids, 20:1, 20:2 and 20:3, of which 
the last one was present only in very small 
amounts, are known to occur in various 
Cruciferae seed oils (1-5; also Haeffner), and 
their structures have also been determined 
(1,3,6). 

Rapeseed oil, which was purchased from the 
Hospital-and Wohlfahrts-apotheke in Cologne, 
Germany, was used in these experiments. The 
standard values of the oil, its long chain fatty 
acid and lipid composition have been deter- 
mined (6). The distillation procedure has been 
described elsewhere (6). 

An automatic H.O. Post apparatus from the 
Scientific Instruments Company, Inc., N.Y., 
was used, consisting of 500 elements with 
volumes of 10 ml for each lower and upper 
phase. The solvent system n-heptane-methanol- 
acetic acid-acetonitrile (3:1 : 1 : 1), as described 
by Ahrens and Craig (7) was used for the fatty 
acid separation. The distribution was started by 
adding upper phase to each element in a step- 
wise manner, mixing both phases by shaking 
(20 times), allowing the phases to separate for 2 
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FIG. 1. Countercurrent distribution profile of the 
C20 fatty acids of rapeseed oil. An automatic H.O. 
Post apparatus with 500 elements of each 10 ml lower 
and upper phase was used. Solvent system: n-heptane- 
methanol-acetic acid-acetonitrile (3:1 : 1 : 1). The distri- 
bution of the fatty acids was followed by measuring 
the consumption of 1/10 N bromine of an aliquot of 
every fourth tube. 

min, and then transferring the upper phase to 
the next element. After all 500 elements were 
filled with upper phase, the distribution process 
was continued by decanting the upper phases 
into a fraction collector; two transfers were 
combined per tube. One milliliter of every 
fourth tube was taken for bromine value deter- 
minations (8). The fatty acid distribution 
pattern was obtained by plotting the con- 
sumption of 1/10 N bromine solution versus 
the tube number. 

An amount of 95 g methyl esters of rapeseed 
oil was subjected in two batches to a fractional 
distillation (No. 1) to yield 19.1 g material en- 
riched in C20 acids. This mixture was again dis- 
tilled (No. 2) to give 4.4 g of more than 90% 
pure C20 acids (by gas liquid chromatography 
analysis). Some of the side fractions (9.4 g) 
of distillation No. 2 were subjected to a further 
distillation (No. 3) to yield 1.9 g of almost pure 
(GLC) C20 acids. The combined methyl esters 
of distillation No. 2 (4.4 g) and No. 3 (1.9 g) 
were saponified to give 5.9 g of free fatty acids, 
which were then separated by countercurrent 
distribution according to their degree of unsatu- 
ration. After dissolving the acids in 30 ml of 
each lower and upper phase of the solvent 
system, the solution was filled into the ele- 
ments 4 to 6, while all other elements were 
filled with lower phase ( I0  ml of each). The 
elements 16 to 30 were filled with additional 
10 ml of lower and upper phase in an alter- 
native way for the purpose of further equilibra- 
tion of the two phases during the distribution 
process. The result of the countercurrent distri- 
bution, operated at a constant temperature of 
20 C, is shown in Figure 1. The distribution 
curve was divided into four segments according 
to its profile. The tubes of each segment were 
combined, the solvent system evaporated 
(traces were removed by putting the samples 
into a dessicator under high vacuum), and the 
amounts of fatty acids and their composition 
were determined by weighing and gas chro- 
matographic analysis (Table I). 
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As can be seen from Table 1, the segments II, 
Ill and IV contained the desired unsaturated 
C20 fatty acids. The total yield after the 
countercurrent distribution was 5.5 g (94%), of 
which 4.9 g (88%) were C20 acids. The 20:3 
amounts to only 0.04% of the rapeseed oil. The 
C2o fatty acids can be further purified by silver 
nitrate thin layer chromatography. 
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Graphic Presentation of Computer-Derived 
Schlieren Lipoprotein Data 1 

ABSTRACT 

Computer produced graphs of lipo- 
protein spectra visually present a large 
amount of information and greatly facili- 
tate error detection. Data derived from 
schlieren patterns in the analytical ultra- 
centrifuge are fully corrected to standard 
conditions allowing valid comparison of 
serum lipoprotein concentrations and 
profiles. The computer program is 
flexible enough to provide appropriate 
representations for many types of spectra 
and several possibilities for comparison of 
data. 

The computer analysis of schlieren photo- 
graphs of serum lipoprotein distributions has 
been described in detail by Ewing et al. (1). 
This computer program yields numeric output 
fully corrected to standard conditions in terms 
of lipoprotein concentration of the original 
sample, allowing valid comparisons to be made 
from sample to sample. In addition, an analytic 
ultracentrifuge data acquisition system (2)pro-  
vides the accumulated value of kf~o2(t)dt for 
the mean time of each schlieren photograph. 
These data permit more accurate schlieren 
analysis of very low-density lipoproteins, where 

1 Presented in part at the AOCS Meeting, San Fran- 
cisco, April 1969. 

the precise equivalent up-to-speed centrifu- 
gation during the acceleration phase of the run 
is required. In order to extend and improve the 
computer analysis of lipoprotein distributions, 
a program has been written to present these 
data in graphic form, allowing rapid visual 
evaluation, comparison of samples and error 
detection. 

The computer input data consist of lipopro- 
rein concentrations for a series of standard 
flotation rate (Sf or F rate) intervals in the card 
format produced by the schlieren analysis pro- 
gram (1). Although the low-density analysis is 
presented here in terms of Sf values, the pro- 
gram is similarly used for high-density graphic 
analysis or for single frame analysis at any time, 
including the acceleration frame. The results 
from any frame may be plotted at any desired 
up-to-speed time value for ease of comparing 
data. The plotting program converts these Sf 
rates into appropriate linear dimensions and 
lipoprotein concentrations into areas equivalent 
to those of the corrected schlieren patterns, 
routinely presented at three times the concen- 
tration of serum. It then calculates frequent 
points along a best fit curve through the 
resulting histogram, from which the graph is 
subsequently plotted on a physical device. At 
the same time the program sums lipoprotein 
concentrations of the total pattern and speci- 
fied subfractions (S( 0-12, Sf 12-20, S( 20-100 
and S( 100-400 in the standard low-density 
run), as well as determining the Sf rate where 
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LOW-DENSITY LIPOPROTEINS HIGH-DENSITY' [IPOPROTEINS 
400 100 20 0 20 10 5 0 

LIVERMORE H 
NON-FASTING FEMALES 
16 cases, age 35;50 years 

LIVERMORE G NON- 
FASTING NORMAL MALES 
16 cases, age 35-50 years 

FIG. 1. Typical low- and high-density lipoprotein spectra obtained from a Cal-Comp plotter. The 
areas under the curves were shaded to provide profiles for visual comparison. 

the maximum concentration occurs. The final 
steps are to draw a rectangle around each 
frame, with tick marks and frame boundaries 
which normally correspond to the template 
upon which the schlieren pattern was initially 
traced, label the plot and print standard interval 
lipoprotein concentration values. It is possible 
to plot several patterns on one frame, or to plot 
the mean or standard deviation, or both, of a 
group of cases. 

At the present time we normally use an Sf 
rate scale identical to that of the 0', 6' and 30' 
up-to-speed (52,640 rpm) frame template used 
for tracing the enlarged schlieren patterns (Fig. 
1). However, the montage of three frames 
(taken at different times required to include all 
the low-density lipoproteins) results in a discon- 
tinuous curve (Fig. 1 and 2a) representing what 
is essentially a continuous spectrum. In Figure 
2b, a logarithmic scale has been chosen to 
achieve continuity across the entire Sf 0-400 
lipoprotein spectra, avoiding discontinuities at 
the frame boundaries of Sf 20 and Sf 100. To 
accomplish this a variable k log (Sf + 5) is used 
to avoid negative values while preserving the 
relative widths represented by the individual 
schlieren frames. The usefulness of a similar log- 
arithmic scale, which has been applied to 13 lipo- 
protein fractions (Sf 0-12), has been discussed 
earlier (3). This detailed theoretical analysis of 
distribution functions also includes corrections 
for both diffusion and concentration depend- 
ence. Another potentially useful scale using the 

square root of Sf rate would yield a scale nearly 
linear in particle diameter. 

Although patterns may be compared visually 
or by plotting them on a single graph, small but 
significant differences still may be hard to 
detect. A modified version of the program sub- 
tracts the first pattern of a series from each 
subsequent one and plots the difference at 
specified magnification (Fig. 2d). 

Figure 1 was drawn using a Cal-Comp 
plotter, which moves a pen about a segment of 
chart paper under computer control. To present 
a visually effective profile, the pattern has been 
shaded, producing a high quality figure. Since 
the Cal-Comp plotter is accurate to 1/100 in., it 
is therefore also useful in drawing master tem- 
plates for tracing schlieren patterns from the 
film. However, the main disadvantage of the 
Cal-Comp plotter is that it is a relatively slow 
process requiring extensive operator inter- 
vention; thus, plotting on it, especially in any 
quantity, is expensive and subject to delays. 

In contrast, the plots in Figure 2 were traced 
electronically on a cathode ray tube (CRT) and 
photographed on 35 mm film. This CRT system 
lacks the resolution and absolute dimensions 
given by the Cal-Comp, but it is rapid and 
requires only occasional removal of film. Rough 
8 1/2 x 1 1 in. prints in any quantity usually are 
available on an overnight basis. 

Logically there is one plotting program with 
an extra input routine to handle population 
means. It is written in Fortran IV for the 
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FIG. 2. Cathode ray tube plots of low-density lipo- 
protein spectra. Traditional discontinuous plot (a) and 
a continuous log plot (b) of a fasting subject and the 
same subject 24 hr after a fat tolerance test (c); d 
shows b subtracted from c. Note significantly different 
up-to-speed equivalent (1.9624 and 1.6953 min) of 
the Sf 100-400 time frame for run 790 and 794, 
respectively. 

such  r e q u i r e m e n t s  as i n p u t  in tervals ,  n u m b e r  of  
curves to  p lo t  o n  one  f rame,  t e m p l a t e  d imen-  
sions,  magn i f i ca t ion  fac tors ,  pos i t ions  of  Sf ra te  
labels,  f rame b o u n d a r i e s  and  c o n c e n t r a t i o n  
sub-regions.  S t anda rd  values or p rocedure s  are 
a s sumed  unless  ove r r idden  b y  special  op t ions .  

This  p rog ram was conce ived  as a means  for  
p repa r ing  data ,  such  as Figure 1, for  p u b l i c a t i o n  
in place of  the  t ed ious ly  h a n d - d r a w n  graphs  
previous ly  requ i red  (1).  Soon  it  b e c a m e  obv ious  
t h a t  one  had  such  a clear and  i m m e d i a t e  visual 
p r e s e n t a t i o n  t h a t  i t  wou ld  be  valuable  to  have  
for  all schl ieren data .  Emphas i s  was t h e n  given 
to  ease o f  use and  convers ion  to  the  CRT 
med ium.  The  p rog ram n o w  runs  fo l lowing  com- 
p u t e r  analysis  of  the  schl ieren  t rac ing  as par t  of  
t he  same job ,  i.e., w i t h o u t  h u m a n  i n t e r v e n t i o n ,  
so t h a t  p lots  are rou t i ne ly  ob t a ined .  

Many  errors  are n o w  caught  wh ich  be fo re  
g raph ic  p r e s e n t a t i o n  u n d o u b t e d l y  w e n t  unde-  
t ec ted .  Our  da ta  r e d u c t i o n  f rom the  schl ieren  
f i lm to  punch-ca rd  n u m b e r s  involves two  tech-  
n ic ians  and  two  k e y p u n c h  opera to r s .  To illus- 
t r a t e  a typ ica l  er ror ,  suppose  some in te rva l  on  
t he  t rac ing  is 1.36 cm bu t  is read b y  the  com- 
pu t e r  as 1.86 cm. This  e r ror  does  n o t  s tand  ou t  
at  all in a c o l u m n  of  f igures,  however ,  on  t he  
p lo t  i t  i m m e d i a t e l y  is de t ec t ed  as a b u m p  o n  an  
o the rwise  s m o o t h  curve. 

L. C. J E N S E N  
T. H. RICH 
F. T. L I N D G R E N  
D o n n e r  L a b o r a t o r y  
Lawrence  R a d i a t i o n  L a b o r a t o r y  
Unive r s i ty  of  Cal i fornia  
Berke ley ,  Cal i fornia  9 4 7 2 0  

CDC-6600  c o m p u t e r  using sys tem p lo t t i ng  
rou t i ne s  of  t he  Lawrence  Rad ia t i on  L a b o r a t o r y  
Berke ley  c o m p u t e r  cen ter .  [Copies  of  t he  
source  p rog ram list ings,  card decks  and  docu-  
m e n t a t i o n  for  the  schl ieren  analysis  p rog ram 
(1)  and  for  ou r  p lo t t i ng  p rogram are avai lable 
on  reques t . ]  T h e  presen t  p rogram calls a 
package of  local  sub rou t ines ,  wh ich  in t u r n  
crea te  a p lo t  file on ly  i n t e r p r e t a b l e  by  our  o w n  
local  sys tem programs.  Thus ,  convers ion  to  
a n o t h e r  c o m p u t e r  sys tem,  w i th  d i f fe ren t  local  
sub rou t i ne s  and  p lo t t i ng  facili t ies,  wou ld  
necessar i ly  involve app rop r i a t e ly  re-wri t ing the  
program.  F o r  reasons  of  t echn ica l  ef f ic iency,  
separa te  bu t  s imilar  vers ions  for  Cal-Comp and  
CRT p lo t t i ng  are used. The  p rog ram itself  is 
qu i t e  f lexible.  Af t e r  select ing t he  p r o p e r  
vers ion,  one  specif ies by  op t i ona l  c o n t r o l  cards 
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Two Dimensional Thin Layer Chromatographic 
Separation of Polar Lipids and Determination of 
Phospholipids by Phosphorus Analysis of Spots 

A B S T R A C T  

Separation of polar lipids by two- 
dimensional thin layer chromatography 
providing resolution of all the lipid classes 
commonly encountered in animal cells 
and a sensitive, rapid, reproducible pro- 
cedure for determination of phospho- 
lipids by phosphorus analysis of spots are 
described. Values obtained for brain and 
mitochondrial inner membrane phospho- 
lipids are presented. 

Two-dimensional thin layer chromatography 
(TLC) has been shown to provide good 
resolution of polar lipids and determination of 
phosphorus in spots by aspiration and color 
development without prior elution from TLC 
adsorbent was found to be a rapid and accurate 
procedure for determination of molar amounts 
of phospholipids (1). This report presents a 
modified TLC procedure providing better 
resolution of polar lipids, a more accurate and 5GO- 
sensitive procedure for determination of 460. 
phosphorus in TLC spots, and typical analytical 
data for phospholipids of adult human brain 4z0- 
and beef kidney mitochondrial inner mem- 
brane. .sso- 

Silica Gel H (Merck) as a slurry of 20 g in 65 
ml of water containing either 0.50 or 1.50 g of 340- 
magnesium acetate was spread with a 0.25 mm 
fixed distance spreader and the plates air-dried. ~ .300- 
Just before use, the plates were placed in a TLC ~ . 
chamber equipped with a cardboard top z .26o- 

_ a  

through which nitrogen of 50% humidity was 
passed for 20 min. The plates were then trans- -'- .22o 
ferred for sample application to another o 
humidity controlled chamber constructed of .18o 
clear plastic supported by a metal rod frame. 
The desired humidity was obtained by mixing ,14o- 

the required amount of dry nitrogen with nitro- 
gen saturated with water by bubbling through a .lOO- 
water tower heated electrically at the base. ~176 ~ 

Immediately after spotting, plates weretrans- 
ferred to TLC chambers (11 3/4 in. long by 2 
3/4 in wide by 10 1/2 in. high) lined on all sides .020 
with paper saturated with the chromatographic 
solvent (about 200 ml added per chamber) by 
tilting the chamber first to one side and then 
the other about 30 min before use. Plates 
spread with 1.50 g of magnesium acetate were 
developed in the first dimension with chloro- 

form-methanol-28% aqueous ammonia 65: 25: 5, 
chromatograms were dried for about 10 min in 
a TLC chamber flushed with nitrogen and then 
developed in the second dimension with chloro- 
f o r m - a c e t o n e - m e t h a n o l - a c e t i c  acid-water 
3 :4 :1 :1 :0 .5 .  Plates spread with 0.50 g 
magnesium acetate were developed with the 
same solvent mixtures in the proportions 
65:35:5 and 5:2:1 : 1:0.5. Plates were air-dried 
for a few minutes, sprayed with a char reagent 
composed of 3 vol of 37% formaldehyde and 
97 vol of 98% sulfuric acid and heated at 180 C 
for 30 min. Spots were circled and numbered 
and each chromatogram photographed. 

Spots were aspirated as described previously 
(1) except that ignition tubes (16 mm o.d. x 
125 mm) were substituted for Kjeldahl flasks, 
the paper filters were discarded in favor of 
small circles of glass fiber paper (No. 994, H. 
Reeve Angel Co., Clifton, N.J.) first washed 
with freshly distilled constant-boiling hydro- 

.15 .~o .~5 1:oo 1'.25 1;5o 
MICROGRAMS PHOSPHORUS 

FIG. 1. Typical lines passing through the origin 
obtained witfi inorganic phosphate standards by the 
procedure described in the text for the smaller (A) and 
larger (B) reagent volumes. 
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TABLE I 

Values Obtained in Quadruplicate Determinations of Different Amounts of Phosphorus 

495  

Corrected Ave. Per cent total Std. 
O.D. a Blank b O.D. gtg pc p Dev.d 

0.588 0.006 0.582 3.751 31.26 -+0.47 
0.581 0.006 0.575 
0.568 0.006 0.562 
0.572 0.006 0.568 

0.151 0.013 0.138 0.325 2.08 +0.13 
0.141 0.013 0.128 
0.143 0.013 0.130 
0.136 0.013 0.123 

0.035 0.013 0.022 0.044 0.34 4-0.05 
0.033 0.013 0.020 
0.030 0.013 0.017 
0.031 0.013 0.018 

Phosphatidyl 
ethanolamine 

Phosphatidyl 
inositol 

Lysophosphatidyl 
choline 

aoptical density values for three brain lipids. 
bThe total blank including TLC adsorbent. Reagent blanks (excluding adsorbent) are very low or 

zero with carefully acid-washed glassware and the purest reagents. Glass fiber paper washed with 
hydrochloric acid and the formaldehyde-sulfuric acid spray do not contribute to blank values. 

CThe lower limit for positive detection of phosphorus is about 0.003 #g. 
dMaximum reproducibility is obtained when: (a) the amount of TLC adsorbent in each tube is 

kept constant, the desired total amount being obtained by aspiration of additional adsorbent from a 
blank plate for spots moving close together; (b) variable loss of perehloric acid is prevented by 
neutralization with hydrochloric acid of silicate in the adsorbent and avoidance of loss of fumes during 
digestion; (c) before aspiration of small spots the aspirator is carefully cleaned by aspiration from a 
blank plate of adsorbent which is then discarded; (d) spurious color production after addition of 
ascorbic acid is prevented by immediate and thorough mixing; (e) accidental inclusion of sedimented 
TLC adsorbent is prevented by centrifugation in relatively small bore tubes; and (f) OD readings are 
reproduced to + 0.001 units. 

ch lor ic  acid and  t h e n  water ,  dr ied and  cut  to  
u n i f o r m  size w i th  a paper  p u n c h .  Water  (0.5 
ml)  was added  to  each  t ube  to  serve as a l iquid  
t rap  for  the  a d s o r b e n t .  The  glass f iber  f i l ter  was 
held  in  place by  suc t ion  dur ing  asp i ra t ion  and  
a l lowed to  fall i n to  t h e  tes t  t ube  b y  release o f  
v a c u u m  af te r  a sp i ra t ion  of  a spo t  was comple t e .  
Large spots  ( t o t a l  area 4.5 c m 2 ) w e r e  asp i ra ted  
f irst  and  t he  asp i ra to r  careful ly  c leaned b y  
aspi ra t ing  a d s o r b e n t  f rom a b l a n k  pla te  b e f o r e  
asp i ra t ion  of  small  spots  ( to t a l  area 2.25 cm2) .  
A f t e r  asp i ra t ion ,  0.5 ml  of  c o n c e n t r a t e d  h y d r o -  
chlor ic  acid was added  to  each  t u b e  for  
neu t r a l i z a t i on  of  silicate,  and  wa te r  and  excess 
acid r e m o v e d  b y  placing the  t ubes  for  10 rnin in 
an  e lectr ical ly  h e a t e d  me ta l  b l o c k  (hea t ing  base  
No.  2127-A,  Model  100-300 C; t u b e  b locks  No.  
2127-B-2;  Hal l ika inen  I n s t r u m e n t s ,  R i c h m o n d ,  
Calif.)  m a i n t a i n e d  at 180 C. 

The  p r o c e d u r e  for  large spots  (4.5 cm2)  was 
t h e n  as fol lows.  Perchlor ic  acid (0 .65 ml,  70% 
tr iple  dis t i l led i n to  Vycor ,  G. F rede r i ck  S m i t h  
Chemica l  Co.,  Co lumbus ,  Oh io )  was added  and  
the  l ipid diges ted by  hea t ing  for  20  rain  at  
180 C in t he  h e a t e d  me ta l  b l o c k  w i t h  the  u p p e r  
one  ha l f  of  each  t u b e  e x t e n d i n g  ou ts ide  o f  t he  
b l o c k  to  p reven t  loss of  pe rch lo r ic  acid fumes .  
A f t e r  cool ing,  reagents  added  in o rde r  were:  
wa te r  (3 .30  ml) ,  2.5% a m m o n i u m  m o l y b d a t e  

(0 .50  ml) ,  and  10% ascorbic  acid so lu t ion  (0 .50  
ml).  The  add i t i ons  were m a d e  rap id ly  and  
accura te ly  w i th  ReP ipe t t e s  (Lab  Indus t r ies ,  
Berke ley ,  Calif.)  and  t he  t u b e  c o n t e n t s  were 
mixed  a f te r  each  a d d i t i o n  w i t h  a v ib r a to r  mixe r  
(De Luxe  Mixer ,  $ 8 2 2 0 ,  Scient i f ic  P roduc t s ,  
E v a n s t o n ,  Ill.). Small  spots  (2 .25 cm2)  were 
t r e a t e d  similar ly excep t  t h a t  0 .26  ml  of  per- 
chlor ic  acid was used for  d iges t ion  and  0 .92  ml  
of  water ,  0 .40  ml  of  1.25% a m m o n i u m  
m o l y b d a t e ,  and  0 .40  ml  of  5% ascorbic  acid 
so lu t ion  were a d d e d  for  color  d e v e l o p m e n t .  

Color  was deve loped  by  hea t i ng  for  5 m in  in 
a boi l ing  wa te r  b a t h  (Renwal l  e lectr ic  wa te r  
b a t h ,  No.  3025 ,  Scient i f ic  P roduc t s ,  E v a n s t o n ,  
Ill.). A d s o r b e n t  was s e d i m e n t e d  b y  br ie f  cent r i -  
fuga t ion ,  the  so lu t ions  f r o m  the  smaller  reagent  
vo lumes  first  be ing  t r ans fe r r ed  to  3 ml  centr i -  
fuge tubes .  A f t e r  cen t r i fuga t ion ,  the  so lu t ions  
were t r ans fe r r ed  to  cuve t tes  w i t h  Pas teur  
p ipe t t e s  wi th  care no t  to  d i s tu rb  t he  sedi- 
m e n t e d  a d s o r b e n t ,  and  t he  color  i n t ens i t y  was 
d e t e r m i n e d  at 797  m/~ in a Gi l ford  Model  240  
s p e c t r o p h o t o m e t e r  equ ipped  w i t h  a digital  
r eadou t .  B o t h  reagen t  b l anks  and  reagent -TLC 
a d s o r b e n t  b l anks  were carr ied t h r o u g h  the  pro-  
cedure.  The  op t ica l  dens i ty  values were read 
against  a wa te r  b l a n k  and  t he  reagent -TLC 
a d s o r b e n t  b l a n k  was s u b t r a c t e d  to  give the  cor- 
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FIG. 2. Two-dimensional TIC of ncilnal human 
(23 year old male) whole brain lipids. Lipid (800 pg) 
was applied at the lower right (see text for further 
details). Abbreviations and percentage of the total 
phosphorus + standard deviation: LPL, less polar lipid 
(cholesterol, triglyceride, etc.); CN and CH, cerebro- 
side with normal and hydroxy fatty acids; SN and SH, 
sulfatide with normal and hydroxy fatty adds; PE, 
phosphatidyl ethanolamine (31.3 + 0.5); PC, phospha- 
tidyl choline (29.2 + 0.5); PS, phosphatidyl serine 
(15.4 + 0.5); PI, phosphatidyl inositol (2.1 + 0.1); 
LPE, lysophosphatidyl ethanolamine (1.14 + 0.06); 
PA, phosphatidic acid (0.50 + 0.02); Sph, sphingo- 
myelin (13.2 + 0.1); DPG, diphosphatidyl glycerol 
(0.9 + 0.07). Total phosphorus recovery 97.5% 
(including areas devoid of spots but containing phos- 
phorus). 

rected optical densities. The latter were con- 
verted to micrograms of phosphorus by multi- 
plication by a factor which was determined 
from known amounts of disodium hydrogen 
phosphate spotted onto TLC plates and, except 
for chromatography, treated in the same 
manner as the sample spots. Phosphorus re- 
covery was determined by analysis of eight 
separate 100-200 /ag applications of the lipid 
mixture to a TLC plate that was not developed 
with solvent but which was otherwise treated in 
the same manner as the phosphate standards 
and TLC spots. 

Typical results with inorganic phosphate 
standards are shown in Figure 1 and typical 
values obtained for various amounts of  phos- 
phorus are shown in Table I. The improved 
TLC separation of polar lipids and the repro- 
ducibility of  quadruplicate determinations of 
phospholipids are shown for brain (Fig. 2) and 
a beef kidney mitochondrial inner membrane 
preparation (Fig. 3). In both cases, complete 
resolution of all detectable components was 
obtained. This was judged by TLC of diethyl- 

FIG. 3. Beef kidney mitochondrial inner mem- 
brane lipid class separation as described in the text. 
Abbreviations (as for Fig. 2 except as noted) and per- 
centage of the total phosphorus - standard deviation: 
PE (35.7 + 0.3); PC (35.0 + 0.4); PS (1.36 + 0.3); PI 
(3.40 + 0.07); LPE (0.98 + 0.12); PA (0.22 + 0.04); 
Sph (2.43 + 0.02); DPG (15.8 +0.06); LPC, lysophos- 
phatidyl choline (0.8 + 0.07); PG, phosphatidyl 
glycerol (1.17 + 0.04); LDPG, lysodiphosphatidyl 
glycerol (0.71 + 0.05); LBPA, lysobisphosphatidic acid 
(0.58 + 0.02). Total phosphorus recovery 99.4%. Note 
that some of the less polar lipid (LPL) is insoluble in 
the solvent mixture used in the second dimension and 
does not migrate. 

aminoethyl cellulose column fractions which 
also disclosed the presence of  trace components 
below the level of detectability by two-dimen- 
sional TLC of the total lipid mixture. 
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Pancreatic Lipolysis of Some Brominated Vegetable Oils 
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ABSTRACT 

Pancrea t i c  l ipolysis of  several com- 
mercia l ly  used b r o m i n a t e d  vegetable  oils 
has  s h o w n  tha t  a l t h o u g h  hydro lys i s  pro- 
ceeds more  slowly, these  oils are degraded  
in a s imilar  way to  the  c o m m o n  vegetable  
oils. 

A r ecen t  r epo r t  (1)  on  t he  possible  t ox i c i t y  
of  b r o m i n a t e d  vegetable  oils has  p r o m p t e d  us 
to  inves t igate  the i r  deg rada t ion  by  panc rea t i c  
lipase. As these  oils are ex tens ive ly  used in the  
sof t  d r ink  indus t ry  and  c o n s e q u e n t l y  m ay  be  
c o n s u m e d  in q u a n t i t y ,  it was cons ide red  
i m p o r t a n t  to  ob ta in  this  i n f o r m a t i o n .  

B r o m i n a t e d  olive, sesame and  c o t t o n s e e d  
oils were o b t a i n e d  f rom A b b o t t  Labora to r i e s ,  
and  b r o m i n a t e d  co rn  oil was p repa red  in the  
l a b o r a t o r y  (2) .  Pancrea t ic  l i p a s e  (27.5  
un i t s /mg)  was purchased  f rom the  W o r t h i n g t o n  
Biochemica l  Corpora t ion .  

Lipolyses  were carr ied o u t  using the  semi-  
micro  t e c h n i q u e  of  L u d d y  et al. (3) and  the  
hydro lys i s  p r o d u c t s  separa ted  by  t h in  layer  
c h r o m a t o g r a p h y .  Triglycer ides ,  t r iglycer ides  re- 
covered f r o m  hydro lysa tes ,  and  monog lyce r ides  
were ana lyzed  by  gas l iquid c h r o m a t o g r a p h y  
(GLC) a f te r  r eac t ion  w i t h  sod ium m e t h o x i d e -  
m e t h a n o l  as descr ibed by  Conache r  et  al. (4) .  

Free f a t ty  acids were ana lyzed  in a s imilar  fash- 
ion af te r  es te r i f ica t ion  w i th  sulfur ic  acid- 
m e t h a n o l  and  were q u a n t i t a t e d  by  the  add i t i on  
of  m e t h y l  p e n t a d e c a n o a t e  as in t e rna l  s t andard .  
GLC separa t ions  were carr ied ou t  o n  a Var ian  
1 7 4 0 - 1 0  i n s t r u m e n t  equ ipped  w i th  dual  
co lumns  and  twin  f lame de tec to r s .  Co lumns ,  3 
ft x 1/8 in.  stainless steel,  were packed  wi th  3% 
J X R  on  A n a k r o m  ABS 80-90 mesh,  and  pro-  
g r ammed  f rom 150 to  275 C at 8 C/min .  w i th  a 
he l ium f low of  35 m l / m i n .  The  in j ec t ion  p o i n t  
was held  at  250  C and  the  d e t e c t o r  at  280  C. 
Weight r e sponse  fac tors  (relat ive to  m e t h y l  
p e n t a d e c a n o a t e )  for  the  9 , 1 0 - d i b r o m o - a n d  
9 ,10;  12 ,13 - t e t r ab romos t ea r a t e s  were 1.45 and  
1.92 respect ively;  co r r ec t i on  was m a d e  for  10% 
of  t he  t e t r a b r o m o e s t e r  der ivat ives  e lu t ing  wi th  
the  d i b r o m o  derivat ive peak.  Peak areas were 
measu red  w i th  a disc in tegra to r .  

The  da ta  in  Table  I are in  good  ag reemen t  
wi th  those  previous ly  r e p o r t e d  for  the  l ipolysis 
of  n o n b r o m i n a t e d  olive, sesame,  co rn  and  
c o t t o n s e e d  oils (5)  and  ind ica te  t he re  is no  
lessening in specif ic i ty  of  panc rea t i c  l ipase for  
hydrolys is  of  the  p r ima ry  es ter  l inkages in 
b r o m i n a t e d  oils. A f u r t h e r  i nd i ca t i on  t h a t  
l ipolysis p roceeds  sa t i s fac tor i ly  w i t h  no  prefer-  
ent ia l  hydro lys i s  is s h o w n  b y  t he  r ecovery  of  
t r ig lycer ide  f rom the  h y d r o l y s a t e  w i th  a s imilar  
c o m p o s i t i o n  to  t ha t  of  the  or iginal  oil (Table  I). 

A decrease  in the  ac t iv i ty  of  the  e n z y m e  

TABLE I 

Lipolysis of Brominated Vegetable Oils 

Fatty acid composition 

16:0 18:0 Di Br Tetra Br 

Oil Area % Mole % Area % Mole % Area % Mole % Area % Mole % 

Br olive 8.6 13.8 5.0 7.2 74.6 70.7 11.8 8.3 
2-MG 2.4 4.0 6.3 a 1.1 b 74.6 82.6 16.7 12.3 

Br sesame 5.9 10.5 5.0 8.1 42.7 45.0 46.4 36.4 
2-MG 1.1 2.1 3.3 c 1.7 d 43.7 49.4 51.9 46.8 

Br corn 6.3 12.2 1.6 2.8 21.7 24.9 70.4 60.1 
Br corn e 6.4 12.5 1.6 2.8 20.5 23.6 71.5 61.1 
2-MG 1.6 3.3 0.5 0.9 20.6 25.3 77.3 70.5 

Br cottonseed 14.5 25.9 1.9 3.1 19.4 20.5 64.2 50.5 
Br cottonseed e 14.0 25.1 2.5 4.1 18.5 19.6 65.0 51.2 
2-MG 2.5 5.1 0.8 1.5 21.5 26.0 75.2 67.4 

a18:0, 0.8%; 18:1, 5.5%. 
b18: l ,  8.5% combined with Di Br. 
c18:0, 1.0%; 18:1, 0.3%; 18:2, 2.0%. 
d18:1, 0.5% combined with D1 Br; 18:2, 3.5% combined with Tetra Br. 
eTriglyceride recovered from hydrolysate. 
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with these oils was however apparent. Under 
conditions which gave 50% hydrolysis of corn 
oil (3 min reaction time, 10 mg corn oil, 3 mg 
lipase, as measured by free fatty acids), 
approximately 20% hydrolysis was obtained 
with brominated olive oil, 16% hydrolysis with 
brominated sesame oil, and 12% hydrolysis 
with brominated corn and cottonseed oils. It 
appears that as the content of tetrabromo- 
stearate is increased, resulting in a higher 
melting point of the substrate, the activity of 
the lipase decreases. A similar decrease in 
enzyme activity has been observed previously 
with tristearin and tripalmitin substrates (6). 

These results indicate that except for a 
reduction in hydrolysis rate, these brominated 
oils are degraded enzymatically in the same way 
as common vegetable oils; also, they may be 
absorbed and deposited in a similar fashion, 
since 9,10-dibromo- and 9,10; 12,13-tetrabro- 
mostearates were detected in the livers and 
hearts of rats after administration of bro- 

minated cottonseed oil (Conacher and Hand, 
unpublished observations). 

H. B. S. CONACHER 
D. K. J. HARTMAN 
R. K. CHADHA 
Research Laboratories 
Food and Drug Directorate 
Ottawa, Canada 
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Lipolysis, Esterification and Glucose Oxidation by Human 
Omental Isolated Adipose Cells" The Effects of pH, 

Buffer and Epinephrine 
ABSTRACT 

The rates of glycerol productions, 
glucose oxidation and glucose conversion 
to glyceride-glycerol by human omental 
fat cells were compared in vitro at pH's 
from 7.0 to 8.4, with and without epi- 
nephrine, and in both Krebs-Ringer-bicar- 
bonate and -phosphate buffers. Basal 
glycerol production was not significantly 
altered by changes in pH, and was similar 
in each buffer. Epinephrine markedly 
increased glycerol production at each pH 
in both buffers, but significantly more 
was produced at pH 8.4 than at pH 7.4. 
Basal glucose metabolism was not 
affected by pH or by the type of buffer. 
Epinephrine caused a small increase in 
glucose oxidation at each pH in bicar- 
bonate buffer but only at pH 7.8 in phos- 
phate buffer, and had no effect on glu- 
cose conversion to glyceride-glycerol. 

Epinephrine-stimulated lipolysis in rat adi- 
pose tissue is pH dependent, reaching a maxi- 
mum at pH 8.5 (1). No comparable studies of 

human adipose tissue, which is less sensitive to 
epinephrine (2) have been reported. In this 
report, data for human omental adipose tissue 
are presented. 

The Krebs-Ringer-bicarbonate and -phos- 
phate buffers (3) contained half the recom- 
mended amounts of calcium (2.5 mEq/1),  
bovine serum albumin fraction 5 (Armour, 40 
mg/ml), glucose (1 mg/ml), and epinephrine (10 
/~g/ml) where indicated. The pH of the 
phosphate buffer was adjusted with ! N hydro- 
chloric acid or sodium hydroxide while the pH 
of the bicarbonate buffer was altered by sub- 
stituting sodium bicarbonate for sodium 
chloride. 

Omentum removed at cholecystectomy or 
hysterectomy was promptly used to prepare 
isolated adipose cells (4,5) which were washed 
thrice in the buffer appropriate to the study 
and then dispensed into siliconed flasks. The 
ratio of packed cells (containing approximately 
600 /~moles of triglyceride per 1 ml) to buffer 
was constant at 1:30 in all studies. 

There were two groups of studies, each com- 
prising six identical experiments. The first 
group measured lipolysis by means of the 
glycerol produced at 37 C during 2 hr incu- 
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with these oils was however apparent. Under 
conditions which gave 50% hydrolysis of corn 
oil (3 min reaction time, 10 mg corn oil, 3 mg 
lipase, as measured by free fatty acids), 
approximately 20% hydrolysis was obtained 
with brominated olive oil, 16% hydrolysis with 
brominated sesame oil, and 12% hydrolysis 
with brominated corn and cottonseed oils. It 
appears that as the content of tetrabromo- 
stearate is increased, resulting in a higher 
melting point of the substrate, the activity of 
the lipase decreases. A similar decrease in 
enzyme activity has been observed previously 
with tristearin and tripalmitin substrates (6). 

These results indicate that except for a 
reduction in hydrolysis rate, these brominated 
oils are degraded enzymatically in the same way 
as common vegetable oils; also, they may be 
absorbed and deposited in a similar fashion, 
since 9,10-dibromo- and 9,10; 12,13-tetrabro- 
mostearates were detected in the livers and 
hearts of rats after administration of bro- 

minated cottonseed oil (Conacher and Hand, 
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Lipolysis, Esterification and Glucose Oxidation by Human 
Omental Isolated Adipose Cells" The Effects of pH, 

Buffer and Epinephrine 
ABSTRACT 

The rates of glycerol productions, 
glucose oxidation and glucose conversion 
to glyceride-glycerol by human omental 
fat cells were compared in vitro at pH's 
from 7.0 to 8.4, with and without epi- 
nephrine, and in both Krebs-Ringer-bicar- 
bonate and -phosphate buffers. Basal 
glycerol production was not significantly 
altered by changes in pH, and was similar 
in each buffer. Epinephrine markedly 
increased glycerol production at each pH 
in both buffers, but significantly more 
was produced at pH 8.4 than at pH 7.4. 
Basal glucose metabolism was not 
affected by pH or by the type of buffer. 
Epinephrine caused a small increase in 
glucose oxidation at each pH in bicar- 
bonate buffer but only at pH 7.8 in phos- 
phate buffer, and had no effect on glu- 
cose conversion to glyceride-glycerol. 

Epinephrine-stimulated lipolysis in rat adi- 
pose tissue is pH dependent, reaching a maxi- 
mum at pH 8.5 (1). No comparable studies of 

human adipose tissue, which is less sensitive to 
epinephrine (2) have been reported. In this 
report, data for human omental adipose tissue 
are presented. 

The Krebs-Ringer-bicarbonate and -phos- 
phate buffers (3) contained half the recom- 
mended amounts of calcium (2.5 mEq/1),  
bovine serum albumin fraction 5 (Armour, 40 
mg/ml), glucose (1 mg/ml), and epinephrine (10 
/~g/ml) where indicated. The pH of the 
phosphate buffer was adjusted with ! N hydro- 
chloric acid or sodium hydroxide while the pH 
of the bicarbonate buffer was altered by sub- 
stituting sodium bicarbonate for sodium 
chloride. 

Omentum removed at cholecystectomy or 
hysterectomy was promptly used to prepare 
isolated adipose cells (4,5) which were washed 
thrice in the buffer appropriate to the study 
and then dispensed into siliconed flasks. The 
ratio of packed cells (containing approximately 
600 /~moles of triglyceride per 1 ml) to buffer 
was constant at 1:30 in all studies. 

There were two groups of studies, each com- 
prising six identical experiments. The first 
group measured lipolysis by means of the 
glycerol produced at 37 C during 2 hr incu- 
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FIG. 1. A comparison of lipolysis occurring in bi- 
carbonate- or phosphate-buffered medium at pH 7.4 
and 8.4, with and without epinephrine 10 /dg/ml. 
Means + 1 S.E.M. of six experiments. 

bations at pH 7.4 and 8.4, with and without 
epinephrine, and in both buffers. Glycerol was 
measured enzymatically (6) on duplicate 
samples, and was found to accumulate at a 
linear rate at either pH. 

The second group of experiments measured 
the conversion over a 2 hr period of U-14C-D - 
glucose (Radiochemical Centre, Amersham) 
from the medium to carbon dioxide and glycer- 
ide-glycerol at pH 7.0, 7.4 and 7.8, in each 
buffer, with and without epinephrine. The 
methods have been described (5). The trigly- 
ceride content of the incubation flasks was 
estimated as carboxyl ester (7). Results were 
assessed by the analysis of variance, the chosen 
level of significance being p = < .05. 

There was a decrease in pH of the media 
during incubation. The change was less than 0.1 
unit for buffers of initial pH 7.0 and 7.4, less 
than 0.2 units for the pH 7.8 buffer and did not 
exceed 0.5 unit with the pH 8.4 buffer. 

The lipolysis results are illustrated in Figure 
1. Basal lipolysis was not significantly affected 

TABLE I 

Percentage Increases in Glucose Oxidation 
Above Control Values in the Presence of 

E p i n e p h r i n e  (10/~g/ml) a 

pH 7.0 pH 7.4 pH 7.8 

B i c a r b o n a t e  19.8-5.3 b 16.5--- 6.2 b 24.9-+10.6 b 
Phosphate 6.2+7.0 40.9---16.6 13.8 + 5.2 b 

a M e a n s  - 1 S .E .M.  o f  s ix  e x p e r i m e n t s .  
bp ~.05. 

pH 

FIG. 2. Glucose incorporation into glyceride- 
glycerol and oxidation to carbon dioxide compared in  
bicarbonate and phosphate buffers at pH 7.0, 7.4 and 
7.8, in the presence and absence of epinephrine (10 
pg/ml). D Krebs-Ringer bicarbonate; �9 Krebs-Ringer bi- 
carbonate + epinephrine; A Krebs-Ringer phosphate; �9 
Krebs-Ringer phosphate + epinephrine. Means + 1 
S.E.M. of six experiments. 

by the type of buffer or by a change in pH. 
Epinephrine markedly increased lipolysis in 
each buffer and at each pH but the increase was 
significantly greater at pH 8.4 than at pH 7.4. 
Preliminary experiments established that maxi- 
mal lipolysis with epinephrine was achieved at 
pH 8.4 in each buffer. Thus, human adipose 
cells exhibit a pH dependance to epinephrine 
stimulation similar to that observed for rat adi- 
pose tissue (1) where the influence of pH has 
been ascribed to alterations in adenyl cyclase 
activity (8). 

Esterification was measured as the incorpo- 
ration of glucose into glyceride-glycerol and is 
shown in the upper section of Figure 2. There 
was a wide scatter of individual values and no 
significant influence of pH, buffer or epi- 
nephrine could be demonstrated. The lack of 
effect of epinephrine on esterification despite a 
several-fold increase in lipolysis contrasts 
markedly with results from rat adipose tissue 
(9) and a possible explanation is diminished 
responsiveness of the glucose transport mecha- 
nisms, as had been reported for insulin (5). 
Glucose incorporation into glyceride fatty acids 
did not occur, confirming our previous obser- 
vations that fatty acids are not  synthesized in 
such dilute cell suspensions (10). 

Glucose oxidation, shown in the lower 
portion of Figure 2, was not significantly 
affected by pH, epinephrine or buffer unless 
the results were expressed as means of the indi- 
vidual changes from basal levels, when it 
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became  a p p a r e n t  (Tab le  I)  t h a t  ep i neph r i ne  
acce le ra ted  glucose o x i d a t i o n  at  each  pH in bi- 
c a r b o n a t e  b u f f e r  and  at  pH 7.8 in p h o s p h a t e  
buf fer .  I t  has  b e e n  r e p o r t e d  t h a t  ep inephr ine  
does no t  i n f luence  glucose o x i d a t i o n  b y  h u m a n  
adipose  t issue (1 1) whereas  i ts m a r k e d  ef fec t  on  
ra t  adipose  t issue is well  k n o w n  (9).  

Our  resul ts  are also re levan t  to  the  c o n d u c t  
and  i n t e r p r e t a t i o n  of  in  v i t ro  expe r i m en t s  
where  a l ipo ly t ic  response  m a y  be  i nh ib i t ed  b y  
an associa ted decrease  in pH. This  is l ikely to  
occur  w h e n  l ipolysis is very  active,  and  
especial ly w h e n  the  v o l u m e  of  i n c u b a t i o n  
m e d i u m  is small  in  c o m p a r i s o n  to  the  t issue 
volume.  

B. C. E. A S H L E Y  
R. B. G O L D R I C K  
The  J o h n  Cur t in  School  of  Medical  Resea rch  
The  Aus t r a l i an  Na t iona l  Univers i ty  
Canber ra ,  A.C.T. ,  Aus t ra l ia  
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Isolation of Human Serum Low-Density Lipoproteins With 
the Aid of an Immune-Specific Adsorber 
GERHARD KOSTNER and ANTON HOLASEK, 
Institute of Physiological Chemistry, University of Graz, Austria 

ABSTRACT 

Human serum lipoproteins containing 
B-protein have been isolated using an 
immunoadsorber. Bromoacetyl cellulose 
was combined with pure antibodies to 
low density lipoprotein (LDL) and an 
immunoadsorber of high capacity was 
obtained. With 1 g of this immuno- 
adsorber all LDL and very low density 
lipoprotein (VLDL) from 30 ml pooled 
human serum were adsorbed and then 
eluted with glycine-HC1 buffer pH 3.2 at 
0 C. The isolated lipoproteins were inves- 
tigated by electrophoresis, immunodif- 
fusion and ultracentrifugation, and found 
to be identical to LDL + V L D L  isolated 
by ultracentrifugation. 

INTRODUCTION 

Lipoprotein fractions homogeneous with 
respect to density, regardless of their protein 
portion, have mostly been isolated from blood 
serum by repeated flotation in the ultracentri- 
fuge (1). The lipoproteins prepared by other 
methods are inhomogeneous either with regard 
to their protein components or with regard to 
their hydrated density and have to be further 
fractionated in the preparative ultracentrifuge. 
Such methods are: fractionation according to 
C o h n  (2 ) ;  co lumn chromatography on 
Sephadex G-200 (3), agarose gel (4) or glass 
powder (5); precipitation with polysaccharide 
sulfate (6) and different special methods (7-9). 

For a long time there was confusion con- 
cerning the protein components of low density 
lipoproteins (LDL) as well as very low density 
lipoproteins (VLDL). Many authors assumed 
complete antigen identity for LDL and VLDL 
(10) as well as the presence of a homogeneous 
protein portion, which is supposed to be con- 
structed from diverse monomers. Others 
assumed, with or without consideration of the 
genetically determined polymorphism, a hetero- 
geneity of the apoprotein of LDL and VLDL 
(11,12). According to contemporary know- 
ledge, there seem to be at least three distinct 
apoproteins in human serum: the A, B and C 
proteins (13). High density lipoproteins (HDL) 
contains the A-protein, LDL the B-protein and 
V L D L  the A, B and at least two other proteins 
(14). 

Because lipoproteins are easily irreversibly 
changed, a quick isolation out of a fresh serum 
is desirable. In order to produce lipoproteins 
homogeneous with regard to their protein 
portion, the use of specific antibodies is 
especially suited. Recently antibodies to/3-1ipo- 
proteins (B-protein) have been isolated in high 
purity and quantity (15) and hence immuno- 
adsorbers with sufficient capacity could be pre- 
pared. 

MATERIALS AND METHODS 

Isolation of Antibodies to ~Lipoprotein 

The immunization of animals and isolation 
of pure antibodies were performed according to 
Kostner and Holasek (15). After precipitation 
of the antibodies from a monospecific horse 
antiserum with pooled human serum r 
protein the immune precipitate was dissolved in 
a 0.2 M glycine-HC1 buffer at pH 3.2 and the 
antibodies were separated from antigen by 
centrifugation in a preparative ultracentrifuge 
at a density of 1.07 and 4 C. The antibody frac- 
t ion was dialyzed against 0.15 M NaC1 and 
employed for the preparation of the immuno- 
a d s o r b e r  w i t h o u t  f u r t h e r  purification. 
Bromoacetyl cellulose (16) was used to bind 
the antibody; 1.5 g of this adsorber binds 
approximately 100 mg of pure antibody. 

Adsorption and Removal of Lipoproteins 

Before use the immunoadsorber was first 
washed with 0.2 M glycine-HC1 buffer of pH 
3.2 until  no substance adsorbing at 280 nm 
could be eluted, and then with 0.15 M NaC1 of 
pH 7.4. This immunoadsorber was incubated 
with pooled human serum of 4-6 fasted males 
and females for 1 hr at 36 C and overnight at 
4 C. Before use of the serum the chylomicrons 
were removed by centrifugation for 10 min at 
9500 x g. The charged immunoadsorber was 
washed free from unbound protein with 0.15 M 
NaC1 and then with distilled water. The 
adsorbed lipoproteins were eluted with a small 
amount  of 0.2 M glycine-HC1 buffer at pH 3.2 
and 0 C. The eluted lipoproteins were brought 
up to a concentration of about 1% by pressure 
dialysis against 0.15 M NaC1 and kept at 4 C. 
All the buffers used as well as the washing 
solutions contained 0.05% EDTA. 

Protein was determined by the method of 
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Lowry et al. (17) and by measuring the extinc- 
tion at 280 nm. The standard absorption curve 
for human LDL was prepared by the use of 
highly purified lyophilized material�9 The total 
lipid was determined by gravimetry after 
extraction with chloroform-methanol (2:1) 
according to Folch et al. (18), cholesterol 
according to Zak (19) and the neutral fat 
according to Eggstein and Kreutz (20). Phos- 
pholipid content of the lipoproteins was deter- 
mined by a phosphorus assay (21). The esti- 
mation of free fatty acids was performed by the 
method of Duncombe (22). The analytical 
ultracentrifuge was a Beckman Spinco Model E; 
and the preparative ultracentrifuge a Beckman 
Model L 4 equipped with fixed-angle rotors. 

Electrophoresis and staining of lipoproteins 
in starch gel were performed according to 
Cohen and Djordjevich (23). 

The polyvalent antiserum to human serum 
protein and the monovalent antiserum to ~ l -  
lipoprotein for immunoelectrophoresis were 
purchased from Behring-Werke AG., Marburg 
a.d.L. 

RESULTS 

With 1 g of the described immunoadsorber 
the total LDL plus VLDL could be adsorbed 
from 30 ml pooled human serum. After 
removal and dialysis, the yield of lipoproteins 
amounted to about 110-160 mg (weights from 
three samples). The yield of VLDL + LDL iso- 
lated from the same serum with a preparative 
ultracentrifuge at a density of 1.063 was 
105-150 mg after dialysis. After removal of the 
l i p o p r o t e i n s ,  t he  immunoadsorber was 
extracted with chloroform-methanol (18) and 
an analysis of cholesterol was carried out. It 
was found that more than 99.5% of the 
adsorbed lipoproteins had been removed by the 
buffer. The serum used for the preparation of 
lipoproteins was examined by starch gel and 
immunoelectrophoresis before and after treat- 
ment with immunoadsorber. After adsorption, 
no LDL and VLDL could be detected by either 
method�9 Analytical ultracentrifugation revealed 
the complete absence of particles floating at a 
density of 1.063. 

The density of adsorbed serum was brought 
to 1.21 with KBr and the remaining lipopro- 
teins separated in the ultracentrifuge. These 
hpoproteins were characterized as c~-lipopro- 
teins by starch gel and immunoelectrophoresis. 

The lipoproteins extracted via immuno- 
adsorber were examined by immunoelectro- 
phoresis, electrophoresis in starch gel and on 
acetate foil strips�9 In all cases they behaved as a 
mixture of pre-fl- and ~-lipoprotein (Fig. 1 and 
2). Examination of these lipoproteins in the 
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FIG. 1. Starch gel electrophoresis pattern of (A) 
complete human serum and (B) human serum from 
which lipoproteins had been removed by immuno- 
adsorber, and (C) lipoproteins isolated via immuno- 
adsorber. Buffer: tris-borate-versene, pH 8.5. Time of 
run: 18 h at 150 V. Staining: oil red O. 

analytical ultracentrifuge demonstrates that the 
main peak floated with an Sf of 5-8. Faster 
floating lipoproteins (VLDL) were also visible 
in low quantities. The ultracentrifuge pattern 
resembles that of lipoproteins of human serum, 
which had been isolated in the ultracentrifuge 
at a density of 1.063 (Fig. 3). No selective loss 
of V L D L  or LDL occurred during absorption 
since the ratio of LDL-VLDL in the lipopro- 
teins isolated via immunoadsorber was almost 
the same as the ratio in the lipoproteins isolated 
in the preparative ultracentrifuge at a density of 
1.063 from the same serum (Table I). No sedi- 
menting particles were visible at this density. In 
different sera the ratio was found to be differ- 
ent. In immunodiffusion tests the lipoproteins 
extracted via immunoadsorber showed a strong 
precipitation curve with anti-/3-1ipoprotein and a 
weak one with anti-c~-lipoprotein (Fig. 4). The 
chemical analysis of the isolated lipoproteins is 
shown in Table I. 

The immunoadsorber could be reused fre- 
quently. After using it 10 times a loss of 
capacity of less than 10% was found. After six 
months of storage at -20 C the activity of the 
immunoadsorber amounted to more than 90%. 

DISCUSSION 

The classical method for the preparation of 
lipoproteins, namely the flotation in the ultra- 
centrifuge, has been Shown to be successful for 
fractionation of lipoproteins according to their 
density. However, since the protein portions of 
lipoproteins, the A, B and C proteins, are newly 
taken into account for their characterization 
(13), it appeared to be necessary to develop a 
method for the isolation of lipoproteins with 
definable apoprotein. With the described 
immunoadsorber all the lipoproteins with B 
specificity could be adsorbed from pooled 
human serum (VLDL + LDL). The VLDL also 
showed a reaction with anti ~-lipoprotein 
because they possess, besides the B protein, an 

FIG. 2. Immunoelectrophoresis pattern of (A) lipo- 
proteins isolated via immunospecific adsorber, (B) 
human serum treated with immunoadsorber and (C) 
complete human serum. The slits were filled with anti- 
serum to complete human serum. Staining: sudan 
black. 

A protein portion (24). Although the concen- 
tration of VLDL in the sample shown in Figure 
3 was very small, in one case of hyperlipopro- 
teinemia, Type 4, all VLDL could be removed 
and recovered using the immunoadsorber tech- 
nique. 

Different carriers such as p-amino benzyl 
cellulose (25) and cyanogen bromide with poly- 
saccharides (26) were used for the binding of 
the antibodies. Bromoacetyl cellulose however 
proved to be the most suitable one. It could be 
applied more than 10 times without consider- 
able loss of capacity and was stable for several 
months. The most delicate step, the removal of 
the bound lipoprotein from the immuno- 
adsorber, was best achieved by the use of 0.2 M 
glycine-HC1 buffer, pH 3.2, in the absence of 
neutral salts. The investigation of the isolated 
lipoproteins showed that they migrate as LDL 
and VLDL in starch gel, cellulose acetate foil 
strips and immunoelectrophoresis. 

FIG. 3. Ultracentrifugal analytical runs at a density 
1.0630 and 48.000 rpm. Concentration of samples: 
1%. Curve 1, LDL isolated via immunoadsorber. Curve 
2, complete LDL + VLDL from human serum isolated 
at a density of 1.0630. A: 28 min after start. B: 98 
min after start. Sf values of peak in both samples: 6.1 
Svedberg units. 
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FIG. 4. Immunodiffusion test of 1, lipoproteins 
isolated via immunoadsorber; 2, lipoproteins from 
human serum isolated at a density of 1.063. A: Anti 
oq-lipoprotein (Behringwerke). B: Anti-LDL. 

It is well k n o w n  tha t  LDL are he te rogeneous  
and show an ant igen p o l y m o r p h i s m  (27,28).  In 
spite o f  this  fact ,  all LDL and V L D L  were  
adsorbed  out  of  the  poo led  h u m a n  serum by  
the  descr ibed i m m u n o a d s o r b e r ,  because poly-  
morph ic  pro te ins  also possess ident ical  ant igen 
de te rminan t s .  

Most representa t ive  m e t h o d s  for  l ipopro te in  
isolat ion such as co lumn  ch roma tog raphy  and 
specific p rec ip i ta t ion  p rocedures  deriver e i ther  
no  pure p roduc t s  or cause changes in the i r  
phys icochemica l  proper t ies .  In order  to  ob ta in  
i m m u n o l o g i c a l l y  p u r e  p r o d u c t s  m a n y  
sequent ia l  f lo ta t ions  in the  preparat ive ultra- 
centr i fuge have to  be carried out .  F u r t h e r m o r e ,  
a l tera t ion of  p ro te ins  can occur  wi th  increasing 
salt concen t r a t ion  (29).  I m m u n o a d s o r b e r s  wi th  
high capaci ty  permi t  the  fast isolat ion of  pure 
l ipopro te ins  in large amounts .  As was shown  by 
analytical  u l t racent r i fuga t ion ,  l ipopro te ins  were 
no t  no t iceab ly  changed during the  prepara t ion .  

The m e t h o d  descr ibed in this  article for  the  
p repara t ion  of  V L D L  and LDL should be 
applicable to the  isolat ion of  l ipopro te ins  wi th  
A pro te in  specif l ty  as well. With the  aid of  an 
i m m u n o a d s o r b e r  it might  also be possible to  
prepare  l ipid-free apopro te ins  which  were 
found  in serum in small a m o u n t s  (30). 
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NMR Spectra of Mercury Adducts of Unsaturated Fatty 
Acids: Quantitative Determination of Cis-Trans Ratio 
KJELD SCHAUMBURG, Department of Chemical Physics, 
H. C. Orsted Institute, University of Copenhagen, Copenhagen, Denmark 

ABSTRACT 

By stereospecific adduct formation 
between mercuric acetate and unsatu- 
rated fatty acids, derivatives are obtained 
suitable for NMR determination of cis- 

t rans  ratio. The preparation and optimal 
experimental conditions are determined. 
Experimental data are found to be within 
a few per cent of the true values. 

INTRODUCTION 

For several decades it has been known (1) 
that mercury salts can form adducts by reaction 
with unsaturated compounds. The method has 
been applied in preparative separation of fatty 
acids (2-4) as well as analytically in paper and 
thin layer chromatography (5). 

The reaction of an unsaturated aliphatic 
compound with mercury acetate can formally 
be expressed as 

M 1 H C  = C H M  2 + H g ( O A c )  2 + R O H  -'> 

( M 1 C H C H M 2 ; H g  O A c ; R O )  + H O A c  

Here nothing has been said about the details in 
the reaction mechanism. Investigations by 
Wright (8) and Spengler (9) indicate a reaction 
of the type I -+ II followed by alchoholysis II --* 
III whereby OAc is replaced by OR. Jantzen 
and Andreas (2,3) found the Reaction I -+ III to 
be irreversible. In most cases the reaction pro- 
ceeded until more than 95% of the unsaturated 
material was converted into adduct within a 
period of 12 hr. 

| /  
O A c H g O A c  

I II 

H H H H 

I r t f  

O A c H g O A c  O R  H g O A c  

II III 

A problem of major importance is the spe- 
cificity of the reaction. A number of authors 

(9-12) all found that the reaction is exclusively 
a trans  addition. In a few ring compounds with 
highly unfavorable steric configurations a cis 

addition was found, but the degree of reaction 
and the reaction rate were then drastically 
reduced. Jantzen and Andreas investigated the 
specificity by forming the adduct of a pure cis 
monoene. After acid decomposition of the 
adduct they isolated the original monoene 
having a t rans  content of less than 1%. This 
results leads to the conclusion that in unsatu- 
rated aliphatic compounds the reaction can be 
regarded as a pure trans addition. 

Molecules symmetric about the double bond 
(M 1 = M2) form only one adduct. When M 1 4: 
M2, two position isomers can be formed dif- 
fering in the relative position of the OR and 
HgOAc groups. In the case R = CH 3 evidence 
(6) has been found that OCH 3 will be located 
at the same carbon as the most bulky groups. 

In the remaining part of the article the dis- 
cussion will be restricted to the symmetric case 
(M 1 = Me). 

Starting from a pair of eis- trans isomers two 
different adducts are formed (IV and V), each 
consisting of a pair of mirror images (Fig. 1). 
The NMR spectra of these types of compounds 
will be discussed in the following sections. 

Brownstein (6) has reported NMR spectra of 
mercury adducts, but they were all derived 
from compounds of the type CH 2 = C X, X,Y 
being small alkyl groups. Addition to these 
compounds resulted in only one asymmetric 
carbon atom and the problems discussed here 
therefore did not arise. 

To classify the NMR spectra of the adducts 
it is important to know whether the rotation 
about the carbon-carbon bonds can be con- 
sidered as fast. Even when a bulky substituent, 
as HgOAc, is present the barrier is expected to 
be below 1 0 Kcal/m01e. This is sufficiently low 
for the rotation to be classified as fast. 

The chemical shifts observed in the spectra 
will then correspond to proper weighted 
average values over the three different rotamers. 
Compounds which are mirror images as Va and 
Vb yield the same average while IV and V result 
in different average signals. 

APPLICATIONS 
Analysis of mixtures of similar aliphatic 

molecules is normally an almost impossible task 
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R R R R 

R~HgOAr OAcHg~R H~HgOAc OAcHg~H 
H jO c 

H H R R 
IVa IVb Va Vb 

FIG. 1. Geometric arrangement in the initial addition products formed by addition of Hg(OAc) 2 to 
a cis-monoene (IV) or a trans-monoene (V). The OAc group is replaced by OR in the following 
alcoholysis. 

in NMR spec t roscopy .  In the  p resen t  paper  the  
a t t e n t i o n  is focused on  mix tu re s  of  cis- trans iso- 
mers  r ep resen ted  by  oleic and  elaidic acid 
m e t h y l  esters.  In  Figure 2 the  charac te r i s t i c  
par t  of  each  spec t rum arising f r o m  the  d o u b l e  
b o n d  p r o t o n s  is the  pure  ester  is given fo l lowed 
by  the  s p e c t r u m  of  the  same region in a 50-50% 
mix tu re .  Since the  rest  of  the  spectra  of  the  
two c o m p o u n d s  are ident ica l  the  on ly  source  of  
i n f o r m a t i o n  conce rn ing  the  cis- trans ra t io  is t he  

10Hz 
i I 

~H 

FIG. 2. Spectra of the double bond protons in (a) 
pure trans-monoene elaidic acid, (b) pure cis-monoene 
oleic acid, (c) approximately 50-50% mixture of (a) 
and (b). Recorded at 100 MHz. 

over lapping  bands  of  F igure  2. The spec t rum of  
each species consists  of  a large n u m b e r  of  l ines,  
and  t h e y  overlap to  such  an  ex t en t  (Fig. 2c)  
t ha t  d i rec t  i n t ens i ty  m e a s u r e m e n t s  c a n n o t  be  
used. In  t he  adduc t s  separa te  sharp signals are 
f o u n d  for  each  i somer  sui table  for  accura te  
in t ens i ty  measu remen t s .  

In t he  ac tua l  case the  doub le  b o n d  can be 
regarded  as be ing  in s y m m e t r i c  su r round ings  
(13)  due  to  the  large n u m b e r  of  m e t h y l e n e  
groups  a t t a c h e d  on  b o t h  sides of  the  doub le  
b o n d .  Accord ing  to  t he  discussion above,  two  
d is t inc t  spectra  arise f r o m  the  adduc ts  of  oleic 
and elaidic acid. Decisive for  the  pract ical  appli-  
cabi l i ty  of  the  adduc t s  in d e t e r m i n a t i o n  of  cis- 

trans mix tu re s  is the  chemica l  shif t  d i f ferences  
b e t w e e n  similar signals in t he  two c o m p o u n d s .  
When t he  d i f fe rence  is suff ic ient ,  m e a s u r e m e n t s  
of  the  l ine in tens i t ies  will yield the p r o p o r t i o n s  
of  the  two  c o m p o u n d s .  

In F igure  3 the  s p e c t r u m  of  an a p p r o x i m a t e  
50-50% a d d u c t  is r e p r o d u c e d .  In pr inciple  it 
would  be mos t  favorable  to  s tudy the  signals 
arising f rom the  p r o t o n s  loca ted  at the  asym- 
met r ic  c a r b o n  a toms.  U n f o r t u n a t e l y  these  sig- 
nals are obscu red  by  the  large m e t h y l e n e  signal. 
A l t e rna t ive ly  the  OCH 3 signal which  occurs  as a 
doub le t  can be s tudied.  Since the  l ine shape for  
the  OCH 3 signals can be expec t ed  to  be very  
near ly  the  same,  peak he igh t  m e a s u r e m e n t s  can  
be used to de t e rmine  the  cis- trans  rat io.  

TABLE I 

Chemical Shift of New Signals 
Produced by Adduct Formation 
Between Mercuric Acetate and 

Fatty Acid Methyl Esters 

Chemical shift 
ppm a 

Fatty acid 
methyl esters OcH3b HgOAc 

Oleic 3.224 1.983 
Erucic 3.224 1.992 
Elaidic 3.185 1.987 

aMeasured relative to internal TMS at 100 MHz. 
bDue to the increased overlap the peak separation 

in the 60 MHz spectra is only 0.025 ppm. 
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5 Hz 

FIG. 3. Spectrum showing the OCH 3 signals in the  
adduct  o f  an approximate  50-50% mixture  o f  cis-and 
trans-isomers at 100 MHz. 
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FIG. 4. Correlation between cis-trans ratios deter- 
mined  by  NMR and gravimetrically. Abscissa: true 
con ten t  o f  oleic acid methy l  ester. Ordinate:  A the 
deviation between NMR data and true content  of  oleic 
acid me thy l  ester. 

RESULTS 

T a b l e  I s u m m a r i z e s  t h e  c h e n i c a l  s h i f t s  f o r  
t h e  m e t h o x y  g r o u p s  a n d  t h e  a c e t a t e  g r o u p s  in  
t h e  m e t h y l  e s t e r s  o f  t h e  t w o  ac ids  m e a s u r e d  
r e l a t ive  to  i n t e r n a l  t e t r a m e t h y l s i l a n e  ( T M S ) .  I n  
T a b l e  II c a l c u l a t e d  d a t a  fo r  t h e  m o l a r  r a t i o  
o b t a i n e d  b y  l ine i n t e n s i t y  m e a s u r e m e n t s  a re  
g iven  as  wel l  as t h e  t r u e  va l ue s .  

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

S p e c t r a  we re  o b t a i n e d  u s i n g  V a r i a n  A 60  
a n d  V a r i a n  H A - 1 0 0  s p e c t r o m e t e r s  o p e r a t i n g  in  

f r e q u e n c y  s w e e p  m o d e ;  s a m p l e  t e m p e r a t u r e ,  
32  C. L i n e  p o s i t i o n s  a re  m e a s u r e d  r e l a t ive  t o  
i n t e r n a l  T M S .  T h e  o le ic  a n d  e la id ic  ac id  m e t h y l  
e s t e r s  w e r e  c o m m e r c i a l  s a m p l e s  p u r i f i e d  b y  gas  
c h r o m a t o g r a p h y .  T h e  m i x t u r e s  w e r e  p r e p a r e d  
g r a v i m e t r i c a l l y  a n d  d i s s o l v e d  in a n a l y t i c a l  g r a d e  
s o l v e n t s  a t  a c o n c e n t r a t i o n  o f  a p p r o x i m a t e l y  
1 0 %  w / v .  

T h e  a d d u c t s  w e r e  s y n t h e s i z e d  a c c o r d i n g  t o  
J a n t z e n  a n d  A n d r e a s  ( 2 , 3 ) .  T h e  a d d u c t s  w e r e  
d i s s o l v e d  in  b e n z e n e  a n d  t h e  s o l u t i o n  e x t r a c t e d  
w i t h  w a t e r  u n t i l  a c lear  b e n z e n e  p h a s e  w a s  
o b t a i n e d .  T h e  b e n z e n e  s o l u t i o n  w a s  d i s t i l l ed  in  

TABLE II 

Comparison of  Cis-Trans Ratio in Mixtures of  Oleic and Elaidic Acid Methyl Esters a 

Method NMR Gravimetric 

Oleic Elaidic Oleic Elaidic 
% % % % Ab 

100 MHz 

60 MHz 

28.1 71.9 27.9 72.1 +0.2 
35.1 64.9 37.3 62.7 - 2.2 
47.9 52.1 51.6 48.4 - 3.7 
64.3 35.7 70.9 29.1 - 6.6 

26.8 73.2 25.8 74.2 +1.0 
28.5 71.5 27.9 72.1 +0.6 
36.1 63.9 37.3 62.7 - 1.2 
48.9 51.1 51.4 48.6 - 2.5 
62.3 37.7 70.9 29.1 - 8.6 
68.5 31.5 74.3 25.7 - 5.8 

aAs determined by NMR or gravimetrically in the preparation of  samples.  
bA Represents the deviation between results obtained by the two methods .  
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vacuo until the pressure was below 10 / l .  The  
remaining yellow oil decomposes  slowly at 
room tempera ture  under inf luence of  light. At 
4 C  in darkness the adducts  are stable for 
periods of  months.  

DISCUSSION 

The observed chemical  shifts of  the OCH 3 
group in cis and trans adducts  are t ime average 
values over a large number  of  possible configu- 
rations of  the molecule.  This prevents a detailed 
understanding of  the average values. The differ- 
ence in chemical  shift reflects primarily short 
r a n g e  phenomena .  The aliphatic chains 
extending to both sides from the OCIt 3 
position arc identical in a pair of  cis-trans iso- 
mers and can be expected to yield comparable  
contr ibut ions  to the average chemical  shift. 

Accordingly a model  was chosen on the basis 
of which the problem is discussed in terms of  
the populat ion of  the rotamers  about  the 
carbon-carbon bond. This populat ion can be 
influenced by variation of  tempera ture  and sol- 
vent. Exper iments  show CCI 4 and CDC13 to 
give a similar separation of  the 0(313 signals 
studied,  while d imethylsu l foxidc  resulted in a 
decreased separation. Tempera tu re  studies in 
CC14  resulted in an increasing line separation 
with increasing temperature .  Since the thermal  
stability of  the compounds  is poor,  op t imum 
results are obtained between 30 and 4 0 C  in 
CCI 4 solution.  This result is highly convenient  
since such a tempera ture  range corresponds 
closely to the standard operat ional  condi t ions  
for the spectrometer .  As the populat ions  of  the 
various rotamers  depend only little on groups 
far from the asymmetr ic  carbon atoms it is to 
be expected  that various fat ty acids in cis con- 
format ion yield almost identical  adducts.  This 
is conf i rmed by inspect ion of  Table 1 where 
data for the line posil ions for erucic acid are 
given, being nearly identical to the one 
obtained for olcic acid. When 100 M l l z a n d  60 
MHz spectra are compared it is observed that  
the apparent  separation of  me toxygroup  signals 
increases with increasing field strength. Thus 
the peak separation is 0.039 ppm al 100 MIlz 
and 0.025 ppm at 60 Mllz. The varialion is due 
to the partial overlap of  the signal at 60 MHz 
resulting in a reduct ion in the peak max imum 
separation. From this it fol lows that a much 
bet ter  separation is observed at 100 Mllz 
improving the accuracy of  the data. 

The proposed method  lends itself to a com- 
parison with the long known IR spectroscopic 
de terminat ion .  Three features favor the present 
NMR method.  First, it is possible to observe 
direct ly the signal represent ing both the cis and 
the trans compound ;  secondly,  signal intensities 
are linearly related to the concentra t ions  in 
solution.  Finally,  the me thod  is not  restricted 
to cases where two protons  are located at the 
double bond.  Admi t ted ly  the present method  
involves preparat ion of  a derivative, but the 
react ion is simple and the compound  can be 
recovered in its original steric configurat ion 
after the determinat ion.  

In the present paper the emphasis has bccn 
placed on demonst ra t ing  the possibility o f  
applying the mercury adducts  rather than 
obtaining the highest possible accuracy in the 
results. By plot t ing A of  Table II against the 
true content  of  oleic acid one obtains a linear 
relationship f rom which a calibration curve for 
the obta ined data may be deducted (Fig. 4). 
Both data obtained at 60 and 100 Mllz fit the 
curve within 0.5%. Appl ica t ion of this or o ther  
correct ion methods  improves the accuracy of  
the results considerably.  
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Aliphatic Hydroxylamines as Lipid Antioxidantsl 
3. V A N  DER VEEN,  J. T. WElL 2, THERESA E. KENNEDY and H. S. OLCOTT, 
Institute of Marine Resources, Department of Nutritional Sciences, 
University of California, Berkeley, California 94720 

ABSTRACT 

It was previously noted that N,N- 
dioctylhydroxylamine is formed from 
the oxidation of trioctylamine in oxi- 
dizing fats and that N,N-dioctyl- and 
N,N-diethylhydroxylamine preparations 
have antioxidant activity. In this paper 
we summarize some additional obser- 
vations with these and some other N-sub- 
stituted hydroxylamines. ESR spectra 
indicate that nitroxides are present in oxi- 
dized preparations of hydroxylamines. 
Since some stable nitroxides have been 
shown to be exceptionally effective anti- 
oxidants, we hypothesize that the anti- 
oxidant effectiveness of the hydroxyl- 
amines is accounted for by their conver- 
sion to nitroxides during the initial stages 
of oxidation. 

INTRODUCTION 

Squalene containing added trioctylamine is 
more stable at 60 C than at 50 C (1). The con- 
cept that the effective antioxidant was an inter- 
mediate of the oxidation of the original amine 
followed from the demonstration that N,N- 
dioctylhydroxylamine could be isolated from 
an oxidizing lipid containing trioctylamine and 
that the isolated compound had antioxidant 
activity. In a parallel case, Barnard et al. (2) had 
shown that the effective oxidized intermediates 
accounting for the antioxidant effect of thio- 
and dithio-compounds in rubber were sulf- 
oxides and thiosulfinates. 

In this paper we give results obtained in 
further studies with aliphatic hydroxylamines 
and suggest that their oxidized products, the 
nitroxide radicals, may be the effective anti- 
oxidants. The very effective antioxidant 
activity of some stable nitroxides in squalene at 
room temperature was recently described (3). 

METHODS 

With the exception of N,N-diethylhydroxyl- 
amine (DEHA), the hydroxylamines were 

synthesized by the method of Schopf et al. (4). 
The parent amines (Pennsalt and Aldrich) were 
oxidized with hydrogen peroxide. Sodium car- 
bonate was added and the hydroxylamines were 
extracted with diethyl ether. The ether 
solutions were dried over anhydrous sodium 
sulfate, evaporated under nitrogen, and distilled 
under reduced pressure. The hydroxylamines 
were then further purified by recrystallization 
as the oxalate derivatives. The oxalate was 
removed by treatment with liquid ammonia 
(dry ice-acetone bath) and the free hydroxyl- 
amines were redistilled under reduced pressure. 
DEHA preparations (85% and 100%, Pennsalt) 
were purified directly from the oxalate deriva- 
tive as described earlier (5), and distilled under 
reduced pressure. 

Homogeneity was checked by thin layer 

t I~ 1 

A 

1presented at the AOCS Meeting, New York, 
October 1968. 

2present address: Bne-Brak, 36, I. L. Mairnon St., 
Israel. 

FIG. 1. A, Spectrum of the nitroxide radical 
formed in oxidized proline. (See text for experimental 
details). B, Spectrum of the nitroxide radical formed 
in oxidized N-hydroxyglycine. (See text for experi- 
mental details). 
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TABLE I 

Properties of Hydroxylamines and Their Oxalates a 

Hy droxylamine 

Hydroxylamine 

Found 

Oxalate derivative 

Found Literature 
Literature mp mp 

N,N-diethylhydroxylamine 
N-hydroxypiperidine 
N-hydroxypyrrolidine 
N-hydroxymorpholine 

bP3057-62 C 
mp38.5-39.5 C 
bp2475 C 
bp472-75 C 

bP3060 C (20) 138 C 136-137 C (17) 
mp39-40 C (3) 112 C 112 C (18) 
bP2574-76 C (21) 123-124 C 123-124 C (19) 
bp76-79 C (21) . . . .  

aFigures in parentheses are references. 

c h r o m a t o g r a p h y  (6).  The  me l t ing  and  boi l ing  
po in t s  r e p o r t e d  in Table  I co r r e s ponded  to  
those  in t h e  l i te ra ture .  Samples  of  pur i f ied  
h y d r o x y l a m i n e s  were k e p t  at  dry  ice t e m p e r a -  
ture  in sealed vials un t i l  jus t  pr ior  to  usage. 

All  solvents  were dist i l led t h r o u g h  a 15 p la te  
Olde r shaw co lumn.  A n t i o x i d a n t  ac t iv i ty  in  
pur i f ied  squa lene  (7)  was measu red  by  a weight  
gain m e t h o d  (8) as fol lows:  covered beake r s  
con ta in ing  200  mg of  subs t r a t e  w i th  and  wi th-  
ou t  add i t ions  were held  in a c o n s t a n t  draf t  oven  
for  50 C runs  and  in a l a b o r a t o r y  cabine t  for  
those  at  r o o m  t e m p e r a t u r e .  Once  or  twice  daily 
they  were t es ted  for  r anc id i ty  by  odor ,  cooled  
to  r o o m  t e m p e r a t u r e  and  weighed.  The  end  o f  
the  i n d u c t i o n  per iod  was i nd i ca t ed  by  a sha rp  
gain in weight  which  co inc ided  w i th  the  devel- 
o p m e n t  of  the  odor  of  ranc id i ty .  A n  increase in 
weight  of  1 mg. (0.5%) was a rb i t ra r i ly  chosen  as 
the  end -po in t  bu t  in mos t  cases the  b reak  was 
sharp.  

ESR spect ra  were o b t a i n e d  wi th  aqueous  
so lu t ions  in  a micro  flat-cell  at  a t e m p e r a t u r e  
range of  +1.0  C to -10 C using a Var ian  Model  
E -3  X - b a n d  s p e c t r o p h o t o m e t e r .  I n f r a red  
spectra  were o b t a i n e d  w i th  a Perk in  E lmer  
Model  137 In f r aco rd  S p e c t r o p h o t o m e t e r ,  and  
u l t rav io le t  spectra ,  w i th  a Cary Model  15 
s p e c t r o p h o t o m e t e r .  

RESULTS A N D  DISCUSSION 

The  a n t i o x i d a n t  act ivi t ies  of  pur i f ied  
h y d r o x y l a m i n e s  and  of  the i r  oxa la te  derivat ives 
in squa lene  are s h o w n  in Tables  II and  III. The  
oxa la te  salts were in the  h y d r o g e n  fo rm wi th  
the  e x c e p t i o n  of  DEHA which  was in the  neu-  
t ra l  fo rm.  C o n c e n t r a t i o n s  of  D E H A  be low 0.1 
p m / 2 0 0  mg squa lene  had  l i t t le  ant i -  
ox i dan t  ac t iv i ty  at  24 C (Table  II). This  resul t  
m ay  be  due  to  its loss by  vo la t i l i za t ion  u n d e r  
the  cond i t i ons  of  the  test .  The  oxala te  salts of  
the  h y d r o x y l a m i n e s  were effect ive  at  50 C, bu t  
the  free h y d r o x y l a m i n e s  were no t ,  possibly also 
because  of  the i r  volat i l i ty .  Vola t i l i za t ion  is 
assumed because  of  the  low boi l ing po in t s  of  
these c o m p o u n d s  and  also because  the  char- 
acter is t ic  odors  were readi ly  discernible  in the  
oven when  beakers  con ta in ing  samples  o f  
squalene  con ta in ing  the  free h y d r o x y l a m i n e s  
were present .  Di f ferent  resul ts  might  be  
expec t ed  if d e t e r m i n a t i o n s  were run  in closed 
systems.  At  r o o m  t e m p e r a t u r e  ( 2 4 C )  the  
oxa la te  salts and  the  free h y d r o x y l a m i n e s  had  
a b o u t  the  same a n t i o x i d a n t  act iv i ty .  Oxalic acid 
i tself  was inac t ive  u n d e r  these  condi t ions .  

F resh  samples  of  h y d r o x y l a m i n e s  showed  
l i t t le  or  no  ESR signals, no  IR  bands  at 6.1-6.3 
p a t t r i b u t a b l e  to  n i t rones  (9 ,10) ,  and  no  UV 
bands  at 240 m p  typica l  of  n i t r one  or n i t rox ide  

TABLE II 

Antioxidant Activity of Hydroxylamines in Squalene 

Amount N-hydroxy N-hydroxy 
Temperature (#moles/200 mg) pyrrolidine morpholine 

Induction period (days) a 

N-hydroxy N,N-Diethyl 
piperidine hydroxylamine Ethoxyquin b 

24 C c 
0.01 9 9 19 -- 44 
0.02 11 16 28 -- 100 
0.05 28 32 42 5 -- 
0.1 52 47 54 10 -- 

aAverages of six runs; controls, four days. 
b 6-Ethoxy-2,2,4-trimethyl- 1,2-dihydroquinoline. 
CRoom temperature. 
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TABLE Ili 

Antioxidant Activity of Hydroxylamine Oxalates in Squalene 
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Temperature 

Induction period (days) a 

N,N-diethyl 
Amount N-hydroxypyrrolidine N-hydroxypiperidine hydroxylamine 

(gtmoles/200 mg) acid oxalate acid oxalate oxalate 

24 C b 

50C 

0.01 8 8 5 
0.02 11 12 5 
0.05 27 34 11 
0.1 42 46 --- 
0.02 4 2 1 
0.5 10 14 4 
1.0 16 22 5 
2.0 30 43 11 
4.0 68 108 26 

aAverages of three runs; controls with no additive or with oxalic acid only at all levels had induction periods 
of three days at 24 C and one day at 50 C. 

b r o o m  temperature. 

(10) .  However ,  w h e n  these  were ox id ized  w i th  
h y d r o g e n  pe rox ide  or  w i th  t - bu ty l -hyd rope r -  
ox ide  or i r rad ia ted  w i th  UV light,  t he re  was an  
i m m e d i a t e  d e v e l o p m e n t  of  ESR signals, typ ica l  
of  n i t rox ides  (5) ,  and  also of  U V  bands  at  240 
m ~  and  weak a b s o r p t i o n  bands  at 6.1-6.3 # in 
t he  IR.  These cond i t i ons  t hus  resul t  in the  for- 
m a t i o n  of  n i t r ox ide  radicals  wh ich  t h e n  decom-  
pose to n i t rones  as previously  p roposed  b y  De 
LaMare and  Coppinger  (9). 

Accord ing  to  Brownl ie  and  Ingold  (11)  the  
labile h y d r o g e n  of  h y d r o x y l a m i n e s  can be  
abs t r ac t ed  by  a p e r o x y  radical  in  t he  ra te  deter -  
min ing  step of  a u t o x i d a t i o n  as fol lows:  

R2NOH + ROO ~ --~ ROOH + R2NO" [1] 

The  h y d r o p e r o x i d e  so f o r m e d  m ay  reac t  
rap id ly  w i th  add i t iona l  h y d r o x y l a m i n e  and  
t h e n  act  as o x i d a t i o n  in i t i a to r  as fol lows:  

R2NOH+ ROOH -+ RO ~ + R2NO ~ + H20 [2] 

B o t h  r eac t ion  [11 and  [2] inc lude  n i t r ox ide  
radical  f o r m a t i o n .  The  n i t r o x i d e  radical  is 
r e p o r t e d  to reac t  w i th  the  a lky i  radical  as fol- 
lows (11 ,12) :  

R2NO" + l~" -> R2NOI~ [3] 

and  to compe t e  favorab ly  w i th  0 2  for  R" (12) .  
A l k o x y  radicals  [2] have been  r e p o r t e d  to  reac t  
wi th  h y d r o c a r b o n s  to give fu r t he r  alkyl  radicals  
(13) :  

RO ~ + I~H ~ R O H +  I~ ~ [41 

Thus  if n i t rox ide  radicals were  p resen t  in  large 
e n o u g h  a m o u n t s ,  t hey  would  reac t  w i th  alkyl  
radicals  be fore  t he re  was an  o p p o r t u n i t y  for  the  
l a t t e r  to  reac t  w i th  oxygen .  These  reac t ions  
lend  c redence  to the  poss ib i l i ty  t h a t  a f te r  in i t ia l  
h y d r o p e r o x i d e  f o r m a t i o n  and  its s u b s e q u e n t  
r eac t ion  wi th  s u b s t i t u t e d  h y d r o x y l a m i n e ,  the  
u n s a t u r a t e d  subs t ra t e  may  be  p r o t e c t e d  f rom 
f u r t he r  o x i d a t i o n  by  the  n i t r ox ide  t h a t  is 
fo rmed .  

Prol ine  is k n o w n  to have a n t i o x i d a n t  ac t iv i ty  
(16) .  The  above  obse rva t ions  suggest t ha t  an  
h y d r o x y l a m i n e  i n t e r m e d i a t e  may  be  f o r m e d  
dur ing  its o x i d a t i o n  in an  au tox id iz ing  lipid 
system. Alkal ine  L-prol ine  was ox id ized  w i t h  
30% h y d r o g e n  pe rox ide  wi th  sod ium tungs t a t e  
catalysis.  The  sample  was i m m e d i a t e l y  f rozen  
and  the  ESR spect ra  observed  at -10 C. The  18 
l ine spec t rum is s h o w n  in Figure  1A. F r o m  the  
coupl ing  cons t an t s  (Table  IV) the  s p e c t r u m  was 
i n t e r p r e t e d  to  show two equ iva len t  p r o t o n s  

TABLE IV 

ESR Coupling Constants of Oxidized L-Proline and Oxidized N-Hydroxyglycine 

Coupling constants (Gauss) 

Compound AH AH 1 AH 2 No. of lines 

L-proline 15.5 17.7 21.1 18 
N-hydroxyglycine 13.6 13.6 11.6 12 

aSee text for experimental details. 
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having the  same coupling cons tan t  and th i rd  
p r o t o n  wi th  a smaller coupling cons tan t  due to  
the  p r o t o n  alpha to  the  carboxyl  group.  These 
results  are cons is tent  wi th  the  n i t rox ide  which  
could occur  via an N-hydroxy lamine  inter-  
media te  (22). The n i t roxide  radical could 
account  for  the  an t iox idan t  proper t ies  pre- 
viously described (16). A t t e m p t s  to  synthes ize  
or isolate the  N-hydroxypro l ine  have to  date  
been  unsuccessful .  

Several N-hyd roxyamino  acids have recent ly  
been  found  to  occur  natural ly (14).  A sample 
of  N-hydroxyglyc ine  was f o u n d  to have 
measurable  an t iox idan t  activity (15) despi te  its 
apparent  insolubi l i ty  in the  substra te .  The oxi- 
da t ion  of  N-hydroxyglyc ine  wi th  30% hydrogen  
peroxide  resul ted in a 12 line spectra  (Fig. 1B). 
The coupling cons tan t  (Table IV) for  the  ni t ro-  
gen p r o t o n  was the  same as for  the  ni t rogen.  
The methy l  p ro tons  had coupling cons tan ts  o f  
11.06 G. This is consis tent  wi th  the  s t ruc ture  of  
a n i t rox ide  radical f o rmed  by the  abs t rac t ion  of  
the  h y d r o x y l  p ro ton .  These observat ions  sug- 
gest that  natural ly occurr ing N - h y d r o x y a m i n o  
acids or amino acids that  can be oxid ized  to  
N-hyd roxyamino  acids in vivo, may play an 
in te rmedia te  an t iox idan t  role in animal or plant  
tissues. 

Such a mechan i sm would  be favorable for  
survival in biological systems.  The n i t roxide  
radical fo rmed  f rom the  N-hydroxyamines  
would  be an effect ive scavenger for  alkyl radi- 
cals. However  since all o f  our  an t iox idan t  
observat ions  were made in the  anhydrous  state,  
it remains  to be de t e rmined  w h e t h e r  similar 
results can be d e m o n s t r a t e d  in aqueous  or tis- 
sue systems.  
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Retarded Hydrolysis by Pancreatic Lipase of 
Seed Oils With Trans-3 Unsaturation 
R. KLEIMAN,  F. R. EARLE,  W. H. T A L L E N T  and I. A. WOLFF 1, 
Northern Regional Research Laboratory 2, Peoria, Illinois 61604 

ABSTRACT 

Triglycerides containing acids with 
trans-3 unsaturation (16:13, 18:13 and 
18:33,9,12) showed a marked retardation 
of reaction rate with pancreatic lipase. An 
inverse relationship was found between 
content of trans-3 unsaturated acids in 
seed oils and lipolysis rate. The trans-3 
unsaturated acids were concentrated in 
the diglyceride and residual triglyceride 
fractions of the lipolysates, and only 
small amounts were present in the free 
acid and monoglyceride fractions. 

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

Although pancreatic lipase (E.C. 3.1.1.3) is 
used in establishing the position of acyl groups 
in triglycerides of certain oils, it is recognized 
that there are differences in the rates of 
hydrolysis of some triglycerides (I ,2) which can 
lead to ambiguities in the structures derived 
from the data. Triglyceride lipolysis rates can 
vary because the structure of the acyl group 
may affect the reaction at the ester linkage 
(3,4) or the reaction of the entire triglyceride 
molecule (5,6). 

Studies with triglycerides containing acids 
with functional groups close to the carboxyl 
group have previously shown reduced rates of 
h y d r o l y s i s  with pancreatic lipase. This 
reduction has been found with triglycerides 
containing 5,6-double bonds (namely, whale 
oil) (3), cis-6-octadecenoic acid (4), or 2,2- 
dimethyl stearic acid (7). Our studies demon- 
strate marked retardation of hydrolysis of tri- 
glycerides containing acids having trans-3 un- 
saturation. 

MATERIALS A N D  METHODS 

A range in concentration of triglycerides 
with trans-3 unsaturation was obtained by using 
seed oils of Grindelia oxylepis (8), Aster 
hayatae,  Calea urt icaefol ia  (9) and 
Stenachaenium macrocephalum, all members of 
the family Compositae (Table I). Typical 

1present address: E. Utiliz. Res. Dev. Div., ARS, 
USDA, Wyndmoore, Pa. 19118. 

2No. Utiliz. Res. Dev. Div., ARS, USDA. 

crambe (C. abyssinica) and soybean oils were 
used as reference materials. 

Stenachaenium oil (0.37 g) was partially ran- 
domized by refluxing the oil in benzene for 22 
hr with p-toluenesulfonic acid (8.7 mg) as the 
catalyst. Attempts to use sodium methoxide as 
the randomization catalyst produced a complex 
mixture of products. 

Oils were hydrolyzed by pancreatic lipase by 
the method of Mattson and Volpenhein (11). 
Samples weighing 250 mg were hydrolyzed 
with 80 mg of commercial Steapsin in 4.5 ml 1 
M tris(hydroxymethyl)aminomethane buffer at 
pH 8.0, 0.5 ml 22% CaC12, and 1.0 ml 0.1% 
sodium cholate solution. The mixture was 
emulsified at 40 C in a 50 ml round-bottom 
flask by rapid stirring with a 1/2 in. magnetic 
bar. Samples weighing 50 mg were emulsified in 
a 1 x 2 3/4 in. screw-cap vial containing 1 ml 1 
M tris(hydroxymethyl)aminomethane buffer 
solution at pH 8.0, 0.1 ml 22% CaCI2, 0.25 ml 
0.1% sodium cholate solution and 10 mg lipase. 
The mixture was stirred rapidly with a magnetic 
stirrer or a mixer giving vortex action. 

Lipolysis was terminated by acidification 
with HC1. The reaction mixture was then 
immediately extracted three times with diethyl 
ether. The ether solution was washed with 
water and dried over sodium sulfate. Solvent 
was removed under nitrogen on a steam bath. 

A portion (10-25 mg) of the recovered lipid 
material was titrated in neutral ethanol with 
0.01 N NaOH to determine the amount of free 
acid present. Calculation of the percentage of 
free fatty acids in the mixture (i.e., per cent 
hydrolysis of the oil) was based on the mean 
molecular weight of these acids determined by 
gas liquid chromatography (GLC) of their 
methyl esters. 

Lipolysis products were separated by prepa- 
rative thin layer chromatography (TLC) on 20 
x 20 cm plates spread with a 1 mm layer of 
Silica Gel G. The slurry was prepared with a 
saturated solution of boric acid. The plates 
were developed with hexane-diethyl ether 
(70:30 v/v). Bands were detected under ultra- 
violet light with Rhodamine 6G or dichloro- 
fluorescein as the fluorescent indicator. In sub- 
sequent workup, total monoglycerides and total 
diglycerides were treated as single fractions. No 
attempt was made to isolate individual partial 
glycerides in either fraction. 
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TABLE 1 

Lipolysis Data a 

Apparent  extent  of 
Per cent Per cent ill Per cent in hydrolysis from 

Acid b in oil monoglyceride diglyceride 1,3-positions, % 

Grindelia oxylepis 
16:0 9.6 1.6 1.4 92 
16:13t 15.1 5.3 47.7 9 
18:0 2.9 0 0.5 123 
18:1 14.6 17.3 12.4 88 
18:13t 1.9 0 3.7 0 
18:2 54.0 75.8 30.7 110 

Aster hayatae 
16:0 5.6 2.6 1.2 l l0 
16:13t  10.4 4.2 2 1.4 13 
18:0 1.7 0.2 -- 127 
18:1 6.9 l l . I  4.7 98 
18:13t  2.0 0 4.0 0 
18:2 62.7 76.7 45.0 68 
I 8:33t,9c, 12c 10.8 5.2 23.6 16 

Calea urticaefolia 
16:0 9.0 1.9 0.4 90 
18:0 3.9 1.2 0.3 91 
18:1 5.3 8.6 4.0 104 
18:2 46.3 75.5 47.9 54 
18:33t,9c,12c 35.5 12.2 47.4 5 

Stenachaenium macrocephalum 
16:0 3.6 1.5 0.5 120 
18:0 2.5 0.4 -- 127 
18:1 6.3 9.0 4.9 48 
18:2 38.0 66.4 45.3 41 
18:33t,9c, 12c 48.6 21.6 49.4 8 

Randomized Stenachaenium macrocephalum 
16:0 3.6 2.4 0.4 116 
18:0 2.5 2.2 1.5 143 
18:1 6.3 8.8 5.4 41 
18:2 38.0 47.5 41.8 30 
18:33t,9c,  12c 48.6 39.2 50.9 8 

aHydrolysis at 40 C for 20 min. 
bSmall amoun t s  of  presumed 18:23t,  9c ( I0)  were observed in the ester from Grindelia, Aster and Stena- 

chaenium oils by AgNO3-TLC. 

M e t h y l  e s t e r s  o f  l i p o l y s a t e  f r a c t i o n s  were  
p r e p a r e d  by  s c r a p i n g  i n d i v i d u a l  a r ea s  f r o m  t h e  

T L C  p la te  i n t o  a 100 ml r o u n d - b o t t o m  f lask ,  
c o v e r i n g  t h e  Silica Gel  G w i t h  a n h y d r o u s  e t h e r ,  
a d d i n g  10 ml  o f  5%, H C l - m e t h a n o l ,  a n d  
r e f l u x i n g  t h e  m i x t u r e  for  3 h r  ( 1 2 ) .  T h e  m i x -  
t u r e  was  t h e n  t r a n s f e r r e d  to  a 125 ml  
s e p a r a t o r y  f u n n e l  a n d  e x t r a c t e d  w i t h  e t h e r ;  t h e  
e t h e r  s o l u t i o n  was  w a s h e d  w i t h  w a t e r .  B e n z e n e  
was  a d d e d  to r e m o v e  a n y  w a t e r  a z e o t r o p i c a l l y  
a n d  e s t e r s  we re  r e c o v e r e d  by  e v a p o r a t i n g  t h e  
s o l u t i o n  to  d r y n e s s  u n d e r  nitrogen on  a s t e a m  
b a t h .  

M e t h y l  e s t e r s  we re  a n a l y z e d  w i t h  an F & M  
Mode l  8 1 0  gas  c h r o m a t o g r a p h  e q u i p p e d  w i t h  a 
f l a m e  i o n i z a t i o n  d e t e c t o r  a n d  a 10 f t  x 1/8 in. 
c o l u m n  p a c k e d  w i t h  20% L A C - 2 - R  4 4 6  he ld  at  
2 0 0  C. 

A 260  m g  s a m p l e  o f  G. oxylepis  oil was  

h y d r o g e n a t e d  w i t h  10% p a l l a d i u m  Oll c h a r c o a l  
as t h e  c a t a l y s t  a n d  e t h a n o l  as t h e  so lven t .  
L i p o l y s i s  o f  t h e  h y d r o g e n a t e d  oil ( so l id )  w i t h  
p a n c r e a t i c  l ipase  was  p e r f o r m e d  as d e s c r i b e d  
a b o v e ,  b u t  at 4 0  C for  120 m i n  a n d  at 5 5 - 6 0  C 
fo r  an  a d d i t i o n a l  120  m i n .  

R a t e s  o f  h y d r o l y s i s  were  d e t e r m i n e d  on  100 
m g  s a m p l e s  by  m e a s u r i n g  t h e  alkal i  con -  
s u m p t i o n  at c o n s t a n t  pH  (13) .  

S o y b e a n  a n d  Grindelia oils  ( 1 2 5  mg)  were  
h y d r o l y z e d  w i t h  10 m g  o f  c a s t o r  b e a n  l ipase  
(E .C.  3 . 1 . 1 . 3 )  a t  r o o m  t e m p e r a t u r e  fo r  4 h r  
( 14 ) .  T h e  l i p o l y s a t e s  r e s u l t i n g  w e r e  h a n d l e d  in 
t h e  s a m e  m a n n e r  as t h o s e  f r o m  t h e  r e a c t i o n  
w i t h  p a n c r e a t i c  l ipase .  

T o  m e a s u r e  t h e  re la t ive  r e s i s t a n c e  o f  ind iv i -  
d u a l  a c id s  to  l i po ly s i s  w i t h  p a n c r e a t i c  l ipase ,  
t h e  a m o u n t  o f  a g iven  ac id  r e l ea sed  was  ca l cu -  
l a t ed  as a p e r c e n t a g e  o f  t h e  a p p a r e n t  t o t a l  o f  
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TABLE II 

Rate of Hydrolysis of Individual Oils 
(Initial Slope of Curve From Radiometer pH-Stat) 

Free acids A3 
released/min, Acids in 

Oil meq oil, wt % 

Cram be a byssinica 1.05 0 
S o y b e a n  0 .95  0 
Grindelia oxylepis 0 .77  17 .0  
Aster hayatae 0.6"7 2 3 . 2  
Calea urticaefolia O. 59 35.5 
Stenachaenium O. 36 48.6 

macrocephalum 

6~ 

-5~ ~ , _ _  OiElyceride 
_ _ |  

5 4[ - - 0  

" ~  3[ 

~ 2{ ~ 1 7 6  
.m Monoglyceride,.. . . . . . . . . . . . . . . . . .  �9 . . . e  . . . .  
,,~ , . . . . . . . . . . . .  Free Acid . . . . . . .  ~. !+-,,= , ,= 

Time, mio. 10 20 40 60 120 
Hydrolysis, % 20 40 52 58 63 

FIG. 1. Proportion of 16:13 in lipolysis fractions 
of G. oxylepis oil with increasing time. 

this acid in the 1,3-positions. The following 
equation was used in making this calculation: 

Per cent of a particular acid in 1,3-positions 
released = 

FPer cent of the acid found in free-] 
[ acid fraction X per cent hydroly- [ 

100X [ sis of the oil/Apparent proportion [ 
[ of acid in 1,3-positions X per cent [ 
Un  original oil A 

where the apparent proportion of acid in 
1,3-positions is the percentage of the total of 
the acid in the oil that appears to be in these 
positions as determined by difference from the 
composition of the oil and of the monoglycer- 
ides obtained after lipolysis for 20 rain. 

RESULTS A N D  DISCUSSION 

The acid compositions of Grindelia oxylepis 
(8), Aster  hayatae, Calea urticaefolia (9) and 
Stenaehaenium macrocephalum oils are listed in 
Table I. Identifications of the trans-3 unsatu- 
rated methyl esters from A. hayatae and S. 
macrocephalum were made by comparison of 
the mobility of these esters on GLC and TLC 
(AgNO 3 impregnated) with the mobility of 
known compounds from G. oxylepis (18:13 
and 16:13) (8) and C. urticaefolia (18:33,9,12) 
(9). In addition, nuclear magnetic resonance of 
the A. hayatae and S. macrocephalum oils 
showed a doublet at ~" 7.0, indicative of the 
presence of 3,4-unsaturation (8). Infrared, with 
a strong band at 10.36/J, disclosed the presence 
of isolated trans unsaturation. Interrupted 
ozonolysis of the 18:3 from S. macroeephalum 
proved this ester to be 18:33,9,12 (15). The 
presence of trans-3 unsaturated acids in seed oil 
of A. hayatae is in agreement with the recent 
demonstration of them in several other species 
of Aster (10). 

The retarded hydrolysis by pancreatic lipase 
of oils containing trans-3 unsaturation became 

apparent during an investigation of G. oxylepis 
oil in which 15% of the acyl groups is trans-3- 
hexadecenoie acid and 2% is trans-3-octa- 
decenoic acid (8). In one reaction of this 
Grindelia oil with pancreatic lipase, only 44% 
of the lipolysate mixture was composed of free 
acids; whereas with crambe oil, run under iden- 
tical conditions, 59% free acids was produced. 
Thirty per cent of the Grindelia oil lipolysate 
was made up of diglycerides and 1 i% residual 
triglycerides was left vs. 10% diglycerides and 
3% triglycerides from the crambe oil. Analysis 
of the Grindelia oil lipolysate fractions gave 
further evidence of an abnormal reaction with 
pancreatic lipase in that both the monoglycer- 
ide and free acid fractions were low in 16:13, 
whereas the diglyceride and triglyceride frac- 
tions were enriched in this same acid. G. 
oxylepis oil contained 2% 18:13, which was 
also hydrolyzed at a slow rate. Only trace 
amounts were ever found in either monogly- 
ceride or free acid fractions, but increased 
amounts were found in both the diglyceride 
and residual triglyceride fractions. 

To test the hypothesis that trans-3 unsatu- 
ration is indeed the cause of retardation of 
lipolysis, four oils with a range of trans-3 
unsaturated acid concentration were treated 
with pancreatic lipase under constant pH in a 
recording pH-stat to determine initial rates of 
hydrolysis (13). Results from these analyses 
(Table II) show an inverse relationship between 
the concentration of trans-3 unsaturated acids 
and rate of lipolysis; the Grindelia oil has the 
least amount of such acids (17%) and the 
fastest rate (0.77 meq free acid per minute); the 
Stenachaenium oil, the most trans-3 unsatu- 
rated acids (49%) and the slowest rate (0.36 
meq free acid per minute). As with Grindelia 
oil, trans-3 unsaturated acids were concentrated 
in the residual triglyceride and the diglyceride 
fractions from the other three oils. Amounts of 
these acids found in the diglycerides after a 20 
rain hydrolysis were all about 50% (Table I). 
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FIG. 3. Apparent extent of hydrolysis by pan- 
creatic lipase of individual acids from 1,3-positions of 
G. oxylepis oil with increasing time. See text for calcu- 
lations. 

FIG. 2. Rate of lipolysis vs. apparent percentage of 
trans-3 acids esterified at the 1,3-positions of glycerol. 

The increase to this level indicates that the 
p r o p o r t i o n  of trans-3 unsaturated acids 
removed by lipolysis was much less than for the 
other acids. 

Figure 1 shows the contrast in trans-3 un- 
saturated acid content of lipolysate fractions 
from G. oxylepis oil as a function of time. 
When 50 mg samples of this oil were lipolyzed 
to different extents, the proportion of 16:13 in 
the monoglycerides increases little from 5 to 20 
rain, or from 20% to 52% hydrolysis (the 
decrease at 10 rain is unexplained), but from 
that point, the percentage of 16:13 increases, 
and at the end of 120 min the concentration of 
this acid in the monoglyccride fraction is 
greater than in the original oil. The percentage 
of 16:13 in the diglyceride fraction increases to 
48% after 20 rain and decreases to 42% after 
120 min hydrolysis. If migration of acyl groups 
occurred in the mono and diglycerides, and if 
the usual acids were hydrolyzed much more 
rapidly than 16:13, the 16:13 would be 
enriched in the monoglyceride fraction, but the 
fraction would include both 1- and 2-monogly- 
cerides. This migration would more likely be 
significant after an extended reaction time and, 
presumably, is the reason for the change in 
composition in the monoglycerides of G. 
oxylepis after 20 rain. 

Brockerhoff (5) reported two types of  
retardation of lipolysis of triglycerides with 
pancreatic lipase. He demonstrated that the 
structure of the fat droplets affected the rate of 
hydrolysis of human depot fat. During this 
lipolysis, stearic acid was concentrated in the 
resulting diglyceride, an indication that stearic 
acid was hydrolyzed at a slower rate than other 
acids. Inclusion of  hexane in the hydrolysis 
reaction mixture abolished this discrimination 
against stearic acid. This response suggests that 
the decreased rate of lipolysis of human depot 

fat is a physical phenomenon. Brockerhoff (5) 
also found that 20:5 and 22:6 acids (both with 
double bonds in the 5,6-position, i.e., relatively 
close to the carboxyl group) from marine oils 
were also concentrated in the diglycerides upon 
pancreatic lipolysis. Inclusion of hcxane, how- 
ever, did not prevent this accumulation. The 
effect, presumably, is not the result of the 
physical factors restricting the lipolysis of  
human depot fat. Bottino et al. (3) showed that 
there was a similar resistance to hydrolysis of 
s y n t h e t i c  1 , 2 - d i o c t  a d e c e n o y l - 3 - e i c o s a -  
pentaenoyl glycerol when treated with pan- 
creatic lipase. They found little monoglyceride 
formed during lipolysis and only 17% 20:5 
among the liberated acids. 

To ascertain if increased emulsification 
would change the hydrolysis rate of oils con- 
taining trans-3 unsaturated fatty acids, we 
treated soybean and C. urticaefolia oils with 
pancreatic lipase while they were mixed 
vigorously with a mixer generating vortex 
action. Under these conditions soybean oil was 
45% hydrolyzed in 6 rain at room temperature, 
whereas with the magnetic stirrer initially 
employed 20 rain at 40 C was required to 
obtain 55% hydrolysis. Similarly, the Calea oil 
was 23% hydrolyzed in 6 rain of vigorous 
mixing and only 31% after 20 rain with mag- 
netic stirring at 40 C. Although a quantitative 
comparison cannot be made because of the dif- 
ferent conditions required, it is apparent that 
the increased emulsification hastened the 
hydrolysis of both oils hut did not eliminate 
the difference between them. This result sug- 
gests that the retardation of lipolysis for the 
Calea oil is more analogous to that for trigly- 
cerides containing 20:5 and 22:6 acids than to 
that for human depot fat. 

Sampugna et al. (6) reported an interesting 
contrast in the behavior of synthetic glycerides 
containing butyric acid. Butyrate triglycerides 
hydrolyzed more rapidly than triolein, whereas 

LIPIDS, VOL. 5, NO. 6 



RETARDED LIPOLYSIS OF SEED OILS 517 

lipolysis of diglycerides with butyryl groups 
was retarded. The slow initial rates given in 
Table II show that the inhibitory influence of 
trans-3 unsaturation is operative at the trigly- 
ceride stage. The accumulation of diglycerides 
containing trans-3 unsaturated acids indicates 
that retardation is also operative at the digly- 
ceride stage. 

An intermolecular effect on lipolysis due to 
the presence of trans-3 unsaturated acids and 
arising via some mechanism other than the ones 
responsible for the behavior of either human 
depot fat or butyrate glycerides cannot be ruled 
out. However, additional evidence presented 
below supports the alternative view that we are 
dealing with a specific inhibition of enzymatic 
hydrolysis of the ester linkages by which 
trans-3 unsaturated acyl groups are attached to 
glycerol. The presumption is that this inhibition 
is caused by the presence of this functional 
group near the site on which the enzyme must 
act. In view of the positional specificity of 
pancreatic lipase (16), such an explanation 
implies that a substantial portion of the trans-3 
unsaturated acids are in the 1,3-positions. 

That a short exposure to lipolysis produced 
monoglycerides representative of the 2-position 
is suggested by the results obtained by lipolysis 
of hydrogenated G. oxylepis oil. Since these 
solid triglycerides (rap 55-56 C) were difficult 
to hydrolyze, they were reacted for 2 hr at 
40 C and 2 hr at 55-60 C. Even with this long a 
reaction time only 30% hydrolysis took place. 
Eliminating unsaturation should nearly equalize 
the rates at which the acids were hydrolyzed 
and, therefore, a monoglyceride fraction ap- 
proximately representative of the 2-position 
should result. The composition of these mono- 
glycerides showed 6% 16:0, a percentage which 
agreed well with the total C 16 acids found in 
the monoglycerides formed from the unsatu- 
rated oil after hydrolysis for 20 min (2% 16:0 + 
5% 16:13). Thus, 20 min hydrolysis of G. 
o x y l e p i s  oil  p r o d u c e d  monoglycerides 
apparently representative of the acids esterified 
at the 2-position. 

The apparent percentage of trans-3 unsatu- 
rated acids in the 1,3-positions of the individual 
oils can be calculated by difference from the 
mono- and triglyceride compositions given in 
Table I. When data so calculated are plotted 
against the rates of lipolysis of the oils (Table 
II), the points fall near a straight line, as shown 
in Figure 2. The two extreme points represent 
two assumptions: At 100% trans-3 unsaturated 
fatty acids in the 1,3-positions, the rate would 
be zero; at 0% of such acids in these positions, 
the rate would be approximately 1.0 meq of 
acids released per minute (from the rates for 

crambe and soybean oils given in Table II). In 
view of the method of derivation of the inter- 
mediate points, their distribution along the 
straight line connecting the extremes lends 
further credibility to the belief that monogty- 
cerides from the 20 min lipolyses were repre- 
sentative of 2-position acids in the original oils. 

Assuming the 20 min monoglyceride com- 
position is representative of the 2-position of 
the triglycerides of Grindelia oil, we can calcu- 
late the extent of hydrolysis of individual acids 
from the I-3 positions of the molecule as 
explained under Materials and Methods. We 
show this hydrolysis for four acids as a function 
of time in Figure 3, which is a graphic display 
of the relative resistance of individual acids to 
release during lipolysis of G. oxylepis oil. The 
amount of the 16:13 acid released is much less 
than that of the usual acids at any given time. 
Hydrolysis of more than 100% of the 18:2 
from the 1,3-positions suggests migration from 
the 2 position and subsequent hydrolysis. In 
the other three oils, percentage hydrolysis of 
18:2 from the 1,3-positions decreases as the 
amount of trans-3 unsaturated acids increases. 
The reason for this decrease is unknown,  but 
one factor may be inhibition of migration of 
18:2 from the 2-position as the amount of 
trans-3 unsaturated acid increases and available 
1,3-positions decrease. Besides 18:2, other 
examples of more than 100% hydrolysis in 
Table I involve minor components (especially 
18:0) and are probably related to errors in the 
chromatographic method. 

Complete randomization of Stenachaenium 
oil was not attained. However, the apparent 
percentage of palmitic acid in the 2-position 
increased from 1.5 to 2.4 and the 18:33,9,12 
from 22 to 39. The extent of hydrolysis of 
individual acids from the 1,3-positions was 
similar to that for the natural Stenachaenium 
oil. In both, only 8% of the 18:33,9,12 in the 
1,3-positions was hydrolyzed. 

Castor Lipase Hydrolysis 

Oils from G. oxylepis and soybean were 
hydrolyzed with castor bean lipase (14). 
Ninety-two per cent of the soybean oil was 
hydrolyzed in contrast to 71% of G. oxylepis 
oil. Analysis of the castor lipase hydrolysis frac- 
tions from G. oxylepis shows an increase in 
amount of 16:13 acid in both the residual tri- 
glyceride (25%) and diglyceride fractions (31%) 
and a reduction in the free acid fraction (9%). 
The resistance to hydrolysis of 16:13 with 
castor lipase suggests that the same factors 
which limit the hydrolysis of trans-3 acids with 
pancreatic lipase are in effect when castor lipase 
is used. 

LIPIDS, VOL. 5, NO. 6 



518 R. KLEIMAN, F. R. EARLE, W. H. TALLENT AND I. A. WOLFF 

ACKNOWLEDGMENT 

K. L. Mikolajczak provided castor lipase, A. S. 
Barclay, Crops Research Division, ARS, USDA, Belts- 
ville, Maryland, seed supplies. 

REFERENCES 

1. Desnuelle, P., and P. Savary, J. Lipid Res. 
4:369-384 (1963). 

2. Entressangles, B., P. Savary, M. J. Constantin and 
P. Desnuelle, Biochim. Biophys. Acta 84:140-148 
(1964). 

3. Bottino, N. R., G. A. Vandenburg and R. Reiser, 
Lipids 2:489-493 (1967). 

4. Mattson, F. H., and R. A. Volpenhein, AACC- 
AOCS Joint Meeting, Washington, D.C., 1968, 
Abstract No. 210. 

5. Brockerhoff,  H., Arch. Biochem. Biophys. 
110:586-592 (1965). 

6. Sampugna, J., J. G. Quinn, R. E. Pitas, D. L. 
Carpenter and R. G. Jensen, Lipids 2:397-402 
(1967). 

7. Bergstrom, S., B. Borgstrom, N. Tryding and G. 
Westoo, Biochem. J. 58:604-608 (1954). 

8. Kleiman, R., F. R. Earle and I. A. Wolff, Lipids 
1:301-304 (1966). 

9. Bagby, M. O., W. O. Siegl and I. A. Wolff, JAOCS 
42:50-53 (1965). 

10. Morris, L. J., M. O. Marshall and E. W. Hammond, 
Lipids 3:91-95 (1968). 

11. Mattson, F. H., and R. A. Volpenhein, J. Lipid 
Res. 2:58-62 (1961). 

12. Luddy, F. E., R. A. Barford, S. F. Herb, P. Magid- 
man and R. W. Riemenschneider, JAOCS 
41:693-696 (1964). 

13. Tallent, W. H., and R. Kleiman, J. Lipid Res. 
9:146-148 (1968). 

14. Ory, R. L., A. J. St. Angelo and A. M. Altschul, 
Ibid. 1:208-213 (1960). 

15. Kleiman, R., G. F. Spencer, F. R. Earle and I. A. 
Wolff, Lipids 4:135-141 (1969). 

16. Entressangles, B., H. Sari and P. Desnuelle, Bio- 
chim. Biopbys. Acta 125:597-600 (1966). 

[ Received Ju ly  22, 1969 ] 

LIPIDS, VOL. 5, NO. 6 



Variation in Lipase Activities During Germination (in Dark) 
of 7-Irradiated Castor-Seeds 
R. J. THANKI,  K. C. PATEL and R. D. PATEL, 
Department of Chemistry, Sardar Patel University, 
Vallabh Vidyanagar, Gujaret State, India 

ABSTRACT 

A special variety of R. communis  
selected for the present investigation, 
indicated two types of lipases. One of 
these, is active at pH 4.5 and another at 
pH 6.8. The acid lipase was maximum in 
dry seeds. The control and the irradiated 
seeds when germinated in dark showed a 
decrease in acid lipase. The decrease in 
acid lipase was dependent on the period 
of germination and the applied irradiation 
dose. The presence of a de novo synthesis 
of another activity measured at pH 6.8 
was found after 24 hr of germination of 
the control as well as the irradiated seeds. 
The new activity termed as a neutral 
lipase showed a gradual increase with the 
period of germination. Irradiation played 
a characteristic role in the production of 
this activity. 

INTRODUCTION 

In oleaginous seeds lipase activity is mani- 
fested upon germination, but in castor bean 
there is also an active lipase in the resting seeds. 
Green (1) was the first to establish the exist- 
ence of highly active lipase described as Ricinus 
lipase in the germinating castor seeds. 

Ramakrishnan et al. (2,3) made a compara- 
tive study of lipases from several oil seed cakes 
and found that the castor and peanut cake 
lipases are the most active. The acetate buffer 
system was the most effective at the optimum 
pH. 

Yamada (4) found blastolipase (reacting at 
pH 6.8) in the embryo during the first 48 hr of 
germination of castor beans. In addition to the 
neutral lipase, an acid lipase is also reported in 
the endosperm of the dry seeds. Angelo and 
Altschul (5) failed to note the development of a 
neutral lipase in germinating castor seeds. 

Previous work (6) on the behavior of lipase 
activity of 7-irradiated peanut indicated that 
different dosage levels have different effects on 
the liberation of the lipase activity. The 
increase in activity has been explained on the 
basis of other metabolic products. 

A little information is available on the effect 
of ionizing radiation on the lipase activity on 

germination of castor seeds. There are also con- 
tradictory views regarding the production of 
the acid and the neutral lipases. The present 
work has been undertaken to study the effect 
of ")'-irradiation on the lipase activity and also 
to correlate the metabolism of castor seeds 
during germination. 

EXPERIMENTAL PROCEDURES 

Irradiation and Germination of Castor 
(Ricinus communis, L) Seeds 

A special variety of castor seeds S-20 
obtained from the Institute of Agriculture, 
Anand, (Gujaret State, India) was used in the 
present work. The seeds were irradiated with 
different dosage levels of ")'-rays from a 60Co- 
source (1000 k.curies) located at the Bhabha 
Atomic Research Center (BARC)I Trombay, 
India. The following dosage levels were selected 
for the work: 10, 30, 50, 70, 90 and 120 kilo- 
roentgen (kr). Control and irradiated seeds were 
weighed individually and then sown in chemi- 
cally purified and sterilized sand after piercing a 
hole in each seed. This enabled uniform germi- 
nation. Germination was carried out in darkness 
in a double walled chamber maintained at con- 
stant temperature of 30 + 1 C. No other 
nutrients except distilled water was given daily 
in a measured quanti ty to the germinating 
seedlings. The periods of germination selected 
were: 0, 1, 2, 3, 5, 7 and 9 days. At the end of 
each period four sets each consisting of 10 
seedlings from each treatment were removed 
from the sand, cleaned with cold distilled water 
and used for the extraction of the enzyme 
source. 

Preparation of Enzyme 

The method adopted for the preparation of 
the lipase enzyme is essentially the same as 
described by Patel et al. (6). 

After the removal of testa, 10 cleaned seed- 
lings were crushed with cold acetone in a 
mortor and pestle for about 10 min. The homo- 
genates were filtered i n  the cold and washed 
with cold acetone until  free of oil. The resi- 
duals, finely crushed plant materials were dried 
in a vacuum desiccator, weighed and stored 
cold until ready for assay. Ungerminated castor 
seed cakes were prepared by the same method. 
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FIG. 1. Activity of acid lipase during germination. 
Radiation dose: �9 �9 10 kr, x 30 kr, A50 kr, ,t 
70 kr, [] 90 kr, �9 120 kr. 

Lipase Assay 
As a source of  glyceride freshly ext rac ted  

peanut  oil was used. One gram of oil was taken 
in a glass-stoppered Er lenmeyer  flask and, to 
that ,  5.0 ml of  0.1 M tris-acetic acid buffer  (pH 
= 4.5) were added. The contents  were stirred 
for 5 min to have through mixing. Then 50.0 
mg of the test material  (enzyme)  were added 
with vigorous shaking. Hydrolysis  was carried 
out  at r o o m  tempera ture  (28-30 C) for 24 hr. 
During hydrolysis  the contents  of  the flask 
were shaken cont inuously  on a ro tary  shaker. 
At  the end of  the hydrolysis  period, 10 ml of  
neutral  1:1 (v/v) e thanol-e ther  mixture  were 
added to the flask. The l iberated fa t ty  acids 
were t i t ra ted against 0.10 M NaOH. The deter- 
minat ion of  blank (7) was also carried out  in a 
similar manner  wi thout  addi t ion of  the test  
materials f rom the beginning. The test material  
was added to the glyceride-buffer  mix ture  af ter  
24 hr. This was immedia te ly  fo l lowed by 10 ml 
neutral  e thanol-e ther  mixture .  Lipase act ivi ty  
has been expressed in terms of  ml of  0.10 M 
NaOH after  subtract ion of  the blank. F r o m  the 
weight of  the total  Lest material  the act ivi ty per 
gram of the original seed was calculated. The  
variat ion in the activity of  the  neutral  lipase 
was de termined  by the same procedure,  except  
that  the buffer  used was kept  at 6.8 pH. The 
results are presented in Fig. 1 and 2. 

RESULTS 

The results on lipase assay of  two replica- 
tions and among the four  sets of  each dosage 
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FIG. 2. Activity of neutral lipase during germi- 
nation. Radiation dose: �9 Control, �9 10 kr, x 30 kr, 
50 kr, A70 kr, [] 90 kr, �9 120 kr. 

levels showed relative errors of 5% in the 
activity of  acid lipase and 0.5% in the activity 
of  neutral  lipase respectively.  

Prel iminary exper iments  pointed out  that  in 
resting seeds max imum lipase activity could be 
obtained at op t imum pH = 4.5 in tris-acetic 
acid buffer.  Fazio and Lado (8) also repor ted  
max imum activi ty in acetate  buffer  at pH = 4.7. 
In comparison to acetate,  phosphate  and o ther  
buffers,  greatest activity was observed in tris- 
acetic acid buffer  at pH 4.5 Hence this buffer  
was used to determine  the act ivi ty of  the acid 
lipase. It has been also exper ienced that  there 
was no appreciable difference in the rate o f  
hydrolysis  (9) in the tempera ture  range 
2 5 4 0  C. Therefore  in the present work the 
hydrolysis  was carried out  at room tempera ture  
(28-30 C). 

Results on the act ivi ty of  the acid lipase 
determined at pH 4.5 are shown graphically in 
Figure 1, which indicates the change in the 
activity with the period of  germinat ion.  The  
activity of control  as well as irradiated seeds 
decreased considerably on the first day of  germ- 
ination.  The rate of  decrease in the acid lipase 
on the first day of  germinat ion was different  
for each t rea tment .  There was a sudden 
decrease in the  activity of  the control  seeds, 
whereas the rate of decrease was slow with the 
increase in the dosage levels. The lipase of  seeds 
irradiated with 120 kr units was highest on the 
first day of  germinat ion.  
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On the second day of germination the acid 
lipase of the control seeds was high and that of 
the irradiated seeds decreased proportionately. 
A little activity was obtained on the third and 
the subsequent days of germination. In general 
the acid lipase of all seedlings was found to 
decrease with an increase in the period of 
germination. 

Results on the determination of the activity 
of neutral lipase (pH = 6.8) are shown graph- 
ically in Figure 2, which indicates the variation 
in the activity with the period of germination. 
The neutral lipase was absent in the resting seed 
and the lipase activity is newly formed during 
germination. On the first day of germination 
the neutral lipase of the control seeds was high 
in comparison to other treated seeds. The 
activity diminished in the control seeds, while it 
was found to increase in the irradiated seeds on 
the second day of germination. Thereafter the 
neutral lipase was found to increase gradually in 
all the seedlings. There was no significant 
increase in the activity of the control seeds and 
the seeds irradiated with I0, 70, 90 and 120 kr 
of 7-rays after the fifth day of germination. 
Whereas the activity of seeds irradiated with 30 
and 50 kr dosage levels, showed a gradual 
increase up to the end of the observation 
periods. 

DISCUSSION 

The present study reveals the existence of 
acid lipase in the resting seeds. The activity 
referred to 1 g of seed at pH 4.5 was highest in 
the control seeds and was found to decrease 
with the increase in radiation dose. These obser- 
vations are in agreement with those of Chmyr 
(10) who noted that irradiation of corn grains 
lowered the lipase activity. According to Meisel 
(11) this might be ascribed to the fact that 
radiation interferes with the function of mito- 
chondria. 

The acid lipase of all the seedlings was con- 
siderably decreased during the first 24 hr of 
germination. This reduction in activity was 
about 1/5 in the control and less than 1/2 of its 
original values in the irradiated seeds. Fazio and 
Lado (8) also experienced a similar decrease of 
lipase activity in castor seeds on germination. 

The maximum activity of the acid lipase 
detected in the dry seeds may be explained as 
follows. Calabrese (12) reported that there was 
a continuous decrease in the amount of 
reducing sugars with concomitant increase in 
the fat content when the castor seeds were 
entering the last stages of maturation. A rapid 
increase of lipase activity was also noted during 
the same stage. Ricinus lipase has been shown 
to give noteworthy synthetic action (12). In the 

present study reducing sugars were not detected 
in dry seeds (13). In order to have high synthe- 
tic action of triglycerides, highly active lipase is 
needed. Hence the activity of acid lipase is 
maximum in dry seeds. 

Even though fat is not utilized up to the 
third day of germination the acid lipase 
decreased considerably. This is because in the 
initial stage of germination, cell division does 
not occur and therefore the number of mito- 
chondria may remain the same. The enzymes 
are related proteins and hence other chemical 
processes may lead to the interconversion of 
the enzymes into the forms suitable to enhance 
the process of germination. In the case of 
irradiated seeds this process might be affected 
to a great extent as the dose rate increases. The 
effect of irradiation is found to increase in the 
following manner: 10 kr seeds < 30 kr seeds < 
50 kr seeds ~ 70 kr seeds "~ 90 kr seeds "~ 120 
kr seeds. These observations once again confirm 
the view of Miesel (11) regarding the interfering 
effect of irradiation on mitochondrial system. 
The decrease in the acid lipase is reflected in 
the increase of carbohydrates (13) and amino 
acids (14) which are found to increase in con- 
siderable amounts after the fifth day of germ- 
ination. This view is in agreement with that of 
Padoa and Spada (15) who experienced a 
lowering of activity of the acid lipase by the 
action of amino acids. 

Another lipase, called neutral lipase, has 
been detected at pH 6.8 in germinating seed- 
lings. Resting seeds either the control or the 
irradiated ones have no neutral lipase activity. 
The neutral lipase first appeared after 24 hr of 
germination of the control and the irradiated 
seeds. In most of the cases this lipase increased 
gradually up to the fifth day of germination. 
The increase of the neutral lipase is nearly four- 
fold in control seedlings. It is nearly sevenfold 
in plants of seeds irradiated with 10 kr; whereas 
for seeds irradiated with higher dosage levels of 
7-rays, it is more than 10-fold for the same 
period of germination. Fazio and Lado (8) also 
noted that the lipolytic activity at pH 6.8 
increase during seven days of germination of 
castor seeds. Padoa and Spada (15) investigated 
that the lipase activity at pH 6.8 was strongest 
after seven days and disappeared after nine 
days. They also showed that amino acids 
lowered the activity at pH 4.6 and caused an 
increase in the activity at pH 4.8. The increase 
in the neutral lipase up to five days of germina- 
tion can be ascribed to the increase in the 
amount of amino acids (14) during this period. 

It should be noted (Fig. 2) that maximum 
activity of the neutral lipase found on the fifth 
day of germination has the following trend: 10 

LIPIDS, VOL. 5, NO. 6 



522 R.J. THANKI, K.C. PATEL AND R.D. PATEL 

kr seeds > contlol seeds > 70 kr seeds > 90 kr 
seeds > 120 kr seeds. In case of 30 and 50 kr 
treated seeds, the neutral lipase increased up to 
the end of the observation period. The dosage 
level of 10 kr of ")'-rays has stimulatory effect 
on the activity of the neutral lipase. 

The rate of increase in the activity to attain 
maximum value is different for the irradiated 
seeds (Fig. 2). This difference may be explained 
by assuming that in irradiated seeds, the active 
centers (6) whatever number initially present 
are damaged in proportion to the applied dose. 
This results in decreased rate of  production of  
the neutral lipase. Continuous increase in 
neutral lipase of seeds irradiated with 30 and 50 
kr dosage levels may be explained as follows. It 
is assumed that the radiation damage of the 
active centers in these seeds is slight and that as 
germination proceeded the interfering effects of 
irradiation on mitochondrial activity become 
less pronounced. This could explain the 
increase in the activity of these seeds up to the 
ninth day of germination. In the case of 10 kr 
level the lipase activity follow the trend that of 
the control seedlings. The activity of 10 kr 
seedlings do not follow the trend of 30 and 50 
kr seedlings. It was observed that the growth of  
seedlings of 10 kr dosage level was similar to 
that of the control seedlings; whereas in 30 and 
50 kr dosage levels, delayed growth was noted. 
In the initial stage of germination certain 
amount of activity may be required by the 
seedlings for normal growth. If this is not 
available the growth may be inhibited. Since 
lipase is affected by irradiation, the growth of 
30 and 50 kr irradiated seeds is poor. As the 
germination period is increased other metabolic 
factors play a role in producing the lipase 
activity. Thus the lipase activity of 30 and 50 
kr seedlings has been found to increase, up to 
the end of the observation period of nine days. 
It is noted that 10 kr dosage level induces little 
effect of irradiation in castor seedlings. Hence 
all metabolic products follow the trend of con- 
trol seeds. 

The present work confirms the presence of  
neutral lipase, in contradiction to the obser- 
vation made by Angelo and Altschul (5), who 
stated that the recorded observation of neutral 
lipase (4) might be due to the adventitious 
growth of molds, sometimes not visible to the 
eye. The FFA content is lowered by raising the 
pH and add ing  p-chloromercuribenzoate 
(p-CMB) by these investigators. In the present 
study, the germination was carried out in 
sterilized medium and sufficient care was taken 
to keep the laboratory also free of  bacteria; no 
neutrients except glass distilled water were 
added to the germinating seedlings; therefore 

molds had no chance to grow. This was also 
further visualized by the fact that FFA never 
accumulated during the period of germination. 
It is likely that the activity of the neutral lipase 
might have been inhibited by the presence of 
p-CMB and hence the previous investigators 
may have failed to detect the neutral lipase. 

Irradiated seeds showed a comparatively 
poor rate of germination with an increase in the 
irradiation dose as compared to the control 
seeds. Even in that case lipase activity 
increased. In the initial stage of germination a 
certain amount of  activity may be needed by 
the seedling for normal growth and other 
metabolic features. If this is not available the 
growth may be inhibited. Since lipase is 
affected by irradiation, as mentioned pre- 
viously, the growth of irradiated seeds may be 
poor. Further, with the increase in the period 
of  germination, other metabolic factors, such as 
carbohydrates, free amino acids and ascorbic 
acid (AA), which play a part in producing lipase 
activity (6), are found to increase (14,16). 
Hence this increase in lipase at the later stages is 
ineffective for promoting growth. Thus it is 
assumed that growth might not be the only 
criteria for the increase of  lipase and vice versa. 
Various metabolic products have their mutual 
effect on each other and are responsible for the 
observed increase in the activity. These obser- 
vations confirm the view stated by previous 
workers (6). 
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ABSTRACT 

Following a 5.0 ml triglyceride 
(cottonseed oil) gavage, there was a 60% 
elevation in the blood glucose concen- 
tration by the seventh hour in naturally 
occurring hypertriglyceridemic rats of the 
Long Evans strain. Glycogenolysis from 
liver or gastrocnemius muscle glycogen 
did not seem to be the source of this 
glucose. A significant elevation in the 
plasma total amino acid concentration 
concomitant with a peak in the blood 
urea nitrogen concentration by the fifth 
hour after garage implicated gluconeo- 
genesis. A prolonged plasma total corti- 
coid elevation from hours 1 1/2 through 
3 post-ingestion, which did not occur in 
non-fed or mineral oil-fed cohorts, sup- 
ported gluconeogenesis. The serum total 
protein concentration rose significantly 
and progressively to a peak by the eighth 
hour due to an elevation in the albumin 
concentration. These elevations in serum 
proteins appeared to support glucocorti- 
coid mediated gluconeogenesis. Adrenal- 
ectomy appeared to negate triglyceride- 
induced elevation in serum free amino 
acids, urea nitrogen, total protein and 
albumin. 

INTRODUCTION 

Previous studies revealed that triglyceride 
ingestion resulted in a 60% elevation in blood 
glucose by the seventh hour after such ingestion 
by naturally occurring hypertriglyceridemic 
rats. This elevation occurred concomitantly 
with a 317% rise in serum total free fatty acid. 
Adrenalectomy negated the elevation in blood 
glucose and significantly decreased the magni- 
tude of the free fatty acid rise (1,2). In view of 
these findings it seemed desirable to determine 
the source of the glucose, and study some 
aspects of the control of the glucose synthesis. 

MATERIALS AND METHODS 

Male Long Evans rats from a light- and tem- 
perature-controlled inbred t!ypertriglyceridemic 

colony were maintained on Purina laboratory 
chow from weaning until they reached 200-250 
g body weight (2-2 1/2 months of age). 
Initially, 200 rats were divided into two groups. 
One group was adrenalectomized by the 
method of Ingle and Griffith (3), ensuring that 
the gland was removed encapsulated, and the 
other group served as intact controls. Adrenal- 
ectomized rats were given no supportive 
therapy. Following an 18-hr fast (and five days 
postoperatively in the adrenalectomized rats), 
half of the rats in each group received 5.0 ml of 
cottonseed oil by garage at 9 AM. At hourly 
intervals from 0 time through 9 hr, five rats 
from each of the four subgroups were 
exsanguinated by decapitation. The serum was 
analyzed immediately for total protein, 
albumin and total free amino acids by the 
biuret method of Weichselbaum (4), HABA dye 
method of Rutstein et al. (5), and the trinitro- 
benzene sulfonic acid method of Palmer and 
Peters (6), respectively. The standard errors for 
these methods were 0.05%, 0.05% and 0.11 
mM/I respectively. Total liver weights were 
recorded and a weighed aliquot digested 
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FIG. 1. The effect of triglyceride ingestion upon 
plasma glucose in intact and adrenalectomized male 
rats. NO, normal rats gavaged with 5.0 ml cottonseed 
oil; NC, normal rats without cottonseed oil; AC, 
adrenalectomized rats without cottonseed oil; AO, 
adrenalectomized rats gavaged with 5.0 ml cottonseed 
oil. 
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TABLE I 

Effect of Triglyceride Ingestion on Liver and Gastrocnemius Muscle Glycogen in 
Intact and Adrenalectomized Rats a 
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Intact Adrenalectomized 

Hour Oil No oil Oil No oil 

Liver glycogen, % 

0 0.091 -+0.023 b 
l 0.079 -+ 0.041 
2 0.060 3- 0.052 
3 0.091 -+0.041 
4 0.076 -+ 0.028 
5 0.143 -+0.028 
6 0.091 -+ 0.043 
7 0.057 -+0.015 
8 0.041 -+0.011 
9 0.038 -+0.005 

Muscle glycogen, % 

0 0.908 3- 0.070 
I 0.986 -+ 01070 
2 0.982 -+ 0.038 
3 1.008 -+ 0.067 
4 1.052 -+0.137 
5 1.127 ---0.099 
6 1.116 +0.132 
7 1.061 --+0.040 
8 1.040 - 0.074 
9 1.125 -+0.063 

0.091 ---0.023 0.045 ---0.002 0.045 "t-0.002 
0.065 ---0.007 0.048 -0.011 0.048 + 0.001 
0.063 -+ 0.010 0.046 + 0.010 0.054 +0.003 
0.050 ---0.005 0.042 -+ 0.001 0.044 ---0.002 
0.085 -I-0.018 0.049 3-0.011 0.051 -+0.007 
0.051 -+0.003 0.045 3-0.005 0.045 -+0.005 
0.099 -+0.020 0.061 --+0.018 0.043 --+0.003 
0.087 3- 0.024 0.055 -+ 0.002 0.040 -+ 0.004 
0.102 -+0.037 0.054 -+0.006 0.043 -+0.002 
0.050 3- 0.006 0.056 -+ 0.011 0.044 -+ 0.004 

0.908 -+ 0.070 0.826 3- 0.040 0.826 4" 0.040 
0.809 -+0.070 0.994 -1"0.058 0.867 -+0.054 
0.959 +0.097 0.871 -+0.097 0.900 -+0.045 
0.823 -+0.028 0.917 -+0.018 0.790 -+0.065 
0.931 -+0.052 0.888 -+0.036 0.930 -+0.058 
0.798 -+0.058 0.830 -+0.025 0.800 -+0.055 
0.644 -+0.152 0.886 --+0.008 0.780 -+0.057 
0.877 3-0.085 0.810 -+0.106 0.800 -+0.044 
0.937 -+0.069 0.942 -+0.040 0.750 -+0.031 
0.873 -+0.052 0.952 -+0.106 0.808 -+0.078 

aFive rats per group in each time period. 
bMean + S.D. 

immedia te ly  in 30% potass ium hydrox ide  for 
glycogen de te rmina t ion  by the an th rone  
m e t h o d  of Seifter  (7). 

An addi t ional  group of  30 rats was used for  
the  b lood  true glucose and urea n i t rogen s tudy.  
Ten intact  rats received 5.0 ml of  co t tonseed  oil 
(at 9 AM and after  an 18 hr fast)  one week,  and 
served as their  own  cont ro ls  the  fol lowing 
week.  Twen ty  rats were adrena lec tomized  and 
after  five days ending wi th  an 18 hr fast,  10 
received 5.0 ml co t tonseed  oil and the 
remaining 10 served as controls .  At hour ly  
intervals for 9 hr approx ima te ly  100 pl  o f  
b lood  was taken via the tail in hepar in ized 
capillary tubes  and the plasma analyzed 
immedia te ly  af ter  separa t ion for t rue glucose 
by an ul t ramicro modi f ica t ion  of  the glucose 
oxidase-peroxidase  m e t h o d  (8-11) and for  urea 
n i t rogen by an ul t ramicro  modi f ica t ion  of  the  
carbamidodiace ty l  m e t h o d  of  Marsh et al. (12),  
s tandard error 2.2 and 0.8 mg/100  ml, respect-  
ively. 

A 10 rat cohor t  was used to s tudy the effect  
of  mineral  oil (nonabsorbab le  and noncalor i -  
genic), and co t tonseed  oil (absorbable  and 
calorigenic) on the plasma to ta l  cor t icoid  level. 
Each t r ea tmen t  was given one  week apart  at 9 
AM fol lowing an 18 hr fast:  the t r ea tmen t s  

were cont ro l  (gavage needle  only  inser ted into 
s tomach) ;  5.0 ml co t tonseed  oil by gavage; and 
5.0 ml mineral  oil by garage. The tails were 
cl ipped once at 9 AM, after which  50 pl b lood  
samples were ob ta ined  in hepar in ized  capillary 
tubes  at 0, 1/2, 1, 1 1/2, 2, 3, 4, 5, 6, 7, 8 and 9 
hr. The plasma was analyzed for  tota l  cor t icoids  
by the  compet i t ive  pro te in  b inding m e t h o d  of  
Murphy (13), s tandard error  3.8 pg /100  ml. 

R ESU LTS 

In Figure 1, the plasma glucose response  to 
tr iglyceride loading is depic ted .  Fo r  each 
response  variable and for each animal,  normal-  
ized values were ob ta ined  by comput ing  the  
ratio of  each value to  the value at zero t ime 
(I 00%). This t r e a tmen t  material ly stabil ized the  
be tw een  animal variance observed at each 
measuremen t  interval. A 29% rise in glucose 
was observed during the first 2 hr,  P < 0.01,  in 
the  con t ro l  rats. This was fo l lowed by a 10% 
drop,  which was not  significant,  and a subse- 
quen t  rise which  at 7 hr was 64% above the  
value at zero t ime,  P < 0.05. Plasma glucose 
remained  at this level to at least 9.5 hr. In the  
absence of a fa t load,  there  was an 8% rise at 1 
hr,  P < 0.01, af ter  which  the  plasma glucose 
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TABLE I! 

Effect of Triglyceride Ingestion on Serum Total Free Amino Acids and 
Urea Nitrogen in Intact and Adrenalectomizcd Rats a 

Intact Adrenalectomized 

Hour Oil No oil Oil No oil 

Free amino acids 
(mM/liter) 

0 5.83 + 0.25 b 5.83 -+ 0.25 6.46 -+ 0.48 6.46 + 0.48 
1 5.93 +-0.44 5.76 +-0.33 6.12 "+0.52 6.87 +0.51 
2 6.06 +-0.26 6.27 +-0.19 6.31 -+0.08 6.79 -+0.43 
3 6.04 +-0.40 5.86 +-0.30 6.41 +0.07 6.87 -+0.58 
4 6.26 +-0.26 5.71 +-0.19 5.99 +-0.35 6.83 +-0.40 
5 6.81 4"0.32 c,e 6.06 +-0.22 6.16 ---+0.48 7.57 +0.20 
6 6.21 +-0.27 5.66 +-0.18 5.96 --+0.43 6.95 "+0.57 
7 6.21 +-0.20 5.85 +-0.22 6.13 "+0.40 6.87 -+0.36 
8 5.89 +-0.27 5.82 +-0.16 5.76 +--0.39 7.12 "+0.50 
9 4.89 +- 0.20 d 5.54 +- 0.26 6.05 4. 0.22 6.90 + 0.49 

Urea nitrogen 
(mg/l O0 ml) 

0 20.0 -+ 1.0 20.0 +- 1.0 40.1 +-2.1 40.1 +-2.1 
1 22.8 -+0.9 22.3 + 1.1 35.0 -+ 1.7 42.1 -+0.9 
2 21.5 +-0,9 16.1 +-0.5 39.8 +- 1.2 39.6 +- 1.6 
3 22.6 +0.5 c 16.5 +0.8 35.9 +-2.5 36.3 +-2.7 
4 23.6 + 1.5 c 15.5 +- 1.0 43.0 +-2.7 37.6 +4.9 
5 24.8 +- 1.4 c 17 .8-  1.2 41.2 +-4.7 51.4 -+4.1 c 
6 24.5 +- 1.5 c 18.1 4" 1.2 58.5 +-5.2 57.7 -+2.2 d 
7 25.3 - 1.5 c 17.3 +- 1.4 43.0 +-7.0 60.7 -+2.0 d 
8 24.9 +- 1.0 d 17.0 4" 1.5 63.9 -+4.1 d 65.7 +- 1.8 
9 22.7 --+ 1.0 c 18.2 "+ 1.6 77.5 --+ 1.0 d 

aFive rats per group in each time period. 
bMean -+ S.D. 
cP ~0.05.  
dP <0.01.  
eAll statistical comparisons made to zero hour. 

re turned to and essentially remained at the zero 
t ime level. Adrena lec tomy comple te ly  negated 
the  glucose rise in response to the fat challenge 
and actually resulted in a significant drop  in 
plasma glucose of  29% from the fasting level by 
9.5 hr, P < 0.01. In the absence of  a fat load, 
there  was an apparent  rise o f  13% at I hr, 
which was not significant,  fol lowed by a signifi- 
cant drop  of  23%, P , (  0.05, by 9.5 hr. The 
response no ted  in the  fat loaded and non- 
loaded adrena lec tomized  animals appeared 
similar. It would appear  that  ad rena lec tomy 
reverses the glucose response to fat load. 

To de te rmine  whe the r  the observed blood 
glucose elevation fol lowing tr iglyceride in- 
gest ion was the result o f  glycogen catabolism, 
liver and gas t rocnemius  muscle glycogen levels 
were de te rmined  at hour ly  intervals for 9 hr 
fol lowing a tr iglyceride meal (Table I). Liver gly- 
cogen levels were 0.091 + 0.023% at zero t ime 
and did not  vary significantly in e i ther  trigly- 
ceride-fed or control  rats over the  exper imenta l  
per iod.  Gas t rocnemius  muscle glycogen levels 
also remained at the zero t ime level o f  0.908 +- 

0.070% in both  tr iglyceride-fed and contro l  rats 
for  the durat ion of  the s tudy period.  Al though 
liver glycogen appears  to be lower in the 
adrena lec tomized  rats than in the intact  rats, 
this d i f ference  was not  statistically significant.  
Adrena lec tomy  did no t  appear  to inf luence 
gas t rocnemius  muscle glycogen,  nor  did it alter 
the response  of  liver and gast rocnemius  muscle 
glycogen to a tr iglyceride gavage. These data 
seemed to indicate  tha t  the rise in b lood 
glucose following tr iglyceride ingestion was not  
due to a b reakdown o f  liver or gas t rocnemius  
muscle glycogen. 

It has been repor ted  previously that  adrenal-  
e c to my  prevented the glucose rise fol lowing tri- 
glyceride ingestion (1). Since glycogen was not 
the source of the glucose elevation, the adrenal 
ca techolamines  would not  seem to have been 
involved,  but the possibil i ty existed that  the 
addi t ional  glucose was synthes ized f rom amino 
acids via gluconeogenesis  due to the  inter- 
vent ion  of  g lucocor t icoids .  To test this pos- 
sibility, serum free amino  acid levels were deter-  
mined (Table II). In the  intact  tr iglyceride-fed 
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TABLE III 

Effect of Triglyceride Ingestion on Serum Total Protein and 
Albumin in Intact and Adrenalectomized Rats a 
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Intact Adrenalectomized 

Hour Oil No oil Oil No oil 

Serum total 
protein 
(g/lO0 ml) 

0 6.21 "t"0.17 b 6.21 -+0.17 
1 6.46 -+ 0.25 6.38 -+0.21 
2 6.80 -+ 0.10d, e 6.21 +-0.24 
3 7.03 -+ 0.26 c 6.27 -+ 0.24 
4 7.19 -+ 0.26 d 6.48 -+ 0.19 
5 6.94 ----'0-09 d 6.39 -+0.14 
6 7.32 ---0.38 c 6.63 -+0.21 
7 7.30 -+ 0.42 c 6.40 -+ 0.36 
8 7.36 -+ 0.47 c 6.49 -+ 0.24 
9 7.14 4" 0.37 c 6.37 -+ 0.17 

Serum albumin 
(g/lO0 ml) 

0 4.05 -+0.19 4.05 -+0.19 
1 4.77 -+0.43 4.18 -+0.40 
2 4.97 -1"0.37 c 4.58 -+0.36 
3 5.29 ---+0.40 c 3.79 -+0.30 
4 5.37 -+0.61 4.11 -+0.42 
5 5.48 -----0.45 c 4.05 -+0.38 
6 5.15 ----0.45 c 3.77 -+0.38 
7 5.33 -----0.42 c 4.12 -+0.20 
8 5.60 ---- 0.66 c 4.05 -+ 0.22 
9 5.05 ---- 0.20 d 4.05 -+ 0.40 

6.42 +0.15 6.42 -+0.15 
6.55 -+0.18 6.24 -+0.12 
6.97 -+0.25 6.57 ---0.17 
6.83 -+ 0.27 6.66 + 0.18 
6.74 -1"0.15 6.50 -+0.09 
6.97 -+ 0.11 6.64 "t"0.15 
7.04 + 0.12 6.68 -+ 0.11 
7.12 +0.31 6.68 -+0.12 
6.92 + 0.33 6.62 -+ 0.08 
6.80 -+0.20 6.73 -+0.16 

3.76 -+ 0.17 3.76 -+ 0.17 
4.11 -+0.38 3.50 -+0.33 
4.51 -+0.23 3.92 -+0.30 
4.09 -+ 0.21 3.89-+ 0.16 
4.31 -+0.23 3.76 -+0.44 
4.22 -+ 0.26 3.62 -+ 0.29 
4.21 -1"0.12 3.72 -+0.33 
4.26 -+0.17 3.91 -+0.28 
4.26 -+0.17 3.36 -+0.18 
3.83 -+ 0.17 3.62 -+ 0.11 

aFive rats per group in all time periods. 
bMean -+ S.D. 
cp < 0.05. 
dp~0 .01 .  
CAll statistical comparisons made to zero hour. 

rats,  serum free amino  acid levels rose f rom 
5.83 + 0.25 mM/1 at zero t ime to  6.81 +- 0.32 
raM/1 (P < 0.05) by  the  f i f th  hour ,  and then  
significantly decl ined to  4.89 + 0.20 mM/1 (P < 
0.01) by  the n in th  hour .  Serum free amino  acid 
levels in the cont ro ls  did no t  significantly vary 
f rom the  zero t ime level t h roughou t  the  experi-  
menta l  period.  The peak plasma free amino  acid 
concen t ra t ion  at 5 hr was 0.75 mM/1 greater  in 
the  t r iglyceride-fed rats than  in the  in tac t  con- 
trol  rats (P < 0.05).  At 9 hr,  the  free amino  
acid concen t r a t ion  in the  t r iglyceride-fed rats 
was 0.65 raM/1 lower  than  in the  in tact  cont ro l  
rats (P < 0.05).  Fol lowing ad rena lec tomy,  no 
significant variat ion was no ted  f rom the  zero 
t ime level in se rum free amino  acid levels in 
e i ther  the  t r iglyceride-fed rats or the  cont ro l  
rats over the 9 hr  s tudy  per iod.  Al though  the  
adrena lec tomized  cont ro l  rats appeared  to  have 
a higher serum free amino  acid concen t r a t i on  
than  their  t r iglyceride-fed par tners  t h r o u g h o u t  
the  exper imenta l  per iod,  this d i f ference  was no t  

statistically significant due to the  larger 
be tween-an imal  variability. 

Since gluconeogenesis  f rom amino acids 
would  involve deamina t ion  of  the  amino acids 
wi th  the c o n c o m i t a n t  f o rma t ion  of  urea, the 
s e r u m  u r e a  n i t rogen concen t r a t i on  was 
examined  (Table II). In the  in tact  t r iglyceride- 
fed rats,  urea n i t rogen levels were  significantly 
elevated over  the  zero t ime level of  20.0 -+ 1.0 
rag/100 ml for  all t ime per iods  af ter  3 hr, P < 
0.05 ; this elevation was also apparen t  when  the  
t r iglyceride-fed animals were compared  wi th  
the  cont ro l  animals at hour ly  intervals.  Blood 
urea n i t rogen was significantly higher  in the  
adrena lec tomized  rats than  in the  in tact  rats at 
zero t ime ,  P < 0.01. In b o t h  the  t r iglyceride-fed 
and cont ro l  adrena lec tomized  rats there  was a 
progressive increase in urea n i t rogen  concen-  
t ra t ion  f rom the zero t ime level o f  40.1 -+ 2.1 
mg/100  ml wi th  t ime as dea th  approached .  All 
o f  the  t r iglyceride-fed adrena lec tomized  rats 
died after  the  e ighth  hour  of  the  expe r imen t  
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TABLE IV 

Effect of Absorbable and Non-absorbable Oils on 
Plasma Total Corticoid Levels, b/g/100 ml a 

Cottonseed 
Hour Control Mineral oil oil, 5 ml 

0 3.5 -t- 4.8 2.4 --- 2.6 2.8 -t- 2.8 
�89 35.8-+ 9.6b, d 46.3 +12.6 d 3 6 . 9 -  2.8 d 
1 21.2 + 1.5 d 30.8 + 17.8 d 46.8 - 11.5 d 
t�89 6.4 -I- 1.5 12.0 - 6.0 d 32.8 --+ 3.2 d 
2 5.6 + 5.2 5.8--- 6.1 40.1 --- 12.5 d 
3 3.3 +- 3.3 4.0 +- 6.3 43.0-- 11.1 d 
4 10.9 + 13.1 6.5 +- 4.9 23.5 + 10.0 d 
5 21.3--+11.1 c 3.7----- 3.0 20.1 -I- 7.4 d 
6 21.6+---10.1 d 11.6---- 9.6 28.0--- 8.2 d 
7 21.1 +-12.3 c 23.9-- 12.1 d 33.3----- 5.7 d 
8 21.3 ----- 8.3 d 38.5 +- 10.7 d 33.9 -- 9.8 d 
9 29.6----- 9.7 d 32.1--21.8 c 27.9 -t- 7.5 d 

aFive rats per group in all time periods. 
bAll statistical comparisons made to zero hour. 
cp ~ 0.05. 
dP ~0.01.  

and all of the adrena lec tomized  cont ro ls  died 
wi th in  24 hr af ter  comple t ion  of  the  experi-  
ment .  The pa t te rn  of variability n o t e d  in serum 
free amino acids and urea n i t rogen in the intact  
t r iglyceride-fed rats would seem to be indicative 
of  amino  acid metabol i sm and gluconeogenesis .  

Glucocor t ico ids  have been shown to elevate 
b o t h  the serum to ta l  p ro te in  and a lbumin con- 
cen t ra t ions  (14,15).  Thus, the  effect  of oil 
ingest ion upon  serum total  p ro te in  and a lbumin 
was s tudied (Table III). In the  intact  trigly- 
ceride loaded rat,  serum total  p ro te in  and 
a lbumin were significantly elevated at all t ime 
per iods  af ter  hour  2, P <~ 0.05. No significant 
variability was no ted  f rom the zero t ime levels 
in the intact  cont ro l  rats. In the adrenalecto-  
mized rats,  no significant variability was no ted  
in e i ther  the  tr iglyceride-fed or the  contro l  rats. 

The variation in plasma tota l  cor t icoid  levels 
was examined  to conf i rm the  possibi l i ty of 
cor t icoid  in te rven t ion  (Table IV). In the  con- 
trol,  the  to ta l  cor t icoid  level rose f rom 3.5 -+ 
4.8 to  a peak of  35.8 -+ 9.6 ~g/100 ml (P < 
0.01) by 0.5 hr, re turned  to  the  zero t ime level 
by 1.5 hr, remained at this level to  the  four th  
hour ,  rose to 21.3 + 11.1 /~g/100 ml by the 
f i f th  hour  (2 PM) and remained at this level to 
the end of  the  exper imenta l  per iod.  Fol lowing 
tr iglyceride garage, the  tota l  cor t icoid  level rose 
f rom 2.8 + 2.8 /~g/100 ml to 36.9 + 2.8/~g/100 
ml by 0.5 hr (P < 0.01),  then  fu r ther  increased 
to 46.8 -+ 11.5 /ag/100 ml at 1 hr and remained 
elevated th rough  hour  3, af ter  which  it decl ined 
to  23.5 -+ I0 .0  gg /100  ml by the fou r th  hour ,  
and remained at this level to  the  end of the 
exper imenta l  period.  The initial rise in to ta l  
cor t icoids  at 0.5 hr occurred  in b o t h  groups and 

would  seem to be due to  the  initial stress of  
handling.  The to ta l  cor t icoid level was signifi- 
cant ly  higher in the  tr iglyceride-fed rats than  in 
the  controls  f rom hours  1 through 3 (P--Z 0.01), 
af ter  which there  was no significant di f ference 
for  the  remainder  of  the exper imenta l  period.  

In order  to de te rmine  whe the r  the effect  of  
a tr iglyceride garage was a stress effect  due to 
the  dis tension of  the  gut,  the same rats were 
gavaged wi th  an equal volume of  mineral  oil 
one  week after the tr iglyceride garage (Table 
IV). Mineral oil did not  cause the prolonged 
to ta l  cor t icoid elevation tha t  was observed 
fol lowing tr iglyceride ingest ion,  indicat ing that  
the  cort icoid elevation no ted  after  tr iglyceride 
ingest ion was no t  s imply an effect  o f  stress 
caused by gut dis tension.  The total  cor t icoid 
levels fol lowing mineral  oil garage were almost  
ident ical  to those of  the controls .  

DISCUSSION 

It was no ted  tha t  the 60% elevation in blood 
glucose found  7 hr af ter  tr iglyceride ingest ion 
could not  be a t t r ibu ted  to ei ther  liver or muscle 
glycogenolysis  (Table I). Thus the  glucose could 
have arisen e i ther  f rom the glycerol mo ie ty  of  
the  tr iglyceride,  f rom the fa t ty  acid ox ida t ion  
p roduc t ,  acetyl  CoA, or f rom gluconeogenesis  
f rom protein .  The prevent ion  of the glucose rise 
by ad rena lec tomy (1) would appear to mit igate 
against ei ther  glycerol  or acetyl  CoA as the  
pr ime precursors  since fat absorp t ion  and its 
me tabo l i sm have been no ted  to  occur  in the 
adrena lec tomized  rat (2). 

J acoby  and LaDu (16) no ted  a marked 
increase  in hepat ic  t ransaminase activity 
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f o l l o w i n g  g l u c o c o r t i c o i d  administration. 
Feigelson and Greengard (17) reported a five- 
fold increase in hepatic tryptophan pyrrolase 
activity in rats approximately 4 hr after corti- 
sene treatment. A similar increase in hepatic 
tyrosine-ketoglutarate transaminase activity was 
noted by Kenney (18,19). As Table IV indi- 
cates, maximum total corticoid levels were 
observed I hr after triglyceride garage and 
maximal free amino acid levels occurred at 5 hr 
after the triglyceride load. Thus maximum 
serum free amino acid levels were noted 4 hr 
after the maximum corticoid levels. This time 
sequence is in agreement with that reported by 
Feigelson and Greengard and by Kenney. The 
triglyceride-induced plasma total corticoid 
elevation occurred well before the reported 
diurnal elevation: Guillemin et al. (20) and 
McCarthy et al. (21) showed that a diurnal 
increase in plasma corticoids occurs between 4 
PM and 12 midnight in the rat. In the studies 
reported here, the triglyceride-induced plasma 
corticoid increase occurred between 9 AM and 
12 noon. A diurnal elevation in agreement with 
the results of Guillemin et al. was noted in all 
rats tested, including mineral oil-fed and non- 
fed control rats. 

The initial step in the conversion of a gluco- 
genic amino acid to glucose would involve 
transamination followed by irreversible deami- 
nation (22) with subsequent formation of urea. 
A significant elevation in serum urea nitrogen 
was noted (Table II) in the triglyceride-fed rats. 
The highest concentration occurred at the fifth 
hour, concomitant with the peak concentration 
in free amino acids. Thus, the time sequence 
noted would appear to indicate that the rise in 
blood glucose (2 hr later) could be attributed to 
the deamination of amino acids and their con- 
version to glucose via gluconeogenesis. 

In addition to the catabolic effects of corti- 
colds, Tremolieres et al. (23) have shown that 
these hormones exert a marked protein 
anabolic effect in the liver. Feigelson et al. (24) 
r e p o r t e d  m a x i m u m  i n c o r p o r a t i o n  of 
2-14C-glycine into rat liver protein occurring 
approximately 4 hr after cortisone admini- 
stration. Aschkenasy (15) and Hoch-Ligeti and 
Irvine (14) reported rises in serum albumin 
following glucocorticoid administration. White 
et al. (22) indicated that plasma albumin 
synthesis appears to be limited to the liver. The 
data in Table III indicate that a rise in total 
serum protein begins by the second hour 
following triglyceride ingestion and reaches a 
peak between the sixth and eighth hours. This 
rise in total protein can be almost entirely attri- 
buted to a rise in albumin. The rise in serum 
albumin occurs concomitant with a significant 
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FIG. 2. The effect of triglyceride ingestion upon 
plasma glucose, amino acids and total corticoid con- 
centrations in intact male rats. intact rats 
garaged with 5.0 ml cottonseed oil; . . . . . .  intact rats 
without cottonseed oil. 

precipitous rise in plasma free fatty acid (2) and 
could possibly be attributed to a requirement 
for a transport agent for the free fatty acid. In 
the adrenalectomized rat, there is a very signifi- 
cantly smaller rise in free fatty acid (2) and the 
albumin rise is quite small and not statistically 
significant. 

In order to establish whether the corticoid 
release in response to triglyceride ingestion was 
simply a stress reaction due to distension of the 
stomach with the 5 ml of cottonseed oil, the 
rats were given mineral oil, a nonabsorbable oil. 
The effect in the presence of mineral oil was 
identical with that found in the control (Table 
IV). The prolonged elevation in plasma corti- 
cold levels noted after the triglyceride garage 
appeared to be in response to the triglyceride 
rather than to a simple stress reaction. 

Thus the following major changes indicative 
of gluconeogenesis occurred following triglycer- 
ide ingestion (Fig. 2). The total plasma corti- 
cold concentrations were elevated in the trigly- 
ceride-fed intact rats compared to intact con- 
trols from hours 1 through 3. At 5 hr the serum 
free amino acid concentration reached a peak in 
the triglyceride-fed rats, and then declined to a 
concentration below the zero time level by 
hour 9, indicating that the amino acids were 
being utilized at a faster rate than they were 
formed. By hour 7 the plasma true glucose con- 
centration reached a peak value and remained 
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at th is  s igni f icant ly  e levated level, w h e n  com-  
pa red  to  the  zero  t ime  c o n c e n t r a t i o n  as well as 
the  c o n c e n t r a t i o n s  in t he  in tac t  c o n t r o l s  at 
c o r r e s p o n d i n g  h o u r s ,  un t i l  t he  end  o f  t he  
e x p e r i m e n t a l  per iod .  
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The Relat ionship Between Eosinophil ic Leukocytes and 
Phospholipase B Activity in Some Rat Tissues 
ATHOS OTTOLENGHI, Department of Physiology and Pharmacology, 
Duke University Medical Center, Durham, North Carolina 27706 

ABSTRACT 

Spleen, peritoneal fluid, uterus and 
bone marrow of the rat have been studied 
for their content in phospholipase B (E.C. 
3.1.1.5) and the presence of eosinophilic 
leukocytes. A close correlation has been 
found between cell counts performed on 
fixed and stained histological sections or 
cell suspensions and enzymatic activity of 
the same preparations. Equivalent values 
of phospholipase B activity per unit cell 
are found in spleen, uterus and peritoneal 
fluid. A lower average value is indicated 
for the bone marrow eosinophils. A 
tentative explanation for this discrepancy 
is offered on the basis of histochemical 
evidence showing that a fraction of the 
eosinophilic cells do not stain for phos- 
pholipase B activity. The number of these 
cells is approximately equal to that of the 
precursor immature cells of the eosino- 
philic leukocyte system. The evidence 
indicates that in normal conditions a 
major portion, if not all, of the phospho- 
lipase B activity of the organs studied is 
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FIG. 1. Phospholipase B activity and eosinophilic 
leukocytes counts in rat spleen: �9 control rats; �9 
dexamethazone-treated rats. The number of eosino- 
philic leukocytes per gram of tissue was computed 
from the counts of cells/mm2 as explained under 
Methods. 

contributed by the eosinophilic leuko- 
cytes present in the tissue. 

INTRODUCTION 

Recent histochemical studies (1) have shown 
that the eosinophilic leukocytes present in 
various rat organs contain phospholipase B 
(E.C. 3.1.1.5) activity. The presence of this 
enzyme in rabbit leukocytes had been pre- 
viously reported by Elsbach et al. (2,3). It was 
therefore of interest to determine what propor- 
tion of the total phospholipase B activity of a 
given tissue is contributed by the eosinophils. 
This problem has been investigated for the 
spleen, bone marrow, peritoneal cells and 
uterus of the rat using a combination of histo- 
logical and biochemical methods and the results 
are reported in the present paper. 

MATERIALS A N D  METHODS 

Animals 

Male Osborne-Mendel rats, 175-200 g, were 
used for the spleen, bone marrow and peri- 
toneal cells studies. The animals were anesthe- 
tized with ether and killed by decapitation to 
obtain spleen and bone marrow. Live animals 
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FIG. 2. Phospholipase B activity of spleen cells. On 
the ordinate phospholipase B activity expressed in 
micromoles of fatty acid split from lysolecithin per 
hour: on the abscissa the number of eosinophilic 
leukocytes present in the reaction vessel as estimated 
by hemocytometric methods. 
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TABLE I 

Phospholipase B Activity and Eosinophilic 
Leukocyte Counts in Rat Spleen 

Treatment and Phospholipase B Eosinophils 
Rat No. ya,b xa,C 

Control 
32 41 2.89 
33 304 16.78 
34 816 39.98 
35 1022 43.23 
36 217 8.47 
37 237 15.00 
38 500 19.48 
39 344 10.96 
40 187 9.80 

Dexamethasone d 
D1 39 1.69 
D2 21 0.74 
D3 26 1.75 
D4 67 19.8 

aCorrelation coefficient for x,y = 0.926, t=8.15 
P 0.01 ; equation of the regression line, y=-18.8 + 21.3 
x; confidence interval of the slope, 99% = 21.3 +-8.1. 

bCalculated as micromoles of fatty acid split from 
lysolecithin per gram of tissue per hour. 

CExpressed as millions of eosinophilic leukocytes 
in one gram of tissue. 

dRats D1, D2, D3 and D4 were injected with 1 mg 
of dexamethasone at 2 AM and 5 PM on two suc- 
cessive days and used on the morning of the third day. 

under  light e ther  anesthesia  were used for  the  
prepara t ion  of  per i toneal  cells suspensions.  
Female  rats, (Sprague-Dawley derived, Charles 
River, CD) were used for  the  uterus  studies.  
The animals, received when  7 weeks old and 
135 g average body  weight ,  were kep t  for  five 
weeks in a room with  cont ro l led  i l luminat ion 
providing al ternat ing cycles of  light (14 hr:  7 
AM-9 PM) and darkness  (10 hr: 9 PM-7 AM). 

Daily vaginal smears were made,  and 14 rats 
wi th  regular 4 day cycles were selected for  use. 
The animals were killed in d i f ferent  phases of  
the cycle (3 in proest rus ,  5 in estrus, 3 in the 
first and 3 in the second day of diestrus) as 
shown by the  vaginal smears taken in the  
morning immedia te ly  before  anesthesia wi th  
e ther  and decapi ta t ion .  

Tissue Preparation for Cell Counts 
and Enzymatic Assay 

Est imat ion  of  the phosphol ipase  B activity 
and the  n u m b e r  of  eosinophi l ic  leukocytes  
required d i f fe rent  t echniques  for  the various tis- 
sues: 

Spleen. For  this tissue two me thods  were 
used. The first  involved coun t ing  of  the  eosino- 
phils in histological  sect ions and test ing for  
phosphol ipase  activity in homogena t e s  f rom the  
same organ. The central  part  of  the  spleen, 
200-300 mg wet  weight ,  was carefully isolated 
by cut t ing the  organ perpendicular ly  to  its long 
axis and f ixed in neutra l  formalin;  the 
remainder  of  the  organ was used for homogeni -  
zat ion and testing.  Af te r  paraff in embedding ,  
40 successive sect ions 6 p thick were cut f r c m  
the f ixed spec imen,  every f i f th  sect ion being 
t ransferred to glass slides for  staining. Various 
staining procedures  were t r ied;  in our experi-  
ence the best  results,  in te rms of  d i f ferent ia t ion  
of  the eosinophi ls  f rom the surrounding tissue 
and the red cells for count ing,  were ob ta ined  by 
treat ing the hydra ted  sect ions  wi th  Zenker ' s  
solut ion for  t 0  rain fo l lowed by rinsing in 
water  for l0  rain and staining for l0  min in 
0.083% phloxine  in 0.083 M K H2PO 4. Af te r  
d i f fe ren t ia t ion  for 5 min in a lcohol-acetone-  
water  ( l : l  : 1) the  sect ions were dehydra ted  and 
m o u n t e d  in Pe rmoun t .  

TABLE II 

Phospholipase B Activity of Spleen Cells 

Cells in reaction vessel 

Phospholipase B Eosinophils 
Rat No. ya,b x a Nucleated c Total 

1 2.18 0.107 3.877 --- 
2 5.85 0.256 9.753 21.953 
3 5.05 0.256 14.620 29.698 
4 1.24 0.063 10.560 33.823 
5 3.32 0.142 8.314 20.028 
6 8.50 0.417 26.125 99.990 
7 6.75 0.362 19.277 57.400 
8 4.43 0.197 33.600 91.630 
9 0.74 0.045 30.291 79.282 

aCorrelation coefficient for x,y = 0.982, t = 14.1 ~ P  0.01; equation of the 
+ 19.7 x ; confidence interval of the slope, 99% = 19.7 4- 4.8. 

bCalculated as micromoles of fatty acid split from lysolecithin per hour. 
CExpressed as millions of cells present in reaction vessel. 

regression line, y = 0.2 
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FIG. 3. Phospholipase B activity and eosinophilic 
leukocytes counts in rat uterus. The symbols indicate 
the phases of the estrus cycles as judged by vaginal 
smears: o proestrus; �9 estrus, A diestrus day 1; �9 
diestrus day 2. The number of eosinophilic leukocytes 
per gram of tissue was computed from the counts of 
cells/ram 2 as explained under methods. 

The second procedure involved preparation 
of free cells suspensions. The spleen was first 
sectioned transversally with a sharp blade into 
fine slices, 1 mm thick or less, and these were 
transferred to a watch glass containing a few 
milliliters of cold isotonic saline. After teasing 
the slices into smaller fragments not exceeding 
a few cubic millimeters, the preparation was 
transferred to a glass homogenizer (A. H. 
Thomas, No. 4288-B, size C, i.d. 2.50 cm) 
fitted with teflon pestle having a diameter of 
2.37 cm. Cold saline was added to bring the 
volume to 20 ml and the tissue fragments were 
dispersed by 20 gentle strokes of the pestle. A 
first crop of free cells was decanted and filtered 
through a single layer of cheese cloth. Another 
20 ml of cold saline were added to the heavier 
fragments in the homogenizer and a tighter 
fitting pestle, i.d. 2.43 cm, was used to obtain a 
second crop of cells to be decanted and pooled 
with the first. The cells were then subdivided 
into aliquots for testing and counting and 
separated by centrifugation for 6 min at 600 x 
g. Routinely half of the ceils were used for 
counting after resuspension in 1 ml of isotonic 
saline and half were used for testing after dis- 
persion in 3 to 5 ml of reaction medium. 

Uterus. The entire organ was removed from 
the abdominal cavity and freed of the sur- 
rounding peritoneal tissue. The two horns were 
severed at their insertion on the body of the 
uterus: one horn was minced with scissors and 
homogenized first in a teflon glass homogenizer 

/ 

EOSINOPHILS AND PHOSPHOLIPASE B 

I 
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FIG. 4. Phospholipase B activity of peritoneal cells. 
On the ordinate phospholipase B activity expressed in 
micromoles of fatty acid split from lysolecithin per 
hour:on the abscissa the number of eosinophilie leuko- 
cytes present in the reaction vessel determined by con- 
ventional counting methods. 

in 15 ml of cold reaction medium and then 
transferred to a glass-glass homogenizer and 
finely dispersed by careful hand-stroking. The 
other horn was cut in three pieces cor- 
responding to the distal, middle and proximal 
parts and the three fragments were fixed, 
embedded and cut at 6/J for staining. With this 
tissue, best results were obtained with the 
procedure suggested by Archer (4) using 
Wrights stain in place of the Leishmann stain as 
o r i g i n a l l y  r e c o m m e n d e d .  Staining with 
phloxine as described for the spleen sections 
was found applicable and used occasionally. 

Peritoneal Cells. The cells were harvested by 
injection of 50 ml of isotonic saline in the peri- 
toneal cavity of lightly anesthetized rats and 
withdrawal within a few minutes of about 45 
ml of  the administered fluid by drainage 
through a No. 16 needle. Routinely, one half of 
the cells was used for counting and one half for 
the enzymatic tests after centrifugation at 600 
x g for 6 min and resuspension in isotonic saline 
or reaction medium. Only one cell harvesting 
was made from each rat. 

Bone Marrow. The tibiae of the rat were 
used for the preparation of marrow cells sus- 
pensions. The bones were quickly removed, 
freed of surrounding tissue and chipped at their 
extremities with small pliers to expose the 
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TABLE III 

Phospholipase B Activity and Eosinophilic Leukocyte Counts in Rat Uterus 

Ovarian cycle Phospholipase B Eosinophils 
Rat No. phase a yb,C xb,d 

U 10 P 532 26.1 
U 13 P 163 16.0 
U 15 P 571 27.6 
U 23 E 408 28.8 
U 24 E 290 21.7 
U 5 E 1067 54.2 
U 6 E 1414 49.6 
U 17 E 1658 86.2 
U 25 DI 425 23.1 
U 32 D1 524 34.8 
U 33 DI 757 29.6 
U 7 D2 488 27.5 
U 1 D2 456 35.1 
U 9 D2 404 17.5 

aOvarian cycle phase: P, proetrus; E, estrus: D 1, diestrus day 1; D2, diestrus day 2. 
bCorrelation coefficient for x,y = 0.922, t = 8.27 ~ P 0.01; e~[uation of the regression 

line, y = -83 + 21.6 x; confidence interval of the slope, 99% = 21.6 -7 .9 .  
CCalculated as micromoles of fatty acid split from lysolecithin per gram of tissue per 

hour. 
dExpressed as millions of eosinophilic leukocytes in 1 g of tissue. 

m a r r o w  cavity.  The  b o n e  was t hen  inse r ted  in to  
a shor t  sec t ion  of  plast ic  tub ing ,  i.d. 3 /32  in. 
m o u n t e d  on  a syringe adap te r  and  f lushed  wi th  
2-3 ml of  cold i so ton ic  NaC1. The  e x t r u d e d  
mar rows  were col lec ted  in the  glass h o m o -  
genizer  a l ready descr ibed for  the  spleen slices, 
added  wi th  cold i so ton ic  saline to  a f inal  
vo lume  o f  22 ml and  dispersed by  20 s t rokes  o f  
the  loose f i t t ing pest le ,  i.d. 2.37 cm. Af te r  
passage t h r o u g h  a single layer  of cheese c lo th  to  
r emove  larger part icles ,  a l iquots  were centr i -  
fuged for  coun t ing  and  test ing.  Usual ly  one  hal f  
of  the  cells were cen t r i fuged  and r e suspended  in 
1 ml of  i so ton ic  NaC1 for  coun t ing :  the  o the r  
half ,  a f te r  cen t r i fuga t ion  and  resuspens ion  in 5 
ml of  r eac t ion  med i um ,  was used for  the  
e n z y m a t i c  tests.  

Femura l  b o n e  m a r r o w  re suspended  in a 
small  vo lume of  rat  serum, 0.5 ml,  was used in 
p repar ing  smears  for  s ta in ing wi th  Giemsa,  and 
sulf ide and ph lox ine  a f te r  i n c u b a t i o n  w i th  lyso- 
lec i th in .  The  la t t e r  p rocedu re  was deve loped  in 
o rder  to  es t imate  the  pe rcen tage  of  eos inophi l ic  
cells showing  lyso lec i th inase  act iv i ty  and  is 
essent ial ly  ident ica l  w i th  the  m e t h o d  already 
r epo r t ed  for  t issue sec t ions  (1)  excep t  t ha t  
s ta ining w i th  sulf ide was done  in 50% cold 
ace tone  ins tead  of  cold i so ton ic  NaCL and was 
fo l lowed by  c o u n t e r  s ta in ing  for  10 min  wi th  
0.1% ph lox ine  in 0.1 M p h o s p h a t e  bu f f e r  pH 
6.9. Af te r  d i f f e r en t i a t i on  for  3 min  in 
m e t h a n o l i c  ace ta te  (220  ml of  1.0 M acet ic  acid 
+ 40  ml of  1.0 M Na OH + 100 ml m e t h a n o l  to  

500  ml wi th  wate r )  the  spec imen  were  rapid ly  
d e h y d r a t e d  in the  h igher  a lcohols  and m o u n t e d .  

Cell Counts 

Cell suspens ions  f rom b o n e  marrow,  spleen 
and  pe r i t onea l  f luid were  c o u n t e d  by  s t andard  
h e m a t o l o g i c a l  m e t h o d s  in the  improved  
N e u b a u e r  chamber .  Tota l  cell and  nuc lea ted  
cells coun t s  were p e r f o r m e d  af ter  d i lu t ion  in 
fo rmal in -c i t r a t e  and  R a n d o l p h  s ta in  respec- 
t ively.  Eos inophi l s  were c o u n t e d  by  b o t h  the  
R a n d o l p h  and  Di scombe  m e t h o d s  and the  two 
p rocedures  gave ident ica l  results .  

The  eos inophi l ic  l eukocy te s  of  the  spleen 
and  u te rus  sect ions  were c o u n t e d  wi th  a micro-  
scope provided  wi th  a stage a l lowing progres- 
s ion of  the  slide in o r t h o g o n a l  d i rec t ions  by  
small  steps,  200  /~. To insure  scanning of  the  
en t i re  sec t ion  w i t h o u t  omiss ions  or dup l ica t ions  
in cell count ing ,  the  mic roscope  eyepiece  was 
f i t t ed  wi th  a r e t i cu lum lens r educed  by  appli-  
ca t ion  of  b lack  mask ing  t ape  to  a square  field. 
The  area of  the  field was adjus ted  to the  step- 
wise m o t i o n  of  the  stage and  the  magni f i ca t ion  
se lected for  coun t ing :  in mos t  ins tances  a 25x 
objec t ive  and  a 10x ocular  and  a coun t ing  field 
of  4 0 0  x 400  /~ were used. The  po in t  coun t e r  
a t t a c h m e n t  for  mic roscope  stage m a n u f a c t u r e d  
by  the  Carl Zeiss Co.,  No. 474035 ,  and  the  
c o u n t i n g  r e t i cu lum suppl ied  by  Grat icules  Ltd. ,  
Eng land ,  are d i s t r ibu ted  in the  U.S. by  
B r i n k m a n  I n s t r u m e n t s ,  Wes tbury ,  New York .  

F o r  the  spleen t he  m e t h o d  of  R y t o m a a  (5)  
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TABLE IV 

Phospholipase B Activity of Peritoneal Cells 

535 

Cells in reaction vessela, c 

Phospholipase B Eosinophils 
Rat No. ya,b x Nucleated 

2 3.22 0.121 0.458 
3 1.78 0.083 0.353 
4 0.75 0.063 0.441 
5 11.76 0.573 1.998 
6 10.68 0.396 0.952 
7 4.47 0.181 0.582 
8 1.87 0.066 0.158 
9 1.07 0.040 0.631 

10 1.13 0.040 0.320 
41 6.10 0.236 1.155 
42 0.76 0.048 0.638 
43 2.67 0.116 0.440 
44 3.82 0.242 0.869 

aCorrelation coefficient for x,y = 0.946, t = 13.9 ~ P 0.01; equation of the 
line, y = 0.1 + 22.1 x; confidence interval of the slope, 99% = 22.1 + -4 .9 .  

bCalculated as micromoles of fatty acid split from lysolecithin per hour. 
CExpressed as millions of cells present in reaction vessel. 

regression 

was used:  coun t s  were r o u t i n e l y  p e r f o r m e d  
over the  en t i r e  area of  a cross-sect ion wh ich  was 
t h e n  p ro jec ted  o n  paper  for  e s t ima t ion  of  i ts  
area by  means  of  a p lan imete r .  The  n u m b e r  of  
cells per  un i t  vo lume  of  t issue was ca lcula ted  
accord ing  to  the  fo rmula  of  F loderus  (6):  

cells = cells x 1000 
mm 3 "mm 2 a+d+2h 

where  a = 6, th i ckness  of  the  sec t ion  in mic rons ;  
d = 10, m e a n  d i ame te r  of  the  eos inophi l s  in  
microns ;  h = 0.5,  smallest  obse rvab le  par t ic le  in  
microns .  

For  the  u te rus ,  two  n o n c o n s e c u t i v e  sect ions ,  
at least 12 /1 apar t ,  of  each  par t  of the  o rgan  
(distal ,  middle ,  p rox ima l )  were c o u n t e d  and  
the i r  area measured .  The  average of  the  six 
expe r imen t a l  values thus  o b t a i n e d  and  re la t ing  
eos inophi l ic  p o p u l a t i o n  to  un i t  vo lume,  was 
t aken  for  c o m p a r i s o n  wi th  the  e n z y m a t i c  data .  
This p rocedure  was a d o p t e d  a f te r  p re l iminary  
expe r imen t s  had  s h o w n  t h a t  the  e n z y m a t i c  con-  
t en t  per  un i t  weight  of  t issue is u n i f o r m  
t h r o u g h o u t  the  l eng th  of  t he  h o r n s  w h e n  dis- 
crete f r agmen t s  of  t issue are used. 

Double  s ta ined  b o n e  m a r r o w  smears  (Giemsa  
and  phospho l ipase  B ) w e r e  c o u n t e d  wi th  the  aid 
of  a red f i l ter  to  increase the  con t ras t  b e t w e e n  
the  b lack-s ta ined ,  phosphol ipase -pos i t ive  cells 
and  the  red-s ta ined,  phosphol ipase -nega t ive  
e lements  w h i c h  showed  on ly  very fa in t ly  u n d e r  
these  cond i t i ons  of  i l lumina t ion .  E x a m i n a t i o n  

of  the  same area u n d e r  n o r m a l  l ight  p rov ided  an  
easy means  of  c o u n t i n g  all cells showing  eosino-  
phi l ic  s taining.  Two h u n d r e d  and  f i f ty  to  500  
cells were c o u n t e d  f rom two or m o r e  smears:  a 
given area of  the  p r epa ra t i on  was scanned  in i ts 
e n t i r e t y  by  fo l lowing a square  wave p a t t e r n  of  
progress ion  of  the  slide u n d e r  the  c o u n t i n g  
re t i cu lum.  

D i f f e ren t i a t i on  of  the  eos inophi l s  on  Giemsa  
smears  was p e r f o r m e d  by  scann ing  the  s ta ined  
p r epa ra t i ons  un t i l  a to t a l  of  200  to 350  cells 
had  been  c o u n t e d .  A crisscross p a t t e r n  o f  
scann ing  was a d o p t e d  and  two to  th ree  smears  
were  c o u n t e d  in each  case. Cells showing  b o t h  
azurophi l i c  and  eos inophi l ic  g ranu la t ions  were 
classified as i m m a t u r e  eos inophi l s :  th is  g roup  
thus  inc ludes  the  eos inophi l ic  p r o m y e l o c y t e s  1 
and  2, also d is t inguished  by  the  p resence  of  
nucleol i ,  and  some mye locy te s .  All cells 
showing  exclusively eos inophi l ic  granules  in a 
p ink  c y t o p l a s m  and  d i f fe ren t  nuc lea r  shapes  
( r ound ,  ring, i n d e n t e d )  were g rouped  as m a t u r e  
eosinophi ls .  

Measurement of Phospholipase B Activity 

T h e  e n z y m a t i c  tes ts  were p e r f o r m e d  
accord ing  to the  p r o c e d u r e  prev ious ly  descr ibed  
(7)  involving t r e a t m e n t  w i th  t r yps in  to  insure  a 
sus ta ined  ra te  of  hydro lys i s  u p o n  a d d i t i o n  of  
lyso lec i th in .  On  the  basis of  p re l imina ry  trials 
the  c o n c e n t r a t i o n s  of  t ryps in  to  be  used 
r o u t i n e l y  w i th  cell suspens ions  were  es tab l i shed  
at 60 and  30 /2g/ml: wi th  t issue h o m o g e n a t e s  
lower  concen t r a t i ons ,  30/~g and  15/2g/ml ,  were 
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TABLE V 

Phospholipase 13 Activity and Eosinophilic Leukocytes of Rat Bone Marrow 

Rat 

Cells in reaction vessel c 

Phospholipase B Eosinophils 
No. ya,b X a Nucleated Total 

01 1.44 0.091 4.229 10.220 
3 5.80 0.456 7.360 I 1.274 
4 4.87 0.344 9.174 20.44 I 

05 4.87 0.250 2.765 5.897 
31 6.80 0.498 4.194 7.297 
32 1.10 0.079 6.359 9.127 
33 2.64 0.166 5.225 9.367 
34 3.99 0.312 4.159 6.995 
35 6.28 0.561 5.448 9.126 
36 2.97 0.189 5.950 I 1.980 
37 2.37 0.189 7.852 10.519 
38 5.20 0.396 5.689 8.491 
39 2.77 0.192 6.102 10.123 
40 1.75 0.121 5.947 8.508 

aCorrelation coefficient for x,y - 0.961, t = 11.98 ~ P  0.01; equation of 
0.6 + I 1.5 x; confidence interval of the slope, 99% = I 1.5 + 2.9. 

bCalculated as micromoles of fatty acid split from lysolecithin per hour. 
CExpressed as millions of cells present in reaction vessel. 

the regression line, y = 

sufficient  to insure maximal activity readings. 
The technical  details and jus t i f icat ion for this 
procedure  have been repor ted  (7). 

RESULTS A N D  DISCUSSION 

Spleen. The values of  the phosphol ipase  B 
activity of  spleen homogena te s  and the cor- 
responding  counts  of eosinophi l ic  leukocytcs  in 
histological sect ions are presented  in Table 1. 
The regression and correlat ion coeff ic ients  and 
the conf idence  interval of  the regression line are 
given at the b o t t o m  of  the Table: the same data 
are presented  graphically in Figure 1. Table II 
and Figure 2 show the results ob ta ined  with 
spleen cells suspensions.  These results  indicate a 
close correlat ion be tween the eosinophi l ic  
popula t ion  and the phosphol ipase  B activity. It 
is relevant that  the regression coeff ic ients  of  the 
two  series are very close showing that  the same 
poopu la t ion  of  eosinophil ic  ceils was present  in 
the cell suspensions and in the spleen homo-  
genates.  This point  had been tes ted in prelimi- 
nary exper iments ,  which showed that  at least 
two thirds  of  the enzymat i c  con ten t  of  the 
splenic tissue was recovered in the cell suspen- 
sions. It is also apparent  f rom the data that  the 
p ropor t iona l i ty  be tween  enzyme and cells holds 
over a wide range reflect ing the considerable  
variation in eosinophi l ic  con ten t  o f  the spleen 
usually encoun te red  in these animals,  On the 
whole  our data are in agreement  with the esti- 
mates  of  Browaeys and Wallon (8) regarding the 
number  of  eosinophils  per 100 g body  weight 

of  the rat. These values are somewha t  higher 
than those calculated by Rytomaa  ( 5 ) f o r  ani- 
mals wi th  relatively small spleens and lower cell 
counts  per unit  area of  the tissue. In our experi-  
men ts  when the size of  the spleen was small, 
lower enzymat ic  activity and cell counts  were 
observed.  It is possible that  these variations arc 
due to some unknown  envi ronmenta l  fac tor  or 
to strain differences.  

Statistical analysis showed no correlat ion 
be tween  enzymat ic  activity and the counts  of  
nucleated or total cells in the spleen cell suspen- 
sions (regression coeff ic ients  0.28 and 0.03 
respectively,  t values below 1 in both  cases). To 
ascertain if a por t ion  of  the total  phosphol ipase  
activity,  at least, could be present  independ-  
ent ly of  the eosinophils ,  four  rats were t reated 
with dexamethasone  to reduce the n u mb er  of  
these cells in the peripheral  tissues: as shown in 
Table 1 and Figure 1, such t rea tment  resulted in 
a p ropor t iona l  decrease in enzymat ic  activity.  
The 95% conf idence  limits of  the regression 
lines in these and all the following data (Fig. 
1-4) contain  the origin, thus suppor t ing  the 
conclusion that  the organ con ten t  o f  phospho-  
lipase B depends  essentially on the n u mb er  of  
eosinophi l ic  leukocytes  and that  addi t ional  
sources of the enzyme,  if present  at all, are in 
compar ison  too  small to be de tec ted .  

Uterus. The re la t ionship be tween  enzymat i c  
con ten t  and the eosinophi l ic  popula t ion  of  the 
uterus is shown in Figure 3 drawn from the 
data of  Table III. Animals in di f ferent  phases of  
the ovarian cycle were used in these experi-  
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EOSINOPHILS AND PHOSPHOLIPASE B 

TABLE VI 

Phospholipase B Activity of Eosinophilic Leukocytes of Rat Bone Marrow 

537 

Rat N o .  

Fraction of 
eosinophils 

Phospholipase B a Eosinophils b double stained 
A B C 

Activity per million cells 

D=A/Bq E=A/BC 

31 6.80 0.498 0.75 13.6 18.1 
34 3.99 0.312 0.63 12.8 20.3 
36 2.97 0.189 0.80 15.7 19.6 
38 5.20 0.396 0.85 13.1 15.4 

aCalculated as micromoles of fatty acid split from lysolecithin per hour. 
bExpressed millions of cells in the reaction vessel. 

ments and are identified by different symbols. 
It is apparent that the higher values in both 
phospholipase B and eosinophilic counts coin- 
cide with the estrus phase and the lower values 
correspond to the late dietrus-proestrus phase. 

A relationship between ovarian cycle and 
eosinophilic leukocyte population of the uterus 
has already been established (5,9). Our data are 
in general agreement with the previous reports 
indicating a large number of eosinophils in the 
uterus at the height of the estrus. Two animals 
judged by vaginal smears to be in the estrus 
phase, however, showed low values of both cell 
and enzymatic content. This might reflect some 
difficulty in the interpretation of the smears or 
that the animals in question were no longer fol- 
lowing a regular ovarian cycle. In any case pro- 
portionality between enzyme and cells was 
maintained. 

These results show the relationship between 
enzymatic content and cell number already 
observed for the spleen. The regression 
coefficients for the two organs do not differ 
significantly. A rather large experimental error, 
probably due to shrinkage of the tissues upon 
fixation and embedding and the presence of the 
peritoneal tissue which complicates the proce- 
dure of isolating the uterine horns and the 
measurement of the section areas, is reflected in 
the large confidence interval for this series. The 
uterine tissue is particularly compact and does 
not lend itself to teasing and preparation of cell 
suspensions, therefore experiments with iso- 
lated cells were not possible. 

Peritoneal Cells. The data for these cells and 
their statistical correlation are shown in Table 
IV and Figure 4. The similarity to the results 
with spleen cells suspensions is apparent. No 
correlation is found between enzymatic activity 
and the nucleated cell or mast-cell counts of 
these preparations. 

Bone Marrow. The experimental values for 
the cells counts and the phospholipase B 
activity of bone marrow cells suspensions are 

summarized in Table V. From these data a good 
correlation between eosinophils and enzymatic 
activity can be shown. However, the calculated 
activity per million eosinophilic cells (i.e., the 
slope of the regression line) is significantly 
lower than the values found in the other tissues 
(11.6 for the marrow and 19.7 and 22.1 
respectively, for the spleen and the peritoneal 
cells). To ascertain if this could be due to the 
presence of eosinophilic cells lacking in phos- 
pholipase B activity, some of the marrows were 
double stained with eosin and the enzymatic 
histochemical procedure (see Methods). The 
results are shown in Table VI, columns A, B 
and C. The activities per million cells calculated 
on the basis of the total eosinophil count or the 
percentage of these cells exhibiting phospho- 
lipase B activity are compared in columns D 
and E, respectively. It is apparent that omission 
of the phospholipase B-negative eosinophils 
from the calculation brings the activity per 
million cells of the marrow within the range 
observed for the peripheral tissues. 

In order to interpret these data two 
additional approaches were tried. The first con- 
sisted of staining the smears for phospholipase 
B and then with Giemsa to determine if cells 
other than the eosinophilic leukocytes might 
contain the enzyme. In all of our studies on 
marrow, and other tissues, we have found a 
positive stain for the enzyme only in cells 
which also exhibited the characteristic eosino- 
philic granulation. The other cells of the leuko- 
cytic or erythrocytic series were uniformly 
negative. This agrees well with the observed 
statistical correlation between eosinophils and 
enzyme in all preparations containing different 
proportions of these cells and the lack of corre- 
lation with regard to the total or nucleated cell 
counts. The second approach involved differen- 
tial counting of the eosinophils. This study 
could not be carried out on double stained 
smears, phospholipase B and Giemsa, because 
enough of the structural detail of the cells is 
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TABLF VII 

Mature and Immature Eosinophils of P, at Bone Marrow and Phospholipase B Activity 

Rat 

Eosinophils 

Phospholipase B activity 
per million cosinophils, ya 

ya 

No. Total Mature, x a Total Mature 

31 351 246 13.6 19.5 
32 230 145 14.0 22.2 
33 339 189 15.8 20.0 
34 247 177 12.8 17.9 
36 291 221 15.7 20,8 
37 209 151 12.6 17,4 
38 213 157 13.1 17.8 
39 267 192 14.4 20.1 
40 197 135 14.4 21.0 

aCorrclation coefficient for mature eosinnphils (x) and phospholipase B activity (y): 
0.99, t = 19.0 ~ P  0.01 ; equation of the regression line, y = 0.2 § I 8.1 x; confidence interval 
of the slope, 99%= 18.1 +3.2. 

a l tered by the  p rocedure s  to prec lude  a satis- 
f ac to ry  ident i f ica t ion  of  the  var ious  cell types .  
As an a l ternat ive ,  Giemsa  s ta ined smears  of  the  
bone  m a r r o w s  were e x a m i n e d  and scored for 
the  presence  of i m m a t u r e  and  m a t u r e  eos ino-  
phils  accord ing  to the  criteria s u m m a r i z e d  
unde r  Methods .  If the  ma tu r e  cells are used in 
the  ca lcu la t ion  of  the  activi t ies for mil l ion cells, 
t he  average e n z y m a t i c  c o n t e n t  a p p r o x i m a t e s  
the  values f o u n d  for the  spleen and  per i tonca l  
cells and  the  cor rec ted  values for  the  doub le  
s ta ined  m ar ro w  cells (Table VII).  

On  the  whole  these  resul ts  s u p p o r t  the  con-  
c lusion tha t  a direct  r e la t ionsh ip  be tween  
eos inophi l i c  cells and  phospho l i pa se  B act ivi ty 
exis ts  in spleen,  u te rus ,  per i toneal  fluid and 
bone  m a r r o w  of  the  rat.  The  exce l len t  agree- 
m e n t  o f  the  e x p e r i m e n t a l  da ta  for  the  spleen 
ob ta ined  by two d i f fe ren t  m e t h o d s ,  h is tological  
sec t ions  and  cell su spens ions ,  shows  tha t  all 
resul ts  by e i ther  o f  the  two p rocedure s  are 
valid. For  the  bone  mar row,  while  t he  re la t ion-  
sh ip  be tween  eos inophi l s  and  e n z y m e  can also 
be cons ide red  as proven ,  the  lower  act iv i ty  per 
uni t  cell r ema ins  to be in te rp re ted .  At present  
we favor  the  ex p l an a t i on ,  sugges ted  by the  
e x p e r i m e n t s  with d oub l e  s ta in ing  and  the  
i m m a t u r e  and  m a tu re  cell coun t s ,  tha t  the  
i m m a t u r e  cells, ab o u t  one  fou r th  o f  the  total  
eos inophi l  p o p u l a t i o n  o f  the  mar row,  con ta in  
lit t le or no phospho l ipase  B act ivi ty .  This  can 
be proved in fu tu re  e x p e r i m e n t s  by sh i f t ing  of  
the  c o m p o s i t i o n  of  the  mar row f rom y o u n g e r  
to o lder  cells. 

O u r  resul ts  c on f i rm  the  presence  of  phos-  
phol ipase  B act ivi ty  in l e u k o c y t e s  first r epor ted  
in the  rabbit  by Elsbach  et al. (2,3).  The  com- 
bined h i s tochemica l  and  b iochemica l  ev idence  
f rom ou r  s tudies  in the  rat shows  that  in this  
an imal  the  e n z y m e  is m o r e  specif ical ly localized 
in the  eos inophi l ic  cells. S tudies  n o w  in 
progress  will e x t e n d  this  inves t igat ion to o the r  
t i ssue o f  the  rat and o the r  species.  
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Variation of Triglycerides and Fatty Acid Methyl Esters 
in Silkworm Eggs During Embryonic Development 
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Suginami-ku, Tokyo, Japan and NOBUO I. KEKAWA, Tokyo Institute of Technology, 
Ohokayama, Meguro-ku, Tokyo, Japan 

ABSTRACT 

Neutral lipid composition of silkworm 
eggs showed remarkable differences with 
stages of embryonic development, such as 
one day after oviposition, diapausing, 
before incubation and before hatching. 
Large amounts of fatty acid methyl esters 
were found in lipids of eggs just before 
hatching, and fatty acid compositions in 
both triglycerides and fatty acid methyl 
esters varied with the lapse of time of the 
embryonic development. Polyunsaturated 
fatty acids were present in large amounts 
in fatty acid methyl ester fractions from 
eggs just before hatching and absent in 
those from diapausing and 1 day old eggs, 
while a large amount of polyunsaturated 
fatty acids was present in triglyccrides in 
diapausing and 1 day old eggs and only 
small amounts were present in eggs just 
before hatching. The methyl esters were 
not formed as artifacts from free fatty 
acids and glycerides in silkworm lipids 
during the extraction procedure. 

INTRODUCTION 

Considerable work has been done on the 
fatty acid composition of whole lipids (1-3) and 
of triglyceride fractions (4,5) of silkworm. 
Studies on the fatty acids in triglycerides of 
insect eggs have been made on aphid, 
Euceraphis punctipennis Zet t  (6), on grass- 
hopper, Aulocara elliotti (7) and on grass- 
hopper, Melanoplus bivattatus (8), but the com- 
parison of the fatty acid compositions of eggs 
in various stages has not been reported. The 
purpose of the present paper is to answer the 
question as to whether or not significant dif- 
ferences in lipid composition of eggs occur as 
embryonic development proceeds. 

During the course of our study on lipid com- 
position of silkworm eggs in various stages, sig- 
nificant amounts of fatty acid methyl esters 
were found especially in the lipid of eggs just 
before hatching. Concerning the occurrence of 
fatty acid methyl esters in animals, Leikola et 
al. (9) reported that significant amounts were 
present in the human pancreas, and that the 
methyl esters were not artifacts from solvents 

or caused by autolysis post mortem. The 
presence of fatty acid methyl esters in the pan- 
creas and their fatty acid composition were 
reported by Lough and Garton (10). Recently, 
Sloan ct al. (11) and Jackson et al. (8) have 
reported on the presence of fatty acid methyl 
esters and their fatty acid composition in eggs 
of the grasshopper, Melanoplus bivittatus (Say). 

The present paper deals with the existence 
of fatty acid methyl esters in egg lipid and with 
the variation of the fatty acid composition in 
both the triglycerides and in fatty acid methyl 
ester fractions during embryonic development. 
Additionally, it was confirmed that the fatty 
acid methyl esters were not derived from free 
fatty acids in silkworm lipids as an artifact or 
through csterification with solvents during the 
extraction proccdure. 

MATERIALS AND METHODS 

Animals 

Silkworm eggs, 1 day old, in diapausing, 
before incubation (chilled treatment) and just 
before hatching (late stage) were taken from 
two kinds of F I hydrid between two races, J. 
122 X C. 115 and J. 124 X C. 124. 

One day old eggs were collected within 12 to 
24 hr after laying, diapausing eggs kept at 25 C 
for a month after laying, eggs chilled at 5 C for 
six months after laying, and eggs just before 
hatching together with a few newly hatched 
larvae. 

Each of the materials in the above 
mentioned groups was homogenized with 
chloroform-methanol (2:1 v]v) and the solution 
was filtered after allowing it to stand for one 
day at 5 C. After evaporation of the solvent 
under reduced pressure, the residue was dis- 
solved in ether. The solution was refluxed for 2 
hr, dried over anhydrous Na2SO 4 and the ether 
was evaporated. Lipid samples were stored at a 
temperature below 5 C. These procedures were 
carried out under nitrogen. 

Thin Layer Chromatography 

Each lipid sample was analyzed by thin layer 
chromatography (TLC) on Silica Gel G using 
the following two solvent system: petroleum 
ether-ethyl ether-acetic acid (90:10:1 and 
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FIG. 1. TLC analyses of lipids in silkworm eggs. 
Right: TLC Solvent, petroleum ether-ethyl ether- 
acetic acid (90:10:1). A, Cholesteryl oleate. B, Methyl 
oleate. C, Triolein. D, Oteic acid. E, Standard mixture 
A. 1, 1-Day-old eggs. 2, Diapause eggs. 3, Chilled eggs. 
4, Late stage eggs. Left: TLC Solvent, petroleum- 
ether-ethyl ether-acetic acid (60:40:1). A, Tripalmitin. 
B, 1,3-Dipalmitin. C, 1,2-Dipalmitin. D, 1-Mono- 
palmitin. E, Standard mixture B. 1, 1-Day-old eggs. 2, 
Diapause eggs. 3, Chilled eggs. 4, Late stage eggs. 

FIG. 2. TLC analyses of fractions by silica gel 
column of lipids in silkworm eggs. I, 1-Day-old eggs. 
II, Diapause eggs. III, Chilled eggs. IV, Late stage eggs. 
A, Cholesteryl oleate. B, Methyl oleate. C, Triolein. D, 
Oleic acid. E, Standard mixture A. 

60:40: 1). The detection was by application of 
concentrated H 2 SO 4 followed by charring. 

The standard mixtures A and B shown in 
Figure 1, were Mixture TLC-1 consisting of 
cholesteryl oleate, methyl oleate, triolein and 
oleic acid, and Mixture TLC-8 consisting of tri- 
palmitin, 1,3-dipalmitin, 1,2-dipalmitin and 
1 -monopa lmi t in  purchased from Applied 
Science Laboratories Inc. Trilaurin, tripalmitin, 
tristearin, methyl laurate and methyl linolenate 
were also used as standards for the identifi- 
cation of triglycerides and fatty acid methyl 
esters. The quantitative measurement of TLC 
spots was carried out by a photodensitometer 
(Atago Model 8, Atago Optical Works Co. 
Ltd.). 

Fractionation of Lipids by Column Chromatography 

The hexane solution of each lipid sample 
(about 100 ml) was chromatographed on silica 
gel column (Mallinckrodt, analytical reagent, 
100 mesh, 6 g) with 30 ml of hexane (Fraction 
1), 60 ml of 15% benzene-hexane (Fraction 2, 
30 ml; 3, 30 ml), 150 ml of 5% ether-hexane 
(Fraction 4, 30 ml; 5, 30 ml; 6, 30 ml; 7, 60 
ml), 120 ml of 15% ether-hexane (Fraction 8), 
60 ml of 30% ether-hexane (Fraction 9), 60 ml 
of 50% ether-hexane (Fraction 10), and 60 ml 
of 90% ether-hexane (Fraction 11) successively. 
Relative weight percentages of these fractions 
are shown in Table I, Each fraction was 
analyzed by TLC on Silica Gel G using petro- 

leum ether-ethyl ether-acetic acid (90: 10:1) 
system as shown in Figure 2. 

Identification of Linolenic Acid Methyl Ester 

Fraction 4, eluted by 5% ether-hexane from 
lipid in late stage eggs shown in Figure 2, was 
rechromatographed with the same solvent 
system as mentioned in the fractionation of 
lipids by column chromatography. Then the 
ester fraction was chromatographed again using 
solvents of gradually increasing ratios of ether 
to hexane. The substance eluted with 2% ether- 
hexane by the last chromatography gave one 
spot on TLC and one peak by GLC. This sub- 
stance was analyzed by mass spectrometry 
using Hitachi RMU-6 (single focusing) and 
Japan Electron Optics Lab. Co. Model JMS-OIS 
(double focusing) spectrometers. The identifi- 
cation was further substantiated by IR and 
NMR spectra of the substance and its LiA1H 4 
reduction product. 

Investigation on Extraction Procedure 

Silkworm larvae 48 hr old (4th instar) were 
used to investigate the possibility of formation 
of fatty acid methyl esters as artifacts from free 
fatty acids during the extraction procedure, 
since significant amounts (5-I 0%) of fatty acid 
methyl esters were found in the larvae of this 
stage. [Further studies of methyl esters in larvae 
will be published in a forthcoming paper.] A 
solution of 1-14C-palmitic acid was placed in a 
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FATTY ACID METHYL ESTERS IN SILKWORM EGGS 

TABLE I 

Fractionation of Lipids in Silkworm Eggs on Silica Gel Column (Relative Wt %) 

541 

Developmental stage of egg 
Fraction 

No. Main component 1 Day old Diapause Chilled Late stage 

1 Hydrocarbons 0.8 0.9 1.2 0.8 
2+3 Sterol esters 2.1 0.8 1.5 0.6 
4 Fatty acid esters 0.4 0.4 0.7 3.6 
5+6 Triglycerides 44.7 46.5 49.6 45.4 
7+8 Sterols and free fatty acids 8.2 11.9 15,4 16.8 
9+10+11 Mono- and diglycerides 

and phospholipids 43.8 39.5 31.6 32.8 

beaker  and  the  solvent  was evapora ted .  T h e n  
h a e m o l y m p h  and  the  organs w i t h o u t  inc lus ion  
of  the  digestive t rac t s  f rom two  larvae and  
m e t h a n o l  were added  successively. The  m i x t u r e  
was h o m o g e n i z e d  af te r  s tanding  for  two days at  
5 C. Therea f te r ,  t he  m e t h a n o l  was evapora ted  
at 60 C. The  ex t r ac t  ob t a ined  was deve loped  b y  
TLC using a p e t r o l e u m  e the r - e thy l  e ther -ace t ic  
acid ( 9 0 : 1 0 : 1 )  sys tem and  each zone  cor- 
r e spond ing  to s t andard  samples  was cut  off.  
The  same p rocedures  were carr ied ou t  on  the  
ex t r ac t i ons  w i th  c h l o r o f o r m - m e t h a n o l  (2:1 v/v)  
and  c h l o r o f o r m - e t h a n o l  (2:1 v/v).  The  radio-  
act ivi t ies  of  each sample  are shown  in Table  III. 

Nonlabe l l ed  s t anda rd  free f a t ty  acids, m o n o -  
glycerides,  1,3-diglycerides and  t r ig lycer ides  
were added  to  b o t h  the  h a e m o l y m p h  and  t he  
organs  of  larvae, respect ively .  Each  sample was 
h o m o g e n i z e d  and  ex t r ac t ed  wi th  ch lo ro fo rm-  
m e t h a n o l  (2:1 v/v)  by  the  same p rocedure  
m e n t i o n e d  above.  Each  ex t rac t  was ana lyzed  by  
gas c h r o m a t o g r a p h y .  

Fatty Acids From Triglycerides 

Each  t r iglycer ide f rac t ion  o b t a i n e d  by  
c o l u m n  c h r o m a t o g r a p h y  was saponi f ied  w i th  
95% m e t h a n o l  con ta in ing  5% KOH at 80 C for  
2 hr  u n d e r  a s t r eam of  n i t rogen .  Af te r  r emova l  
of  the  unsapon i f i ab le  f r ac t ion  w i th  e ther ,  t he  

aqueous  layer  was acidif ied wi th  3 N H2SO 4 
and  ex t r ac t ed  wi th  e the r  repea ted ly .  The  e the r  
ex t rac t  o b t a i n e d  was washed wi th  dist i l led 
wate r  several t imes  and  dried over  a n h y d r o u s  
Na2SO 4. Free  f a t t y  acids were o b t a i n e d  af te r  
evapora t ion  of  e the r  u n d e r  a s t ream of  n i t ro -  
gen. Methy l  esters of  f a t t y  acids were p repa red  
wi th  d i a z o m e t h a n e  in e ther .  

Gas Liquid Chromatography 

A S h i m a d z u  Gas C h r o m a t o g r a p h  Model  
4APF  wi th  h y d r o g e n  f lame ion iza t ion  d e t e c t o r  
was used in the  present  s tudy .  The  c o l u m n  for  
f a t t y  acid m e t h y l  esters was a 2.0 m x 4 m m  
i.d. glass c o l u m n  packed  w i th  15% Die thy l ene  
Glycol  Succ ina te  on  Celite,  60-80 mesh.  The  
co lumn  t e m p e r a t u r e  was 180 C; the  carr ier  gas 
(N 2) f low ra te  was m a i n t a i n e d  at 60 m l / m i n .  
The  s t andard  samples  were C l o - C i 6  m i x t u r e  
( S h i m a d z u )  and  m e t h y l  laura te ,  pa lmi ta t e ,  
s teara te ,  o lea te  and  l ino lena te  (Sigma).  

RESULTS 

Typical  t h i n  layer  c h r o m a t o g r a m s  of  l ipids 
o b t a i n e d  f rom eggs in each  stage are p re sen ted  
in Figure  1. On the  c h r o m a t o g r a m  using pe t ro -  
l eum e the r -e thy l  e ther -ace t ic  acid ( 9 0 : 1 0 : 1 )  sol- 
ven t  sys tem,  the  ma in  spots  showing  t he  same 

TABLE II 

Fatty Acid Composition of Triglycerides and Fatty Acid lVlethyl Esters Fractions 
From Silkworm Eggs (Relative Wt %) 

1 Day old Diapause Chilled Late stage 

Fatty Trigly- Methyl Trigly- Methyl Trigly- Methyl Trigly- Methyl 
acids cerides esters cerides esters cerides esters cerides esters 

C 12 0.3 1.9 1.1 0.5 2.0 Trace Trace Trace 
C 14 0.5 1.3 1.1 0.5 1.2 Trace 2.0 Trace 
C16 13.6 47.2 12.6 57.1 11.9 32.5 27.6 22.6 
C18 2.8 15.5 0.9 22.3 1.3 16.3 11.7 20.6 
C18:1 28.6 34.1 7.2 19.6 15.0 23.1 26.4 18.4 
C18:2 6.9 0 8.9 Trace 8.9 11.8 5.3 17.1 
C18:3 47.3 0 68.2 Trace 59.7 16.3 27.0 21.8 
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FIG. 3. Mass spectrum of linolenic acid methyl 
ester from silkworm egg in late stage. 

Rf values as sterol oleate and triolein were 
found in lipids from eggs of all four stages. 
Large amounts of l ipids showing the same Rf 
value as methyl oleate were found in late stage 
eggs, but only trace amounts  were found at 
other stages. 

No distinctly different chromatogram was 
obtained by a TLC using petroleum ether-ethyl 
ether-acetic acid (60:40: l) system. In this case, 
considerable amounts of lipids showing the 
same Rf values as 1,3- and 1,2-dipalmitin were 
found in lipid samples of chilled and late stage 
eggs. Although standard methyl esters were not 
distinguishable from each other, methyl esters 
were separated from triglycerides using the 
90:10:1 ratio but not using the 60:40:1 ratio. 

Relative weight percentages of the 11 frac- 
tions obtained by silica gel chromatography of 
the lipids in each stages and thin layer chro- 
matograms of these fractions are shown in 
Table I and Figure 2, respectively. For chro- 
matography of neutral lipids from rat liver, beef 
liver and yeast, it was reported by Barren and 
Hanahan (12) that the most reproducible sol- 
vents for lipid fractionation and the lipids 
eluted by these solvents are as follows: hexane, 
hydrocarbons; 15% benzene-hexane, sterol 
esters; 5% ether-hexane, triglycerides plus fatty 
acids; 15% or 20% ether-hexane, free sterol; 
30% ether-hexane, diglycerides; 50% ether- 
hexane, unidentified components; and 90% to 
100% ether-hexane, monoglycerides. In the 
present study, similar elution patterns were 
obtained from 1 day old, diapausing and chilled 
eggs. In late stage eggs, Fraction 4, eluted by 
5% ether-hexane, consisted of triglycerides and 
an unknown component showing the same Rf 
value as standard fatty acid methyl esters. Trace 
amounts of the unknown component were 
detected also in 1 day old, diapausing and 
chilled eggs. 

The substance purified by repeated silica gel 
chromatography of Fraction 4 from late stage 
eggs gave one peak in GLC, showing the same 
relative retention time as that of methyl lino- 
lenate. This substance gave m/e 292(M +) and 
261(M + - OCH 3) in mass spectrometry as shown 

0 MIN. 

C1G 

Cl 8 

J ~ P~ C18:2 C18:3 

!~ i", :' /",,, ; ~ / ,  /",, ; ,, 

I0 15 
Dlapause egg 

. . . . . . . . . .  Late stage egg 

FIG. 4. GLC analyses of fatty acid methyl ester 
fractions in lipids from silkworm eggs. 

in Figure 3, and the molecular ion gave 
C 19H3202 composition corresponding to 
methyl linolenate. The NMR and IR spectra of 
this substance were also identical with those of 
methyl linolenate and the spectra of the alcohol 
produced by LiA1H 4 reduction were identical 
with the corresponding alcohol. 

Typical gas chromatograms of fatty acid 
methyl ester fractions obtained from lipids of 
diapausing and late stage eggs are shown in 
Figure 4. The retention times of five peaks of 
fatty acid methyl esters in diapausing eggs and 
seven peaks of those in late stage eggs coincided 
with those of standard samples, such as methyl 
laurate, myristate, palmitate, stearate, oleate, 
linoleate and linolenate. 

By densitomeric determination of TLC (Fig. 
2), the amounts of methyl esters (Fraction 4) 
were found to be about 3% of the neutral lipid 
in late stage, but less than 0.3% in other stages. 

The relative quantities of fatty acid methyl 
esters from 1 day old, diapausing, chilled and 
late stage eggs were calculated from peak areas 
on the gas chromatograms, and the fatty acid 
compositions of the methyl esters and of the 
triglycerides from egg lipids at each develop- 
mental stage are summarized in Table II. The 
main fatty acids in the methyl esters obtained 
from lipids were C16 in 1 day old and alia- 
pausing eggs, C16 and C18:1 in chilled eggs, 
and C16 , C18 , C18:1  , C18:2  and C18:3 in late 
stage eggs. There were only trace amounts of 
C18:2 and C]8:3 in methyl ester fractions in 
diapausing eggs, but both compounds increased 
in chilled and late stage eggs. These esters were 
not found in 1 day old eggs. The main fatty 
acid in triglycerides were C18:3 in 1 day old, 
diapausing and chilled eggs, and C16, C18:] 
and C 18:3 in late stage eggs. 

Only a trace of 1-14C-palmitic acid was 
incorporated into fatty acid esters as presented 
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in Table III. Thus, it can be concluded that  the 
fo rmat ion  of fa t ty  acid esters f rom free fa t ty  
acid does not  occur  as an art ifact  during the 
extract ion procedure.  By the addi t ion of  free 
fa t ty  acids and glycerides to bo th  h a e m o l y m p h  
and the organs of  larva, fol lowed by ex t rac t ion  
with ch lo roform-methano l ,  it was made clear 
that  free fa t ty  acids were not  esterified and the 
glycerides were not  transesterified.  It  was con- 
f irmed by gas chromatography  that  fa t ty  acids 
were no t  esterified by ref luxing with different  
so lven ts ,  such as methanol ,  ch loroform-  
methanol  (2:1 v/v),  methanol -water  (95:5  v/v),  
ch loroform-e thanol  (2:1 v/v) and ethanol .  
Fa t ty  acid me thy l  esters were not  transester-  
ified by refluxing with ch loroform-e thanol  (2:1 
v/v),  e thanol ,  ch loroform-isopropanol  (2:1 v/v) 
and isopropanol .  

TABLE III 

Conversion of 1-C14-Palmitic Acid to 
Methyl Esters During Extraction Procedures 
From Silkworm (% of Total cpm Collected) 

Solvents for extraction 

Fractions MeOH MeOH- EtOH- 
from TLC CHCI 3 CHCI 3 

(Front) 
1 Hydrocarbons 

and sterol esters 0.01 0.03 0.01 
2 0.09 0.12 0.06 
3 Fatty acid 

methyl esters 0.38 1.08 0.20 
4 0.06 0.06 0.02 
5 Triglycerides 0.10 0.13 0.07 
6 Fatty acids 

and sterol 96.59 96.97 98.73 
7 2.77 1.61 0.91 
(Start) 

DISCUSSION 

In the present  study, the existence of  about  
3-4% of fa t ty  acid methyl  esters in neutral  lipid 
of  late stage eggs and of  trace amounts  in eggs 
at o ther  stages was shown by careful frac- 
t ionat ion  of lipids. 

More recent ly ,  the existence of  significant 
amounts  of  fa t ty  acid me thy l  esters in lipids of  
5 day old 5th instar larva of  the s i lkworm has 
been demons t ra ted  by us. Therefore ,  the 
increase of  the amounts  of  fa t ty  acid me thy l  
esters in late embryonic  deve lopment  may  be 
closely related to fa t ty  acid metabol i sm in 
pos t -embryonic  development .  

Fur the rmore ,  variat ion in fa t ty  acid com- 
posi t ion o f  tr iglycerides and fat ty  acid me thy l  
esters in lipids f rom si lkworm eggs was observed 
as embryon ic  deve lopment  proceeded.  The 
fat ty acid composi t ion  of  total  lipids of  silk- 
worm eggs presented by Nakasone and I to  (1) is 
similar to that  of  tr iglycerides f rom 1 day old 
si lkworm eggs but  dissimilar to that  of  trigly- 
cerides f rom late stage eggs. 

The main fa t ty  acids of  tr iglycerides f rom 
si lkworm eggs were C16 , C18:1 and C18:3. As 
embryonic  deve lopment  proceeded,  C18:3 
decreased and C 16 and C 18 increased. In fa t ty  
acid methy l  esters f rom si lkworm eggs, C18:3 
and C18:2 increased strikingly and C12 , C14 
and C16 decreased during this period of  
development .  Tota l  amounts  of  fa t ty  acid 
methy l  esters in chilled, diapausing and 1 day 
old eggs were small. In o ther  words,  po lyun-  
saturated fa t ty  acids, which play an impor t an t  
r o l e  in  s i lkworm nut r i t ion  (13), were 
abundant ly  present in fa t ty  acid methy l  ester 
fractions f rom late stage eggs and absent in 
those f rom diapausing and 1 day old eggs, while 
a large amoun t  of  polyunsatura ted  fa t ty  acids 

in tr iglycerides was present  in 1 day old, dia- 
pausing and chilled eggs, and a small amount  in 
triglycerides of  late stage eggs. 

There may  have been a shift of  C18:2 and 
especially C18:3 , nei ther  of  which can be 
synthesized by insects,  f rom the tr iglyceride 
pool  into the methy l  ester pool .  The usual fa t ty  
acid t ransport  rou te  in insects has been 
repor ted  as prot  e in-bound diglycerides (14,15).  

With regard to fa t ty  acid me thy l  esters, it 
was demons t ra ted  that  no me thy l  esters of  
fa t ty  acids were formed f rom either free fa t ty  
acids or glycerides in s i lkworm lipids during the 
ext rac t ion  procedure .  F r o m  the aforegoing 
results we are inclined to believe that  the  
methy l  esters in s i lkworm lipids are not  arti- 
facts, except  for the possibil i ty that  the for- 
mat ion  of  methy l  esters may be induced during 
the ex t rac t ion  procedure  f rom enzyme-bound  
fa t ty  acid or  some o ther  reactive forms.  Both  
the biogenesis and the  role of  me thy l  esters 
remain for future  investigation.  
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Polymorphism of Glyceryl Ethers and Ether Esters 
E. S. LUTTON and C. B. STEWART, 
Procter & Gamble Company, Cincinnati, Ohio 

ABSTRACT 
Phase behavior has been studied by 

thermal and diffraction methods for 1- 
and 2-palmityl and stearyl ethers of 
glycerol and for 14 trialkyl glyceryl 
ethers, dialkyl monoacyl  glyceryl ethers 
and monoalkyl  diacyl glyceryl ethers, all 
of which were saturated trichain substi- 
tuted glycerol compounds containing one 
or more of the following chains: palmityl  
(Py), palmitoyl  (P), stearyl (Sy) and 
stearoyl (S). The monoalkyl  glyceryl 
e t h e r s  resemble  mon'oglycerides in 
crystallization behavior but  with signifi- 
cant differences. Isomeric 1- and 2-ethers 
are very close in melting point. The 
1-ethers show, besides a stable form, two 
other forms which transform reversibly to 
each other. The 2-ethers are polymorphic 
but with only one clearly established 
melting level. All trichain compounds 
were polymorphic  also, most being di- 
morphic,  each exhibiting a metastable c~ 
form, typically more stable than that of 
related triglycerides. Forms other than c~ 
were labeled I, II, etc., in order of 
decreasing melting point and were 
typically obtained from solvent. Poly- 
morphic behavior showed some rather 
large departures from that  of related tri- 
glycerides and appeared generally more 
sensitive to impurities. The two triethers, 
PyPyPy and SySySy were dimorphic each 
with a stable form much resembling 
metastable c~ in diffraction pattern,  hence 
presumed to be of a new (more dense) 
hexagonal type of cross sectional struc- 
ture. Three dialkyl monoacyl  compounds 
PyPyP, SySyS and SyPyS and also three 
monoalkyl  diacyl compounds PPyP, SSyS 
and SPyS were dimorphic,  with Form I a 
stable, nonti l ted,  somewhat /3'-like form. 
PySyS and PSyP, which were tr imorphic,  
showed such a/3'-like form as a Form II, 
i.e., a second highest melting point. The 
stable phase of four compounds,  namely 
PyPP, SySS, PySyS (all t r imorphic) and 
dimorphic PySS (and possibly that of 
SyPP) could be called a 13 phase. Presence 
of an alkyl group on the 2 position of 
glycerol, in all but the PySyS, prevented t3 
structure. PSyP and SyPP exhibited triple 
chain length structures, not  encountered 

in saturated mixed triglycerides with less 
than four carbons difference in the acyl 
chains. SyPP was exceptional in showing 
four forms. 

INTRODUCTION 
There is increasing evidence for the 

occurrence of esterified glyceryl ethers in 
natural fats especially in those of animal origin. 
Even trialkyl ethers have been reported (1). 
Such compounds have at tracted biochemical 
interest and the syntheses of several trialkyl 
glyceryl ethers, dialkyl monoacyl  glyceryl 
ethers and monoalkyl  diacyl glyceryl ethers 
have been recently reported (2-4). 

The crystallization behavior of these com- 
pounds has not  been extensively explored. This 
subject should be of interest particularly in 
relation to the rather extensively studied 
crystallization of triglycerides. Accordingly, 
polymorphic studies of several ethers and ether 
esters have been investigated by thermal and 
diffraction methods. Since this study was 
undertaken,  related studies by thermal and 
infrared methods have been reported (5). 

An extensive and excellent review of The 
Biochemistry of Lipids Containing Ether Bonds 
has appeared (6). 

EXPERIMENTAL PROCEDURES 

The glyceryl ethers were made after the 
manner of Baumann and Mangold (7). From 
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FIG. 1. DTA curves for 1-octadecyl ether of 
glycerol. 
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TABLE II 

Comparison of Melting Points of Different Preparations 

547 

Preparation L&S B&M (2,3) O,P,A&S (4) 

Monoethers 
l-Palmityl 63.7 65.5 
1-Stearyl 70.3 71.5 
2-Palmityl 63.5 
2-Stearyl 71.0 

Trichain compounds 
PyPP 57.9 
SySS 65.4 61.5-62 
PPyP 56.9 
SSyS 65.2 
SyPP 55.8 53.5-54 
PySS 61.0 61-61.5 
PSyP 60.7 
SPyP 59.6 
PyPyPy 47.8 47-48 
SySySy 57.3 57.5-58 

63.0 
71.0 
63.0 
71.0 

53-56 

57.5-58.0 (61-627) 
63.5-64.0 

53-54 

C16 and C 18 alcohols of 98.5+% chain length 
purity, alkyl methane sulfonates were prepared. 
I s o p r o p y l i d e n e  glycerol or benzylidene 
glycerol, according to whether the goal was the 
i- or 2-ether, was reacted either with K or 
KOH. The product was then reacted with the 
alkyl methane sulfonate to give the desired 
ether. Analyses appear in Table I. 

From the appropriate monoether, diesters 
were obtained by reacting with acyl chloride in 
pyridine plus isooctane solution at 100 C. 
Reflux continued from 12 to 18 hr using an air 
condenser and heating mantle. The acyl 
chlorides were prepared from acids of 99% 
purity as indicated by gas liquid chromato- 
graphy of the methyl esters. The crude ether 
diesters in isooctane were washed three times 
each with: (a) H20,  (b) 5% K2CO 3 in 60% to 
80% ethanol and (c) H20 , with hexane added 
to insure diester solution in the upper layer. 
After drying with Na2SO 4 the sample was 
placed on a Silica Gel (5% H20) column (40 g 
to 1 g of sample) and was eluted in 30 to 40 
fractions with the single solvent mixture, Skelly 
F-benzene (2:1 v/v). Fractions were selected 
and pooled according to results of thin layer 
chromatography (TLC) with hexane-ethyl- 
ether-acetic acid (80:20:1) on Silica Gel G. 
Yields were above 90% usually. Final purifica- 
tion was effected by 10 C crystallization (1 : 10) 
from hexane. All samples showed a single spot 
by TLC. Semimicro chemical analyses are 
reported in Table I. 

Diethers were prepared as reported (8). 
These were converted to triethers by reacting 
with KOH then with alkyl methane sulfonate. 
Triethers were purified as above for mono- 
ethers. Again single spots were obtained by TLC. 

Analytical data appear in Table I. In Table II 
are listed comparative melting point results for 
recent preparations by three different labora- 
tories. 

Phase behavior was examined by a combina- 
tion of three methods: 

1. Capillary melting point with complete 
melting point (CMP) obtained at a rate of 
0.5 C, and rapid melting point (RMP) obtained 
by thrusting in at specified temperature, with 
the RMP being the mean of the lowest clear 
point and the highest point with solid 
remaining. 

2. Differential thermal analysis (DTA) by a 
DuPont 900 unit employed for heating curves 
of solvent crystallized and melt crystallized 
samples and cooling curves of melt. DTA was 
valuable for checking melting level and purity 
of phase and for indication of transformation 
tendency of metastable phase. 

3. X-ray diffraction by film technique with 
Ni-filtered CuKa radiation and 5 or 10 cm 
sample to film distance (5 cm for phase identifi- 
cation, 10 cm for long spacing determination). 

Thermal and diffraction data on our synthe- 
sized compounds are recorded in Tables III, IV 
and V. 

RESULTS A N D  DISCUSSION 

Mono Ethers 

In contrast to the monoglyceride case, where 
the 2-compounds are relatively lower melting, 
1- and 2-monoethers have nearly equal com- 
plete melting points. 

The 1-hexadecyl and 1-octadecyl ethers 
exhibit very similar behavior. Each has a higher 
melting stable Form I melting about 5 C above 
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an a-like Form II. As in the 1-monoglyceride 
case (9), the lower melting form transforms 
reversibly to a low temperature Form III. By 
differential thermal analysis (DTA) the exo- 
thermal transition from III to II can be 
observed below the exothermal melting of 
Form II (Fig. 1). With the 1-octadecyl com- 
pound, the reversibility of the Form I I~Form 
III transition can be followed by x-ray diffrac- 
tion but the metastable 1-hexadecyl forms are 
too fleeting; nevertheless diffraction data could 
be obtained at 0 C for Form III of 1-hexadecyl 
ether and at 45 C for Form II, the latter in 
mixture with Form I. Metastable forms appear 
more fleeting than corresponding monogly- 
ceride forms. A striking contrast between these 
ethers and the 1-monoglycerides is the variation 
in long spacings of different polymorphs for the 
ethers in contrast to the remarkable constancy 
for 1-monoglycerides. 

The 2-monoethers unlike the 2-monoglycer- 
ides (10) are polymorphic. Nevertheless only 
one characterizing thermal point was observed 
by DTA and only minor melting point differ- 
ences. All forms of a given homolog are of 
nearly equal tong spacing. Stable Form I is 
obtained from solvent, Form II by melting and 
chilling, and a probable but not well character- 
ized Form III is also obtained by melting and 
chilling, with distinguishing conditions for II 
and III not understood. Metastable forms trans- 
form slowly to Form I at room temperature. 

Trichain Compounds 

The behavior of the trichain ethers and 
ether-esters showed many similarities to that of 
corresponding triglycerides (Table VII) but  
there was much individuality and there were 
some surprises. 

Nomencla ture  o f  Polymorphs .  In approach 
to a nomenclature for the polymorphs ob- 
served, the first consideration is clarity and 
the second is correlation with familiar triglycer- 
ide nomenclature. There is no confusion in 
calling lowest melting forms with single 4.1 A 
short spacings by the name c~. All other forms 
are designated by Roman numerals according to 
our understanding of melting level, with I being 
highest. Forms which clearly have strong 4.6 A 
short spacings and tilted chains are given the 
secondary designation/3. Forms with strong 4.1 
A short spacings and other reasonably strong 
short spacings are referred to in the text as/3'- 
like. Two forms which are of triple chain length 
are so designated as, e.g., I-3; all other forms are 
of double chain length structure. 

a Forms.  All trichain compounds explored 
were polymorphic. As with triglycerides, a low 
melting a form with perpendicular chains was 
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TABLE VI 

Thermal and Diffraction Data for Dialkyl Monoacyl Glyceryl Ethers 

PyPyPy SySyS PySyS SyPyS 

I a 1 ct II I (~) a I 

Melting points 
41.7 54.5 51.0 62.7 46.7 56.0 57.8 

Short spacings 
4.13 S 5.41 W 4.13 S 5.41 W 4.13 S 5.41 W 4.53 VS 

4.14 S 4.14 S 4.14 S 4.12 W 
3.86 W 3.86 W 3.79 W 3.93 M 
3.69 W 3.69 W 3.67 W 3.73 W- 

3.63 W 
Long spacings 
46.0 44.3 50.5 49.2 49.0 47.0 43.2 

47.7 

4.13 S 

55.2 

49.5 48.2 

5.41 
4.14 S 
3.79 W 
3.67 W 

c o m m o n  to all compounds .  It was obta ined by 
chilling the melt  and was normal ly  more stable 
than the corresponding tr iglyceride form.  In 
general, c~ mp was lower by a li t t le over 1 C 
per each replacement  of  -CO- group by -CH 2- 
group. There also appeared to be a cont rac t ion  
of  short spacings, hardly outs ide of experi-  
menta l  error  f rom about  4.14 A for trigly- 
cerides to about  4.11 or  4.12. Long spacing 
magni tude  appea red  to be affected by the  
posi t ion o f  alkyl with respect to acyl chains in 
the molecule  as will be discussed later. 

Other Forms. The o ther  forms were 
normal ly  obtained f rom solvent.  The nature  of  
the po lymorphs  showed a greater  sensitivity to  
impur i ty  than normal ly  found with trigly- 
cerides; more  types  and more  minor  variations 
of  di f f ract ion pat tern were observed.  

Trialkyl Glyceryl Ethers 

The triethers,  PyPFPy and SySySy,  are 
d imorph ic  with a low melt ing rather  stable ct 
form,  no t  t ransforming in 3 hr  within 5 C of  
the mel t ing point.  The  a forms mel t  some 4 C 
lower than those of  the comparable  equal chain 
length triglycerides.  

For  the samples that  were most  highly puri- 
fied, as judged no t  so much  by the necessary 
condi t ions  of  adequate  e lemental  analysis and 
single spot  on TLC but  especially by mel t ing 
poin t  level, there was only one form observed 
in addi t ion to metastable  a.  This high mel t ing 
p o l y m o r p h  f rom hexane,  F o r m  I, is remarkable  
in the superficial  resemblance of  its d i f f ract ion 
pat tern  to that  of  c~. Long spacings are nearly 
identical  and short spacings differ  only slightly. 
F o r m  I shows a single strong spacing at 4.01 A, 
as compared  with about  4.10 for  c~. Other  F o r m  
I spacings are very weak or considerably smaller 
or  both .  Yet  F o r m  I and a differ  in mp by 6 C. 
One is forced to conclude that  the two struc- 
tures are very similar, that  b o t h  have s chains 

and hexagonal  subcells but  that  F o r m  I is more 
dense ly  packed by a factor  of  about  
(4 .10/4.01)2 ~1 .04 .  In suppor t  of  the hexa-  
gonal arrangement ,  significant spacings appear 
at 4.01S, 2.31M and 2.00W for F o r m  I in 
accordance with  the required ratio 1:1/  
, / 3 :  1/2. Single crystals of  a phase for detailed 
structure s tudy have seemed out  of  the 
quest ion,  but  perhaps isostructural  single 
crystals o f  a lower  h o m o l o g  of  PyPyPy are 
realizable and might shed light on hexagonal  
packing of  long chains in general. 

Monoalkyl Diacyl Glyceryl Ethers 

The monoe the r  diesters are not  so simple a 
mat te r  to discuss except  for the rather uni- 
fo rmly  behaving a forms. These compounds  are 
discussed as two  homologous  pairs and two  iso- 
meric pairs. 

Homologs PyPP and SySS. The compounds  
are t r imorphic  wi th  typical  ct phases mel t ing 
only about  1 C below corresponding phases of  
t r ipalmit in  and tristearin. Stable forms obta ined 
by crystal l izat ion f rom hexane 1:10 are clearly 
of/3 type  melt ing about  8 C below the triglycer- 
ide levels. In te rmedia te  phases obta ined by 
crystal l izat ion f rom ace tone  1:10 are no t  
familiar  /3' types  but  are suggestive of  stable 
monos tear in  phase (whose subcell has been 
described as MII) (1 2). 

Great  diff icul ty was encountered  ha suf- 
f ic ient ly purifying SySS for it to behave homo-  
logously wi th  respect to PyPP. Each of  two  
preparat ions (one at Hormel  and one at this 
laboratory)  gave/3 PyPP, but  only one of  four  
preparat ions,  the highest melt ing,  gave/3 SySS. 

Homologs PPyP and SSyS. The behavior  of  
these homologs  was closely comparable  to that  
of  diether  monoesters .  Fo r  some reason the 
alkyl chain in the 2 posi t ion seems very in- 
f luential  toward  d imorphism with a and/3 '4 ike  
structures,  and with  the la t ter  probably non- 
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TABLE VII 

Thermal and Diffraction Data for Triglycerides (for Comparison) (11) 
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PPP SSS 

Melting points 
45.0 56.5 66.0 54.7 64 73.3 

Short spacings 
4.14 S 4.18 VS 5.24 M 4.14 S 4.18 VS 5 . 2 4  M 

3.78 S 4.61 VS 3.78 S 4.61 VS 
3.84 S 3.84 
3.68 S 3.68 S 

Long spacings 
45.8 42.5 40.8 50.6 47.0 45.1 

t i l ted.  One  is reminded  also of  the/3 '  stabili ty of  
PSP and SPS (13)  and is t empted  to speculate 
that  the  different  chain in the middle  posi t ion 
mil i ta tes  against the " in- l ine"  arrangement  of  
the  chains on the  1 and 2 posit ions of  glycerol ,  
as is characterist ic of/3 phase (14). 

The Isomeric Pair PySS and SPyS. The mem-  
bers of  this pair were d imorphic .  Metastable 
forms are of  nearly equal  mel t ing point .  PySS 
shows a stable fl phase wi th  t i l ted chains. SPyS 
shows stable /3'-like phase with  probably  non-  
t i l ted chain; again a c o m p o u n d  with differing 
middle  chain resisting/3 format ion .  The  unsym- 
metr ical  c o m p o u n d  melts  higher than the  
symmetr ica l  one,  no t  an unheard  of  s i tuat ion,  
bu t  unusual.  

The Isomeric Pair SyPP and PSyP. It  is con-  
cluded that  PSyP is t r imorphic  wi th  (a) a phase, 
(b) stable triple chain length Phase I which is 
/3'-like and (c) an in te rmedia te -mel t ing  double  
chain length fl'-like phase reminiscent  of,  e.g., 
PyPyP stable phase. (An indicat ion of  a ~ phase 
in the first solvent crystal l izat ion has no t  been 
suppor ted  by later  efforts .)  

SyPP has been  the most  diff icult  of  these 
compounds  to characterize satisfactorily f rom a 
po lymorph ic  s tandpoint .  As finally character-  
ized, it is unique  in being te t ramorphic .  The  
highest melt ing F o r m  I, ~-tike, but  possibly 
never obta ined pure,  was crystall ized f rom 
1:100 di lut ion in hexane  at 1 C. T w o  o ther  
phases of  almost  equal  mel t ing points  were 
ob ta ined  in di f ferent  regions of  the crystalli- 
za t ion vessel wi th  sample at 1:10 di lut ion in 
hexane  at 43 C. One of  these was of  tr iple chain 
length.  The  o ther  was of  double  chain length  
and /3'-like. The four th  form was a normal  a 
fo rm obta ined by chilling the melt .  

Dialkyl Monoacyl Glyceryl Ethers 

The behavior of  dialkyl monoacy l  com- 
pounds,  PyPyP, SySyS,  PySyS and SyPyS,  all 

prepared at the Hormel  Ins t i tu te ,  can be 
quickly  summarized.  It is qui te  similar to that  
of  the dinaorphic single chain length 2-ether 
diesters, PPyP and SSyS, excep t  that  PySyS 
shows a third form.  All compounds  showed a 
and ~3'-like po lymorphs  wi th  slight differences 
in the shorter  spacings o f  the higher p o l y m o r p h  
according to  whether  the c o m p o u n d  was o f  
mixed  or  unmixed  chain lengths. The  stable 
forms were as received and had been crystal- 
lized f rom solvent (e thanol  and acetone)  (3). 
This/3 '- l ike form was only  slightly shorter  than 
a in long spacings. PySyS alone showed a/3-like 
fo rm f rom a held one w e e k  just  under  the a 
mp. 

Comparison With Triglycerides 

It  is of  interest  to compare  behavior  of  these 
ethers and ether  esters to that  of  the familiar 
tr iglycerides.  An  e ther  group in the 1 posi t ion,  
whe ther  Sy or Py, still permits /3  fo rmat ion  in 
SySS or PySS as in SSS. The same group in the 

TABLE VIII 

On Stability of a Phase Stored 
1 Week at T C, Near a MP 

Compound T C Phase 

PyPyPy 38 a 
SySySy 49 a 
PyPP 43 Mainly a 
SySS 49 a 
PPyP 38 I 
SSyS 43 ce + I 
PySS 49 a + I 
SPyS 4 9  I 
SyPP 43 a 
PSyP 43 Mainly r 
PyPyP 38 I 
SySyS 49 r 
PySyS 43 I (fl) 
SyPyS 43 Mainly a 
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TABLE IX 

Comparison of a Long Spacings of Monoalkyl Diacyl Glyceryl Ethers 

Isomer a LS (A) Difference(A) Suggested partially schematicconfiguration 

SySS 51.4 +1.8 1 a Sy o ?. S 

S 

SSyS 49.6 2 Sy ~ _ _ ~  S 

S 

PySS 49.9 +1.4 1 Py 

SPyS 48.5 2 Py 

~ l s s 

l 
_ _ o .  S 

S 

SyPP 48.0 +2.5 1 Sy o 

PSyP 45.5 2 Sy l - -  

- - ' l  P P 

.o P 
P 

PyPP 45.6 +1.4 1 PY o 

PPyS 44.2 2 PY l - -  

P 

o P 
P 

PySyS 49.0 -0.5 1 S o 

SyPyS 49.5 1 S o 

Sy 

- - ' l '  PY 

- - ' l  PY 2 

Sy 3 

ao, giyceryl carbon; S, stearoyl chain; Sy, stearyl chain. 

2 posi t ion eliminates/3,  except  for  PySyS,  even 
though SSS and SPS are notable  fl formers.  

Sy in PSyP no t  surprisingly el iminates fl, 
metastable  in PSP, and in t roduces  a tr iple 
s tructure.  

Sy in SyPP permits  fl, in t roduces  a triple 
s t ructure,  and apparent ly  creates uncer ta in ty  as 
to which of  th ree  phases (o ther  than a)  the  
c o m p o u n d  will exhibit .  

I t  becomes  apparent  that  the - C O - g r o u p  
present  in tr iglycerides induces compounds  o f  

that  class to crystallize much  after  the fashion 
o f  hydrocarbons  with  the same three (hexa- 
gonal,  01 and TII) subcells. Absence  of  one or 
more  -CO- groups,  especially in the 2 posi t ion,  
in a t r ichain glyceryl  compound ,  influences the 
c o m p o u n d  away f rom the  Tll arrangement .  

Phase Transformation 

As a group,  the  glyceryl  ethers and ether  
esters t ransform slowly. DTA curves for  10 mg 
samples of  a forms obta ined  by chilling the 
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melt  un i fo rmly  showed  no t r a n s f o r m a t i o n  
dur ing  the  run in con t ras t  wi th  curves for  
re la ted  t r iglycer ides  which  show subs tan t i a l  
t r a n s f o r m a t i o n  dur ing  the  run  to h igher  poly-  
morphs ,  excep t  in the  cases of  SPS and  SPP. 
Ef for t s  at subs tan t ia l ly  t r a n s f o r m i n g  a phase  by 
storage one  week near  the  ~ mp were successful  
on ly  wi th  PPyP, SPyS, PyPyP and  PySyS as in- 
d ica ted  in Table  VIII .  

Comparison With Infrared Studies 

It is d i f f icul t  to  com pa r e  conc lus ions  based  
on  d i f f rac t ion  plus t h e r m a l  data  wi th  those  
f rom inf ra red  plus t he rma l  data ,  bu t  some com-  
m e n t  is in o rder  wi th  regard to our  degree of  
ag reement  wi th  Oswald et  al. (5) on  PyPP,  
SyPP, PPyP and  SSyS invest igated by  b o t h  
labora tor ies .  

It can be conc luded  t ha t  resul ts  are in close 
ag reemen t  as to  the  d i m o r p h i c  behav io r  of  
PPyP and  SSyS, our  I and  ~ forms cor- 
r e spond ing  to Oswald ' s  A and  B Forms .  

Conc lus ions  seem to be in cons iderab le  
ag reement  for  PyPP, our  I and  a c o r r e s p o n d i n g  
to Oswald ' s  A and C. Our  II F o r m  does  no t  
resemble  ~3' t r ipa lmi t in  as near ly  as Oswald  
states  for  his B fo rm.  

Wc agree wi th  Oswald in regarding SyPP as 
t e t r a m o r p h i c .  His D and  our  a arc surely the  
same. But  we have no  exper i ence  wi th  these  or 
similar c o m p o u n d s  of  a fo rm wi th  " m e l t i n g  
po in t  of  61-62 C, which  quick ly  changed  to 
5 7 - 5 8 C  ( F o r m  B) ."  F o r m  1, ou r  h ighes t  
mel t ing  ( a b o u t  5 6 C ) ,  is regarded as mos t  
s table ,  cer ta in ly  near  the  mel t ing  po in t ,  in con-  
trast  to  Oswald ' s  " s t ab l e  A fo rm. . . .me l t ing  
poin t  of  53-54 C."  It is u n f o r t u n a t e  t h a t  the  
specter  of  the  "v i t r eous  f o r m "  of  t r ig iycer ides  
was raised again in F o r m s  D and  E. We agree 
tha t  the  d i f fe ren t  p o l y m o r p h s  of  SyPP are hard  
to d isentangle .  

Variation in Long Spacings of OtWith Isomerism 

No crysta l  of  an ~ p o l y m o r p h  of  any long 
chain c o m p o u n d ,  adequa t e  for  de ta i led  crysta l  
s t ruc tu re  s tudy ,  has been  prepared .  Any  h in t  
a b o u t  a - t y p e  s t ruc tu r e  is t he re fo re  of  in te res t .  
There  are deta i ls  of  behav io r  of  a p o l y m o r p h s  
of  the  m o n o a l k y l  diacyl  glyceryl  e thers  wh ich  
are suggestive;  they  involve long spacing differ-  
ence  b e t w e e n  isomers.  The  data  are isola ted in 
Table  IX. 

If one  takes  a s implis t ic  app roach ,  it is pos- 
sible to  set up a logical sys tem in acco rdance  
wi th  the  d i rec t ion  of  long spacing d i f f e rence  
b e t w e e n  isomers.  

Suppose  the  fo l lowing rules apply:  
1. A first  and  second  chain  on  a glyceryl  

g roup  are oppos i t e ly  o r i en t ed  and  in a s t ra ight  
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line (as is k n o w n  in /3 phase  t r ig lycer ide s t ruc-  
tures) .  

2. There  is a s t rong  t e n d e n c y  for  acyls (or  
alkyls)  of  a given molecule  to lie side by  side 
and  converse ly  for  acyls to  avoid alkyls (as sup- 
po r t ed  by o c c u r r e n c e  of  t r iple  chain  length  
s t ruc tu re  in PSyP, bu t  no t  PSP). Of course,  in 
doub le  chain  length  s t ruc tu res  such as we deal  
wi th  here,  the re  mus t  be some S chains  ad jacen t  
to Sy chains .  

3. The  long chains  are pe rpend icu la r  to  end  
group  planes  as has appea red  typica l ly  of  
crystals.  

App l i ca t ion  of  these  rules to  the  SySS-SSyS 
pair leads to an a p p r o x i m a t e  Sy+S length  for  
each isomer.  However  in SySS the  second  S on  
the  th i rd  glyceryl  pos i t ion  t ends  to ma in t a in  
the  s t ruc tu re  length  whi le  in SSyS, the  second S 
t ends  to sho r t en  the  s t ruc tu r e  length.  Similar  
cons ide ra t ions  ho ld  for  o t h e r  i somer ic  m o n o -  
e the r  d ies ter  pairs. F u r t h e r m o r e  such an argu- 
m e n t  does  no t  lead to a d i s t i nc t ion  in the  pair  
PySyS-SyPyS,  whose  a long spacings agree 
wi th in  e x p e r i m e n t a l  error .  
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Exceptional Occurrence of Odd-Chain Fatty Acids in Smelt 
(Osmerus mordax) From Jeddore Harbour, Nova Scotia 

R. F. ADDISON and R. G. ACKMAN, Fisheries Research Board of Canada, 
Halifax Laboratory, Halifax, Nova Scotia 

ABSTRACT 

The fatty acid composition of smelt, 
Osmerus mordax, from several areas in 
Eastern Canada is reported. Smelt from 
Jeddore Harbour, N.S., were unusual in 
having up to 10% of Cls  ,C17 and C19 
acids. These acids were similar in struc- 
ture to odd-chain acids occurring in other 
marine lipids, notably mullet, and were 
distributed among all body and gonad 
lipids. Possible reasons for their occur- 
rence are discussed. 

INTRODUCTION 

Odd-numbered fatty acids generally account 
for only 1-2% of total fatty acids in fish lipids 
(1-4). The sole exception to this rule so far 
described is the mullet, Mugil cephalus, which 
normally contains from 10-25% odd-numbered 
acids, depending on area and season of catch 
(2,4-6). Recently, however, we have un- 
expectedly observed that smelt, Osmerus 
mordax, obtained from one specific location in 
Nova Scotia contained relatively large amounts 
of odd-chain acids. Since the occurrence of 
these acids in any quantity is unusual, we have 
examined in some detail the lipids and fatty 
acids of smelt of various local origins. Particular 
attention has been paid to the distribution of 
monoethylenic fatty acid isomers of any one 
chain length. 

EXPERIMENTAL PROCEDURES 

Smelt were gill-netted at various dates in 
Nova Scotia and New Brunswick as follows: 
Jeddore Harbour, N.S. (Lot No. l) February 6, 
1969 (wt 31-39 g); Jeddore Harbour, N.S. (Lot 
No. 2) March 3, 1969 (wt 33-48 g); Digby, N.S. 
March 11, 1969; Pictou, N.S. February 24, 
1969; Miramichi, N.B. March 7, 1969. The fish 
were frozen in a domestic freezer and usually 
were sent to the laboratory for analysis within 
o n e  day of catch. Heads, tails and internal 
organs other than gonads were discarded, and 
bodies and gonads were pooled separately by 
s e x  for analysis. 

Lipids were extracted by the method of 
Bligh and Dyer (7). Samples of lipids were 
transesterified (8) and the methyl esters 

analyzed by gas liquid chromatography (GLC) 
on packed columns as described previously (9). 
Methyl esters from body lipids of Jeddore Lot 
No. 1 and of Digby, Pictou and Miramichi 
samples were fractionated by thin layer chro- 
matography (TLC) on silver nitrate-silicic acid 
plates and the fractions obtained analyzed by 
open-tubular GLC (10). Lipids from Jeddore 
Lot No. 2 were subjected to silicic acid column 
chromatography (9) and the fatty acids of the 
major fractions analyzed by packed-column 
GLC. 

RESULTS AND DISCUSSION 

All the fish analyzed were mature, and 
would have spawned in May or June, 1969. 
Details of their lipid content and total fatty 
acid composition are shown in Table I. Data for 
Jeddore Lot No. 1 are averaged from three 
analyses of individual males and two of indi- 
vidual females; those for Jeddore Lot No. 2 are 
from a pool of lipid extracted from four of 
each sex; those for Digby, Pictou and Miramichi 
are from a pool of six, eight and six fish (not 
segregated by sex) respectively. This intersex 
pooling appeared permissible since the sex dif- 
ferences in fatty acid composition of body 
lipids in Jeddore Lot No. 1 fish were not 
obvious; in Jeddore No. 2 body lipids (Table I) 
the males contained more 16:0 and 22:6 (chain 
length:double bonds) in the body lipids than 
did the females, which may have been due to 
their higher phospholipid content (Table II, 
Ref. 9). 

The main point of interest is the relatively 
large amount of odd-chain acids in the body 
lipids of Jeddore smelt (in Lot No. 1 fish 
amounting to over 10% of the total) as 
compared to smelt from other areas. Although 
the level of these acids dropped in the Lot No. 
2 fish, both 15:0 and 17:1 levels were still 
unusually high. The distribution of odd-chain 
acids in Jeddore smelt was fairly similar to that 
found in mullet from the Gulf of Mexico (5), 
the main difference being that smelt contained 
less 15:0 than did the mullet. However, wide 
differences occurred in the composition of 
mullet oils examined by different groups (4-6). 
This may represent local or seasonal variations; 
so this difference between smelt and mullet 

554 



ODD CHAIN FATTY ACIDS IN SMELT 

TABLE I 

Fat ty  Acid Composi t ion and Lipid Content  of Smelt (Osmerus morclax) 
From Various Areas in Eastern Canada (Wt%) 

555  

Fat ty  acid 

No. 1 

Bodies 

Jeddore Digby Pictou Miramichi 

No. 2 

Male Female 

Gonads 

Jeddore 

No. 2 

Male Female 

12:0 Trace Trace 
13:0 Trace --- 
14:0 2.8 3.0 
14 : 1 0.1 Trace 
15:0 2.9 1.7 
15:1 1.5 0.9 
16:0 15.9 20.2 
16:1 10.9 10.4 
16:2(O7 0.4 0.7 
16 : 3034 0.2 Trace 
16:4(,21 O. 5 Trace 
17:0 0.9 0.4 
17:1 6.0 2.8 
17:2 Trace Trace 
18:0 2.7 2.7 
18:1 20.0 21.4 
18:20.)6 0.8 0.4 
18:3(,23 0.2 0.4 
18:4(,23 0.6 0.9 
19:1 0.9 0.1 
19:4(05 1.0 Trace 
20:0 0.5 --- 
20:1 0.9 0.9 
20: 2(.06 O. 2 Trace 
20:4036 2.0 2.1 
20:4(03 0.3 Trace 
20:5(,23 12.4 11.1 
21 : 5 (.02 Trace --  
22:1 Trace --- 
22:5033 0.6 0.6 
22:6(,23 14.4 19.1 
24:1 Trace --- 

Lipid 
content  

(%) 2.3 1.1 

Total 
odd-chain 
acids 13.2 5.9 

0.1 Trace Trace Trace 0.4 0.1 
. . . . . . . . . . . .  0.4 0.1 
3.6 2.8 2.8 2.7 2.0 3.5 
0.5 0.1 0.3 0.5 0.4 0.4 
1.7 0.3 0.8 0.7 1.5 2.9 
1.0 0.2 Trace 0.2 0.6 1.6 

15.9 16.7 19.0 19.0 14.4 14.8 
11.6 8.3 11.2 9.1 7.8 13.1 

0.4 0.7 0.1 0.6 0.2 0.4 
0.1 0.4 0.3 0.6 0.3 0.5 
0.1 Trace 0.2 Trace 0.1 0.3 
0.7 1.0 1.0 0.6 0.2 0.5 
3.9 0.8 0.6 0.6 2.9 7.0 
0.3 Trace Trace Trace Trace 0.2 
2.4 2.0 2.8 3.0 2.1 0.5 

23.9 23.5 21.3 20.3 25.4 23.3 
0.7 0.8 1.4 0.9 1.2 1.0 
0.3 0.3 0.4 0.4 0.4 1.2 
0.7 1.3 1.0 0.7 0.7 1.0 
0.6 0.3 0.3 0.4 1.1 0.2 

0.3 . . . . . . . . .  Trace 0.3 
2.5 1.2 1.6 0.7 2.5 0.4 
0.4 0.1 0.2 Trace 0.2 0.2 
2.0 1.8 1.2 1.4 8.6 2.6 
0.1 Trace Trace 0.2 Trace 0.2 

10.9 20.7 13.1 11.6 13.5 12.7 
--- Trace Trace . . . . . .  0.1 
--- 0.2 Trace . . . . . . . . .  
0.9 0.5 0.8 0.5 4.4 1.0 

14.3 15.6 19.5 25.5 8.8 9.9 

1.4 2.0 1.3 2.3 0.6 0.7 

8.2 2.6 2.7 2.5 6.7 12.6 

f a t t y  ac id s  m a y  be  u n r e l a t e d  t o  s p e c i e s  dif-  
f e r e n c e .  O t h e r w i s e ,  t h e  m a j o r  o d d - c h a i n  a c i d s  

d e s c r i b e d  by  Sen a n d  S c h l e n k  (5 )  ( 1 5 : 0 ,  1 7 : 0 ,  
1 7 : 1 ,  17 :2 ,  1 9 : 1 ,  1 9 : 4  (,25) w e r e  p r e s e n t  in  

r o u g h l y  s i m i l a r  p r o p o r t i o n s  in  t h e  s m e l t .  1 9 : 4  

6o5 w a s  o b v i o u s  o n l y  in  J e d d o r e  L o t  No .  1, a n d  
i t  m a y  be  a s s o c i a t e d  w i t h  t h e  h i g h e r  l eve l s  o f  

C15  a n d  C17 ac ids .  
T h e  l o w  l eve l s  o f  2 0 : 1  a n d  t h e  v i r t u a t  

a b s e n c e  o f  22 :1  f r o m  s m e l t  f r o m  al l  l o c a t i o n s  is 

c u r i o u s .  S m e l t  a re  a n a d r o m o u s  a n d  i n h a b i t  an  

i n s h o r e  or  e s t u a r i n e  e n v i r o n m e n t .  T h e s e  f i sh  are  

r e p o r t e d  t o  h a v e  a d i e t  c o n s i s t i n g  o f  a m p h i -  

p o d s ,  e u p h a u s i i d s ,  m y s i d s ,  s h r i m p ,  m a r i n e  

w o r m s  (Nereis) a n d  a n y  s m a l l  f i sh  t h a t  a re  avai l -  

a b l e  s u c h  as s m a l l  h e r r i n g ,  m u m m i c h o g s  a n d  

s i l ve r s i de s  ( 1 1 ) .  O f  t h e s e ,  a t  l e a s t  c e r t a i n  
e u p h a u s i i d s  a n d  s h r i m p  ( 1 2 )  a n d  m a t u r e  h e r r i n g  

( 1 3 )  c o n t a i n  a p p r e c i a b l e  a m o u n t s  o f  l o n g  

c h a i n  m o n o e n e s  a n d  p o l y e n e s .  We can  o f f e r  n o  

e x p l a n a t i o n  at  p r e s e n t ,  o t h e r  t h a n  a spec i e s  
p e c u l i a r i t y ,  f o r  t h e  f a i l u r e  o f  t h e s e  a c i d s  t o  be  

d e p o s i t e d  in  t h e  s m e l t  t r i g l y c e r i d e s .  

S i n c e  m o n o e n e  a c i d s  ( 1 5 : 1 ,  17 :1  a n d  1 9 : 1 )  
m a d e  u p  a c o n s i d e r a b l e  p o r t i o n  o f  t h e  o d d -  
c h a i n  ac id s ,  t h e i r  i s o m e r  d i s t r i b u t i o n  w a s  
a n a l y z e d  ( t h e  p r i n c i p a l  17 :1  i s o m e r s  i n d i c a t e d  
b y  o p e n  t u b u l a r  G L C  in  J e d d o r e  s m e l t  f a t t y  

ac id s  w e r e  v e r i f i e d  b y  o x i d a t i v e  f i s s i o n )  a n d  
c o m p a r e d  w i t h  t h a t  o f  f i sh  f r o m  o t h e r  a r ea s  
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TABLE II 

Lipid Composi t ion of  Smelt Bodies and Gonads (Jeddore Lot No. 2) 

Body 

Lipid origin Male Female 

Gonad 

Male Female 

Lipid composi t ion 
(% total  by weight) 

Hydrocarbons 0.8 0.6 
Sterol esters 1.0 1.1 
Triglyeerides 56.1 62.4 
Free fat ty acid ) ) 

) 6.5 ) 5.7 
Cholesterol ) ) 
Cardiolipin 1.6 2.0 
Cephalins l 1.7 11.0 
Lecithins 19.4 16.5 
Sphingomyelins 2.9 0.7 

--- 3.5 
1 .0  2.6 

58.0 74.2 

30.0 1.6 
0.6 

11.0 3.3 
12.5 

1.7 

( T a b l e  III) .  I n  all ca ses  t h e  A9 i s o m e r  p r e d o m i -  
n a t e d  in  b o t h  e v e n  a n d  o d d - c h a i n  ac ids  u p  t o  
C 1 8 ,  b u t  t h e  C19  a n d  C 20  ac i d s  c o n t a i n e d  
la rger  a m o u n t s  o f  A l l  a n d  A13  i s o m e r s .  
S imi l a r  r e s u l t s  w e r e  o b t a i n e d  b y  S en  a n d  
S c h l e n k  (5 )  f o r  m u l l e t  oi l  o d d - c h a i n  m o n o e n e s ,  
a n d  b y  A c k m a n  a n d  Cas te l l  ( 1 0 )  f o r  h e r r i n g  oil  
e v e n - c h a i n  m o n o e n e s .  I f  d e s a t u r a t i o n  in  m a r i n e  
spec i e s  o c c u r s  in  t h e  A9-10  p o s i t i o n  o f  s a t u -  
r a t e d  ac ids ,  as i t  d o e s  in  t e r r e s t r i a l  spec i e s  ( 1 4 ) ,  
t h e n  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  m o n o e n e s  
u p  t o  C 18 a r i s ing  m a i n l y  t h r o u g h  d e s a t u r a t i o n  
o f  t h e  c o r r e s p o n d i n g  s a t u r a t e d  ac ids ,  w h e r e a s  

t h e  C 19 a n d  h i g h e r  m o n o e n e s  a re  f o r m e d  m o r e  
t h r o u g h  c h a i n  e l o n g a t i o n .  

T h e  d e t a i l e d  c o m p o s i t i o n  o f  s m e l t  b o d y  
l ip id ,  J e d d o r e  L o t  No .  2 f i sh ,  was  i n v e s t i g a t e d  
u s i n g  silicic ac id  c h r o m a t o g r a p h y  ( T a b l e s  II a n d  
IV) .  L ip id  c o m p o s i t i o n  was  as e x p e c t e d  fo r  a 
f i sh  o f  m o d e r a t e  f a t  c o n t e n t ;  i .e . ,  t r i g l y c e r i d e s  
we re  p r e s e n t  in  fa i r ly  la rge  a m o u n t s  a n d  t h e  
m a j o r  p h o s p h o l i p i d  was  l e c i t h i n .  T h e  f a t t y  ac id  
d i s t r i b u t i o n  a m o n g  l ipid f r a c t i o n s  is s h o w n  in  
T a b l e  IV.  O d d - c h a i n  f a t t y  a c id s  w e r e  f o u n d  in  
all f r a c t i o n s .  T h e  o n l y  p o i n t  o f  i n t e r e s t  in  t h e i r  
d i s t r i b u t i o n  was  t h a t  t h e y  t e n d e d  to  f o l l o w  t h e  

TABLE III 

Monoene Isomer Distributions in Body Lipids From Smelt of  Various Origins 

Fat ty  acid a Jeddore No. 1 Digby Pictou Miramichi 

14:1(07 (A7) 29 . . . . . . . . .  
14:1G95 (A9) 71 100 100 100 

15:1608 (A7) 31 23 50 35 
1 5 : 1 ~ 6  (A9) 69 77 50 65 

16:1(.09 (A7) 3 5 13 11 
16 : I G.,"/ (A9) 93 90 84 85 
16:1 ~,.)5 I AI 11 4 4 3 4 
16:1(O3 A13 .._ 1 . . . . . .  

17:1 (010 (A7) Trace 6 6 9 
17:1(08 ~A ~ 9 ]  93 71 86 77 
17:1096 ) 7 23 8 14 

18:1r (A9) 76 70 79 74 
18: IO3"/ ( A l l )  23 29 19 23 
18:1(05 (A13 ~ 1 1 2 3 

19:1(010 (A 9) 11 22 33 b 22 
19:1(08 ( A l l )  73 59 60 65 
19:1 (.,26 (AI 3 ) 16 19 7 13 

20:1(011 (A9) 21 18 44 13 
20:1(.,.)9 ( "lA1 ) 38 46 54 56 
20:1 (.,.Y7 (A13) 41 36 2 31 

aper cent isomer dist~Lbution in monoenes  of  each chain length. 
bMay include a sm~ll ~ o u n t  of  (012 isomer. 
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ODD CHAIN FATTY ACIDS IN SMELT 

TABLE IV 

Distribution of Odd-Chain and Major Even-Chain Acids in Principal Smelt Body Lipids (Wt%) 

557 

Jeddore Lot No. 2 

Male body Female body 
Fatty 
acid Triglycerides Cephalins Lecithins Triglycerides Cephalins Lecithins 

14:0 4.6 1.2 1.8 4.9 0.6 2.0 
15:0 1.7 0.7 2.0 2.2 0.3 2.2 
15:1 1.1 0.2 --- 1.5 --- 0.1 
16:0 14.4 18.0 29.8 14.3 12.7 27.3 
16:1 15.6 4.4 5.9 15.6 2.9 5.8 
17:0 0.6 1.9 0.9 0.4 0.8 0.7 
17:1 4.4 2.0 1.7 5.4 1.6 2.0 
18:0 1.7 7.6 2.9 1.6 4.7 0.9 
18:1 29.5 18.2 13.1 27.9 17.1 12.5 
18:2(.06 0.8 0.8 0.4 1.2 0.7 0.4 
19:1 0.3 0.7 0.2 0,8 0.7 0.2 
19:4605 Trace 0.7 . . . . .  7 . . . . . .  
20:1 2.9 1.3 0.6 3.3 0.8 0.9 
20:5023 10.4 7.8 12.7 9.6 10.3 15.8 
22:6093 7.0 27.5 23.6 6.0 42.0 24.8 
Other 5.0 7.0 4.4 5,3 4.8 4.4 

Total 
odd-chain 
acids 8.1 6.2 4.8 10.3 3.4 5.2 

d i s t r ibu t ion  o f  the  n e x t  h igher  even-chain  acids. 
Thus ,  t r ig lycer ides  c o n t a i n e d  large a m o u n t s  of  
18:1 and  17: 1, and  lec i th ins  con ta ined  large 
a m o u n t s  o f  16:0  and  15:0.  In general ,  f a t t y  
acid d i s t r ibu t ion  was similar  to t ha t  observed  
in o the r  f ish l ipids (9). 

The  c o m p o s i t i o n  of  smel t  gonad  lipids was  
also e x a m i n e d ,  since mul le t  roe  lipids have been  
repor t ed  to  co n t a in  large a m o u n t s  of  wax  es ters  
r ich in odd -cha in  acids and a lcohols  (15).  Smel t  
gonads ,  however ,  co n t a ined  ma in ly  t r ig lycer ides  
wi th  s om e  p h o sp h o l i p id s ,  and  no  u n u s u a l  l ipids 
in any  q u a n t i t y  (Table  II). 

Most  of  th is  work  was u n d e r t a k e n  to  
es tabl ish t h a t  smel t  l ipids c o n f o r m  to usua l  f ish 
lipid p a t t e rn s  wi th  the  excep t i on  of  t he  
occur rence  of  odd -cha in  acids in Jeddore  smel t .  
Lipid t y p es  and  c o m p o s i t i o n s  in J eddore  sme l t  
were o the rwise  n o rm a l ,  and  as smel t  f r o m  o t h e r  
areas had  a n o r m a l  f a t t y  acid c o m p o s i t i o n  it 
seems un l ike ly  t h a t  the  J eddo re  smel t  wou ld  
have an y  u n u s u a l  capac i ty  to  syn thes i ze  or 
deposi t  o d d -ch a in  acids.  A m o r e  p robab le  
exp l ana t i o n  is t ha t  there  is some  local peculiar-  
i ty  in the  diet  o f  J eddore  smel t ,  a l t h o u g h  the  
t rophic  level where  this  occurs  is unce r t a in .  
A l t h o u g h  n o n e  o f  the  da ta  provide any  con-  
crete i n f o r m a t i o n  a b o u t  w h e t h e r  the  odd-cha in  
acids were of  e n d o g e n o u s  or e x o g e n o u s  origin,  
thei r  d i s t r i bu t ion  suggests  t ha t  t h e y  could  have  
arisen f r o m  a diet  r ich in p r o p i o n a t e  (16)  or  
re la ted sho r t - cha in  acids,  r a the r  t h a n  f r o m  a 

s p e c i f i c  sou rce  s u c h  as algal h e p t a d e c a n e  (17) .  

The  fairly general  d i s t r ibu t ion  of  odd-cha in  
acids t h r o u g h  the  f ish lipids m a y  also ind ica te  
tha t  t h e y  do no t  have any  specif ic  me tabo l i c  
role and  tha t  thei r  occu r r ence  in u n u s u a l  pro- 
po r t i ons  is accidenta l .  
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Phylogeny of Lipase Specificity1,2 
DAVID L. BERNER 3 and EARL G. HAMMOND, 
Department of Food Technology, Iowa State University, Ames, Iowa 50010 

ABSTRACT 

Lipase preparations from 19 animal 
species, representing nine of the animal 
phyla, were studied. Acetone powders 
were prepared from the pancreas, hepato- 
pancreas, gastrointestinal tract or whole 
animal,  and the preparations were 
screened for lipolytic activity by tri- 
butyrin agar clearing. The pH optimum of 
each preparation was determined by using 
both tributyrin and corn oil emulsions. 
The positional specificity at the pH 
optimum of each lipase preparation was 
determined from the fatty acids released 
by a 2-5 rain reaction with cocoa butter 
and lard. The vertebrate lipases behaved 
analogously to hog pancreatic lipase by 
showing a high specificity for the 1 and 3 
positions of long Chain triglycerides. 
I n v e r t e b r a t e  preparations that did 
hydrolyze long chain triglycerides did so 
randomly, with no strong positional or 
fatty acid specificity. 

INTRODUCTION 

The 1,3-positional specificity of pancreatic 
lipase has offered an almost ideal means for 
investigating the external fatty acid chains in 
triglycerides (1,2). ObviOusly, there would be 
an advantage in having a number of lipases, 
each of which possessed a particular positional 
or fatty acid specificity. 

Lipases have been found in many species of 
animals, plants and microorganisms (3). In 
general, the lipases that have been investigated 
attack glycerides randomly or show the 1,3- 
positional specificity characteristic of hog 
pancreatic.lipase. The exceptions reported are a 
plant lipase, isolated from the oat pericarp 
(4,5), and a lipase isolated from the mold, Geo- 
trichum candidum (6). The oat lipase was  
reported to have a high specificity for the 2 
position of tributyrin (4), while the Geo- 

1Journal Paper No. J-6311 of the Iowa Agriculture 
and Home Economics Experiment Station, Ames, 
Iowa, Project 1517. 

2presented at the AOCS-AACC Joint Meeting, 
Washington, D.C., April 1968. 

3Now with Campbell S~up Company, Camden, 
N,J. 

trichum candidum lipase was shown to be spe- 
cific for fatty acids containing cis-9-unsatu- 
ration, regardless of its position in the trigly- 
ceride molecule (7). 

Our study was undertaken with the hope of 
isolating lipases that would be useful in eluci- 
dating glyceride structure. To be systematic, 
the study was made of the digestive lipases in 
organisms selected from the phyla of the animal 
kingdom. 

EXPERIMENTAL PROCEDURES 

Animal Lipases 

Mammalian and shark pancreatic glands were 
obtained through the Iowa State University 
Veterinary Diagnostic Laboratory; from Pel- 
Freez Biologicals, Inc., Rogers, Ark.; or from 
the Harborton Marine Laboratory, Harborton, 
Va. 

Invertebrates were obtained live from either 
Pacific Bio-Marine Supply Company, Venice, 
Calif., or the Lemberger Co., Oshkosh, Wisc. 
The digestive glands, gastrointestinal tract, or 
whole animal was used as a lipase source. 

The tissues were homogenized in a Waring 
Blender and mixed with an equal volume of 
cold acetone to prepare stable acetone povr 
(8). 

Tributyrin Agar Clearing 

The acetone powders were screened for lipo- 
lytic activity by using tributyrin agar clearing. 
The plates and agar (without emulsifier) were 
prepared according to the procedure of Elling- 
hausen and Sandvik (9). For the assay, 10 mg 
of an acetone powder were mixed with 1.0 rnl 
of 0.025 N ammonium hydroxide (8). The 
enzyme suspensions were serially diluted (1:1 
until a final dilution of 1:4096 was obtained. 
With a Warburg pipette, 0.025 ml of each dilu- 
tion was delivered into individual wells cut in 
chilled tributyrin agar with a No. 3 cork borer. 
The agar plates were incubated for 48 hr at 
37 C. Tributyrinase activity was detected by a 
zone of clearing around each well. The last dilu- 
tion capable of producing clearing was termed 
the lipase titer. 

pH Optimum 

The optimum pH for each preparation was 
determined by using tr ibutyrin and Mazola corn 
oil emulsions. An emulsion was prepared by 
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TABLE I 

pH Optima of Animal Lipases vs. Tributyrin and Corn Oil 
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Species (Common name) 

Tributyrin 

pH pH 
Optimum Activity a Optimum 

Corn oil 

Activity a 

Vertebrates 
H o m o  sapiens (man) b 
Rhesus  sp. (monkey) b 
Suis scrota domestica (hog) b 
Didelphis marsupialis (oppossum) b 
Gallus sp. (chicken) b 
Chelydra serpent~'na (turtle) b 
Squalus acan thius (shark) b 
Ciona intestinalis (sea squirt) e 

8.0 24.9 9.0 2.8 
10.0 44.0 11.0 1.3 

8.0 72.8 9.0 1.6 
8.5 21.2 8.0 1.6 
7.0 10.6 10.0 1.3 
8.0 6.2 11.0 0.9 
6.0, 9.0 0.2, 0.2 NR c,d --- 
NR --- 5.0 0.02 

Invertebrates 
Cambarus virilis (crayfish) f 4.0, 9.0 l. 1, 0.8 
Dendros tomum pyroides  (peanut worm) e 6.0 0.9 
Lumbricus  terrestris (earthworm) e 9.0 2.9 
Chaetopterus variopedatus 9.0 0.03 

(parchment tube worm) e 
Aplysia ealifornica (sea hare) f 7.0 0.02 
Strongylocentrotus  purpurtus  (sea urchin) e 8.0 0.4 
Pisaster giganteus (sea star) f 8.0 0.04 
Parastichopus parvimensis (sea cucumber) e 7.0 0.06 
Metridium senile (anemone) d 10.0 0.4 
Dysidea amblia (sponge)g 9.0 0.0t 
Tetrahymena pyri formis  (protozoan)g 9.0 0.03 

4.0 
6.0 
5.0, 10.0 
8.0 

6.0 
9.0 

NR d 
NR d 
NR d 

6.0 h 
8.0 

0.7 
0.06 
0.01,<0.01 

<0.01 

<0.01 
0.04 

<0;o, 
<0.Ol 

aMicroequivalents 0.0100 N NaOH/mg acetone powder/hr. 
bpancreas used as lipase source. 
CNR, no reaction observed. 
dNo reaction observed when lard was substituted for corn oil. 
eEntire gut used as lipase source. 
fHepatopancreas used as lipase source. 
gWhole animal used as lipase source. 
hHydrolyzed lard slightly; pH optimum 6.0. 

h o m o g e n i z i n g  2.0 ml of  the  subs t ra te ,  100 ml  
of  1.25% gum acacia ( w a r m ed  to  45 C) and  6.0 
ml of  1% CaC12 for  5 min  in a Waring Blender .  
Af t e r  ad jus t ing  the  pH of  the  emul s ion  to  7.0 
w i t h  1% KOH, 5.4 ml of  the  emul s ion  was 
t r ans fe r red  to 150 ml x 15 m m  screw-capped  
tes t  tubes .  The  emul s ion  in each  t ube  was 
bu f fe red  at  t he  app rop r i a t e  pH b y  add ing  2.6 
ml of  Universal  Buf fe r  (10 ,11) .  Fo r  the  assay, 
10-100 mg of  an  ace tone  p o w d e r  was mixed  
w i th  1.0 ml of  0 .025 N NH4OH.  The  l ipase 
suspens ion  was t h e n  added  to the  emuls ion .  
The  t r i b u t y r i n  emul s ion  was i n c u b a t e d  for  15 
min  to  24 hr ,  whi le  the  co rn  oil emuls ion  was 
i n c u b a t e d  for  6 to  48 hr .  T he  r eac t i on  was 
s t o p p e d  by  add ing  1.0 ml of  20% H 2 s O 4 .  T he  
f a t t y  acids were ex t r ac t ed  w i th  15 ml of  d i e t hy l  
e t h e r - m e t h a n o l  (2:1 v/v) .  A 5.0 ml a l iquo t  o f  
the  organic  layer  was r e m o v e d  and  mixed  w i t h  
50 ml  of  m e t h a n o l .  The  f a t t y  acids were t i t r a t e d  
w i th  .01 N NaOH to  an  end  p o i n t  of  pH 9.0,  
us ing  the  B e c k m a n  Model  K a u t o m a t i c  t i t r a to r .  

E lectrophoresis 

The  ace tone  p o w d e r  ex t r ac t  was p repa red  by  
mix ing  80 mg of  the  p o w d e r  w i th  1.0 ml of  
.025 N NH4OH.  The  sample  was p repa red  for  
disc-gel e lec t rophores i s  b y  mix ing  30-40 /~1 of  
t he  ace tone  p o w d e r  ex t rac t  w i t h  460-470/~1 of  
wa te r  and  500  /~1 u n d i l u t e d  sample  gel. Two 
disc-gel co lumns  were p repa red  for  each  sample ,  
accord ing  to the  i n s t ruc t i ons  given b y  the  Canal  
C o m p a n y .  The  co lumns  were deve loped  by  a 
cu r r en t  of  2.5 ma per  co lumn ,  us ing the  Canal  
C o m p a n y  Model  1400 c o n s t a n t  ra te  source.  
Fo l lowing  the  e lec t rophores i s ,  t h e  gels were 
r e m o v e d  f r o m  the  glass tubes .  One  c o l u m n  was 
s ta ined ,  while  the  o t h e r  co lumn ,  c o n t a i n i n g  the  
same sample  as t he  f irst ,  was p laced  on  tri- 
b u t y r i n  agar, covered  w i th  a glass p la te ,  w h i c h  
gen t ly  pressed t he  gel c o l u m n  against  the  agar, 
and  i n c u b a t e d  at  37 C. Af t e r  10 to  18 hr ,  act ive 
f r ac t ions  were i nd i ca t ed  by  clear zones  o n  t he  
t r i b u t y r i n  agar. 
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TABLE II 

Protein Fractions Possessing Lipolytic 
Activity on Tributyrin Agar 

No. of Distance 
Lipase source active fractions migrated, cm 

Man 2 0.55, 2.37 
Monkey 1 0.90 
Hog 1 1.36 
Opossum 1 1.40 
Chicken 2 1.34, 1.95 
Turtle 2 1.00, 2.70 
Shark 1 1.20 
Ciona NR a --- 
Crayfish 1 1.17 
Peanut worm 1 1.60 
Earthworm 2 1.37, 2.77 
Tubeworm 1 3.16 
Sea hare NR --- 
Sea urchin 1 2.25 
Sea star 1 1.77 
Sea cucumber 1 3.00 
Anemone 1 0.19 
Sponge NR --- 
Protozoan NR --- 

aNR, no reaction observed. 

Positional Specificity 

E m u l s i o n s  were  p r e p a r e d  as desc r ibed  fo r  
t he  d e t e r m i n a t i o n  o f  the  p H  o p t i m u m ,  e x c e p t  
t h a t  1.8 g o f  cocoa  b u t t e r  or  lard or  2.0 ml  o f  
c o r n  oil were  used  fo r  each  100 ml  o f  1.25% 
g u m  acacia.  T h e  e m u l s i o n  was  b u f f e r e d  at t h e  
p H  c o r r e s p o n d i n g  t o  the  p H  o p t i m u m  o f  t he  

pa r t i cu l a r  p r e p a r a t i o n .  A f t e r  t h e  a c e t o n e  
p o w d e r  (10 m g / 1 . 0  ml .025 N N H 4 O H )  was  
adde d ,  the  m i x t u r e  was  ag i t a t ed  fo r  2-5 m i n  in 
a w a t e r  b a t h  at 37 C. The  r e a c t i o n  was  s t o p p e d ,  
and  l ipids were  e x t r a c t e d  as desc r ibed  pre-  
v ious ly .  T h e  f a t t y  acids were  s epa ra t ed  f r o m  
t h e  g lycer ides  b y  a h e x a n e - 0 . 5 %  a q u e o u s  

N a 2 C O  3 e x t r a c t i o n  (12) .  T h e  free f a t t y  acids 
were  r ecove red  and  c o n v e r t e d  to  m e t h y l  es ters  
(13) .  Samples  o f  t h e  w h o l e  fat  we re  also con-  
ve r t ed  to  m e t h y l  es ters .  T h e  f a t t y  acid c o m p o -  
s i t ion  was  d e t e r m i n e d  b y  gas c h r o m a t o g r a p h y  
b y  us ing  15% e t h y l e n e  g lycol  succ ina te  o n  
C h r o m a s o r b  P ( 4 5 / 6 0  m e s h ) .  The  carr ier  gas 
was  he l ium,  and  t h e  6 ft x 0 .25 in. c o l u m n  was  
m a i n t a i n e d  at 185 C. 

RESULTS AND DISCUSSION 

T h e  an imals  se lected f o r  s t u d y ,  t he  p H  
o p t i m a  e x h i b i t e d  b y  the  a c e t o n e  p o w d e r s ,  and  
t h e  digest ive o r g a n s  s tud ied  are s h o w n  in Table  
I. In  all i n s t ances ,  t he  ac t iv i ty  o f  t he  an ima l  
l ipases  was  grea ter  w h e n  the  s h o r t  cha in  t r igly-  
cer ide,  t r i b u t y r i n ,  was  used  as t he  s u b s t r a t e  
t h a n  w h e n  a l ong  chain  t r ig lycer ide ,  c o r n  oil, 

,was  used .  This  f i nd ing  is c o n s i s t e n t  w i t h  t he  
o b s e r v a t i o n s  o f  o t h e r  w o r k e r s  (2 ,14) .  Of  all t he  
l ipases  inves t iga ted ,  th ree  e x h i b i t e d  m o r e  t h a n  
o n e  p H  o p t i m u m .  T h e  l ipo ly t i c  ac t iv i ty  s h o w n  
b y  the  p r e p a r a t i o n s  i so la ted  f r o m  the  inver te-  
b r a t e s  was  c o n s i d e r a b l y  less t h a n  the  act iv i ty  

TABLE III 

Relative Percentages of Fatty Acids Hydrolyzed From Cocoa Butter by Animal Lipases 

Fatty acids 
Time, 

Lipase source min pH C 16 C 18 : 1 C18 

. . . . . . . . .  29.8 a 35.6 a 
Man 3 8.0 45 7 
Monkey 2 8.0 47 5 
Hog 2 7.0 48 7 
Opossum 2 8.0 52 3 
Chicken 2 7.0 51 9 
Turtle 2 8.0 57 3 
Shark 5 9.0 NR b --- 
Ciona 5 5.0 30 35 
Crayfish 5 4.0 52 17 
Peanut worm 5 6.0 32 31 
Earthworm 5 7.0 33 39 
Tube worm 5 9.0 34 32 
Sea hare 5 7.0 NR --- 
Sea urchin 5 8.0 34 32 
Sea star 5 8.0 NR --- 
Sea cucumber 5 7.0 NR --- 
Sea anemone 5 10.0 NR --- 
Sponge 5 9.0 NR --- 
Protozoan 5 9.0 NR --- 

34.6 a 
48 
48 
45 
45 
40 
40 

35 
31 
37 
27 
34 

34 

aRelative percentages of fatty acids present in cocoa butter. 
bNR, no reaction. 
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TABLE IV 

Relative Percentages of Fatty Acids Hydrolyzed From Lard by Animal Lipases 

561 

Fatty acids 
Time, 

Lipase source min pH C14 CI6 C16:1 C18 CI8 : I  Ct8:2 

. . . . . . . . .  1.6 a 28.S a 2.7 a 13.4 a 43.8 a 
Man 3 8.0 Trace 8 2 14 61 
Monkey b 2 8.0 Trace 6 4 10 67 
Hog 2 7.0 Trace 8 5 9 60 
Opossum 2 8.0 Trace 6 2 10 66 
Chicken 2 7.0 Trace 8 2 l I 60 
Turtle 2 8.0 0 2 Trace 4 80 
Shark 5 9.0 NR c . . . . . . . . . . . .  
Ciona 5 10.0 Trace 37 Trace 7 56 
Crayfish 5 4.0 Trace 19 1 13 59 
Peanut worm 5 6.0 Trace 20 1 l0 65 
Earthworm 5 7.0 8 34 Trace 18 40 
Tubeworm 5 9.0 NR . . . . . . . . . . . .  
Sea hare 5 7.0 NR . . . . . . . . . . . .  
Sea urchin 5 8.0 Trace 26 2 14 53 
Sea star 5 8.0 NR . . . . . . . . . . . .  
Sea cucumber 5 7.0 NR . . . . . . . . . . . .  
Sea anemone 5 10.0 NR . . . . . . . . . . . .  
Sponge 5 9.0 NR . . . . . . . . . . . .  
Protozoan 5 9.0 NR . . . . . . . . . . . .  

10.0 a 
15 
11 
18 
15 
20 
14 

Trace 
9 
3 

Trace 

5 

aRelative percentages of fatty acids in lard. 

bGave an unidentifiable peak between C18:1 and C18:2; relative per cent, 2%. 
CNR, no reaction. 

s h o w n  b y  the  p a n c r e a t i c  l ipases.  F o u r  p r e p a r a -  
t i o n s  ( sha rk ,  sea s tar ,  sea c u c u m b e r  and  
a n e m o n e )  did n o t  h y d r o l y z e  co rn  oil. These  
f o u r  were  as sayed  w i t h  lard and  1 - m o n o o l e i n  
s u b s t r a t e s .  N o n e  o f  t h e m  s h o w e d  a n y  ac t iv i ty  
w i t h  lard ,  and  o n l y  the  sha rk  p a n c r e a t i c  e x t r a c t  
s h o w e d  a n y  ac t iv i ty  w i t h  1 - m o n o o l e i n .  

P r o b a b l y  these  p r e p a r a t i o n s  c o n t a i n  e s t e r a se s  
act ive agains t  so lub le  or  par t ia l ly  so l ub l e  sub-  
s t r a t e s  such  as t r i b u t y r i n  b u t  inact ive  aga ins t  
emu l s i f i ed  s u b s t r a t e s  s u c h  as co rn  oil. Pre- 
s u m a b l y  these  species  do  have  l ipases,  b u t  t he i r  
l ipase m a y  be  inac t iva t ed  b y  the  p r e p a r a t i o n  

m e t h o d  or  inact ive  aga ins t  g u m  acacia emul -  
s ions .  O f  all t he  p a n c r e a t i c  p r e p a r a t i o n s  on ly  
sha rk  c o n t a i n e d  no  l ipase.  P e r ha ps  sha rks  
p r o d u c e  digest ive l ipase in s o m e  o t h e r  o rgan .  
T h e  sea squ i r t  y i e lded  an  u n u s u a l  l ipase active 
agains t  c o r n  oil b u t  inac t ive  aga ins t  t r i b u t y r i n .  

T h e  e l e c t r o p h o r e t i c  r e su l t s  are s h o w n  in 
Tab le  II .  I n  all i n s t ances ,  b a n d s  w h o s e  p o s i t i o n s  
c o r r e s p o n d e d  w i t h  t h e  areas  o f  c lear ing 
p r o d u c e d  b y  the  u n s t a i n e d  c o l u m n s  o n  tri-  
b u t y r i n  agar  cou ld  be  l oc a t ed  in t he  s t a ined  gel 
c o l u m n s .  A few p r e p a r a t i o n s  p o s s e s s e d  t w o  
active f r a c t i o n s  on  t r i b u t y r i n  agar.  I n  t he se  

TABLE V 

Relative Percentages of Fatty Acids Hydrolyzed From Corn Oil by Animal Lipases 

Time, 
Lipase source rain pH C 16 C 18 

Fatty acids 

C18:1 C18:2 

. . . . . . . . .  1 1 . 6  a 1 . 6  a 
Man 3 8.0 19 Trace 
Man 3 10.0 19 1 
Hog 2 5.0 18 2 
Chicken 2 5.0 16 1 
Ciona 5 5.0 33 Trace 
Crayfish 5 5.0 22 2 
Peanut worm 5 6.0 19 l 
Earthworm 5 7.0 15 2 
Sea urchin 5 8.0 27 1 
Sea anemone 5 10.0 15 5 

27.4 a 59.4 a 
26 55 
24 56 
27 53 
26 57 
14 53 
26 50 
24 56 
29 54 
23 49 
26 53 

aRelative percentages of fatty acids in corn oil. 
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ins tances ,  the  active p ro t e in  f r ac t ion  loca ted  
neare r  the  origin o n  the  gel c o l u m n  possessed 
t he  grea ter  act ivi ty.  

Those  p repa ra t ions  con ta in ing  two act ive 
b a n d s  m a y  con ta in  s ignif icant  a m o u n t s  of  two  
lipases, a l t h o u g h  it is l ikely t ha t  one  of  the  
active b a n d s  may be an esterase active against  
t he  pa r t ly  soluble  t r i bu t y r i n .  This  is especial ly 
p r o b a b l e  for  the  ch icken  and  tur t le  p repara-  
t ions  w h i c h  also show large d i f ferences  in the  
pH o p t i m a  for  t r i b u t y r i n  and  corn  oil. Ea r th -  
w o r m  gut  con ta ins  two act ive bands  and  shows 
two pH o p t i m a  against  corn  oil, so this  p repara-  
t ion  p r o b a b l y  con ta ins  two lipases. One  m ay  
have come  f rom the  gut  con t en t s .  

The  na tu ra l  fats,  cocoa b u t t e r  and  lard, were  
e m p l o y e d  as subs t ra tes  in the  d e t e r m i n a t i o n  o f  
the  pos i t iona l  specif ici ty  of  all the  l ipases in  
this  s tudy .  Cocoa  b u t t e r  has  been  s h o w n  to  
con t a in  a lmos t  exclusively oleic acid on  the  t3 
pos i t i on  and  mos t ly  stearic  and  pa lmi t ic  on  t he  
a pos i t ions  (15) .  Lard is un ique  a m o n g  the  
na tu ra l ly  occur r ing  fats  in t h a t  pa lmi t ic  acid,  a 
s a tu ra t ed  f a t t y  acid,  is f o u n d  a lmos t  exclusively 
on  the  2 pos i t ion  of  the  t r ig lycer ides  in this  fat  
(15) .  In the  specif ici ty  s tudies ,  hog  pancrea t i c  
l ipase was used as a re ference  because  this  par t i -  
cu lar  l ipase has been  well  charac te r i zed  in 
regard  to  i ts pos i t iona l  specif ic i ty  (16) .  The  
relat ive pe rcen tages  o f  f a t t y  acids h y d r o l y z e d  
f r o m  cocoa  b u t t e r  and  lard by  the  lipase prepa-  
r a t ions  are shown  in Tables  III and IV, respect -  
ively. As long  as the  t ime  was k e p t  shor t ,  t he  
pe rcen t age  of  f a t t y  acids released did no t  
change s ignif icant ly  wi th  hydro lys i s  t ime,  indi-  
ca t ing  t h a t  the  sys tem was measur ing  the  speci- 
f ici ty o n  the  original  subs t ra te .  The  t imes  
r e p o r t e d  were selected to  give as shor t  a 
r eac t ion  t ime  as possible cons i s t en t  wi th  suffi-  
c ient  hydro lys i s  for  accura te  measu remen t s .  
The  percen tages  of  all t he  f a t t y  acids re leased 
by  t he  pancrea t i c  lipases were all s imilar ,  
showing  a s t rong d i sc r imina t ion  against  t he  
oleyl  g roup  on  the  2 pos i t ion  of  cocoa b u t t e r  
and  the  pa lmi ty l  group on  the  2 pos i t ion  of  
lard.  This  indica tes  t ha t  t hey  have a h igh speci- 
f ic i ty  for  the  I and  3 pos i t ions  of  t r ig lycer ides  
similar to  t ha t  a l ready es tab l i shed  for  hog  pan-  
creat ic  lipase. The  i nve r t eb ra t e  lipases s h o w e d  
no evidence  of  such a pos i t iona l  specif ici ty.  

In some ins tances  there  appea red  to be  acyl  
g roup  p re fe rences  as well as pos i t iona l  specifi- 
cities. In cocoa  b u t t e r  some lipases released sig- 
n i f i can t ly  more  palmit ic  acid t h a n  s tear ic  acid 
a l t h o u g h  t hey  are b o t h  on  t he  1 and  3 posi- 
t ions .  In  lard ,  the  i nve r t eb r a t e  l ipases appea red  
to  d i sc r imina te  against  l inoleyl  groups  for  these  
lipases released less l inoleic acid t h a n  o t h e r  
acids t h a t  are c o n c e n t r a t e d  o n  the  same (1 and  

3) pos i t ions .  These  l ipases were  also t e s t ed  
against  corn  oil in wh ich  the  l inoleyl  group is 
c o n c e n t r a t e d  o n  the  2 pos i t ion .  The  resul ts  in 
Table  V show t h a t  the re  was again a slight dis- 
c r imina t ion  against  l inoleyl  groups.  

These  resul ts  suggest t h a t  the  digestive 
lipases of  the  lower  an imals  have l i t t le  
pos i t iona l  specif ic i ty ,  a l t h o u g h  t hey  may  
possess weak acyl  g roup  specif ic i ty .  With the  
d e v e l o p m e n t  of  ve r tebra tes ,  the  pancreas  
appeared  as a special ized tissue. A p p a r e n t l y  t he  
s t rong 1,3-specif ici ty of  the  digestive lipases 
began  wi th  t he i r  p r o d u c t i o n  in the  pancreas .  
The  lack of  ac t iv i ty  of  shark pancreas  may  indi-  
cate t h a t  the  pancreas  of  some of  the  lower  
ve r t eb ra tes  do no t  have the  f u n c t i o n  of  lipase 
p roduc t ion .  
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Reactions of Fatty Aldehydes With Fatty 
Alcohols: Formation of Acetals, Hemiacetals 
and AIk-l-enyl Alkyl Ethers 1 
V. MAHADEVAN, Radioisotope Service, 
Minneapolis Veterans Hospital, Minneapolis, Minnesota 55417 

ABSTRACT 

A convenient method for the synthesis 
of acetals of fatty aldehydes and fatty 
alcohols by transacetalation between 
fatty aldehyde dimethyl acetals and fatty 
alcohols is described. The acetals undergo 
decomposition to the alk-l-enyl alkyl 
ethers during GLC. Equimolar mixtures 
of fatty aldehydes and fatty alcohols 
show hemiacetal structure as evidenced 
by IR spectra in KBr discs but are dis- 
sociated completely into their compo- 
nents in solution and during TLC. They 
do not undergo dehydration and con- 
version to alk-l-enyl alkyl ethers during 
GLC under conditions of dealcohol- 
ization of acetals but are dissociated into 
aldehydes and alcohols. 

INTRODUCTION 

Since plasmalogens yield fatty aldehydes on 
mild acid hydrolysis, the biosynthesis of 
plasmalogens has been postulated to be via con- 
densation of fatty aldehydes with the (x- 
hydroxyl group of glycerol in diglycerides and 
lysophosphatides, followed by dehydration of 
the hemiacetal intermediate (1,2). The conden- 
sation of fatty aldehydes with short chain 
alcohols to form the acetals and their catalytic 
decomposition to the corresponding alk-l-enyl 
alkyl ethers has recently been described (3,4). 
This paper describes a convenient method for 
the synthesis of acetals derived from fatty alde- 
hydes and fatty alcohols and their decompo- 
sition to the corresponding alk-l-enyl alkyl 
ethers. Further, hemiacetal formation between 
fatty aldehydes and fatty alcohols is examined 
by gas liquid chromatography (GLC), thin layer 
chromatography (TLC) and infrared (IR) 
spectroscopy to determine the possibility of 
their dehydration to the alk-l-enyl alkyl ethers. 

EXPERIMENTAL PROCEDURES AND RESULTS 

Materials 

The fatty aldehydes were synthesized by 
oxidation of their mesylates by dimethylsulf- 

1presented at the AOCS Meeting, San Francisco, 
April 1969. 

oxide (5) and their purity was established by 
GLC (6). The fatty aldehyde dimethyl acetals 
(DMA) were prepared by a modification of 
Gray's method (7). The aldehydes were 
refluxed with 5% methanolic HC1, cooled 
(5-10 C) and neutralized with methanolic KOH 
and then evaporated to dryness. Extraction of 
the residue with ethyl ether and evaporation of 
the solvent yielded pure DMA. 

Acetals of Fatty Aldehydes and Fatty Alcohols 

The synthesis of acetals derived from 
alcohols other than methanol is usually effected 
by refluxing the mixture of the aldehyde and 
alcohol in benzene solution in the presence of 
an acid catalyst, p-toluene sulfonic acid (9,10). 
The direct condensation of fatty aldehydes and 
fatty alcohols by this method is not only time- 
consuming but gives rise to highly colored 
by-products from which it is difficult to obtain 
the acetal in pure form. The purification of 
these acetals by silicic acid column chromato- 
graphy is difficult because of decomposition 
occurring in these columns. These acetals can, 
however, be synthesized in pure form by a 
modification of the transacetalation procedure 
described by Piantadosi et al. (11). The synthe- 
sis of 1,1-ditetradecoxytetradecane serves to 
illustrate the procedure applicable for the 
synthesis of other acetals. 

In a 100 ml, round bot tom ground-neck 
flask are placed 2.6 g (0.01 mole) of tetra- 
decanal DMA, 4.28 g (0.02 mole)of  l-tetra- 
decanol and 40-50 mg of p-toluenesulfonic acid 
or sulfosalicylic acid. The flask was heated 
under vacuum (20-30 mm) at 60-65 C for 30 
min with occasional gentle shaking to mix the 
contents, and cooled to room temperature. The 
contents of the flask were dissolved in ethyl 
ether and washed once with 5% sodium 
carbonate solution and dried over a mixture of 
anhydrous sodium carbonate and sodium 
sulfate. The product obtained after filtration 
and evaporation of the ether solution was 
recrystallized from acetone to yield 3.2 g of the 
desired acetal, mp 33-33.5 C. TLC of the acetal 
(Silica Gel G-toluene) showed a single spot free 
from the starting materials. 

Analysis. Calculated for C42H8602: C, 
80.95 ; H, 13.80. Found: C, 80.81 ; H, 13.67. 
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FIG. 1. IR spectra of hemiacetal of tetradecanal 
and 1-tetradecanol in KBr disc (A), in methylene 
chloride solution (10%) (B), and of 1-tetradecanol in 
methylene chloride (C). 

1,1-Dioctadecoxyoctadecane was similarly pre- 
pared from octadecanal DMA (2.56 g) and 
1-octadecanol (4.32 g). The product was re- 
crystallized from a mixture of ethyl ether and 
methanol; yield 4.05 g, mp 47-48 C. 

Analysis.  Calculated for C54Hl loO2:  C, 
80.14; H, 13.59. Found: C, 80.02; H, 13.44. 

In the spectra of acetals of long chain alde- 
hydes and alcohols, the absorption band at 
1180-1185 cm-1 present in fatty aldehyde 
DMA (8 ,10)and  other acetals described by 
Bergmann and Pinchas (12) was absent. In the 
long chain acetals, the band at 1114-1117 cm -1 
was less intense than in the DMA and a broad 
band at 1060-1070 cm-1 was present instead of 
the sharp bands 1065 cm-1 and 1048 cm-1 
shown by DMA. 

Hemiacetals of Fatty Aldehydes and 
Fatty Alcohols 

The hemiacetals of the above fatty alde- 
hydes and fatty alcohols were prepared by 
melting a mixture of equimolar amounts of the 
aldehyde and the corresponding alcohol and 
allowing the melt to solidify at room tempera- 
ture as described by Erickson and Campbell 
(13). 

Figure 1 shows the IR spectra of the hemi- 
acetal prepared from tetradecanal and tetra- 

decanol both in KBr disc and in methylene 
chloride solution (10%) as well as that of 
1-tetradecanol. In the IR spectra (KBr disc) the 
carbonyl bands 2700 cm -1 and 1730 cm -1 dis- 
appeared and a prominent C-O-C absorption at 
1100 cm-1 appeared in the hemiacetal. A wide 
OH band at 3400 cm-l ,  different from the 
sharp OH absorption at 3620 cm-1 of the 
alcohol was present. The OH absorption at 
1040 cm-1 of the alcohol was absent in the 
spectra of the hemiacetals. On the other hand, 
in methylene chloride solution, the absorption 
bands of the hemiacetals (KBr disc) disappeared 
and, instead, bands characteristic of aldehyde 
(2700 cm-I and !730 cm -1) and alcohol (3620 
cm-1 and 1040 cm -1) appeared indicative of 
complete dissociation into the aldehyde and 
alcohol. Complete dissociation of the hemi- 
acetals was also observed in solutions of higher 
concentration (>  50%) as well as in solutions of 
nonpolar solvents such as cyclohexane. 

When the hemiacetals were subjected to TLC 
under the same conditions as the acetals, two 
spots of equal intensities corresponding to the 
componen t s  aldehyde and alcohol were 
observed, again showing complete dissociation. 

AIk-l-enyl Alkyl Ethers 

Since the fatty aldehyde dimethyl acetals 
have been shown to decompose to the cor- 
responding alk-l-enyl methyl ethers in alumi- 
num columns during GLC (3,14), the decompo- 
sition of the long chain acetals to the cor- 
responding alk-l-enyl alkyl ethers by the same 
procedure was attempted. GLC was performed 
at 170 C with aluminum columns packed with 
Gas-chrom P coated with 15% ethylene glycol 
succinate (EGS). The solid acetals were injected 
either in ether solution or liquid melts and the 
alk-l-enyl alkyl ether peak was collected by 
preparative GLC as described previously (3). 
TLC of the product (Silica Gel G-toluene) 
showed one spot having an Rf similar to that of 
the injected acetal but whose IR spectrum was 
different from that of the acetal. The character- 
istic vinyl ether doublet around 1660 cm-] 
indicated to be a mixture of cis and trans iso- 
mers (15,16) of the alk-l-enyl alkyl ether. This 
absorption band was not as strong as that 
present in the alk-l-enyl methyl ethers (3,4), 
perhaps due to the fact that -O-CH=CH-group is 
situated in the center of the molecule. 
Absorption bands characteristic of trans double 
bond (937 cm-1) and -O-CH=group (1270 
cm -1) were also present in the spectra of the 
alk-l-enyl alkyl ethers. These compounds 
yielded the corresponding aldehydes and alco- 
hols on hydrolysis with 1 : 1 aqueous HC1. 

The hemiacetals were injected into the GLC 
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co lumns  as l iquid melts ,  s ince t hey  were dis- 
socia ted in so lu t ion .  Each  of  t h e m  gave two 
peaks,  one  co r re spond ing  to  the  a ldehyde  and  
the  o t h e r  to  the  a lcohol .  The  p r o d u c t s  col lec ted  
b y  prepara t ive  GLC were ana lyzed  by  TLC and  
IR. TLC showed  the  p r o d u c t s  to  be a ldehyde  
and  alcohol .  IR spectra  did no t  show any  
-O-CH=CH a b s o r p t i o n  at 1660 cm-1. I t  is con-  
c luded t h a t  u n d e r  the  GLC cond i t i ons  used for  
t h e  a c e t a l s ,  the  hemiace ta l s  were also 
comple t e ly  dissociated in to  the  a ldehydes  and  
alcohols  w i t h o u t  any  occur rence  of  de- 
h y d r a t i o n .  

DISCUSSION 

The acetals  of f a t ty  a ldehydes  and  f a t t y  
a lcohols  are bes t  p repa red  by  t r ansace t a l a t i on  
involving the  d i m e t h y l  acetals  of  f a t t y  alde- 
hydes  and  f a t t y  a lcohols  in  the  presence  of  an  
acid cata lys t ,  r a the r  t h a n  the  direct  con-  
densa t ion  of  the  a ldehydes  and  alcohols .  As the  
d i m e t h y l  acetals,  these  acetals  undergo  decom-  
pos i t ion  to  the  co r r e spond ing  a lk - l - eny l  alkyl  
e thers  dur ing  gas c h r o m a t o g r a p h y .  

Hemiace ta l  f o r m a t i o n  b e t w e e n  f a t t y  alde- 
hydes  and  fa t ty  a lcohols  has no t  been  pre- 
viously s tud ied  in detail .  Hemiace ta l s  f rom the  
fo l lowing pairs were r epo r t ed  to be f o r m e d :  
1-heptanol ,  hep t ana l ;  1-octanol ,  octanal ' ;  1- 
nonana l ,  n o n a n o i ;  1-decanol ,  decanal ;  1- 
u n d e c a n o l ,  undecana l ;  and  1-decanol,  oc t ana l  
( I  7). Zaar  (18)  p repared  the  add i t i on  p r o d u c t s  
of  1-dodecanol  and dodecana l  and  1-dodecanal  
and dodecana l .  Er ickson  and  Campbe l l  (13)  
r epo r t ed  f o r m a t i o n  of  a hemiace t a l  b e t w e e n  
1-dodecanal  and  dodecana l .  

In  the  p resen t  s tudy ,  hemiace t a l  f o r m a t i o n  
b e t w e e n  f a t t y  a ldehydes  and  f a t t y  a lcohols  has  
been  e x a m i n e d  by  IR spec t roscopy ,  TLC and  
GLC. O n  mel t ing  and  cool ing equ imo la r  mix-  
tures  of  f a t t y  a ldehydes  and  f a t t y  a lcohols ,  
hemiace ta l  s t ruc tures  are ev iden t  by  IR spect ra  
in KBr  discs, bu t  so lu t ion  spec t ra  even in non -  
polar  solvents  show no  hemiace t a l  s t ruc ture .  
The  hemiace ta l s  also showed  evidence of  com- 
ple te  d i ssoc ia t ion  to  the  c o m p o n e n t  a ldehydes  
and  a lcohols  in TLC and  GLC u n d e r  cond i t ions  
in  wh ich  acetals  were s table .  Unl ike  d e c o m p o -  
s i t ion of  the  acetal  to  the  a lk - l - eny l  alkyl  e the r  
dur ing  GLC,  the  hemiace t a l  did no t  unde r go  
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any d e h y d r a t i o n  to  yie ld  the  same a lkenyl  
e ther .  A t t e m p t s  to  d e h y d r a t e  t h e m  by o t h e r  
m e t h o d s  are in progress.  

The  d e h y d r a t i o n  of hemiace ta l s  as a possible  
b i o s y n t h e t i c  p a t h w a y  of  p lasmalogen  synthes i s  
has been  pos tu l a t ed  (1,2) .  In view of  t he  
ins tab i l i ty  of  the  hemiace ta l s  in  so lu t ion ,  and  
the  f o r m a t i o n  of  a lk - l - eny l  alkyl  e thers  f r o m  
acetals,  it is t e m p t i n g  to  pos tu l a t e  t h a t  acetals  
m ay  serve as b e t t e r  p recursors  in p lasmalogen  
b iosyn thes i s  by  some dea l coho l i za t i on  mecha-  
n ism t h a n  hemiace ta ls .  
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Accumulation of Acidic Phospholipids in a Case of 
Hyperlipidemia With Hepatosplenomegaly 
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ABSTRACT 

The results of studies made on an 
adult patient with hepatosplenomegaly, 
hyperlipidemia and accumulation of 
acidic phospholipids in the liver are 
presented. Storage of a lipoid substance 
was demonstrated histologically in lymph 
nodes, the liver and the bone marrow. 
Lipid analysis of the biopsy specimen 
from the liver revealed marked elevations 
of free cholesterol and two classes of 
ac id i c  phospho l ip id s :  phosphatidyl 
inositol and another one which was 
tentatively identified as lysobisphospha- 
tidic acid. Electron microscopic exami- 
nation showed cytoplasmic inclusions 
with concentrically laminated structure. 

INTRODUCTION 

Marked abnormalities in the phospholipid 
composition of the human liver have rarely 

been found in common hepatic diseases. During 
our study on the lipid composition of biopsy 
specimens of the liver (Adachi et al., manu- 
script in preparation), a patient with the 
unusual feature of altered hepatic phospholipid 
composition characterized by an elevation of 
acidic phospholipids was encountered. Further 
investigation showed lipid storage in other 
tissues, in the bone marrow and in lymph nodes 
which were not enlarged. 

In this report, data are presented on the lipid 
analysis of the liver biopsy specimen together 
with some histological and electron microscopic 
findings. The possible relation of this new type 
of phospholipidosis to adult Niemann-Pick 
disease (1-3) and foam cell syndrome (4-8) are 
discussed. 

CASE REPORT 

A 52-year-old Japanese male who had been 
suffering from fatigability, pain in the epi- 

a b 
FIG. 1. Microscopic section of the liver (formalin-fixed). (a) Hematoxylin-eosin staining. (b) Sudan 

III staining. (See text.) 
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FIG. 2. Electron micrograph of a liver parenchymal cell. (a) An inclusion composed of multiple 
small particles containing some internal membranes. (b) Large membraneous lipid bodies with lami- 
nated structure (a, X22,000; b, X33,000; reduced approximately 23%). 

a b 

FIG. 3. Lipid storage in RES cells. (a) Microscopic section of a lymphnode (formalin-fixed, H-E 
staining). (b) May-Giemsa staining of the bone marrow obtained by usual aspiration biopsy. 
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FIG. 4. Thin layer chromatography of liver lipids. (a) Liver lipids of the present case (400 pg 
spotted). (b) Normal liver lipids (300 ktg spotted). TLC developed in the first dimension (vertical) with 
chloroform-methanol-28% aqueous ammonia-water (120:80:10:5) and in the second dimension (hori- 
zontal) with chloroform-acetone-methanol-acetic acid-water (100:40:30:20:12). Spots visualized by 
charring. 

gastrium, shortness of breath and palpitation 
for the preceeding 14 months was admitted to 
Osaka University Hospital on February 7, 1969 
for the purpose of laparoscopic examination. 
His prior illnesses included appendicitis at the 
age of 12 and pleurisy at the age of 25. He had 
no history of diabetes mellitus. He did not 
ingest alcoholic drinks nor any other known 
hepato-toxic agents. For several months prior to 
the admission to this hospital, the patient had 
been consuming a low fat diet. His intelligence 
was normal. There was a history of well- 
defined, round corneal opacities in both eyes 
since childhood. The patient stated that his 
mother had had the same kind of corneal 
opacities. Three siblings are normal. 

The liver was palpable three finger breadths 
below the costal margin, and the spleen two 
finger breadths. Lymph nodes and tonsils were 
not enlarged. Laboratory tests showed a 
moderate retention of sulfobromophthalein 
(17%), an elevation of serum alkaline phos- 
phatase activity (I 8 King-Armstrong units) and 
a slight increase of serum glutamic-oxaloacetic 
transaminase activity (82 Karmen units). 
Erythrocyte sedimentation rate was markedly 
increased (120 mm/60 min). Hematologic 
f i n d i n g s  w e r e :  red blood cell count, 
4,230,000/mm3; hemoglobin, 13.8 g/100 ml 
and white blood cell count, 8,100/mm3 with 
neutrophilic leucocytes 61%, eosinophiles 4%, 
basophiles 2%, monocytes 6% and lymphocytes 
27%. Lipid analysis of fasting serum showed a 
total serum cholesterol of 408 mg/100 ml, total 
phospholipids 355 and triglycerides 259. The 

globulin was moderately increased, with a total 
serum protein of 8.6 g/100 ml. Albumin was 
45.7%, oq-globulin 8.4, ~2 15.7, t3 9.6 and 3' 
20.6 on serum electrophoresis. An electro- 
cardiogram was borderline normal. X-ray 
examination of the chest demonstrated a small 
aged tuberculous lesion in the right apical lung 
field and a few calcified shadows in the left 
hilus and in the left middle lung field. 

Every time the patient was subjected to even 
a small surgical operation, he had a fever and 
leucocytosis, usually sustained for more than a 
week, and unresponsive to antibiotics. 

HISTOLOGICAL OBSERVATIONS 

Biopsy specimens of the liver were obtained 
with a Vim-Silverman type needle in the laparo- 
scopic visual field (9). One of the specimens 
was used for histological examination and the 
other, weighing 65 mg, for lipid analysis. Six 
months later, the liver biopsy was performed 
again and the sample was also examined by 
electron microscopy. 

Microscopic section of the liver showed 
enlarged hepatocytes with irregular vacuoliza- 
tion (Fig. la) which were grouped mainly in the 
central zone of the lobules and interlaced with 
thin collagen fibers. Numerous small sudano- 
philic particles were noted in the enlarged 
hepatocytes around the vacuolated areas (Fig. 
l b). On electron micrograph, the cytoplasm of 
hepatocytes were filled with multiple small 
i n c l u s i o n s  with concentrically laminated 
membraneous structure (Fig. 2). Although 
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TABLE I 

Lipid Composition of the Liver 

569 

52-year-old male 3 I-year-old 25-year-old 27-year-old 
(This case) male male male 

Biopsy specimen 
Chronic 

Disease Feb. 7, 69 July 14, 69 hepatitis Normal Normal 

Trigtyceride 0.83 a 2.13 2. I 7 0.43 0.53 
Cholesterol (ester) 0.22 0.35 0.20 0.18 0.37 
Cholesterol (free) 0.68 0.84 0.12 O. 17 0.19 
Phospholipid 3.50 5.32 2.17 2.71 3.11 

Phospholipid composition 

Phosphatidyl choline 46.9 b 38.3 48.2 48.0 48.8 
Phosphatidyl 

et hanolamine 17.8 17.2 26.6 30. I 29.1 
Diphosphatidyl 

glycerol 2.4 2.4 4.7 4.3 5.7 
Sphingomyelin 4.2 5.7 7.5 6.4 5.8 
Phosphatidyl 

inositol 12.6 9.7 5.7 5.8 5.6 
Phosphatidyl serine 3.3 2.4 5.0 3.8 3.8 
Lyso-bis-phosphat idic 

acid 9.2 21.0 0.5 O.1 0.7 

aper cent of the wet weight of the liver. 
bper cent of the total phospholipid. 

there  was no marked  pro l i fe ra t ion  of  ret iculo-  
endothe l ia l  (RES)  cells in the liver, lipid bodies  
filled also the cy top l a sm of  these  RES cells. 

A sect ion of  scalene l y m p h  nodes  showed  a 
storage of sudanoph i l i c  lipid subs tance  in the 
per ipheral  zone of  the node  (Fig. 3a). RES cells 
in the bone  mar row c o n t a i n e d  n u m e r o u s  small  
granules  deeply s ta ined blue-black wi th  May- 
Giemsa  s ta ining (Fig. 3b).  Some of  the  RES 
cells were enlarged and vacuola ted .  

Vacuola ted  l y m p h o c y t e s  were also present  
in the  per ipheral  b lood ,  making  up a b o u t  10% 
of  the  med ium and  small  sized l ym phocy t e s .  

EXPERIMENTAL PROCEDURES 

Lipids were d e t e r m i n e d  by quan t i t a t ive  th in  
layer  c h r o m a t o g r a p h i c  (TLC)  and co lo r imet r i c  
procedures ,  essent ial ly  as descr ibed by Rouser  
et al. (10-12) .  Tr iglycer ide ,  choles terol ,  choles- 
terol  ester  and phospho l i p i d  were separa ted  on  
TLC with  pe t ro l eum e the r -d ie thy l  e ther  85 :15 .  
Triglyceride and choles te ro l  ester  were deter -  
mined by ester  l inkage d e t e r m i n a t i o n  a f te r  
t ranses te r i f ica t ion  wi th  6% (v/v)  H2SO 4- 
m e t h a n o l  (13) .  Phosphol ip id  analysis  was 
carried out  on a silicic acid plate spread in 0.01 
M magnes ium ace ta t e  (20  g Silica Gel H Merck 
suspended in 60  ml of  0.01 M magnes ium 
ace ta te  for 5 plates) .  For  p h o s p h o r u s  analysis ,  
spots  were visualized by charr ing  at 180 C for 
30 min af te r  spray ing  wi th  20% aqueous  

so lu t ion  of  a m m o n i u m  sulfate,  c o n t a i n i n g  4% 
1 |2SO 4 (14) .  

Fa t t y  acids were ana lyzed  as the i r  m e t h y l  
esters by  gas l iquid c h r o m a t o g r a p h y  (GLC).  
Spots  of  phospho l ip ids  on  TLC were visualized 
by  spray ing  wi th  0 .01% r h o d a m i n e  6G in 
e thano l ,  and samples  m e t h a n o l y z e d  wi th  14%, 
B F 3 - m e t h a n o l  at 1 0 0 C  for  30 rain.  GLC 
analysis  was carried out  using Sh imadzu  GC-4A 
appara tus ,  equ ipped  wi th  a f lame ion iza t ion  
de tec to r .  A 3 mm i.d. x 6 ft co lumn ,  packed 
wi th  10% ECNSS-S on 100-120 mesh G a s c h r o m  
P and  a n o t h e r  co lumn ,  packed wi th  3% SE-30 
on  80-100  mesh G a s c h r o m  Q, were used. Argon 
was used as a carrier  gas and the  i n s t r u m e n t  
ope ra t ed  at 185-190 C. 

RESULTS AND DISCUSSION 

Resul ts  of  the  lipid analysis  are s h o w n  in 
Table  I. Free choles tero l ,  t r ig lycer idc and  the  
to ta l  phospho l ip id  were increased.  P h o s p h o r u s  
analysis  disclosed an increase of  p h o s p h a t i d y l  
inosi tol  and a relat ive decrease  of  p h o s p h a t i d y l  
e t h a n o l a m i n e .  An acidic phospho l ip id  (X) 
which  usually compr ises  less t han  1% of  the  
to ta l  phospho l ip id  in normal  liver showed  a 
marked  increase (Fig. 4). F a t t y  acid to phos-  
phorus  rat io  was a b o u t  2:1 and the  ma jo r  f a t ty  
acids were oleic and  docosa -hexaeno ic  (22 :6 ,  
~ - 3 )  acids (Table  I1). 

The  acidic phospho l ip id  t ha t  increased in 
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TABLE II 

Fatty Acid Composition of Liver Phospholipids 

Phosphatidyl Phosphatidyl Lyso-bis- 
Fatty acid a choline, % ethanolamine, % phosphatidic acid, % 

14:0 0.3 0.1 0.1 
15:0 0.1 0.1 0.3 
16:0 31.0 19.9 3.2 
16:1 3.7 2.1 4.0 
18:0 13.9 25.7 3.3 
18:1 16.0 9.3 38.2 
18:2 16.8 10.6 13.1 
18:3 2.0 1.0 2.0 
20:0 0.4 . . . . . .  
20:2 0.9 --- 0.6 
20:3 2.7 1.5 1.1 
20:4 4.0 11.0 1.3 
22:2 1.6 2.3 1.3 
22:5 --- 2.5 2.9 
22:6 6.6 13.9 28.5 

aCarbon chain length: number of double bonds. 

this case is apparent ly  the  one  which  was found  
in Niemann-Pick disease and a case of  
amaurot ic  idiocy,  and is ident i f ied  as lysobis- 
phospha t id ic  acid (15). The present  case is dif- 
ferent  because the  cells involved in the  liver 
were p redominan t ly  hepat ic  pa renchymal  cells. 
The lack of  increase of  sph ingomye l in  in this 
case is similar to some of  the  cases previously 
repor ted  (15). 

Dusendschon  (1), Pfffndler (2) and Terry et 
al. (3) r epor ted  an adult  l ipidosis resembling 
Niemann-Pick disease. Accord ing  to  Terry et al. 
(3), the  increase in sph ingomye l in  was no t  as 
large as is usually seen in cases of  the classical 
Niemann-Pick disease, while o t h e r  lipids also 
showed considerable  increases in their  case. 
Al though  the f indings in the  present  case are 
d i f ferent  f rom those  encoun te r ed  in classical 
Niemann-Pick disease, the  elevat ion of  an acidic 
phosphol ip id  bo th  in this case and in Niemann-  
Pick disease suggests the  possibi l i ty  that  there  is 
a c o m m o n  metabol ic  defec t .  A n o t h e r  similarity 
is shown by the  presence  of  hyper l ip idemia .  
Crocker  and Farber  (16) summar ized  18 cases 
of  Niemann-Pick disease and r epo r t ed  tha t  
some of  the  pat ients  showed t ransient  hyper-  
l ipidemia during the  course of  their  illness, 
while cases of  Gaucher ' s  disease and Tay-Sachs 
disease did not  show such a t endency .  

A storage disorder  of  u n k n o w n  et iology 
involving RES ceils in the  bone  marrow,  
toge ther  wi th  the  presence  of  foam cells, had 
been repor ted  by several au thors  (4-8). In these 
cases, the  lipid granules in the  cy top lasm of  
h is t iocytes  were light or s ta ined deeply  blue 
wi th  Wright or Giemsa. The spleen was also 
involved in most  o f  the  cases, while morpho -  

logical changes in the liver were no t  described.  
The bone  mar row findings in the r . e s e n t  case 
are similar to those  repor ted  in these cases of  
foam cell syndrome .  

The final diagnosis for  the  present  case is 
impossible  at this stage. However ,  this case 
seems to fit in to  the spec t rum of  diseases tha t  
includes the  foam cell syndrome  and Niemann-  
Pick disease. Accura te  analysis of  the lipid com- 
pos i t ion  of  the  liver and o the r  tissues in 
addi t ional  cases may  shed light on the  pa tho-  
genesis o f  this spec t rum of  diseases. 
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Specificity of Lipase From Several Seeds 
and Leptospira p o m o n a  1 

ABSTRACT 

The  specif ici t ies  of  l ipase p r e p a r a t i o n  
f rom oats,  Leptospira pomona DM2H , 
corn ,  soybeans ,  saf f lower  seed and  p in ion  
n u t s  were e x a m i n e d  by  using cocoa  
b u t t e r ,  lard and  corn  oil as subs t ra tes .  Oat  
l ipase exh ib i t ed  an acyl  g roup  speci f ic i ty ,  
favor ing  the  hydro lys i s  of  l inoleyl  g roups  
a n d  d i s c r i m i n a t i n g  against  s tearoyl  
groups .  The  L. pomona l ipase exh ib i t ed  a 
t e n d e n c y  to h y d r o l y z e  acyl g roups  o n  the  
1 and  3 pos i t ions  of  glycerol  p re fe ren-  
t ial ly.  The  hydro lys i s  by  the  o t h e r  seed 
l ipases was nonspeci f ic .  

A search for  lipase of  unusua l  specif ici t ies  
t h a t  m igh t  be useful  in  t r ig lycer ide  s t ruc tu re  
analysis  led to  the  inves t iga t ion  of  l ipases f rom 
oats,  corn,  soybeans ,  p in ion  nu t  and  saff lower  
seed and  f rom the  mic roorgan i sm,  Leptospira 
pomona DM2H. Oat  l ipase had  b e e n  r e p o r t e d  
to  have a specif ici ty  for  the  2 pos i t i on  of  trigly- 
cerides (1,2) .  

Oat  lipase was p repared  by  soaking oats  in 
bu f f e r  or  water  (1). F i l t ra tes  of  the  cu l ture  
m e d i u m  were used for  the  L. pomona DM2H 
(3).  The  o the r  seed lipases were p repa red  by  

1 I Journal Paper No. J-6316 of the Iowa Agriculture 
and Home Economics Experiment Station, Ames, 
Iowa, Project 1517. 

b l end ing  the  seed wi th  a small  a m o u n t  of  wa te r  
and p repar ing  an ace tone  p o w d e r  (4). Cocoa  
b u t t e r  and  lard were r a n d o m i z e d  by  hea t ing  to 
60 C w i t h  0 .05% sod ium m e t h o x i d e  for  3 hr. 
The  r a n d o m i z e d  fats  were washed free of 
cata lys t .  Gel e lec t rophores i s  and  de t e rmina t i ons  
of  pH op t ima  and e n z y m e  specificit ies were 
carried ou t  as descr ibed previously (5). The  
specif ici t ies  of  the  l ipases were d e t e r m i n e d  by  
measur ing  the  release of  f a t ty  acids f rom 
na tu ra l  and  modi f i ed  fats. The  reac t ion  t imes  
were k e p t  shor t  e n o u g h  so the  percen tages  of 
f a t ty  acid released were i n d e p e n d e n t  of  the  
hydro lys i s  t ime.  The  inc lus ion  of  1% m o n o -  and  
diglycer ide  in the  subs t ra t e  did no t  change the  
pe rcen tage  of  f a t ty  acids released, ind ica t ing  
t ha t  t h e  r eac t ion  was un in f l uenced  by  the  
a c c u m u l a t i o n  of  hydro lys i s  p roduc ts .  Blank 
d e t e r m i n a t i o n s  wi th  h e a t e d  enzyme  gave no  
de tec t ab le  f a t ty  acids. 

The  oa t  l ipase had  a pH o p t i m u m  at 7.4 and  
gave one  active b a n d  on  gel e lec t rophores is .  
C o n t r a r y  to previous  r epo r t s  (1),  oat  l ipase was 
very act ive against  long chain  t r ig lycer ide 
emuls ions  w i t h o u t  the  add i t i on  of  oa tmea l .  The  
resul ts  in Table  I ind ica te  t ha t  oat  l ipase re- 
leases m u c h  less s tearic  acid t han  a r a n d o m  
a t t ack  o n  the  t r ig lycer ides  would  p roduce .  This  
ef fec t  cou ld  n o t  be a t t r i b u t e d  to  the  pos i t iona l  
d i s t r i bu t i on  of  the  s tearoyl  groups,  for  s imilar  
resul t s  were o b t a i n e d  w i th  r a n d o m i z e d  fats. 
There  is a p re fe ren t i a l  release of the  l inoleic  
acid in lard and  r a n d o m i z e d  lard. 

TABLE I 

Percentages of Fatty Acids Released From Cocoa Butter and Lard by a 2 Min 
Reaction at pH 7.4 With Oat Lipase 

Fatty acids 

Substrate C14 C16 C16:1 C18 C18:1 C18:2 

Cocoa butter a --- 29.8 --- 34.6 35.6 --- 
Cocoa butter b --- 42.8 --- 5.2 52.0 --- 
Randomized cocoa butter b --- 30.6 --- 15.7 53.7 --- 

Lard a 1.6 27.3 1.1 15.4 45.7 8.9 
Lard b 1.1 25.6 0.6 3.4 46.6 22.7 
Randomized lard b 7.2 30.1 Trace 2.4 38.6 21.7 

apercentages determined by chemical hydrolysis. 
bpercentages resulting from enzymatic hydrolysis. 
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TABLE II 

Percentage of Fatty Acids Hydrolyzed From Fats by L. pomona Lipase Using a 5 Min Reaction Time 
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Fatty ai'ids 

Substrate pH C14 C16 C16:1 C18 C18:1 C18:2 

Cocoa butter a . . . . . .  29.8 --- 34.6 35.6 --- 
Cocoa butter b 5.0 --- 58 --- 23 19 --- 
Cocoa butter b 11.0 --- 54 --- 27 19 --- 

Corn oil a . . . . . .  11.6 --- 1.6 27.4 59.4 
Corn oil b 5.0 --- 28 --- 4 21 48 

Lard a --- 1.6 27.3 1.1 15.4 45.7 8.9 
Lard b 5.0 1 15 1 18 51 14 
Lard b 11.0 1 16 1 17 53 12 

apercentage determined by chemical hydrolysis. 
bpercentages resulting from enzymatic hydrolysis. 

The results  for  L. p o m o n a  DM2H lipase spe- 
cifici ty are given in Table II. Low amoun t s  of  
oleic acid are released f rom cocoa bu t t e r  and 
low amoun t s  of  palmit ic  acid are released f rom 
lard. These acids are concen t ra t ed  on the  2 
pos i t ions  of  these fats so these results indicate  
that  this enzyme  shows preference  for  the  1 
and 3 pos i t ions  of  triglycerides.  This specif ic i ty  
is no t  nearly as exact  as tha t  of  hog pancrea t ic  
lipase, and the  enzyme  re'sembles those  f rom 
S t a p h y l o c o c c u s  aureus and Aspergi l lus  f lavus  
r epo r t ed  by Alford  et al. (6). The L. p o m o n a  
DM2H lipase exh ib i t ed  only  one active f rac t ion  
on e lec t rophores is .  It gave pH opt ima  at 6.0 
and 10.0 against t r ibu tyr in  and at 4.0 and 11.0 
against corn oil. 

Lipase activity was demons t r a t ed  in the  ace- 
tone  powder s  of  the corn,  saff lower,  soybean  
and p in ion  nut .  The specif ici ty of  these lipases 
was tes ted  against cocoa bu t t e r  at pH 6.5-7.0. 
The de t e rmina t i on  was compl ica ted  by con tam-  
ina t ion  of  the  lipases wi th  the  natural  oils o f  
the species which  were hydro lyzed  along wi th  
the  cocoa bu t te r .  The presence  of  these natural  
oils was shown by the  release of  large amoun t s  

of  l inoleic acid by the  e n z y m e s  and of  l inolenic 
acid as well by the soybean  enzyme.  The 
amoun t s  of  the various fa t ty  acids released were 
cons is tent  wi th  a r a n d o m  at tack of  the lipases 
s imul taneously  on the natural  oils and the  
cocoa but te r .  

D. L. B E R N E R  
E. G. HAMMOND 
Depar tmen t  of  F o o d  Technology 
Iowa State Universi ty 
Ames,  Iowa 50010 
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Phospholipid Complexes With Molybdate 
ABSTRACT 

P h o s p h o r u s - c o n t a i n i n g  organic-com- 
pounds  combine  direct ly wi th  m o l y b d a t e  
to fo rm complexes  analogous to phospho -  
molybda te .  These complexes  are ext rac t -  
able by organic solvents  such as e thy l  ace- 
tate  or butanol .  The abili ty of chloro-  
fo rm-e thano l  mixtures  in ext rac t ing only  
the  phospho l ip id -mo lybda t e  complexes  
bu t  no t  those  of  water-soluble  phospha te s  
may  f ind some useful applicat ions.  

Phosphol ip id  and organic phosphorus  of  any 
type  is usually assayed as inorganic phospha t e  
af ter  ox ida t ion  wi th  perchlor ic  acid. Most 
color imetr ic  me t h o d s  are based on the  fact  tha t  
the  p h o s p h o m o l y b d a t e  complex  is r educed  to  
m o l y b d e n u m  blue more  rapidly than  in a 
solut ion of  m o l y b d a t e  (1). 

To our knowledge ,  p h o s p h o l i p i d -mo l y b d a t e  
complexes  have never been  descr ibed in the  
l i terature,  and the  fo rma t ion  of  blue spots  on 
paper  or thin layer ch romatograms  of  organic 
phospho-der ivat ives  sprayed wi th  the  Hanes- 
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Lard a --- 1.6 27.3 1.1 15.4 45.7 8.9 
Lard b 5.0 1 15 1 18 51 14 
Lard b 11.0 1 16 1 17 53 12 

apercentage determined by chemical hydrolysis. 
bpercentages resulting from enzymatic hydrolysis. 

The results  for  L. p o m o n a  DM2H lipase spe- 
cifici ty are given in Table II. Low amoun t s  of  
oleic acid are released f rom cocoa bu t t e r  and 
low amoun t s  of  palmit ic  acid are released f rom 
lard. These acids are concen t ra t ed  on the  2 
pos i t ions  of  these fats so these results indicate  
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lipase, and the  enzyme  re'sembles those  f rom 
S t a p h y l o c o c c u s  aureus and Aspergi l lus  f lavus  
r epo r t ed  by Alford  et al. (6). The L. p o m o n a  
DM2H lipase exh ib i t ed  only  one active f rac t ion  
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and 10.0 against t r ibu tyr in  and at 4.0 and 11.0 
against corn oil. 

Lipase activity was demons t r a t ed  in the  ace- 
tone  powder s  of  the corn,  saff lower,  soybean  
and p in ion  nut .  The specif ici ty of  these lipases 
was tes ted  against cocoa bu t t e r  at pH 6.5-7.0. 
The de t e rmina t i on  was compl ica ted  by con tam-  
ina t ion  of  the  lipases wi th  the  natural  oils o f  
the species which  were hydro lyzed  along wi th  
the  cocoa bu t te r .  The presence  of  these natural  
oils was shown by the  release of  large amoun t s  

of  l inoleic acid by the  e n z y m e s  and of  l inolenic 
acid as well by the soybean  enzyme.  The 
amoun t s  of  the various fa t ty  acids released were 
cons is tent  wi th  a r a n d o m  at tack of  the lipases 
s imul taneously  on the natural  oils and the  
cocoa but te r .  
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to fo rm complexes  analogous to phospho -  
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able by organic solvents  such as e thy l  ace- 
tate  or butanol .  The abili ty of chloro-  
fo rm-e thano l  mixtures  in ext rac t ing only  
the  phospho l ip id -mo lybda t e  complexes  
bu t  no t  those  of  water-soluble  phospha te s  
may  f ind some useful applicat ions.  
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type  is usually assayed as inorganic phospha t e  
af ter  ox ida t ion  wi th  perchlor ic  acid. Most 
color imetr ic  me t h o d s  are based on the  fact  tha t  
the  p h o s p h o m o l y b d a t e  complex  is r educed  to  
m o l y b d e n u m  blue more  rapidly than  in a 
solut ion of  m o l y b d a t e  (1). 
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TABLE I 

Extractability of Organic Solvents on Representative Phospho-derivatives 
and Their Molybdate Complexes 

Compounds and assays 

Chloroform- 
Ethyl acetate Ethanol,4:1 

Aqueous Aqueous 
Treatment Extract layer Extract layer 

Glycerophosphate (2//moles) 
Total phosphorus (//moles) 1 
Total phosphorus (//moles) 2 
Total phosphorus (//moles) 3 
Absorbancy at 820 m// 3 

Inorganic phosphate (0.1 //mole) 
Total phosphorus (//moles) 1 
Total phosphorus (/./moles) 2 
Total phosphorus (//moles) 3 
Absorbancy at 820 m// 3 

Phospholipidsa (1 //mole) 
Total phosphorus (//moles) 1 
Total phosphorus (//moles) 2 
Total phosphorus (]dmoles) 3 
Absorbancy at 820 m// 3 

Phosphorus-free lipids b (5-50//moles) 
Absorbancy at 820 m// 3 

0.05 1.95 0.03 1.95 
1.97 0.01 0.02 1.97 
1.96 0.00 0.02 1.99 
0.115 . . . . . .  0.095 

0.00 0.10 0.00 0.10 
0.10 0.00 0.00 0.10 
0.10 0.00 0.00 0.10 
0.520 . . . . . .  0.515 

0.98+-.02 0.00 0.97+-.01 0.01 
0.99+-.03 0.00 0.98+-.03 0.01 
0.99-+.02 0.00 0.99-+.01 0.01 
0.420+-.020 --- 0.405+-.020 --- 

0.005 --- 0.005 

aphospholipids tested were pure fractions of phosphatidylethanolamine and phosphatidylinositol from 
yeast, phosphatidylcholine from egg yolk and sphingomyelin from brain isolated by column chromatography on 
silicic acid (11,12). 

bThe following phosphorus-free lipids were tested: triolein, cholesterol and brain cerebroside. 

I she rwood  m o l y b d a t e  reagent  (2) is t h o u g h t  to  
be  due  to a s p o n t a n e o u s  release of  inorgan ic  
p h o s p h a t e  by  the  acid of  the  reagent .  However ,  
th is  e x p l a n a t i o n  is no t  cons i s t en t  w i th  the  spon-  
t ane i ty  and  sensi t ivi ty of  the  r eac t ion  of  the  
Z inzadze ' s  m o l y b d e n u m  blue reagent  (3)  
p roduc ing  in tense  blue spots  at r o o m  t empera -  
ture  wi th  phospho l ip ids  (4) ,  or even wi th  phos-  
phono l i p id s  (5)  which  do no t  release inorgan ic  
p h o s p h a t e  even by  p ro longed  t r e a t m e n t  wi th  
c o n c e n t r a t e d  sulfuric acid at  160 C (6).  This  
was also recognized  earlier by  D i t t m e r  and  
Lester  (4)  who  s ta ted  t ha t  the  chemis t ry  of  the  
r eac t ion  is no t  known .  

We were  able to  show t h a t  phosphorus -con -  
t a in ing  organic  c o m p o u n d s  c o m b i n e  d i rec t ly  
wi th  m o l y b d a t e  to  fo rm complexes  ana logous  
to p h o s p h o m o l y b d a t e .  These  complexes ,  as 
p h o s p h o m o l y b d a t e  i tself  (1) ,  are ex t r ac t ab le  b y  
organic  solvents  such  as e thy l  ace ta te  or  
bu tano l .  In add i t ion ,  p h o s p h o l i p i d - m o l y b d a t e  
complexes  are ex t r ac t ab l e  by  ch lo ro fo rm-  
e t h a n o l  (4:1 v/v),  w h i c h  does  no t  ex t r ac t  t he  
ana logous  complexes  of  water -so luble  phos-  
phates .  

E x p e r i m e n t a l  data  ind lca t ing  the  f o r m a t i o n  
of  p h o s p h o m o l y b d a t  e and  p h o s p h o m o l y b -  
d e n u m  blue  analogs of  organic  p h o s p h a t e s  are 
dep ic ted  in Table  I. These  da ta  refer  to  tes t s  

carried ou t  b y  placing the  tes t  tubes  in boi l ing 
water  for  10 min ,  cool ing and  ex t rac t ing  the  
aqueous  media  wi th  an  equal  volume of  the  
organic solvents  ind ica ted .  The  aqueous  media  
(final vo lume:  5 ml)  c o n t a i n e d  e i ther  1.2 N 
HC10 4 a lone  ( T r e a t m e n t  1) or  perchlor ic  acid 
plus 0 .25% a m m o n i u m  m o l y b d a t e  ( T r e a t m e n t  
2) or perch lor ic  acid,  a m m o n i u m  m o l y b d a t e  
and  1 , 2 , 4 - a m i n o n a p h t h o l s u l f o n a t e  ( T r e a t m e n t  
3). A un i fo rm,  th in  dispers ion of  the  l ipids in to  
these  media  was e f fec ted  by  dissolving t h e m  
first in 0.1 ml of  m e t h a n o l .  The  d i s t r ibu t ion  of  
the  p r o d u c t s  in to  t he  organic  and aqueous  
layers of  the  b inary  sys tems were checked  by  
to ta l  p h o s p h o r u s  d e t e r m i n a t i o n s  (7) a f te r  diges- 
t ion  w i th  12 N HC10 4 (180  C, 1 hr )  and  
occasional ly  by  add i t iona l  specific assays 
m e n t i o n e d  in the  tex t .  

As s h o w n  in Table  I, water-soluble  phos-  
pha tes  b e c a m e  ex t r ac t ab le  by  e thy l  ace ta te  
only  a f te r  t r e a t m e n t  wi th  a m m o n i u m  molyb-  
date  e i the r  a lone  ( T r e a t m e n t  2) or  in the  
presence  o f  r educ ing  agent  ( T r e a t m e n t  3). 
F u r t h e r m o r e ,  glycerol  assay carr ied ou t  by  the  
p e r i o d a t e - c h r o m o t r o p i c  acid m e t h o d  ( 8 ) i n d i -  
cated the  absence  of  free or  b o u n d  glycerol  in 
the  aqueous  layers of  the  e thy l  ace ta te  
e x t r a c t i o n  of  t he  g l y c e r o p h o s p h a t e  samples  
s u b m i t t e d  to  T r e a t m e n t s  2 and  3. 
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The fo rmat ion  of  mo lybda te  complexes  with 
organic phosphates  is strongly supported by the 
analytical data (Table I) of  tests involving phos- 
pholipids. The blue color  of  the turbid blue 
media produced  by phosphot ipids  subject to 
Trea tment  3 is quant i ta t ively  extracted by 
chloroform-ethanol  (4:1 v/v) into the chloro- 
form layer while, under  the same condi t ions  the 
blue color fo rmed  by water-soluble phosphates  
is retained in the aqueous  layer.  Molybdenum 
assay (9) showed that  the ch loroform layers 
obta ined f rom inorganic phospha te  and glycero- 
phosphate  subject to Trea tments  2 and 3 were 
essentially molybdenum-f ree ,  while the cor- 
responding to phosphol ipid  samples respective 
ch loroform layers were found to contain 
m o l y b d e n u m  in a molar  rat io to phosphorus  
5:1. Fur the rmore ,  thin layer chromatographic  
examinat ion  conf i rmed the lack of  not iceable  
hydrolysis  of  the lipids recovered f rom these 
ch loroform layers, most  probably  because per- 
chloric acid, when dilute,  is a rather  mild 
hydroly t ic  agent,  being widely used as a depro- 
tenizing agent even when acid-labile phosphates  
are involved ( 1 ). 

Phosphorus-free lipids alone or  mixed wi th  
water-soluble phosphates ,  and mixtures  of  
phospholipids wi th  water-soluble phosphates  
were submit ted  to Trea tments  2 and 3 in order  
to secure that  the men t ioned  solubil i ty effects  
and the p roduc t ion  of  blue color  is not  related 
to the  presence of  lipid material  in general. 

As shown in Table I, the  intensi ty  of  blue 
color produced  with phosphol ipids  is approxi-  
mately  10% of  the color  p roduced  by an equi- 
valent amount  of  inorganic phosphate .  When 
water-soluble organic phosphates  are involved,  
the respective figure is 1%. These data are con- 
sistent wi th  the  well-known superior  sensitivity 
of  phospholipids over the water-soluble organic 
phosphates  against the Zinzadze ' s  reagent on 
thin layer chromatograms.  

These findings, besides their  theore t ica l  

interest ,  may  obviously find several useful 
applications in the preparat ion or pur i f icat ion 
of  phosphorus  compounds ,  free of  o ther  water- 
soluble material ,  and in the de te rmina t ion  of  
organic phospho-derivat ives direct ly,  w i thou t  
digestion. Fo r  instance, a l though there is no 
apparent  advantage in applying such a tech- 
nique for est imating the phosphorus  conten t  of  
lipid fract ions,  the me thod  has certain obvious 
advantages in assaying serum phosphol ipids  
direct ly (wi thou t  ext rac t ion)  or after thin layer 
chromatographic  separat ion of  phospholipids.  
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Nonconversion of 5,11,14-E icosatrienoic Into 
Arachidonic Acid by Rats 

ABSTRACT 

Methyl  ester of [U-14C] 5,11,14-20:3 
was administered to essential fa t ty  acid 
deficient  rats. In contrast  to a report  by 
Takagi, it was found that  the t r ienoic  acid 
was not  conver ted into arachidonic  acid. 

Several years ago Takagi repor ted  that  rats 
deficient  in essential fa t ty  acids (EFA)  con- 
v e r t e d  5 , 1 1 , 1 4 - 2 0 : 3  e f f i c i e n t l y  i n t o  
5 ,8 ,11,14-20:4 (arachidonic)  acid (1). This con- 
version may proceed either by desaturat ion 
be tween  the existing double  bonds or by partial 
degradat ion and resynthesis. However ,  no 
indicat ion for such processes has been found 
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T A B L E  I 

R a d i o a c t i v i t y  o f  F a t t y  A c i d  M e t h y l  Es ters  (%) 

2 -Acyls  o f  PC, b y  G L C  C 2 0  o f  PC + PE,  b y  p a p e r  c h r o m a t o g r a p h y  

Reg ion  %14  C R e g i o n  % 1 4  C 

16 :0  0 .3  F r o n t  0 .05  
18:1  0 .8  20 :5  0 .07  
18 :2  0 .5  5 , 8 , 1 1 , 1 4 - 2 0 : 4  0 . 3 4 ( 0 . 2 2 )  a 
18 :3  ~,0.1 5 , 1 1 , 1 4 - 2 0 : 3  9 9 . 0 7  

5 , 1 1 , 1 4 - 2 0 : 3  9 6 . 8  1 8 : 1 + 1 6 : 0  0 .35  
5 , 8 , 1 1 , 1 4 - 2 0 : 4  1 . 2 ( 1 . 6 )  b --- 0 .07  

2 2 : 3  0 .2  --- 0 .03  
2 2 : 5  0 .3  or ig in  0 .03  

aThe value in parentheses was found in this area from a model mixture of [U-14C] 5,11,14-20:3 
and nonradioactive 18:1 and 20:4 methyl esters. 

bThe value in parentheses was found in this area from a model mixture of [U-14C] 5,11,14-20:3 
and nonradioactive rat liver fatty esters. 

with comparable acids such as 9,15-18:2 and 
7,13-20:2 (2). In the work reported here, [U- 
14C]5,11,14-20:3 was used to elucidate its 
metabolism by tracer techniques. We did not 
f i nd  any  e v i d e n c e  for conversion of 
5,11,14-20:3 into arachidonic acid. 

Methyl ester of [U-14C]5,11,14-20:3 had 
been prepared from labeled ginkgo lipids (3) 
and was 100% pure according to gas liquid 
chromatography (GLC). The trienoic acid was 
all-cis according to IR analysis of nonradio- 
active preparations from ginkgo (4). The ester 
(11.8 mg, 17.6 x 106 dpm, in 270 pl methyl 
oleate) was administered by stomach tube to 
three male Holzman strain rats which had been 
on a fat free diet (5) for 37 weeks. The animals 
were killed by chloroform anesthesia 12 hr 
after feeding and the liver lipids were extracted 
and fractionated into classes as previously 
described (6). From the radioactivity admin- 
istered, 0.1% was found in cholesterol esters; 
0.3% in triglycerides; 3.6% in phosphatidyl 
ethanolamine (PE) and 10.7% in phosphatidyl 
choline (PC). 

PC was selectively hydrolyzed with phospho- 
lipase A (snake venom, Crotalus adamanteus, 
Ross Allen Reptile Institute). Two-acyls and 
1-acyls contained 93.6% and 6.4%, respectively, 
of the radioactivity in PC. Methyl esters of the 
fatty acids from position 2 were subjected to 
GLC. The fractions were collected and counted 
in a scintillation counter (Table I). 

It is well known that some trailing of radio- 
activity can occur in such chromatographic 
separations. Therefore, the correctness of 1.2% 
14C in 20:4 (Table I) must be questioned. For 
this problem, it was advantageous to employ a 
chromatographic system in which 20:4 migrates 
ahead of 20:3. 

PC and PE were combined and their acids 
transesterified in CH3OH + HC1. The methyl 
esters were subjected to GLC on a phase of low 
polarity (7) and were collected according to 
chain length. About 2 mg C20 esters was 
streaked on siliconized Whatman No. 1 paper 
(8) and the chromatogram was developed over a 
length of 28 cm with acetonitrile + H20  (3:1 
v/v). After exposure to iodine vapors, the 
chromatogram was cut according to regions to 
d e t e r m i n e  their radioactivity (Table I). 
Recoveries of counts were >90%. 

According to the blank values of these 
methods (Table I) not more than 0.1% of the 
radioactive 5,11,14-20:3 incorporated in the rat 
may have been converted to arachidonic acid. 
Such a low value is within the experimental 
error or may be explained by regular syntheses 
through the acetate pool. 

The results are in striking contrast to the 
conversion claimed by Takagi (1) but they are 
in accord with the nonconversion of 9,15-18:2 
and 7,13-20:2 (2). Takagi used Wister strain 
rats which had been on an EFA deficient diet 
for 14 weeks and they each received 0.2 g/day 
of 5,11,14-20:3 ethyl ester or of ethyl linoleate 
for five days. According to the wording of the 
publication, the amount may also have been 1.0 
g/day per rat (1). The level of arachidonic acid 
had then increased from 1.8% to 9.0% and to 
12.2%, respectively, of total liver fatty acids. 

In our experiments, 12 hr were given for 
conversion. This period had proven satisfactory 
in numerous other experiments with rats to 
demonstrate conversions of radioactive highly 
unsaturated fatty acids (7). Similar to these, 
5,11,14-20:3 was efficiently incorporated, in 
particular into the 2 position of PC. However, 
5,11,14-20:3 was less amenable to conversions 
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than any of the other polyunsaturated acids 
and its desaturation to 5,8,11,14-20:4 acids 
could not be demonstrated. 
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On the Biosynthesis of Glycerol Ethers in Mitochondria 
ABSTRACT 

Mitochondria from mouse preputial 
glands incubated with 1-14 C-myristic acid 
and appropriate co-factors produced, 
after LiA1H 4 reduction, a compound that 
resembled a glycerol ether. However, 
close examination of this material showed 
that it was not an ether, and we tenta- 
tively identified the original compound as 
a phosphorylated /3-keto (or /3-hydroxy) 
fatty acid. 

The biosynthesis of glycerol ethers by micro- 
somal preparations of tumors has recently been 
described (1,2). Since the mouse preputial 
gland contains large quantities of glycerol 
ethers (3,4) in both the neutral lipids and phos- 
pholipids, we chose it as a normal tissue for 
comparison with the neoplasms. Preliminary 
studies by Sansone (5) revealed that the mito- 
chondria of this tissue contain glycerol ethers. 
During the course of incubating labeled 
myristic acid (14:0) with mouse preputial gland 
mitochondria, we isolated a product that 
behaved in many ways like a glycerol ether. 
However, close examination of the compound 
revealed that it was not a glycerol ether, and we 
tentatively identified it as a phosphorylated 
~3-keto (or possibly ~-hydroxy) fatty acid. A 
recent report (6) on the biosynthesis of alkyl 
glycerol ethers in liver mitochondria prompted 
us to report our negative results. 

Mitochondria from mouse preputial glands 
were prepared by the procedure of O'Brien and 
Kalf (7). The homogenity of the preparation 

was established by electron microscopy. Whole 
sonicated mitochondria were incubated with 
1-14C-myristic acid, Mg ++, CoASH, ATP, 
NADH, NADP, and c~-glyceryl phosphate in 0.1 
M phosphate buffer (pH 7.0) for periods up to 
4 hr. Total lipids were extracted by the proce- 
dure of Bligh and Dyer (8). Phospholipids were 
separated from neutral lipids on a micro 
column of silicic acid. Thin layer chromato- 
graphy (TLC) of the phospholipids revealed a 
major and a minor area of radioactivity. In an 
acidic solvent system, the major area was found 
near the solvent front. However, in a basic 
system, this lipid moved only slightly off the 
origin. All of the alkyl glycerol ether radio- 
activity was found in the major component,  
which we tentatively identified on the basis of 
its chromatographic behavior as an acidic 
phospholipid. A portion of the major phospho- 
lipid fraction was subjected to lithium alumi- 
num hydride reduction (9), and the reaction 
products were separated by TLC. Radioactivity 
was observed in the region of the alkyl glycerol 
ethers. We prepared the isopropylidene deriva- 
tive of the product isolated from the alkyl 
glycerol ether region and subjected it to further 
TLC. Again, the radioactivity migrated with the 
isopropylidene derivative of an authentic alkyl 
glycerol ether. However, the conditions for the 
preparation of the derivative of the unknown 
lipid were more severe than for the authentic 
compound,  and, at best, only a 60% yield was 
obtained. Under the conditions we employed, 
the authentic compound was derivatized in less 
time than the unknown material, and in a 
quantitative yield. We isolated the isopropyli- 
dene derivative of the unknown and frac- 
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than any of the other polyunsaturated acids 
and its desaturation to 5,8,11,14-20:4 acids 
could not be demonstrated. 
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~3-keto (or possibly ~-hydroxy) fatty acid. A 
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us to report our negative results. 
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were prepared by the procedure of O'Brien and 
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was established by electron microscopy. Whole 
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dure of Bligh and Dyer (8). Phospholipids were 
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graphy (TLC) of the phospholipids revealed a 
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system, this lipid moved only slightly off the 
origin. All of the alkyl glycerol ether radio- 
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which we tentatively identified on the basis of 
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tive of the product isolated from the alkyl 
glycerol ether region and subjected it to further 
TLC. Again, the radioactivity migrated with the 
isopropylidene derivative of an authentic alkyl 
glycerol ether. However, the conditions for the 
preparation of the derivative of the unknown 
lipid were more severe than for the authentic 
compound,  and, at best, only a 60% yield was 
obtained. Under the conditions we employed, 
the authentic compound was derivatized in less 
time than the unknown material, and in a 
quantitative yield. We isolated the isopropyli- 
dene derivative of the unknown and frac- 
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tionated it by preparative gas liquid chromato- 
graphy (GLC). A series of authentic isopropy- 
lidene derivatives of alkyl glycerol ethers (12:0, 
14:0, 16:0 and 18:0) were added as carriers. All 
of the radioactivity appeared in the region of a 
12: 0 derivative. 

Examination of the literature revealed that 
mitochondrial preparations similar to the one 
we used add acetate to preformed fatty acids, 
and the /3-hydroxy intermediate accumulates 
(10). If this were so in our case, lithium 
alumnium hydride reduction would produce 
1,3-dihydroxyhexadecane. This compound, 
like the 1,2-alkane diols (1 1), would migrate on 
TLC in the region of alkyl glycerol ethers and 
form isopropylidene derivatives, but at a slower 
rate than glycerol ethers. On GLC, this material 
would elute with the 12:0 ethers, since it con- 
tains one carbon and one oxygen less than the 
expected 14:0 ether. The structures of the 
isopropylidene derivatives of 1,3-dihydroxy- 
hexadecane and 14:0 alkyl glycerol ether are 
given below. 

H_C CH 3 H3C CH~ CH 3 
~C / \C  / ~ (~H2)l 3 

0 / \o 
I I 

H2C-C-C-(CH2)la-CH 3 H2~ C CH 2 
H H 

I II 

Since our substrate was 1-14C-myristic acid, it 
would have been impossible for it to have been 
oxidized to lauric acid and incorporated into a 
radioactive 12:0 ether. Moreover, a complete 
oxidation followed by de novo synthesis would 
have resulted in the incorporation of radio- 
activity into all of the ether fractions obtained 
by GLC. 

On the basis of these data, we concluded 
that our mitochondrial system had not 
produced alkyl glycerol ethers. Rather, it 
seemed that the radioactivity had been 
incorporated into a phosphorylated derivative 
of either a/3-keto or a/3-hydroxy fatty acid. 
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Detection of Lithocholic Acid in Multiple Sclerosis 
Brain Tissue 

ABSTRACT 

By methods previously employed for 
detecting lithocholic acid in brains of  
guinea pigs afflicted with experimental 
allergic encephalitis, the same acid was 
detected in a coronal specimen of human 
brain obtained on autopsy of a multiple 
sclerosis patient. The specimen contained 
several well-defined demyelinated plaque 
areas. No lithocholic acid was detected in 
a somewhat larger coronal specimen of 
normal human brain. 

The observation that lithocholic acid is 
present in the brain of guinea pigs afflicted with 
experimental allergic encephalomyelitis (EAE) 
(1) prompted us to examine brain tissue from a 
multiple sclerosis patient for this acid. Some 
pathologists consider EAE to be an experi- 
mental counterpart of the naturally occurring 
human disease multiple sclerosis (2,3). Litho- 
cholic acid is a toxic substance (4), and is 
mildly demyelinating on intracerebral injection 
(this laboratory's unpublished results). The 
occurrence of this compound in a tissue which 
has undergone demyelination could provide a 
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FIG. 1. Mass spectra of the isolated material, the material from EAE brain, and a methyl litho- 
cholate standard. 

clue regarding the immediate cause of demyeli- 
nation within the tissue. 

F o r m a l i n - f i x e d  coronal sections were 
obtained within 48 hr after death. The section 
from the multiple sclerosis patient had 12 areas 
of gross demyelination and weighed 8.5 g. The 
section from a control patient weighed 13.9 g. 
Each sample was minced with a scissors and 1 
#c of an ethanol solution of 4J4C-cholesterol 
(specific activity: 0.15 mc/mg) was added. The 
tissue was then autoclaved for 4 hr at 120 C in 
10 ml of 5% NaOH in 50% ethanol. Nonsaponi- 
fiable and saponifiable fractions were prepared 
from the autoclaved mixture in the usual 
manner. An aliquot (1/10)  of the saponifiable 
(acid) fraction was tested for radioactivity by 
scintillation spectrometry. No radioactivity was 
detected; therefore any lithocholic acid found 
was not produced by degradation and alkaline- 
thermal isomerization of cholesterol during the 
isolation procedure (an unlikely but remote 
possibility). Thin layer chromatography (TLC) 
of 1/20 of the acidic fraction of each sample 

was carried out on Silica Gel G using the sol- 
vent system trimethyl pentane-ethyl acetate- 
acetic acid (75:45:1).  When the plate was 
sprayed with 50% H2SO 4 (v/v in water) and 
heated, a faint spot with the same Rf (0.33) as 
the lithocholic acid standard was seen in the 
multiple sclerosis sample. No spot was seen in 
the control sample. 

The remainder of the acidic fraction was 
subjected to preparative TLC in the same sol- 
vent system and the plate was sectioned into 
four areas corresponding to mono-, di-, tri- and 
less polar bile acids, respectively. The material 
was eluted with acetone-ethanol (1:1) and a 
small portion of the material from the litho- 
cholic acid region was rechromatographed and 
sprayed, and again a spot was seen with the 
same Rf as authentic lithocholic acid. The 
remainder of the monohydroxy bile acid region 
was methylated with BF3-methanol reagent. 
TLC of a portion of the methylated material 
from the multiple sclerosis sample in a system 
of trimethyl pentane-ethyl acetate-acetic acid 
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( 6 0 : 2 0 : 0 . 4 )  on  d e v e l o p m e n t  gave a spot  wi th  
the  same Rf as m e t h y l  l i t hocho la te .  

Gas l iquid c h r o m a t o g r a p h y  (GLC) of  this  
mater ia l  showed  several peaks,  one  of which  
had  the  same r e t e n t i o n  t ime  as m e t h y l  l i tho-  
chola te  in two sys tems (3% QF-1 and  1.5% 
SE-52 on  Gas C h r o m  Q);  relat ive r e t e n t i o n  
t imes  of  2 .06 (relat ive to  choles tero l -5 .2  min)  
and  1.10 (relative to c h o l e s t e r o l - l l . 4  ra in)  
respect ively.  GLC cond i t ions  were:  for  3% 
QF-1,  c o l u m n  t e m p e r a t u r e  240 C, for  1.5% 
SE-52, c o l u m n  t e m p e r a t u r e  220 C; for  b o t h  
co lumns ,  de t ec to r  270  C, and  f lash hea t e r  
270 C. The  carrier  gas was n i t rogen  at a f low 
rate  of  40  ml /min .  The  co lumns  were 2 m in 
l eng th  w i th  4 m m  i.d. I t  has previously  been  
s h o w n  t h a t  l i thocho l ic  acid m e t h y l  ester  can be  
separa ted  f rom the  re la ted  i somers  on  QF-I  and  
on  a p h e n y l - c o n t a i n i n g  phase  (5). E x a m i n a t i o n  
of  the  m e t h y l a t e d  f r ac t ion  by  GLC mass 
s p e c t r o m e t r y  revealed t h a t  the  peak  wi th  a 
r e t e n t i o n  t ime  equiva len t  to  a m e t h y l  l i tho-  
chola te  s tandard  (13 .3  min)  had  a s p e c t r u m  
wi th  major  peaks  at M/e 372  (M-18),  357  (M- 
[18 + 15 ] ) ,  3 1 8 , 2 5 7  (M- [18 + 1 1 5 [ )  and  215.  
GLC-mass  s p e c t r o m e t r y  cond i t i ons  o n  LKB 
9000  were:  co lumn t e m p e r a t u r e  223 C, flash 
hea te r ,  268 C, molecu la r  separa to r  258 C, and  
he l ium f low 30 ml /min .  The  co lumn  was a 1.5% 
SE-52 c o l u m n  2 m in l eng th  wi th  4 m m  i.d. The  
f i l ament  t e m p e r a t u r e  was 270 C and  the  
ioniz ing  b e a m  was at 70 ev. Spec t ra  of  the  com- 
p o u n d  f rom EAE guinea pig bra ins  (1) ,  a l i tho-  
cholic  acid s t andard ,  and  the  h u m a n  MS bra in  
are s h o w n  in Figure  1. The  spect ra  of  the  MS 
mater ia l  is similar to  t h a t  of  the  o the r s  shown  
and  also to o the r  pub l i shed  spectra  (6).  

The  iden t i f i ca t ion  of  l i thocho l ic  acid in  the  
EAE bra ins  of guinea pigs and  h u m a n  mul t ip le  
sclerosis bra in  raises the  ques t ion  of  i ts  origin.  
E x p e r i m e n t s  are u n d e r w a y  in our  l a b o r a t o r y  to  
d e t e r m i n e  w h e t h e r  n o r m a l  or EAE bra in  t issue 
possesses the  capaci ty  to  fo rm this  or similar 

bile acids f rom choles tero l .  It is also possible 
t ha t  l i thocho l ic  acid and  o t h e r  re la ted  acids are 
p resen t  in n o r m a l  b ra in  t issue,  bu t  in concen-  
t r a t ions  m u c h  smaller  t h a n  those  f o u n d  in 
diseased tissue. F u r t h e r  work will also be 
d i r e c t e d  toward  es tabl i sh ing the  precise 
l oca t ion  of  the  acid w i t h i n  the  tissue. It has  no t  
been  possible to  e x t i m a t e  the  quan t i t y  of  l i tho-  
cholic  acid present  in t he  spec imen  examined .  
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Pancreatic Lipolysis of Enantiomeric Triglycerides 1 
ABSTRACT 

Pancrea t ic  lipase h y d r o l y z e d  f a t t y  acids 
in equ imola r  quan t i t i e s  f r o m  the  sn-1- and 
3-pos i t ions  of  th ree  s y n t h e t i c  e n a n t i o m e r i c  
t r iglycerides,  two of  wh ich  could  m a k e  a 
racemic  pair. The  monog lyce r ides  f r o m  

digest ions  of  five e n a n t i o m e r i c  t r iglycerides  
were at  least  99% represen ta t ive  of  t he  2- 
pos i t ion .  The  data  c o n f i r m  tha t  panc rea t i c  
lipase did no t  d i s t inguish  be tween  the  sn-1- 
and 3-posi t ions  and  t h a t  wi th  these  trigly- 
cerides pancrea t i c  l ipolysis  can be used to  
help  es tabl ish  s t ruc ture .  

1Scientific contribution No. 419 Agricultural As par t  of  the  p r e p a r a t i o n  of  some c ryp to-  
Experiment Station, University of Connecticut, Storrs. active t r iglycer ides  for  inves t igat ing a m e t h o d  
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Pancreatic Lipolysis of Enantiomeric Triglycerides 1 
ABSTRACT 

Pancrea t ic  lipase h y d r o l y z e d  f a t t y  acids 
in equ imola r  quan t i t i e s  f r o m  the  sn-1- and 
3-pos i t ions  of  th ree  s y n t h e t i c  e n a n t i o m e r i c  
t r iglycerides,  two of  wh ich  could  m a k e  a 
racemic  pair. The  monog lyce r ides  f r o m  

digest ions  of  five e n a n t i o m e r i c  t r iglycerides  
were at  least  99% represen ta t ive  of  t he  2- 
pos i t ion .  The  data  c o n f i r m  tha t  panc rea t i c  
lipase did no t  d i s t inguish  be tween  the  sn-1- 
and 3-posi t ions  and  t h a t  wi th  these  trigly- 
cerides pancrea t i c  l ipolysis  can be used to  
help  es tabl ish  s t ruc ture .  

1Scientific contribution No. 419 Agricultural As par t  of  the  p r e p a r a t i o n  of  some c ryp to-  
Experiment Station, University of Connecticut, Storrs. active t r iglycer ides  for  inves t igat ing a m e t h o d  
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TABLE I 

Fatty Acid Composition of Intact Triglycerides and of Monoglyceriqles and 
Free Fatty Acids Derived From Pancreatic Lipolysis of Enantiomeric Triglycerides 
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Intact triglyceride Monoglyceride Free fatty acids 

Triglyceride 16:0 18:0 18:1 16:0 18:0 18:1 16:0 18:0 18:1 

Mole % 

18:1-18:1-16:0 a 33.0 --- 67.0 Trace --- 99+ 48.3 --- 51.7 
18:1-16:0-16:0 67.6 --- 32.4 99+ --- Trace 48.0 --- 52.0 
1 6 : 0 - 1 6 : 0 - 1 8 : 1  68.0 --- 32.0 99+ --- Trace 49.4 --- 50.6 
16:0-18:0-18:1 33.1 33.3 33.6 0.3 99.4 0.3 --- b --- 
18:1-18:0-16:0 33.1 34.2 32.7 Trace 99.5 0.5 --- b --- 

aTriglycerides are numbered 1,2 and 3 from left to right in sn nomenclature; 18:1-18:1-16:0 would be 
sn-glycerol- 1,2-dioleate- 3-palmitate. 

bNot done. 

o f  s t e reospec i f i c  analysis (1),  posi t ional  
integri ty  was de t e rmined  by pancreat ic  l ipoly- 
sis. Al though  pancreat ic  lipase is k n o w n  no t  to  
be s tereospecif ic  (2,3),  very few data are avail- 
able on  the  pancreat ic  l ipolysis of syn the t i c  
enan t iomer ic  tr iglycerides.  

The tr iglycerides used as substrates  were 
s n - g l y c e r o l -  1 , 2 - d i o l e a t  e - 3 - p a l m i t a t e  
( 1 8 : 1 -18:1-16:0) ,  sn-g lycero l - l -o lea te-2 ,3-d i -  

palmi ta te  (18: 1-16:0-16: 0), sn-glycerol- 1,2-di- 
p a l m i t a t e - 3 - o l e a t e  (16 :0 -16 :0 -18 :1 ) ,  sn- 
g l y  c e r o l - l - p a l m i t a t e - 2 - s t e a r a t e - 3 - o l e a t e  
(16 :0 -18 :0 -18 :1 )  and sn-glycerol- l -oleate-2-  
s tearate-3-palmita te  (18:1-18:0-16:0) .  These 
were made  by s tandard  procedures  (4) f rom 
sn-3-acetone glycerol (5). The pur i ty  of  the  
in te rmedia te  1,3-diglycerides,  de t e rmined  as 
descr ibed by Sampugna and Jensen (1) was 
close to  99%. The pancreat ic  lipolysis proce-  
dure and recovery and analysis of the l ipolysis 
p roduc t s  have been descr ibed (1). 

Compos i t iona l  data  for  the  monoglycer ides  
and in three cases, the free fa t ty  acids are given 
in Table I. The free fa t ty  acids were hyd ro lyzed  
f rom posi t ions  sn-1- and 3- in close to  equi- 
molar  quant i t ies ,  the re fore  pancreat ic  lipase did 
not  d i f ferent ia te  be tw een  the two posi t ions and 
earlier f indings are conf i rmed  (2,3).  Since this 
was the  case wi th  b o t h  enan t iomers  of  a 
r a c e m i c  p a i r  ( 1 8 : 1 - 1 6 : 0 - 1 6 : 0  a n d  
16:0-16:0-18:  1) compos i t i on  of  the fa t ty  acids 
was no t  involved. The monoglycer ides  were 
more  than  99% representa t ive  of  the 2-posi t ion.  
The presence  of  monoglycer ides ,  is, in itself,  
p r o o f  tha t  pancreat ic  lipase is no t  s tereospeci f ic  
because a s tereospecif ic  lipase would hyd ro lyze  

ei ther  the  sn-1- or 3-posi t ion only,  leaving a di- 
glyceride and no monoglycer ide .  
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Errata 

Please note that the Short Communication 
"Pyrolysis-Gas Chromatography of Phospho- 
glycerides: A Mass Spectral Study of thc 
Products," by E. G. Perkins and Patricia V. 
Johnston, was not listed in the Table of Con- 
tents of Lipids 4:301-303 (1969), nor in the 
Annual Index for 1969. 

There were important errors in the reference 
numbering of "Occurrence, Function and Bio- 
synthesis of Wax Esters in IVlarine Organisms," 
by Judd C. Nevenzcl, Lipids 5:308-319 (1970). 
Fora correctly referenced copy contact Judd C. 
Nevenzel, Laboratory of Nuclear Medicine and 
Radiation Biology, University of California, Los 
Angeles. California 90024. 
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Inhibition of Desaturation of Stearic Acid in Livers of 
Rats Fed Ethioninel 
R. L. LYMAN, M. A. FOSMIRE, C. GIOTAS and P. MILJANICH,  College of 
Agricultural Sciences, University of California, Berkeley, California 94720 

ABSTRACT 

The effect  of  e th ionine  on the con- 
version of  stearic acid to oleic acid was 
studied. Rats were fed essential fat ty acid 
(EFA)  deficient  diet for three weeks, 
after which t ime half  the animals were 
fed 0.25% DL-ethionine  for nine addi- 
t ional days. Seventeen hours prior to 
killing, they  were fed a slurry of  the diet 
containing 18-14C-stearic acid. Liver tri- 
g l y c e r i d e s  and phospholipids were 
extracted and separated and their  fa t ty  
acid composi t ion  and the dis t r ibut ion of  
radioact ivi ty be tween stearic and oleic 
acid was determined.  In the tissues 
studied, oleic acid was maintained at con- 
trol levels in e thionine-fed rats, but  
e i cosa t r i eno ic  acid was significantly 
depressed. Distr ibut ion of  radioact ivi ty 
and specific act ivi ty of  oleic acid in the 
triglycerides and phospholipids were sig- 
nif icantly reduced by the analogue. In 
vitro studies of  desaturat ion and chain 
elongat ion reactions,  wi th  liver micro- 
somes, using 18A4C-stearic and 1-14C - 
l inoleic acids as substrates,  showed that  
e thionine depressed the synthesis of  oleic 
acid f rom stearic and 3,-linolenic f rom 
linoleic acid. Elongat ion of  linoleic adie 
to a 20:2  fat ty  acid was unaffected by 
ethionine.  Therefore ,  the results showed 
that  e th ionine  inhibi ted desaturat ion of  
stearic to oleic acid in vivo and in vitro 
and probably also impaired the desatu- 
ration of  oleic to octadeca-6,  9-dienoic 
acid. Maintenance of  control  levels o f  
oleic acid in the tissues of  e thionine-fed,  
E F A  deficient  rats suggested the presence 
of synthet ic  pathways for oleic acid o ther  
than via desaturat ion o f  stearic acid. 

INTRODUCTION 

A previous report  (1) showed that  male or  
female rats, fed a low protein diet supple- 
mented  wi th  0.25% DL-ethionine  had altered 
fat ty  acid pat terns  in their  liver phospholipids 
when compared  with animals fed the same diet 

1 Presented in part at the AOCS Meeting, San Fran- 
cisco, April 1969. 

wi thout  the ethionine.  The major  changes 
noted  were increased propor t ions  of  l inoleic 
acid and decreased percentages o f  arachidonic  
and C22-pentaenoic  acids. Most of  the differ- 
ences were prevented  when meth ion ine  (0.5%) 
was added to the diet. Fur ther  investigations 
(2) with 1-14C-linoleic acid established that  the 
conversion of  l inoleic acid to arachidonic and 
C22-pentaenoic  acids was impaired in these ani- 
mals. The present s tudy is an extens ion of  this 
work designed to show if e th ionine  also 
affected the conversion of  stearic acid to oleic 
acid and if desaturat ion or chain e longat ion was 
the react ion primari ly inhibited.  

METHODS 

In order to insure the synthesis of  oleic acid 
and its unsaturated fat ty  acid derivatives, male 
Sprague-Dawley rats, weighing about  100 g, 
were fed a 9% casein diet containing 5% 
hydrogenated  coconut  oil and deficient  in 
essential fa t ty  acid (EFA)  for three weeks 
(Table I). This length of  t ime on an E F A  
deficient  diet had previously been shown suf- 
ficient to raise significantly the oleic and eicosa- 

TABLE I 

Composition of Diets 

0 .25  
Basal, DL-ethionine, 

Diet % % 

Casein 9.0 9.0 
Sucrose 79.85 79.6 
Hydrogenated coconut 

oil ( H C O )  4 .0  4 .0  
DL-ethionine a --- 0.25 
Salts, USP XIV a 5.0 5.0 
Fat-soluble vitamins b 1.0 1.0 
V i t a m i n  mix  c 1.0 1.0 
Cho l ine  c h l o r i d e  O. 15 0 .15  

aObtained from Nutritional Biochemicals Corpora- 
tion, Cleveland. 

b H c o  f o r t i f i e d  so t h a t  1 g p r o v i d e d ,  per  100  g 
diet; vitamin A acetate, 400 IU; vitamin D2, 200 IU; 
O~-tocopherol, 10.0 rag. 

CMixed in sucrose so that 1 g mix provided, iq 
mg/100 g diet; thiamine-HCl, 0.5; riboflavin, 0.5~ 
nicotinic acid, 2.5; Ca pantothenate, 2.0; pyridoxine- 
HCI, 0.25; menadione, 0.05; folic acid, 0.02; biotin, 
0.01; and vitamin BI2 (as 0.1% mannitol triturate), 
0.002. 
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TABLE II 

Body Weight and Liver Lipids of  Rats Fed an EFA Deficient Diet With and Without  Ethionine 

Liver Liver 
Body Wt, Liver Wt, Liver phospholipid,  triglyceride, 

Animal  group g g lipid, % mg/g mg/g 

EFA deficient control 150 -+ 3.8 a 6.8 + 0.2 5.2 -+ 0.7 25.3 - 1.1 24.4 + 4.8 
EFA deficient 
+0.25% DL-ethionine 122 -+ 11 4.9 -t-0.2 6.5 -I-0.7 20.8 -+2.9 23.0 --+ 10.8 

aMean -+ SE of five rats in each group. 

t r i e n o i c  ac id  levels  in t h e  l iver  l i p id s  (3) .  
F o l l o w i n g  t h e  t h r e e  w e e k  p e r i o d ,  all  r a t s  
r e m a i n e d  o n  t h e  s a m e  ba s i c  d ie t  f o r  n i n e  add i -  
t i o n a l  d a y s ,  b u t  h a l f  o f  t h e m  w e r e  s u p p l e -  
m e n t e d  w i t h  0 . 2 5 %  D L - e t h i o n i n e .  I n  t h o s e  
e x p e r i m e n t s  in  w h i c h  1 8 - 1 4 C - s t e a r i c  ac id  was  
a d m i n i s t e r e d ,  t h e  r a t s  we re  f a s t e d  o v e r n i g h t  a n d  
10 /ac o f  t h e  l a b e l e d  f a t t y  ac id  pe r  100  g o f  
b o d y  w e i g h t  was  g iven  b y  s t o m a c h  t u b e  w i t h  
a b o u t  3 g o f  s l u r r i ed  d ie t .  T h e  a n i m a l s  were  
a l l o w e d  f ree  a c c e s s  t o  f o o d  a n d  w a t e r  u n t i l  
k i l led  b y  d e c a p i t a t i o n  17 h r  a f t e r  f e e d i n g  t h e  
l a b e l e d  f a t t y  ac id .  L ive rs  we re  r e m o v e d ,  
b l o t t e d ,  w e i g h e d  a n d  @ i c k l y  f r o z e n  a n d  lyo-  
ph i l i zed .  T h e y  we re  t h e n  p u l v e r i z e d  a n d  
e x t r a c t e d  w i t h  c h l o r o f o r m - m e t h a n o l  (2 :1  v /v)  
as p r e v i o u s l y  d e s c r i b e d  (2) .  T h e  e n t i r e  ca rcass ,  
m i n u s  h e a d  a n d  i n t e r n a l  o r g a n s ,  was  p u t  
d i r e c t l y  i n t o  a s e p a r a t e  f l a sk  a n d  d i g e s t e d  w i t h  
e t h a n o l i c  p o t a s s i u m  h y d r o x i d e .  S a p o n i f i c a t i o n ,  

e x t r a c t i o n  a n d  a n a l y s i s  o f  t h e  f a t t y  a c id s  h a v e  
b e e n  d e s c r i b e d  (3) .  

T o t a l  l iver l ip id  a n d  l ip id  p h o s p h o r u s  were  
d e t e r m i n e d  b y  t h e  m e t h o d s  o f  B r a g d o n  (4)  a n d  
S u m n e r  (5) .  S e p a r a t i o n  o f  l iver t r i g l y c e r i d e s  
a n d  p h o s p h o l i p i d s  was  b y  silicic ac id  c o l u m n  
c h r o m a t o g r a p h y  (6) .  R e c o v e r i e s  o f  l ip id  a n d  
p h o s p h o r u s  a v e r a g e d  o v e r  95%.  

M e t h y l  e s t e r s  o f  t h e  f a t t y  ac ids  o f  t h e  l ipid 
f r a c t i o n s  were  p r e p a r e d  in H a S O 4 - m e t h a n o l  b y  
t r a n s e s t e r i f i c a t i o n  (7 )  a n d  a n a l y z e d  b y  gas  
l i qu id  c h r o m a t o g r a p h y .  T h e  c h r o m a t o g r a p h  (F  
a n d  M, Mode l  8 1 0 )  was  f i t t e d  w i t h  an  e f f l u e n t  
s t r e a m  sp l i t t e r  (7 :1  sp l i t  r a t io  as d e t e r m i n e d  
f r o m  c o l l e c t i o n  o f  1 - 1 4 C - m e t h y l  l i n o l e a t e )  a n d  
c o n n e c t e d  to  a m a n u a l l y  o p e r a t e d  f r a c t i o n  
c o l l e c t o r  ( P a c k a r d  I n s t r u m e n t  Co. ,  M o d e l  8 3 0 ) .  
T h e  f a t t y  ac id  m e t h y l  e s t e r s  were  s e p a r a t e d  o n  
a 1 /4  x 90  in .  s t a i n l e s s  s t ee l  c o l u m n  p a c k e d  
w i t h  s i l an i zed  c h r o m o s o r b  W c o a t e d  w i t h  p o l y -  

TABLE III 

Fat ty  Acid Composit ion of Carcass Lipid and Liver Triglycerides and 
Phospholipids of  Rats Fed an EFA Deficient Diet With and Without  Ethionine 

Fat ty acid (Wt %) 

Animal group 12:0 14:0 16:0 16:1 18:0 18:1 18:2 20:3 20:4 ]>20:4 

Carcass 
EFA deficient 
control 3.5 a 4.8 28.3 11.2 5.3 40.1 3,0 --- 1.1 --- 
EFA deficient + 
0.25% DL-ethionine 3.4 4.3 26.0 8.7 7.0 41.5 4.2 --- 1.3 --- 

Liver triglyceride 
EFA deficient . . . . . .  35.9 9.0 3.5 45.3 0.3 --- Trace --- 
control -I-3.4 +0.4 +--0.2 -+1.9 +-4).1 
EFA deficient + . . . . . .  20.4 b 3.3 b 5.2 c 60.1 b 2.1 b --- Trace --- 
0.25 DL-ethionine +-0.6 +0.8 +--0.6 -+0.8 +-0.3 

Liver phospbolipids 
EFA deficient . . . . . .  18.3 --- 18.0 18,8 4.8 11.8 13.6 4.7 
control +-0.7 +1.6 
EFA deficient + . . . . . .  16.5 --- 16.7 22,3 9.3 b 5.3 b 16.0 5.9 
0.25% DL-ethionine +-0.7 +-0.5 

aMeans from four control and five DL-ethionine-fed rats. Standard errors have been included only if differ- 
ences between groups appeared significant. 

bSignificantly different f rom control,  p <~.01. 
CSignificantly different f rom control,  p ( . 0 5 .  
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TABLE IV 

Distribution of Radioactivity in Stearic and Oleic Acid of Liver Lipids 
From Rats Fed EFA Deficient Diets With and Without Ethionine 
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Distribution of radioactivity (%) 

Animal group 18:0 18:1 Sp. act. 18:0/Sp. act. 18:1 

Liver triglycerides 

EFA deficient control 19.5 -+ 4.3 a 64.9 -+ 4.7 

EFA deficient + 
0.25% DL-ethionine 37.3 -+ 5.8 b 41.3 -+ 8.7 b 

Liver phospbolipids 

EFA deficient control 57.8 + 4.0 27.0 -+ 4.0 

EFA deficient + 
0.25% DL-ethionine 76.3 --- 3.9 b 8.3 -4" l . l  c 

2.5 -t- 0.5 

1 5 . 6  --+ 4.6 b 

aMeans -+ SE of four control and five ethionine-fed animals. 
bSignificantly different from control p ~ .05. 
CSignificantly different from control p ~ .01. 

d i e t h y l e n e  g lycol  succ ina te .  Ca l ib ra t ion  o f  the  
i n s t r u m e n t  was  m a d e  daily us ing  a s t a n d a r d  
m i x t u r e  o f  m e t h y l  es ters  o f  t he  a p p r o p r i a t e  
f a t t y  acids.  Co l l ec t ion  o f  the  m e t h y l  es ters  was  
a c c o m p l i s h e d  w i t h  glass w o o l  filled P y r e x  t u b e s  
as desc r ibed  by  B e n n e t t  and  C o o n  (8).  

Q u a n t i t a t i o n  o f  the  f a t t y  acids was  b y  m e a n s  
o f  an  in t e rna l  s t a n d a r d  ( h e p t a d e c a n o i c  acid)  
(9) .  Recove ry  o f  r ad ioac t iv i ty  was  b e t w e e n  
87%-92%. The  en t i re  e f f l uen t  f r o m  a s am p l e  
was  co l lec ted ,  b u t  on ly  t h o s e  f a t t y  acids o f  a 
pa r t i cu la r  in t e res t  we re  col lec ted  s epa ra t e ly  in 
indiv idual  t ubes .  F o r  m e a s u r e m e n t  o f  radio-  
ac t iv i ty ,  the  en t i re  t u b e  was  i m m e r s e d  d i rec t ly  

in to  sc in t i l l a t ion  s o l u t i o n  and  c o u n t e d  in a 
B e c k m a n  l iquid  sc in t i l l a t ion  c o u n t e r  (Model  LS 
100).  

F o r  in vi t ro  s tud ies ,  S p r a g u e - D a w l e y  ra t s  
we igh ing  a b o u t  150 g were  fed in t he  same  
m a n n e r  as p r ev ious ly  desc r ibed ,  e x c e p t  t h a t  
t h e y  did n o t  receive any  rad ioac t ive  f a t t y  acid 
and  were  a l lowed  access  to  f o o d  and  w a t e r  un t i l  
killed by  d e c a p i t a t i o n .  

M i c r o s o m a l  p r e p a r a t i o n  and i n c u b a t i o n  
p r o c e d u r e s  fo r  m e a s u r i n g  d e s a t u r a t i o n  and  
e l o n g a t i o n  r e a c t i o n s  were  t h o s e  o f  Marcel  et al. 
(10)  e xc ep t  t ha t  all i n c u b a t i o n s  were  carr ied 
o u t  in E r l e n m e y e r  f lasks s t o p p e r e d  w i t h  s e r u m  

TABLE V 

In Vitro Desaturation and Elongation of 18-14C-Stearic Acid by Liver Microsomes 
From EFA Deficient Rats Fed Diets With and Without Ethionine 

Distribution of radioactivity, % 

EFA deficient EFA deficient 
Fatty acid control + 0.25% DL-ethionine 

Desaturation (aerobic) 
18:0 57.6 -t- 10.2 a 88.1 -I- 2.9b 
18:1(.09 c 35.7 + 10.5 6.8 ---3.1 b 
20:0 1.3 +0.1 1.5 -+0.6 

Elongation (anaerobic) 
18:0 88.5 --- 1.5 88.2 -I-3.0 
18:1(.D9 5.9 --- 1.4 3.2 ---0.4 
20:0 0.7-+0.1 1.5 ---0.6 

aMeans + SE of duplicate incubations from five individual control and three individual rats fed 
ethionine. Per cent of radioactivity in the fatty acids was determined from the ratio of the radio- 
activity in the particular fatty acid to the total radioactivity collected from the gas liquid chromato- 
graph. 

bSignificantly different from control, p ~ . 0 5 .  
CNumber following the (x) denotes the position of the first double bond counting from the terminal 

methyl group. 

LIPIDS, VOL. 5, NO. 7 



586 R. L. LYMAN, M. A. FOSMIRE, C. GIOTAS AND P. MILJANICH 

32X > <  4X 

22076 CPM~ 46.3% 

~ ~ 23060 CPM; 4 8 4 %  

~ 5  ~ 1152 CPM; 24*/* 

14:0 16:1 :18:0 i ~16 
12:0 16:0 [7:0 :18:1 !18:2 20:3 20:4 

: ! 

~. 4X 

24283 CPM; 85.0% 

-2771  CPM; 9.7 % 

e 643 ; . ** 

14:0 16:1 1 8 : 0  i18:2 
12:0 16:0 17:0 ~18:1 : 20:3 20:4 

FIG. 1. Gas liquid chromatograms of liver micro- 
somal lipids from each of 2 rats fed an EFA deficient 
diet, without ethionine (A) and with ethionine (B). 
Microsomes were incubated aerobically 25 min at 37 C 
(see text for details) with 18-14C-stearic acid and total 
radioactivity of lipid extract and of stearic and oleic 
acid determined. Omega (6o) followed by a number is 
the position of the first double bond, when counted 
from the terminal methyl group. The numbers at the 
top of the Figure are the relative attenuations. 

caps. Substrates for the reactions were either 
100 m / J m o l e s  18 -14C-s t ea r i c  acid or 
100 m/Jmoles 1-14C-linoleic acid. After 30 min 
incubation, the contents of each flask were 
poured into a pre-cooled (-70 C) 50 ml screw 
top tube, rinsed and lyophilized. Transmethyl- 
ation of the dry residues in the tubes was 
carried out with 2.5% H2SO4-methanol (freshly 
prepared) for 2 hr in a 65 C water bath. The 
tubes were capped with polyethylene cone- 
closure (Poly-seal) caps during the trans- 
methylation. Methylation procedures used for 
pure lipid extract proved inadequate for these 
samples which contained organic matter other 
than lipid. 

Statistical comparisons were made by T-test. 
Differences were considered as being significant 
if p < .05. 

RESULTS 

Body weight and liver lipids from rats fed 
the EFA deficient diet with and without 
ethionine are shown in Table II. Aside from 
their reduced weight gain, hence smaller liver, 
rats fed ethionine did not differ significantly 
from controls in their proportions of liver 
phospholipids and triglycerides. These results 
were comparable to those obtained previously 
(1,2), in which male rats fed the same level of 
ethionine with diets of similar protein content 
showed no consistent hepatic triglyceride 
accumulation. 

Table III shows the fatty acid composition 
of carcass, liver triglyceride and liver phospho- 
lipid. Ethionine had no effect on the carcass 
lipid fatty acid composition and the proportion 
of oleic acid, the most prominent fatty acid, 
was unaffected. Liver triglycerides of animals 
fed the methionine analogue, however, did have 
reduced proportions of palmitic and palmitoleic 
acids accompanied by increased percentages of 
oleic acid. The small amount of linoleic acid in 
this lipid was also increased by the ethionine 
feeding. The major changes in hepatic phospho- 
lipids induced by ethionine were the increased 
linoleic acid and the reduced levels of eicosa- 
trienoic acid, even though proportions of oleic 
acid were similar for both groups. 

Although these results suggested that 
ethionine might be affecting the conversion of 
oleic to eicosatrienoic acid rather than the 
desaturation of stearic to oleic acid, the latter 
reaction is significantly depressed as shown in 
Table IV. When 18-14C-stearic acid was fed to 
control animals, oleic acid of the liver trigly- 
cerides had over three times the stearic acid 
activity within 17 hr after feeding. In animals 
fed ethionine the distribution of the radio- 
activity in the two fatty acids was nearly equal. 
Inhibition of the conversion of stearic to oleic 
acid by ethionine was even more pronounced in 
the phospholipids. In this lipid, oleic acid 
accounted for 27% of the radioactivity in 
controls, but constituted only about 8% in the 
animals fed ethionine. The oleic acid from these 
animals also had a lower specific activity than 
did the controls, so their stearic acid specific 
activity-oleic acid specific activity ratios are at 
least six times that of the controls. 

It appeared, therefore, that conversion of 
stearic acid to oleic acid is depressed in rats fed 
ethionine just as is the conversion of linoleic 
acid to arachidonic acid. The animals, however, 
were able to maintain tissue levels of oleic acid 
comparable to control rats. Even though the 
oleic acid was maintained, the proportion of 
eicosatrienoic acid, which under the conditions 
of this experiment is derived from oleic acid, is 

LIPIDS, VOL. 5, NO. 7 



ETHIONINE AND DESATURATION 

TABLE VI 

In Vitro Desaturation and Elongation of  1-14C Linoleic Acid by Liver Microsomes 
From EFA Deficient Rats Fed Diets With and Without  Ethionine  

587 

Distribution of  radioactivity,  % 

EFA deficient 
control  

EFA deficient 
+ 0.25% DL-ethionine 

Fatty acid HCO Fat free HCO Fat free 

Desaturation (aerobic) 
18:2036 a 84.3 -0.7 b 76.5 +2.9 
18:3036 4.1 4-0.6 9.9 4- 1.6 
20:2036 0.8 --- 0.1 1.0 4- 0.2 

Elongation (anaerobic)  
18:2036 70.9 4"2.5 --- 
18:3036 1.0 "1- 0.l --- 
20:2036 12.5 4- 1.7 --- 

88 .24"0 .9  c 8 0 . 2 4 - 1 . 4  
1.44"0.1 c 2 .44"0.1 c 
0 .74"0 .0  1 . 0 •  

67 .5  4- 2 .0  
1 .0  4"0.1 

14 .9  4" 1.4 

. ~ 1 7 6  

~  

aNumber following the CO denotes the posit ion of  the first double bond counting from the terminal methyl  
group. 

bMean + SE of duplicate incubations from eight individual rats in control  and experimental  groups fed the 
hydrogenated coconut oil (HCO) and from four individual rats in control  and experimental  groups fed the 
fat-free diets. Per cent of radioactivity in the fatty acids was determined from the ratio of  the radioactivity in the 
particular fatty acid to the total  radioactivity col lected from the gas liquid chromatograph.  

CSignificantly different from control p ~.01. 

significantly decreased, suggesting that elon- 
gation or further desaturation of oleic acid 
could not occur normally. 

In an effort to learn whether the defect 
caused by ethionine was one affecting desatu- 
ration primarily or whether elongation was also 
involved, we turned to in vitro systems using 
liver microsome preparations (10). Gas liquid 
chromatograms and the distribution of the 
radioactivity typically obtained from liver 
microsomal lipids from control and ethionine- 
fed rats after aerobic incubation of the micro- 
somes with 18-14C-stearic acid are shown in 
Figure 1. The increased proportions of linoleic 
acid and decreased proportion of eicosatrienoic 
acid induced by the ethionine are evident in the 
fatty acid patterns. About equal amounts of 
radioactivity were in the peaks representing 
stearic and oleic acids with only about 5% of 
the counts appearing in the other fatty acids 
when control microsomes were incubated. 
However, only 10% of the stearic acid was con- 
verted into oleic acid in those microsomes from 
ethionine treated rats. Averaged results from 
additional animals are summarized in Table V. 
Although the system readily demonstrated 
desaturase activity and its inhibition when 
ethionine had been fed, no significant chain 
elongation took place in either control or 
ethionine-fed animals. Results from a similar 
type of experiment, but with 1-14C-linoleic 
acid as substrate are shown in Table VI. Initial 
experiments used microsomes from rats fed 
EFA-deficient diets containing hydrogenated 

coconut oil. Although significant depression of 
desaturation of linoleic acid to 3,-linolenic acid 
by feeding ethionine could be demonstrated, 
the amount of conversion in control animals 
was much lower than that obtained by others 
(10) using fat free diets. We, therefore, repeated 
the experiments with microsomes from animals 
fed a fat free diet during the nine days they 
were fed ethionine. Under these conditions 
about 10% of the linoleate was desaturated to 
7-1inolenic acid in controls, but only 2.4% 3'- 
linolenic acid was produced with microsomes 
from ethionine-fed rats. Chain elongation of  the 
linoleic acid appeared to take place to about 
the same extent in controls as in the rats fed 
ethionine. 

DISCUSSION 

In vivo studies had shown previously that 
dietary ethionine impaired the normal trans- 
formation of linoleic to arachidonic acid (2). 
The present experiments, carried out in vivo as 
well as in vitro, have demonstrated that the 
analogue also interferes with desaturation of  
stearic acid in the synthesis of oleic acid. 

Nugteren (1 1) had reported that only slight 
chain elongation of stearic acid could be 
demonstrated in microsomal systems which 
was also our experience. However, linoleic acid 
chain elongation of the order reported by 
Marcel et al. (10) for rats receiving fat occurred 
in control and ethionine-fed animals to about 
the same extent (Table VI). This result suggests 
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that the primary effect of ethionine is on the 
desaturases rather than on the enzymes in- 
volved in elongation reactions. In as much as 
the principal first step in arachidonic acid 
synthesis is desaturation of linoleic acid to 7- 
linolenic acid (12), it becomes apparent why 
linoleic acid, supplied by the diet, accumulated 
and arachidonic acid decreased with no evi- 
dence of accumulation of  abnormal long chain 
intermediate fatty acids (2). 

In rats fed the EFA deficient diet, no dietary 
oleic acid was provided, yet the animals fed 
ethionine exhibited levels of oleic acid in their 
tissue lipids comparable to control rats. Levels 
of eicosatrienoic acid, derived from oleic acid, 
were significantly depressed, however, when 
compared with controls (Table III). Since the 
desaturation of stearic acid in the synthesis of 
oleic acid was partially inhibited by ethionine 
(Tables IV and V), these results suggest that 
oleic acid may have been synthesized by a path- 
way other than from stearic acid. In the con- 
version of oleic acid to eicosatrienoic acid, how- 
ever, the preferred initial step is a desaturation 
to an octadeca-6, 9-dienoic acid (13). It 
appears, therefore, that ethionine blocks this 
desaturation of oleic acid, also, and since no 
other pathway for the synthesis of the triene 
exists, its tissue level decreases. Little or no 
elongation of the oleic acid previous to this 
desaturation seems to occur, as no accumu- 
lation of 20:Ico9 fatty acid was evident in any 
of the lipids studied (Table liD. 

Evidence of pathways for oleic acid syn- 
thesis in higher organisms other than through 
desaturation of stearic acid has been reported 
for the chicken (14) and for the rat (15). 
Recently, Raju and Reiser (16) have shown that 
when Sterculia foetida seed oil is fed, rats may 
use lauric acid for oleic acid synthesis, pre- 
sumably by a reaction involving a 3,3'-desatu- 
ration of the lauric acid followed by chain 
elongation to oleic acid. In all of our experi- 
ments in which tissue fatty acids were 
measured, and in which oleic acid was found, 
we had fed hydrogenated coconut oil, con- 
taining about 50% lauric acid. It has been esti- 
mated (16) that the alternate oleic acid synthe- 
tic pathway may normally account for at least 
one fourth of the oleic acid synthesized. It is 
possible, therefore, that when desaturation of 
stearic acid, the major pathway, is impaired, the 
alternate synthetic route is enhanced. 

Unfortunately the maintenance of normal 
oleic acid tissue levels in the present experiment 
cannot, however, be unambigously interpreted 
as an increase in some alternate synthetic path- 
way, because the animals had three weeks, prior 
to the ethionine feeding, in which to accumu- 
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late tissue oleic acid. Following ethionine 
feeding there was a decrease in the utilization 
of oleic acid for eicosatrienoic acid synthesis 
and also probably a decrease in its oxidation 
(17). If the decreased utilization essentially 
balanced the depressed synthesis, no difference 
from control values would be seen in the short 
time the ethionine was fed. The question of 
whether an alternate pathway of oleic acid 
synthesis is present and contributes signifi- 
cantly in these animals is being investigated 
further. 

How ethionine acts to inhibit, rather 
specifically, the acyl desaturases and not the 
e longat ion reactions remains unanswered. 
Mohrhauer et al. (18) have reported that quite 
d i f fe ren t  mechanisms functioned in the 
inhibition of chain lengthening, than those 
involved in desaturation. While a wide range of 
fatty acids of differing unsaturation and chain 
lengths  inhibited elongation, only oleic, 
linolenic and docosahexaenoic acids interfered 
with linoleic to 7-1inolenic acid conversions. A 
greater substrate specificity must exist, there- 
fore, for the desaturases than for the elongation 
enzymes. Ethionine, a rather nonspecific 
inhibitor of a number of enzyme mediated 
reactions (19), was fairly selective for inhibiting 
desaturase activity. Kircher (20) and Raju and 
Reiser (21) have suggested that the stearoyl 
desaturase enzyme activity is dependent on 
thiol groups and that the active principle of 
Sterculia fbetida oil, sterculic acid, inhibits the 
enzyme by irreversibly binding the thiols. 
Ethionine is not known as a thiol binding agent, 
so it is doubtful it affects desaturase activity by 
such a mechanism. More likely, the inhibition is 
induced through an effect on protein synthesis 
(22,23,24), in which enzyme synthesis is 
depressed or else nonfunctioning ethionine- 
containing enzymes may be produced. 
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Fatty Acid Composition of the Neutral Lipids and Individual 
Phospholipids of Muscle of Cold-Stressed Arctic Mice 

CARL E. EYBEL and R. GERALD SIMON, Department of Neurology, 
Rush-Presbyterian-St. Luke's Medical Center, Chicago, Illinois 60612 

ABSTRACT 

Fatty acids of the individual phospho- 
lipids and total neutral lipid fractions in 
skeletal muscle of three species of Arctic 
mice were identified and quantitated 
after the mice had been classified as con- 
trol, cold-sensitive or cold-resistant. The 
results indicate that some species increase 
the percentage of unsaturated fatty acids 
as an apparent result of cold exposure 
and some species do not. A common 
finding for all cold-sensitive mice was a 
significant increase in 14:0 in phospha- 
tidic acid when compared to cold-resist- 
ant and control animals. Hypotheses are 
presented in an attempt to explain this 
finding. 

INTRODUCTION 

It has been determined (1) that the lipid 
pattern of skeletal muscle observed in some 
native Arctic mice varies with the animal's 
ability to withstand cold stress. It was con- 
sidered essential to determine whether these 
variations were dependent upon or associated 
with a difference in the fatty acid composition 
of the lipid classes of the various classifications 
of animals within each species. It was also 
deemed important to determine whether 
specific fatty acids were utilized preferentially 
in the maintenance of body heat. This paper 
reports the findings of this study. 

METHODS 

Animal Classification 

Animal classification was performed 
according to our standard procedure (1). In 
brief, the method is as follows: Three species of 
native Arctic mice were trapped and their off- 
spring raised at 5 C (cold-acclimated) or 18 C 
(control). The cold-acclimated animals were 
stressed at -40 C for a 2 hr period. The animals' 
temperature was taken rectally every 30 min. If 
the temperature fell below 36 C, the animal was 
removed from the stress chamber and classified 
cold-sensitive (CS). If the animals' temperature 
was equal to or greater than 36 C for the full 2 

hr period, the animal was considered cold-resist- 
ant (CR). 

Extraction and Separation of Lipid Classes 

These methods have been described in more 
detail elsewhere (3,4). Eight hours after 
stressing, the animals were decapitated, the 
total skeletal muscle mass of the hind legs was 
quickly excised, all visible adipose tissue 
removed and the remaining muscle frozen in 
liquid nitrogen. The muscle was then crushed 
and extracted under nitrogen three times with 
chloroform-methanol (C/M) solvents containing 
butylated hydroxytoluene (BHT) (1 mg/1) as 
an antioxidant. The crude lipid extract was 
purified on a Sephadex column (4), an aliquot 
of fraction one was weighed, a known amount 
(approximately 250 /Jg of phospholipid) was 
spotted on thin layer plates and the plates were 
developed two-dimensionally in chloroform- 
methanol-concentrated ammonium hydroxide 
( 6 5 : 2 5 : 5  v/v/v) and chloroform-acetone- 
m e t h a n o l - a c e t i c  acid-water  (5:2:1:1:0.5 
v/v/v/v/v). After development in the second 
dimension the plates were air dried for 5 min, 
the spots detected by spraying with distilled 
water, circled and the water evaporated under a 
stream of nitrogen. After drying, the spots were 
scraped from the plate into teflon-lined screw- 
capped tubes. Areas of the plate containing no 
lipid were used for blanks. The uncapped tubes 
were dried overnight in a vacuum desiccator 
over KOH pellets. 

Transesterification and Isolation of 
Fatty Acid Esters 

To each tube containing the dry sample was 
added 1.5 ml of benzene, a known amount of 
internal standard (methyl heneicosanoate) and 
2.5 ml of freshly prepared 14% BF 3 in 
methanol. Each tube was flushed with nitrogen, 
tightly capped and heated at 100 C for 10 min. 
For sphingomyelin a 30 min heating period was 
used. After heating, the tubes were cooled, 
opened and 1.5 ml of water added. The tubes 
were shaken vigorously, centrifuged (500 x g 
for 10 min), the benzene layer transferred to 5 
ml centrifuge tubes and the benzene evaporated 
under nitrogen. The sample was dissolved in 
carbon disulfide and an aliquot injected into 
the gas chromatograph (Barber-Colman, Series 
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5000, Rockford, Ill.) equipped with a flame 
ionization detector. 

Separation and Identification of Fatty Acid Esters 

The fatty acids were separated and quanti- 
tated on a 6 ft x 1/4 in. glass column packed 
with 10% DEGS (diethylene glycol succinate) on 
80/100 mesh Gas Pak (Chemical Res. Services, 
Inc., Addison, Ill.). The following conditions 
were used for the column: on column injection; 
column temperature, 175 C; nitrogen carrier 
gas, 76 ml/min. 

Fatty acids were identified by comparison of 
retention times with known standards on the 
DEGS column. Some samples were randomly 
selected and the identification of the fatty acids 
checked in a 6 ft x 1/4 in. nonpolar column 
(5% Apiezon L on 80/100 mesh Gas Pak, 
column temperature, 210C;  nitrogen carrier 
gas, 85 ml/min). 

Identification was verified further by re- 
running the fatty acids after hydrogenation. 
HYdrogenation was achieved as follows. An ali- 
quot  of the methyl ester mixture was added to 
a screw cap vial and the solvent  removed. 
Methanol (I ml) and a small amount of 
palladium black were added. Hydrogen was 
slowly bubbled into the methanol for 3 min, 
the vial sealed and heated at 75 C for 10 rain. 
To the cooled vial were added 1 ml of water 
and 1 ml of hexane. The vial was vigorously 
shaken, the hexane removed, evaporated, the 
sample dissolved in carbon disulfide and rein- 
jected into the gas chromatograph. Both the 
DEGS and Apiezon L columns were used for 
this procedure. 

Fatty Acid Quantitation 

Quantitation of each fatty acid was achieved 
by multiplying peak height by retention time 
(14). Each individual product was divided by 
the sum of the products. 

Transesterification was found to be com- 
plete by thin layer chromatography of the 
hexane extract and the methanol-water residue 
us ing  the  two-dimensional solvent pair 
employed in phospholipid class isolation or uni- 
dimensionally using hexane-diethyl ether-acetic 
acid (70:30:1 v/v/v). 

Identification of Aldehydes 

An aliquot of the methyl ester mixture was 
placed in a glass tube with 3 N HC1, flushed 
with N2, sealed and heated at 100 C for 2 hr. 
The tube was cooled, opened and made alkaline 
with KOH. The alkaline solution was extracted 
with ether, an aliquot injected into the gas 
chromatograph and the peak compared with 
known aldehyde standards. The remaining 

TABLE I 

Fatty Acid Composition of a Selected Mixture 
Obtained Before and After Hydrogenation 

Fatty acid 

Per cent Per cent 
composition composition 

before after 
hydrogenation hydrogenation 

16:0 0.00 24.96 
16:1 25.00 0.00 
18:0 0.00 25.08 
18:1 24.99 0.00 
20:0 0.00 24.91 
20:1 25.01 0.00 
22:0 0.00 25.05 
22:1 25.00 0.00 

asee Methods section for details of procedure. 

material was oxidized with acetic chromium tri- 
oxide to the corresponding fatty acid and the 
identity of the methyl ester also confirmed by 
comparison with known standards (2). 

RESULTS 

Table I shows the results from hydrogen- 
ation obtained by the method described and 
clearly demonstrates that the procedure is 
quantitative. 

The data tabulated in Table II present the 
results of the fatty acid analysis for the native 
Alaskan mouse M i c r o t u s  o e c o n o m u s .  The 
results for individual fatty acids are expressed 
as per cent of the total fatty acid for the lipid 
classes of any one species. All of the phospho- 
lipids except one share a predominance of satu- 
rated fatty acids with 16:0 and 18:0 accounting 
for a large percentage of this total. Diphospha- 
tidyl glycerol is the exception and it shows a 
high degree of unsaturation (65-75%) with 18:2 
plus 18:1 accounting for over 50% of the total 
fatty acid. 

The cold-sensitive animals have greater than 
a sixfold increase of 14:0 in the phosphatidic 
acid fraction. The cold-resistant animal, how- 
ever, resembles very closely the 18 C control in 
fatty acid composition. 

The neutral lipid contains primarily unsatu- 
rated fatty acids with 18:1 being present in 
greatest abundance followed by 18:2. Of the 
saturated fatty acids in the neutral lipid frac- 
tions, 16:0 is the most abundant. The cold- 
sensitive mice show a higher content of satu- 
rated fatty acids than do the cold-resistant mice 
for the phospholipid fractions. However, the 
cold-sensitive mice show a higher degree of 
monoenes than do the cold-resistant or control 
animals. When polyenes are considered, the 
18 C-acclimated mice contain the largest 
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amount and the cold-sensitive mice the least. 
When the neutral lipid fraction (tri-, di- and 

monoglycerides) of M. oeconornus  is considered 
for the three categories, it is observed that the 
18 C-acclimated mice contain the highest 
degree of saturation and the largest amount of 
polyenes. The cold-sensitive mice contain the 
greatest amount of unsaturates due to their 
greater amount of monoenes. 

The results of the individual phospholipid 
and total neutral lipid fatty acid analyses for 
Micro tus  pennsy lvan icus  are shown in Table III. 
Without any exceptions, all of the phospholipid 
fractions share a predominance of saturated 
fatty acids with 18:0 and 16:0 accounting for a 
large percentage of this total. The phosphatidic 
acid fraction shows less of a variety than did 
this fraction for M. o e c o n o m u s .  Again, how- 
ever, the cold-sensitive mice show a predomi- 
nance of the shorter chain fatty acids, 
especially 14:0 and of 14:0 aldehyde. 

It appears that the saturates are accounted 
for in almost equal proportions by both the 
cold-sensitive and cold-resistant mice for M. 
pennsy lvan icus ,  while the 18 C-acclimated mice 
contain the largest amount of saturated fatty 
acids, as was the case for M. o e c o n o m u s .  The 
cold-sensitive mice contain the largest amount 
of unsaturated fatty acids. The 18 C-acclimated 
mice for the species M. pennsy lvan icus  also 
show a high polyene content in their neutral 
lipid fraction as was found for M. o e c o n o m u s .  

The results for the individual phospholipid 
and total neutral lipid fatty acid analyses for 
C l e t h r i o n o m u s  rut i lus  are shown in Table IV. 
This species shows more variation than the pre- 
vious two in the amount of saturation of its 
fatty acids for the individual phospholipid frac- 
tions. The saturated fatty acids are accounted 
for mainly by 16:0 and 18:0 while the unsatu- 
rated fatty acids show a predominance of 18:1, 
18:2, 20:4 and 20:5. The diphosphatidyl 
glycerol fraction shows a high degree of unsatu- 
ration (65-75%) as was the case for M. 
o e c o n o m u s .  Again the phosphatidic acid frac- 
tion of the cold-sensitive mice shows an eleva- 
tion of 14: 0. 

The neutral lipid fraction for C. rut i lus  
shows a high degree of unsaturation in its fatty 
acids as was the case for the other two species. 
A predominance of 18:1 and 18:2 accounts for 
most of the total unsaturation. 

The 18 C-acclimated mice show a high 
degree of saturation in their fatty acids of the 
phospholipid fractions while the cold-sensitive 
mice show the highest degree of unsaturation, 
due to the high polyene content. 

In the neutral lipid fraction of C. rut i lus ,  the 
cold-sensitive mice contain the greatest amount 

of saturated fatty acids while the 18 C-accli- 
mated mice contain the greatest amount  of un- 
saturated fatty acids due to the high monoene 
content. The cold-sensitive mice, :however, con- 
tain the greatest amount of pol~renes in their 
neutral lipid fraction compared to the other 
two categories. 

DISCUSSION 

It has been suggested (5,6) that the degree of 
unsaturation of certain body fat increases 
during cold exposure. Irving (7) examined the 
skeletal muscle in the Alaskan Caribou and 
found that with progression to the distal 
portion of the leg, the percentage of unsatu- 
rated fatty acids increased. Williams and Platner 
(8) examined the fat content of the liver, white 
adipose tissue, and brown adipose tissue in 
cold-exposed animals. Their results indicate 
that cold-acclimation increases the relative level 
of unsaturation in white adipose tissue of both 
the rat and hamster and that this level of unsat- 
uration is maintained during hibernation in the 
hamster. Brown adipose tissue showed no 
increase in unsaturation under these same con- 
ditions. These investigators also found that 
during the process of cold-acclimation, a rela- 
tively higher level of unsaturation occurs in the 
liver of the hamster but not in that of the rat. 
However, the increased level of unsaturation 
was not seen during hibernation in the hamster. 

Simon (1) has examined the phospholipid 
distribution pattern in muscle of M. o e c o n o m u s  
and C. rut i lus  using the same criteria for animal 
stressing and categorization reported in this 
study. In a preliminary report he suggested that 
there is a species difference in response to cold 
exposure and that following acute cold stress 
the cold-resistant animals of some species (e.g., 
C. ruti lus)  show a higher diphosphatidyl 
glycerol content than the cold-sensitive animals 
of the same species. It has also been reported 
that following cold stress there was a decrease 
in most species in the total amount  of phospho- 
lipid in cold-sensitive mice but that cold-resist- 
ant mice maintain or increase their muscle 
phospholipid content. 

The results, therefore, are inconclusive as to 
whether cold-exposure increases the unsatu- 
ration of skeletal muscle neutral lipid. It is pos- 
sible that what is being observed here is princi- 
pally a species difference in response to cold- 
exposure. There is very little evidence to indi- 
cate a decreased capacity of the skeletal muscle 
to oxidize short-chain fatty acids as previously 
found in liver (9-11). It is interesting to note, 
however, that the phosphatidic acid fraction of 
all cold-sensitive mice showed a marked ele- 
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vat ion o f  14:0. 
The results  o f  the  fa t ty  acid analyses for the  

phospho l ip id  f ract ions  show even more  variance 
than  the neutral  lipid fa t ty  acid analyses for  the  
d i f fe rent  species. In M. oeconomus and C. 
rutilus, the  d iphospha t idy l  glycerol  is f rom 
65-75% unsa tura ted ,  wi th  18:2 accoun t ing  for  
40-60% of  this unsa tura t ion .  Similar results  
have been  found  for rat liver mi tochondr i a  (12) 
and beef  hear t  m i tochondr i a  (13). On the  o the r  
hand ,  M. pennsylvanicus shows a p r e d o m i n a n c e  
of  sa tura ted  fa t ty  acids (50-80%, mos t ly  18:0) 
in its d iphospha t idy l  glycerol  f ract ion.  

It might  be expec t ed  tha t  the  large increase 
in the  14:0 con ten t  of  phospha t id ic  acid would  
be re f lec ted  in the  14:0 con ten t  o f  o the r  
g lycerophosphol ip ids .  This is no t  the case how-  
ever, and there  are two  possible exp lana t ions  
for this p h e n o m e n o n :  (a) there  could be a 
block in ut i l izat ion of  14:0-containing phospha-  
t idic acid which  might  indicate  an enzyme  
specif ic i ty  l imi ta t ion ,  or (b) the  t ime of  
stressing being relatively shor t ,  the  increase in 
14:0 con ten t  o f  o the r  phosphog lycer ides  is 
masked by  the  fa t ty  acid compos i t i on  of  those  
glycerides that  are present  prior to  stressing. 

Ei ther  o f  two basic mechanisms  may be 
responsible  for the  apparen t  increase in the  
14:0 con t en t  o f  phospha t id ic  acid of  all cold- 
sensitive mice: (a) the  cold-sensitive animal has 
d i f f icul ty  in metabol iz ing  14:0, and the  animal 
re turns  this fa t ty  acid to the  fa t ty  acid pool  for  
resynthes is  in to  glycerol lipids, or (b) the  fa t ty  
acid synthes iz ing sys tem tends  to  release more  
14:0 under  cold stress condi t ions  ins tead of  the  
usual 16:0 or 18:0 fa t ty  acid. Fu r the r  work is 
needed  for clarif ication.  

ACKNOWLEDGMENTS 

Taken in part from the Master's thesis of C. E. 
Eybel. The animals used in this study were supplied by 
the Institute of Arctic Biology, University of Alaska. 
This work was supported by Grant NB 07760-01 from 
the National Institute of Neurological Diseases and 
Stroke of the Department of Health, Education and 
Welfare. 

REFERENCES 

1. Simon, G., Bull. N.J. Acad. Sci., Symposium 
Issue, 65-68 (1969). 

2. Simon, G., and G. Rouser, Lipids 2:55-59 (1967). 
3. Rouser, G., G. Kritchevsky, A. Yamamoto in 

"Lipid Chromatographic Analysis," Edited by G. 
V. Marinetti, Marcel Dekker, Inc., 1967, p. 
99-162. 

4. Siakotos, A., and G. Rouser, JAOCS 42:913-919 
(1965). 

5. Kodama, A. M., and N. Pace, J. Appl. Physiol. 
19:863-867 (1964). 

6. Mefferd, R. B., M. Nyman and W. W. Webster, 
Amer. J. Physiol. 195:744-746 (1958). 

7. Irving, L., in "Cold Injury," Transactions of the 
5th Conference, J. Macy Foundation, 11-16 
(1958). 

8. Williams, D. D., and W. S. Platner, Amer. J. 
Physiol. 212:167-172 (1967). 

9. Masoro, E. J., A. I. Cohen and S. S. Panagos, Ibid. 
180:341-344 (1955). 

10. Masoro, E. J., and J. M. Felts, J. Biol. Chem. 
231:347-356 (1958). 

11. Masoro, E. J., and S. S. Panagos, Proc. Soc. Exp. 
Biol. Med. 93:277-280 (1956). 

12. MacFarlane, M. G., G. M. Gray and L. W. Wheel- 
don, Biochem. J. 77:626-631 (1960). 

13. Fleischer, S., and G. Rouser, JAOCS 42:588-607 
(1965). 

14. Carroll, K. K., Nature 191:377 (1961). 

[Received July 2, 1969] 

LIPIDS, VOL. 5, NO. 7 



Effect of Culture Temperature on Fatty Acid Composition 
of Chlorella sorokiniana l 
GLENN W. PATTERSON, Department of Botany, 
University of Maryland, College Park, Maryland 20740 

ABSTRACT 

Chlorella sorokiniana was grown for 
extraction of fatty acids at seven tem- 
peratures ranging from 14 C to 38 C. The 
predominant fatty acids in C. sorokiniana 
grown at 38 C were saturated (46% of 
total); at 22 C, tritmsaturated (40% of 
total); and at 14 C diunsaturated (47% of 
total). Increasing temperature resulted in 
an increase in the degree of unsaturation 
from 14 C to 22 C, but further increases 
in temperature always resulted in a 
decrease in unsaturation. At any point in 
the temperature range used, an increased 
temperature always resulted in fatty acids 
with a lower average chain length. Total 
fatty acid production was greatest at the 
extremes of temperature and lowest at 
26 C. The chain length and degree of 
saturation of fatty acids increased at tem- 
peratures lower than 22 C. Therefore, the 
fatty acids of C. sorokiniana do not have 
an increasingly lower melting point when 
the culture temperature is reduced at 
temperatures 22 C or below. 

INTRODUCTION 

Environmental temperature is an important 
factor in the life of plants and animals. Several 
authors (1-3) have reported that animals 
respond to a lower environmental temperature 
by the accumulation of an increased percentage 
of unsaturated fatty acids in their body lipid. 
This is true in animals in controlled-diet experi- 
ments (4,5) as well as in those in which lipid 
content of the diet was not reported. The 
phenomenon of lower environmental tempera- 
ture resulting in the presence of a greater per- 
centage of unsaturated fatty acids is also 
apparent in microorganisms such as Anacystis 
niclulans (6), Candida sp. (7) and E. coli (8), 
although sometimes an opposite temperature 
effect is noted (9). Marr and Ingraham (8) 
studied the effect of temperature on fatty acid 
content at eight temperatures ranging from 
.10 C to 43 C, but most authors have chosen to 

1Scientific Article No. A1562 Contribution No. 
4271 of the Maryland Agricultural Experiment 
Station. 

compare data from only two temperatures. The 
value of such data is thus limited by the lack of 
more points for comparison. It is quite possible 
that the results could depend upon the level of 
the two temperatures chosen for study. Lewis 
(3) suggested that an increase in unsaturated 
fatty acids, in response to lower temperatures, 
could act to preserve protoplasmic viscosity in 
colder habitats. To determine whether a lipid 
mixture more resistant to solidification at low 
temperatures is being synthesized, we need to 
examine both the molecular weight of the fatty 
acids as well as the degree of unsaturation and 
not just the percentage of unsaturated fatty 
acids. To meet these requirements, Chlorella 
sorokiniana was chosen as a plant which would 
grow over a wide range of temperature. This 
paper reports the content of fatty acids in C. 
sorokiniana at seven temperatures ranging from 
14 C to 38 C. 

MATERIALS AND METHODS 

Cells of C. sorokiniana (Shihira and Krauss) 
were grown in the dark in large test tubes con- 
taining 400 ml of growth medium which was 
bubbled with 1% CO z in air. The medium was 
composed of 1 g/liter KNO3, 0.5 g/liter 
KH2PO4, 0.5 g/liter K2HPO4, 0.25 g/liter 
M g S O 4 o 7 H 2 0 ,  a nd  the  micronutrients 
described for Chlorella culture by Thomas and 
Krauss (10). Glucose at 0.5% provided the 
carbon source for heterotrophic growth. 
Temperature was controlled by a Forma con- 
trolled temperature bath and did not differ 
more than 0.5 C from the set temperature. C. 
sorokiniana was cultured at increasingly lower 
temperatures until  growth ceased. The lowest 
t e m p e r a t u r e  at w h i c h  consistent and 
measurable growth occured was 14 C. Cells 
were grown at 18 C for extraction by taking an 
inoculum from the 14 C culture, and then 
making three or more transfers at 18 C. An 
inoculum from 18 C, was then used for inocu- 
lation at 22 C, etc. Cells were grown for 
extraction at seven temperatures at four-degree 
intervals from 14C to 38 C. A culture was 
always harvested when its optical density 
reached 0.6 on a Coleman Junior Spectrophoto- 
meter (or a dry wt of 0.8-9.9 g/liter), since pre- 
liminary work showed some variation in fatty 
acid content with age of culture. At harvest, an 
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al iquot  of  cells was removed  for dry weight 
de te rmina t ion .  The  remainder  was centrifuged,  
resuspended in methanol ,  t ransferred with a 
p ipet te  to an ex t rac t ion  th imble  and extracted 
overnight  wi th  ch lo roform-methano l  (2: 1) in a 
Soxhle t  apparatus. 

Tota l  lipid was de termined  by evaporat ing 
the solvent,  resuspending the lipid in chloro- 
form,  and filtering the  lipid into a weighted 
beaker  to remove nonl ipid  part iculate  material.  
Af te r  evaporat ion of  the ch loroform,  the  total  
lipid weight was obtained.  The lipid was sapon- 
ified with a 100% excess of  KOH in 80% 
ethanol ,  diluted threefold  with water ,  acidified 
with HC1, and ext rac ted  overnight  wi th  diethyl  
ether  in a l iquid-l iquid ex t rac t ion  apparatus. 
Af te r  evaporat ion of  ether  to dryness, the fa t ty  
acids were methy la ted  by heat ing for  3 min 
with BC13-methanol reagent (Appl ied Science 
L a b s ) .  F a t t y  acid methyl  esters were 
par t i t ioned into hexane,  and the hexane was 

evaporated to dryness under  N 2. The sample 
was redissolved in hexane and transferred to a 
vial, leaving behind the last traces of BC13. 

The  fat ty acid esters were analyzed by a 
Glowall  model  A-110 gas chromatograph.  The 
operat ing condi t ions  were:  (a) column 1.8 m x 
3.4 m m  i.d., 15% HiEf f  1BP on Gas Chrom P, 
(Appl ied Science Labs) 20 psi, and 165 C; (b) 
argon ionizat ion de tec tor ,  900 v, 200 C; and (c) 
flash heater ,  205 C. The fat ty  acids were 
ident i f ied by thin layer chromatography  on 
Silica Gel G, developed with 20% ether  in 
hexane ,  and fol lowed by gas chromatography  
using known fat ty  acids as standards. Quanti ta-  
tive data were obta ined  by measuring peak 
areas using a disc integrator .  

RESULTS A N D  DISCUSSION 

The major fa t ty  acids of  C. sorokiniana were 
ident i f ied as 16:0, 16:1,  16:2, 16:3, 18:0, 

TABLE I 

Effect of Culture Temperature on the Relative Proportions of Various Fatty Acids in C. sorokiniana 

Culture Individual fatty acids as percentage of total fatty acids 
temperature, 

C 16:0 16:1 16:2 16:3 18:0 18:1 18:2 18:3 

14 21.7 3.3 10.8 10.3 0.5 4.7 36.4 11.6 
18 26.1 3.1 7.9 12.8 0.3 4.9 29.5 15.2 
22 29.3 2.4 4.2 16.9 0.3 3.8 19.7 23.3 
26 33.1 2.6 6.0 13.4 1.0 4.0 20.9 18.3 
30 37.5 2.7 6.8 11.5 1.2 4.3 20.1 15.8 
34 39.2 3.4 7.7 9.6 2.6 4.4 21.0 11.8 
38 40.7 4.4 10.2 5.4 5.3 4.7 21.3 7.5 
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18:1, 18:2 and 18:3. Traces of  14:0 and o the r  
un ident i f ied  acids were de tec ted ,  but  t h e y  
made  up less than  1% of  the  tota l  fa t ty  acids 
and were no t  s tudied fur ther .  

Table I indicates  tha t  as the  culture t empera -  
ture increased,  the sa tura ted  fa t ty  acids made  
up an increased percentage  of  the to ta l  fa t ty  
acids. At  the  lower  t empera tu re s  the  percentage  
of  t r iunsa tura ted  acids also increased.  These 
increases were balanced at the  lower t empera -  
tures by a significant decrease in the  p ropo r t i on  
of  d iunsa tura ted  acids. At  t empera tu res  above 
22 C, the  relative p r o p o r t i o n  of  saturates  
increased,  tha t  of  t r iunsa tura tes  decreased and 
that  of  d iunsaturates  remained  relatively con- 
stant.  The p ropo r t i on  of  monounsa tu ra t e s  
remained essentially cons tan t  regardless of  tem- 
perature .  

It can be seen, then ,  tha t  the  p r e d o m i n a n t  
acids at 14 C were d iunsa tu ra ted  (47.2% of  

total) ,  at 22 C were t r iunsa tura ted  (40,2% of  
total)  and at 38 C were sa tura ted  (46.0% of  
total) .  Figure 1 shows how the  degree of  unsat-  
ura t ion  of  Chlore l la  fa t ty  acids changed wi th  
culture t empera tu re .  The degree of  unsatu-  
ra t ion  was greatest  at abou t  22 C. F r o m  this 
po in t  there  was apparen t ly  a linear decrease in 
unsa tura t ion  wi th  ei ther  an increase or decrease 
in t empera tu re .  F r o m  this graph it can be 
unde r s tood  how confus ion  in the  l i terature  
could have arisen on the effect  of  t empe ra tu r e  
on the  degree of  unsa tura t ion  of  fa t ty  acids. If  
14 C and 22 C were the  t empera tu res  selected 
for  s tudy,  it would  appear  tha t  increased tem- 
pera ture  increased the  degree of  unsa tura t ion .  
If 22 C and 30 C were selected,  it would  appear  
that  increased t empera tu re  decreased the degree 
of unsa tura t ion .  Unfo r tuna te ly ,  only  two tem- 
pera tures  have been  selected for  s tudy  in many  
publ ished works  of  this kind.  The conclus ions  

TABLE II 

The Effect of Culture Temperature on the Absolute Concentrations of 
Fatty Acids and Total Lipid in C. sorokiniana 

Per cent dry weight 

Individual fatty acids Culture 
temperature, 

C 16:0 16:1 16:2 16:3 18:0 18:1 18:2 t8:2 

Total 
fatty 
acids 

Total 
lipid 

14 1.26 0.19 0.63 0.60 0.03 0.27 2.11 0.67 
18 1.59 0.19 0.48 0.'78 0.02 0.30 1.80 0.93 
22 0.76 0.06 0.11 0.44 0.01 0.10 0.51 0.61 
26 0.43 0.03 0.08 0.17 0.01 0.05 0.27 0.24 
30 0.75 0.05 0.14 0.23 0.02 0.09 0.40 0.32 
34 1.42 0.12 0.28 0.35 0.09 0.16 0.76 0.42 
38 2.46 0.27 0.62 0.33 0.32 0.29 1.30 0.46 

5.8 10.5 
6.1 10.2 
2.6 9.1 
1.3 10.2 
2.0 10.5 
3.6 10.8 
6.1 11.9 
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t h a t  can be  d rawn  f rom these  s tudies  are thus  
l imi ted .  

It  is a p p a r e n t  f r o m  Table  I t h a t  the  ra t io  of  
16-carbon acids to  18-carbon  acids mus t  also be 
increas ing wi th  increas ing t e m p e r a t u r e .  F igure  2 
shows t h a t  th is  increase  was l inear  up  to  30 C, 
at  wh ich  t e m p e r a t u r e  it began  to  level off.  

A l t h o u g h  data  on  relat ive p r o p o r t i o n s  of  
var ious f a t t y  acids are he lpfu l ,  in o rder  to  get a 
t rue  p ic tu re  of  the  changes  in f a t t y  acid c o m p o -  
s i t ion w i th  changing t e m p e r a t u r e ,  one  mus t  also 
calcula te  the  data  on  a dry  weight  basis to  
o b t a i n  abso lu te  c o n c e n t r a t i o n s  of  f a t t y  acids. 
Table  II shows t ha t  w h e n  one  goes f rom 38 C 
to lower  t e m p e r a t u r e s ,  all f a t t y  acids decrease  
in abso lu te  concen t r a t i ons .  Changes  in relat ive 
p r o p o r t i o n s  of  f a t t y  acids are seen in Table  I, 
because  var ious f a t t y  acid c o n c e n t r a t i o n s  were 
decreas ing at d i f fe ren t  ra tes .  A t  26 C all f a t t y  
acid c o n c e n t r a t i o n s  r eached  the i r  lowes t  po in t ,  
and  f u r t h e r  decreases in  t e m p e r a t u r e  genera l ly  
resul ted  in an  increase  in the  c o n t e n t  of  all 
f a t ty  acids. 

The  t o t a l  f a t t y  acids made  up  f rom 1.3% to 
6.1% of  the  dry weight  of  the  algal cell and  the  
h igher  values were o b t a i n e d  at the  ex t r emes  of  
t e m p e r a t u r e .  The  g r o w t h  ra te  of  C. sorokiniana 
is h ighest  ( abou t  six doub l ings  per  day  u n d e r  
cond i t ions  given) at  38 C and  decl ines  w i th  
lower  t empera tu res .  The  t o t a l  f a t t y  acids made  
up on ly  13% of the  t o t a l  l ipid at 26 C, bu t  were 
50% to 60% of  the  t o t a l  l ipid at  the  ex t r emes  of  
t e m p e r a t u r e .  Since the  to ta l  l ipid was relat ively 
c o n s t a n t  at  a b o u t  10% of  the  dry weight ,  some 
o the r  c o m p o n e n t  of  the  l ipid f r ac t ion  mus t  be 
changing too.  Since ch lo rophy l l  makes  up  a 
large p o r t i o n  of  Chlorella l ipid,  changes  in 
ch lo rophy l l  c o n c e n t r a t i o n  are suspected .  

I t  is clear t h a t  cu l tu re  t e m p e r a t u r e  is an 
i m p o r t a n t  e n v i r o n m e n t a l  f ac to r  a f fec t ing  f a t t y  
acid c o n t e n t  of  Chlorella. The  m a x i m u m  degree 
of  u n s a t u r a t i o n  of  f a t t y  acids was a t t a ined  at 
22 C wi th  less u n s a t u r a t i o n  at  lower  or h igher  
t empe ra tu r e s ,  a l t h o u g h  the  p r o p o r t i o n  of  to t a l  

u n s a t u r a t e d  f a t t y  acids was always increased at 
lower  t e m p e r a t u r e s  (Tab le  I). Chain  l e n g t h  of  
f a t t y  acids always decreased  wi th  increas ing 
t e m p e r a t u r e  wi th in  the  l imi ts  used in this  
s tudy.  F r o m  the  data  p re sen ted  here ,  it appears  
t ha t  f a t t y  acid c o m p o s i t i o n  does change  in a 
way wh ich  would  t end  to  reduce  p ro top l a smic  
viscosi ty  as t e m p e r a t u r e s  are r educed  to  22 C. 
If  t e m p e r a t u r e s  are r educed  be low 22 C, the  
f a t t y  acid c o m p o s i t i o n  changes  in a d i r ec t ion  
which  would  t end  to  increase p ro top l a smic  
viscosi ty.  However ,  t hese  changes in viscosi ty  
could  also be  c o u n t e r b a l a n c e d  by  changes  in 
ch lo rophy l l  c o n t e n t  or  c o n t e n t  of  o the r  lipids. 
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Quantitative Determination of Glycerol, Mono- and 
Diglycerides by Gas Liquid Chromatography1 
JAIME BLUM and WALTER R. KOEHLER, Lever Brothers Research Center, 
Edgewater, New Jersey 07020 

ABSTRACT 

Standard chemical procedures for the 
determination of glycerol, mono- and di- 
glycerides in food products are lengthy, 
particularly when more than one compo- 
nent has to be determined in the same 
sample. Gas chromatographic techniques 
are applicable to these compounds when 
they are converted into their trimethyl- 
silyl derivatives. A simple, rapid and 
quantitative gas chromatographic proce- 
dure has now been developed which is 
based on the addition of an internal 
standard (cholesteryl acetate) to samples 
which are subsequently silylated. This 
procedure has been applied to the direct 
determination of glycerol, mono- and 
diglycerides in emulsifiers, shortenings 
and other samples. 

INTRODUCTION 

Mono- and diglycerides (and mixtures there- 
of) are common emulsifiers used in shortenings, 
margarines and other foods. One of the most 
common procedures for the determination of 
monoglycerides in these mixtures is based on 
periodic acid titration (1) which determines the 
alpha monoglycerides by oxidation of adjacent 
hydroxyl groups. Beta monoglycerides are not 
oxidized by periodic acid because the hydroxyl 
groups are not adjacent. This procedure is an 
official AOCS Method of Analysis (2). It is 
quite lengthy and it is further lengthened when 
glycerol and monoglycerides are to be deter- 
mined in the same sample. 

On occasion, silicic acid column chromato- 
graphy (3,4) is employed, followed by the 
gravimetric determination of the fractions 
eluted. This procedure is even lengthier than 
the periodate titration and considerable dif- 
ficulties can be encountered in determining 
completeness of elution from the column and 
the weighing of small residues from large 
volumes of eluates. Both procedures are time 
consuming and neither satisfied our goal for a 
quick, simple and quantitative procedure that 
would determine glycerol, mono- and diglycer- 

1 p r e s e n t e d  at  t he  A O C S  S p r i n g  Meet ing ,  San  F ran -  
c isco ,  Ca l i fo rn ia ,  Apr i l  1 9 6 9 .  

ides simultaneously in the same sample. 
Since 1965, a number of papers on the 

analysis of monoglycerides as trimethylsilyl 
(TMS) derivatives by gas liquid chromatography 
(GLC) have been published (5-14). Most of 
these reports have dealt with the determination 
of chain lengths and isomer distributions of 
fractions first separated by silicic acid column 
chromatography. Apart from a preliminary 
reference in a recent paper by Distler and Baur 
(15), the direct gas chromatographic analyses of 
mixtures such as the commercial products we 
will discuss have not been reported. We have 
now developed a simple, rapid and quantitative 
procedure for the direct GLC analysis of 
glycerol, mono- and diglycerides in emulsifiers, 
shortenings and other samples. 

EXPERIMENTAL PROCEDURES 

Materials 

Hexamethyldisilazane (HMDS) and tri- 
methylchlorosilane (TCS) were obtained from 
Supelco and glycerol, 99.45% pure, from Lever 
Brothers Company. Mono-, di- and trigly- 
cerides, 99+% pure, were obtained from the 
Hormel Institute and Supelco. Monoglycerides 
(Hormel) consisted of about 90% a-isomer; di- 
glycerices (Hormel) consisted of a mixture of 
1,3- and 1,2-isomers. 

Pure 1,2- and 1,3-dimyristin (Supelco) were 

T A B L E  I 

Area -Weigh t  Correction Factors (f)  
Rela t ive  t o  C h o l e s t e r y l  Acetate  

Standard deviation 
S a m p l e  (f) ( N = 2 5 )  

G l y c e r o l  0 . 5 0  0 . 0 2 0  

M o n o m y r i s t i n  0 . 8 4  0 . 0 2 2  
M o n o p a l m i t i n  0 . 9 0  0 . 0 1 7  
M o n o s t e a r i n  0 .85  0 . 0 2 0  
Monoole in  0 .87  0 . 0 4 3  

C h o l e s t e r y l  
a c e t a t e  1 .00  --- 

D i m y  r i s t in  1.01 0 . 0 1 8  
D i p a l m i t i n  1 .06 0 . 0 2 2  
Di s t ea r in  1 .06  0 . 0 2 8  
Dio le in  1 .06  0 . 0 3 1  

T r i m y r i s t i n  1 .27 --- 
T r i p a l m i t i n  1.31 --- 
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2 

7 

*C 90 165 2 0 5  2 4 0  2 7 5  
A T T E N U A T I O N  = 3 0 0  " I = I K I = 3 K I  x 3 0 0  I = I K  I =300 

FIG. 1. Chromatogram of emulsifier A after silylation. 1: Glycerol; 2 -4 :C14  , C16 and C18 
monoglycerides; 5: cholesteryl acetate; 6-8: C32, C34 and C36 diglycerides; 9: trigtycerides. 

also r u n  i n d e p e n d e n t l y  to  d e t e r m i n e  the i r  
r e t e n t i o n  t empera tu res .  Choles te ry l  ace ta te ,  
99+% pure  was o b t a i n e d  f rom Hormel .  All 
these  s t andards  were used as received.  

Gas Chromatography 

A Barber  Co lman  Model  5000  gas c h r o m a t o -  
graph,  equ ipped  wi th  h y d r o g e n  f lame d e t e c t o r  
and  t e m p e r a t u r e  p r o g r a m m e r  was used in this  
s tudy .  We used a glass c o l u m n  1 ft  x 4 m m  i.d. 
( G l e n c o )  packed  wi th  3% OV-1 on  C h r o m o s o r b  
W, 80-100  mesh.  The  co l um ns  were first  cured  
overn igh t  at  350  C be fo re  placing t h e m  in the  
c h r o m a t o g r a p h .  These  co l um ns  had  an 

ef f ic iency  of 13,400 plates ,  as ca lcula ted f r o m  
the  cho les te ry l  ace ta te  peak.  The flash hea t e r  
t e m p e r a t u r e  was a b o u t  325 C; the d e t e c t o r  was 
300  C. Carrier  f low ra te  was measured  at 75 
m l / m i n .  The  t e m p e r a t u r e  program began  at 
5 0 C  wi th  a s imu l t aneous  sample in jec t ion :  
t e m p e r a t u r e  ra te ,  1 2 C / m i n  to 3 0 0 C .  On  
reach ing  the  end of the  t e m p e r a t u r e  p rogram,  
the  c o l u m n  was kep t  at th is  t e m p e r a t u r e  un t i l  
the  t r ig lycer ides  were  e lu ted .  Glycero l  was 
e lu ted  at  90 C; monog lyce r ides  b e t w e e n  165 and  
2 0 5  C;  cho le s t e ry l  ace ta te ,  the  i n t e rna l  
s t anda rd ,  a t  a b o u t  2 1 0 C ;  and diglycerides  
b e t w e e n  240  and  275 C. 

TABLE II 

Analysis of a Known Mixture a 

Amount taken Peak area (f) Amount found 

Sample mg percent mg 

Glycerol 0.35 2.3 0.50 
Monostearin 7.5 35.7 0.85 
Cholesteryl acetate 7.0 30.2 1.00 
Dimyristin 7.5 31.8 1.01 

0.27 
7.2 

(7.00) b 
7.4 

aMilligrams found = f (area of component/area of internal standard) mg I.S. 
bAssumed. 

LIPIDS, VOL. 5, NO. 7 



DETERMINATION OF GLYCERIDES BY GLC 

TABLE III 

Precision of Analysis of Three Replicate Samples of Emulsifier A (Wt %) 

603 

Sample 

GLC Procedure 
Silicic Periodic 

1 2 3 Average acid acid 

Glycerol 
Monoglycerides 
Diglycerides 
Triglycerides 

0.15  0.16 0.15 0.15 1.5 0.12 
41.1 40.7 41.4 41.0 44.2 46.9 
41.6 41.2 42.2 41.6 43.7 NA a 

6.5 4.4 NA a 5.5 10.8 --- 

aNot available. 

The  si l icone r u b b e r  septa  used in our  
co lumns  had  a t e n d e n c y  to  bleed.  The  mate r ia l  
wh ich  bled f rom the  septa  in the  h igh  t empe ra -  
tu re  f lash hea t e r  area a p p a r e n t l y  condensed  on  
the  uppe r  par t  of  the  co lumn  wh ich  is genera l ly  
kep t  ~it lower  t empera tu re s .  We no t i ced  t h a t  the  
first  run  of  the  day,  a f te r  the  c o l u m n  had  been  
s tand ing  overn igh t  at  50 C, gave rise to  a g roup  
of  peaks  r e sembl ing  a h o m o l o g o u s  series of  
c o m p o u n d s ,  par t i cu la r ly  b e t w e e n  170 and  
230  C. These  peaks  were e lu ted  w h e n  a c o l u m n  
was t aken  t h r o u g h  the  t e m p e r a t u r e  cycle even 
w h e n  there  was n o  in jec t ion .  T h e r e f o r e  at  the  
beginning ,  we always began the  w o r k d a y  w i t h  a 
b l ank  run.  We a t t e m p t e d  to ove rcome  this  
p r o b l e m  by  using septa  c la imed by  a suppl ier  to  
be  special ly p repa red  to  reduce  bleeding.  Use of  
these  septa  comp l i ca t ed  the  s i tua t ion ;  t h e y  did 
n o t  ho ld  well  to  the  glass wall  of  the  c o l u m n  
due appa ren t ly  to  the i r  com pos i t i on ,  and  unex-  
pec ted ly  p o p p e d  up  w h e n  runs  were  p e r f o r m e d ,  
resul t ing  in a shower  of  pack ing  and  the  loss of  
t he  co lumn.  F ina l ly  we to ta l ly  e l imina ted  the  
p r o b l e m  by  hea t ing  the  septa  overn ight  in a 
280  C muff le  furnace .  

Detector Response Factors If) 

Cal ibra t ion  mix tu re s  con ta in ing  d i f f e ren t  
ra t ios  of  glycerol ,  mono- ,  di and  t r ig lycer ides  
vs. choles te ry l  ace ta t e  were p repa red  by  weight ,  

s i lylated and  c h r o m a t o g r a p h e d .  F o r  each com- 
p o n e n t ,  t he  weight  ra t io  (weight  of  c o m p o -  
n e n t / w e i g h t  of  cho les te ry l  ace ta te )  and  area 
ra t io  (peak  area of  c o m p o n e n t / p e a k  area of  
choles te ry l  ace ta te )  were ca lcula ted .  The  
D e t e c t o r  Response  Fac to r s  (f)  were d e t e r m i n e d  
by  dividing each  weight  ra t io  by  t he  cor- 
r e s p o n d i n g  area ra t io .  

Procedure 

The  sample  is accura te ly  weighed  in a 1 dr 
( a p p r o x i m a t e l y  4 cc) vial and  1 ml of  in t e rna l  
s t anda rd  so lu t ion ,  as de f ined  later ,  is added.  
Fo r  emulsif iers ,  a b o u t  60-80 mg are weighed;  
for  shor ten ings ,  b e t w e e n  180 and  200  mg. In 
b o t h  cases, a so lu t ion  of  200  mg of  cho les te ry l  
ace ta te  in 25 ml of  pyr id ine  is used as in t e rna l  
s t andard .  Fo r  margar ines  and  o t h e r  p r o d u c t s  
where  the  level of  monog lyce r ides  is expec t ed  
to  be  low, a b o u t  350 mg of  sample  are weighed 
and  a so lu t ion  of  20 mg of  cho les te ry l  ace ta te  
in 25 ml of  pyr id ine  is used as i n t e rna l  
s t andard .  A m i c r o m a g n e t i c  s t i r rer  is p laced in 
the  vial and  the  sample  dissolved wi th  st irr ing.  
This  process  can be sped by  placing the  vial in a 
30 ml beake r  con ta in ing  a few mil l i l i ters  of  luke- 
wa rm water .  In  a m a t t e r  of  seconds  the  sample  
is dissolved. Then ,  and  in th is  order ,  0.2 ml 
of  HMDS and 0.1 ml of  TCS are added  wi th  
c o n t i n u o u s  s t i r r ing for  5 ex t ra  minu tes .  The  

TABLE IV 

Analysis of Emulsifiers by Two Procedures 

Emulsifier Glycerol Monoglycerides 

GLC Periodic acid a GLC Periodic acid a 

Lab. 1 Lab. 2 Lab. 1 Lab. 2 

08 b 0.80 0.73 --- 90 93 --- 
18 0.10 0.06 0.12 42 47 45 
20 0.13 0.08 0.11 48 47 44 
25 0.22 0.22 0.34 43 42 47 
26 0.10 0.08 0.12 41 46 44 

aSee Reference  2. 
bThis emulsifier was run in triplicate: glycerol 0.79, 0.81, 0.85; monoglycerides 91.0, 90.6, 89.3. 
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TABLE V 

Recoveries Obtained on Adding Pure Glycerides and an Emulsifier to a Shortening 

Sample Added, mg Found, mg Recovery, percent 

Pure standards 
Monostearin 
Dimyristin 

Commercial emulsifier 
Monoglycerides 
Diglycerides 

Average 

7.9  8.1 102  
9 .3  8 .8  95 

9.5 9.0 95 
9.6 9.5 99 

97 

micromagnetic stirrer is retrieved and a portion 
of the supernatant is injected into the gas 
chromatograph. 

RESULTS 

Nine calibration mixtures, each composed of 
four or five components, were prepared by 
weight, and Detector Response Factors (f) were 
determined. Table I shows the combined results 
obtained from all the runs for each compound 
assayed and the standard deviation of each 
value. These factors increase essentially with 
molecular weight or, better, extent of esterifi- 
cation. 

To test the accuracy of the procedure, a 
sample containing glycerol, monostearin, cho- 
lesteryl acetate and dimyristin was prepared by 
weight. The results and calculations are shown 
in Table II. The first column shows the actual 
amounts of the four components taken. The 
next column gives the peak areas obtained and 
the last column, the amount found. 

3 �9 

6 

1 

FIG. 2. Chromatogram of a commercial shortening 
after silylation. 1-2:C16 and C18 monoglycerides; 3: 
cholesteryl acetate; 4-6: C32, C34 and C36 diglycer- 
ides. 

Figure 1 is a chromatogram obtained from a 
commercial emulsifier A. All peaks were identi- 
fied by comparison of their retention tempera- 
tures with those of known pure standards. For 
the middle peak in the diglyceride area (7), we 
did not have a standard with the same retention 
temperature. However, the diglyceride fraction 
of this emulsifier was isolated by silicic acid 
chromatography. Based on fatty acid analyses 
of this fraction, we assigned a C 1 6 - C 1 8  

diglyceride structure (C34) to the middle peak. 
In our  columns, resolution occurred 

according to chain length and not according to 
position isomers. This point is illustrated for 
instance in the peak of C18 monoglycerides 
which represents monostearin, monoolein and 
monolinolein, with the fatty acids in positions 
1 or 2. The resolution of the 1- and 2-monogly- 
ceride isomers, or the 1,2- from the 1,3-digly- 
cerides, known to take place in longer columns, 
does not take place in our 1 ft columns. The 
particular column and conditions used in this 
investigation were selected to provide this 
separation according to chain length only. 
Separations other than these were not desirable 
since they would give rise to GLC curves more 
complicated and difficult to interpret. 

The retention temperatures indicate that 
cholesteryl acetate is a very good internal 
standard. Its elution temperature is such that it 
is eluted immediately after the monoglycerides 
and a few degrees ahead of the diglycerides. 
Other internal standards could be used if other 
emulsifier mixtures are to be quantitated. For 
instance methyl stearate or stearyl alcohol 
could be used to advantage if only glycerol and 
monoglycerides are to be quantitated. Their 
retention temperatures are such that they peak 
at about 150-160 C, between the glycerol and 
monoglyceride peaks. 

Emulsifier A was assayed in triplicate in 
order to obtain an estimate of the precision of 
the method. Table III shows the results 
obtained by our procedure. The individual 
values obtained are listed along with the 
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Periodic acid a 

2.8  2 .9  

N A  d N A  d 
N A  d N A  d 

S a m p l e  G L C  Lab.  1 Lab .  2 L i t e r a t u r e  

Commercial shortening 2.60 b 

Refined soybean oil 0.13 
Margarine 0.19 

aSee Reference 2. 
bAverage of three determinations. 
CSee Reference 16. 
dNot available. 

0 . 1 2 - 0 . 4 7  c 

DISCUSSION 

average, Also included in the table are the 
results obtained on the same emulsifier when 
silicic acid chromatography (3) and periodic 
acid titration (2) procedures were used. 

The procedure was applied to five other 
commercial emulsifiers. The results obtained 
are shown in Table IV. All these emulsifiers 
were analyzed for glycerol and monoglycerides 
by the GLC and the periodic acid procedures. 
Two operators performed the periodic acid 
titrations at two different locations. 

Figure 2 shows the chromatograms obtained 
when the procedure was applied to a com- 
mercial shortening. In addition to the C 16 and 
C18 monoglycerides and the corresponding 
diglycerides, a number of small unidentified 
components are observed. Some of these over- 
lap into the internal standard region but that 
can be corrected by making runs without inter- 
nal standard. In this case, the correction was so 
small that it could be ignored. 

Table V shows the results obtained when a 
recovery study was carried out. Known weights 
of pure glycerides were added to a blank 
shortening, containing very low levels of mono- 
and diglycerides. The level of addition was 
approximate to that found in commercial 
shortenings. In this experiment, recoveries were 
of the order of 95 to 102%. In another recovery 
experiment, a known weight of an emulsifier, 
previously analyzed, was added to the blank 
shortening. Again, the recoveries were good 
running from 95% to 99%. 

Table VI shows the results obtained with 
shortenings when analyzed by the GLC and the 
periodic acid titration method. A refined soy- 
bean oil and a soybean oil-based margarine are 
also included in this table. No periodate results 
were available for the soybean oil or margarine 
samples but both results reported here are in 
the expected range of values. 

Figure 3 is the chromatogram of the mono- 
glyceride region of the soybean oil sample. A 

higher sensitivity was used in the instrument 
which accounts partially, for the higher base- 
line. The dotted outline indicates where the 
internal standard is eluted. A very similar 
chromatogram was obtained from a soybean 
oil-based margarine. The high level of other 
(unidentified) components eluted allows for 
only semiquantitative estimates of monogly- 
cerides in such samples. 

i4 
I 3 i: 

Two approaches can be used to obtain quan- 
titative data by gas chromatography on samples 
such as we have described. The first is to 
quantitatively isolate a fraction by some 

D E T E R M I N A T I O N  O F  G L Y C E R I D E S  BY G L C  

T A B L E  VI 

Level o f  M o n o g l y c e r i d e s  (%) in O t h e r  Samp le s  as D e t e r m i n e d  b y  T w o  P r o c e d u r e s  

FIG. 3. Chromatogram of soybean oil after 
silylation. 1-3: monoglycerides; 4-5: diglycerides; 
dotted line: internal standard. 
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method such as silicic acid chromatography or 
thin layer chromatography (TLC) and then per- 
form qualitative analysis on this fraction by gas 
chromatography. This approach has been used 
by other workers (6,7,9,11,13,14). It is, how- 
ever, too lengthy for routine determinations of  
mono- and diglycerides in industrial samples. 

The second approach, which we have 
followed, is to add a known quantity of an 
internal standard to the sample and compare 
the peak areas of the components of interest 
with that of the internal standard. Con- 
sequently, the flame detector response factors, 
relative to cholesteryl acetate, of glycerol, 
mono- and diglycerides were determined. 

Their absolute values will have little value to 
other laboratories since it is generally recog- 
nized that calibration factors are dependent 
upon the sensitivity of the instrument and 
operating conditions and will, therefore, have 
to be calculated under the conditions prevailing 
in each laboratory. 

The response factors obtained in our experi- 
mental conditions showed an increase in value 
according to the degree of substitution of the 
hydroxyl groups. Glycerol has the lowest value, 
indicating that the detector had a high response 
to this compound. The monoglycerides showed 
values in between glycerol and that of choles- 
teryl acetate. The slight intragroup differences 
according to chain length and unsaturation are 
probably not significant. 

Excellent precision and recovery of glycerol, 
mono- and diglycerides were achieved. How- 
ever, it will be noted that the GLC analysis of 
Emulsifier A only accounted for 88% of the 
sample. We believe that most of this dis- 
crepancy is due to errors in measuring the tri- 
glyceride levels, caused in part by volatilization 
problems on injection and in part by excessive 
column bleed at the relatively high tempera- 
tures required to elute these components. We 
therefore do not recommend this procedure for 
determining triglycerides levels. 

In our work with margarines and oils, where 
the monoglyceride level is quite low, large 
injections were attempted to obtain a readable 
chromatogram. These large injection volumes 
and weights caused overloading of our short 
columns and the peaks were slanted and non- 

symmetrical. We consequently reduced the 
volume of injection in order to avoid this tailing 
and increased the sensitivity of  the instrument. 
Another difficulty with these samples was that 
a number of unknown peaks were noticed in 
the area where the internal peak should be 
eluted. Other components overlapped into the 
monoglyceride region. Consequently, under 
these circumstances only semiquantitative 
estimates of monoglycerides or emulsifier levels 
can be performed with these samples. 

A simple and rapid procedure for the deter- 
mination of glycerol, mono- and diglycerides in 
emulsifiers and shortenings has been developed. 
The data obtained showed good accuracy for 
samples where the monoglyceride level was at 
least 2%. Values obtained when the procedure 
was applied to oils and margarines do not have 
such a good accuracy. However, even in these 
cases, the procedure can be used for rough esti- 
mates of monoglycerides levels in these 
products. 
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ABSTRACT 

Quantitative determinations have been 
made on the cerebrosides isolated from 
aortas of cholesterol-fed and normal 
rabbits, and mature and young pigeons. 
The fatty acid distributions of these 
cerebrosides were determined. Cerebro- 
side concentration was higher in pigeons 
than in rabbits and higher in the animals 
expected to have atherosclerosis. Com- 
paring supposedly atherosclerotic animals 
to normal animals, the atherosclerotic 
animals generally had more unsaturated 
fatty acids and more 18:0 and 18:1 as 
compared to 16:0 and 16: 1. These trends 
are consistent with fatty acid data from 
human aorta. Pigeon data were more 
similar to human data than were the 
rabbit data. 

INTRODUCTION 

Cerebrosides have recently been isolated 
from ~lauman aorta (1) and partially character- 
ized. The cerebrosides from a diseased area of 
an aorta contained more unsaturated fatty acid 
than cerebrosides from a normal area of the 
same aorta. This difference was mostly 
expressed in the C18 acids as shown by the 
larger 18:0/18: 1 for normal tissue and generally 
less 18:2 in the normal area. 

It seemed desirable to see if cerebroside con- 
centration or fatty acid distribution varied as an 
experimental animal developed atherosclerosis 
so that these variables might be investigated 
under more controlled conditions than possible 
using human tissue. This paper reports studies 
to this end using rabbits and pigeons. 

MATERIALS AND METHODS 

All reagents not specifically noted were 
analytical reagent grade. All solvents were dis- 
tilled before use. Solutions are expressed by 
volume. 

New Zealand albino male rabbits, weighing 
approximately 900 g each, were obtained from 

1present Address: Department of Biochemistry, 
Michigan State University, East Lansing, Michigan 
48823. 

the Kuiper Rabbit Ranch (Gary, Ind.). The 
rabbits were divided into two groups, experi- 
mental and control, of 12 each. The dietary 
regimen used by Newman and Zilversmit (2), 
containing 1 g of cholesterol suspended in 2.8 g 
cottonseed oil per 100 g Wayne rabbit chow, 
was adopted for the experimental rabbits. The 
control rabbits received plain rabbit chow. All 
animals were fed water and chow ad lib. Six 
rabbits of each group were killed after two 
months. The entire aorta was removed and 
cleaned of adhering fat. Three aortas from one 
group were analyzed together, thus providing 
duplicate analyses for each diet at two months. 
The remaining animals were killed after three 
months and the aortas removed. Since only 
four control animals survived, the aortas were 
pooled and only one analysis was done. Five 
experimental animals survived and were divided 
in two groups (two and three animals). 

The pigeons were all White Carneau. Young 
pigeons were six weeks old and were obtained 
from the Palmetto Pigeon Plant, Sumter, S.C. 
Each set of young pigeons consisted of six 
birds. The two sets were obtained at different 
times. Mature pigeons were a gift from The 
Upjohn Company, Kalamazoo, Mich. and were 
retired breeders from their colony. Each set of 
mature pigeons consisted of four birds. Sets 1 
and 2 were obtained together and Set 3 at a 
later time. Plaques were very evident in the 
mature aortas. Pigeons were not separated into 
experimental and control groups, but were 
analyzed as young and mature animals. This 
strain of pigeon developed atherosclerosis 
spontaneously. 

Lipids were extracted from the pooled 
whole aortas and cerebrosides isolated as 
reported previously (1). Preliminary experi- 
ments indicated that the cerebrosides of both 
the normal and cholesterol-fed rabbits con- 
tained no appreciable amount of fatty acid 
22:1 while the pigeon preparations had no 
20:0. Hence, methyl erucate and methyl 
arachidate (Applied Science Laboratories, State 
College, Pa.) were correspondingly employed as 
internal standards. A quantity of  internal 
standard equivalent to approximately 8% of the 
estimated cerebroside weight was added to the 
purified cerebrosides. The amounts of cerebro- 
sides were then calculated from the weight of 
the methyl esters. 
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TABLE I 

Concentration of Aortic Total Lipids and Cerebrosides From Rabbits and Pigeons 

Aortas wet Total lipid, Cerebrosides, 
Animal weight, g % wet tissue % lipid 

Rabbit 

Two month 
Control 1 3.0 11.7 0.04 

2 3.5 15.9 0.05 

Cholesterol-fed 1 3.0 10.4 0.07 
2 3.2 11.8 0.14 

Three month 
Control 4.7 12.5 0.02 
Cholesterol-fed 1 2.2 12.0 0.05 

2 3.9 11.0 0.03 

Pigeon 

Young 1 1.4 5.6 0.15 
2 2.0 4.2 0.14 

Mature 1 2.6 3.3 0.28 
2 2.7 3.4 0.53 
3 3.3 3.0 0.12 

Methy l  esters were p repa red  and  ana lyzed  b y  
gas l iquid c h r o m a t o g r a p h y  as be fo re  (1). Dupli-  
cate c h r o m a t o g r a m s  of  esters had  a relat ive 
error  of  5% or  less for  ma jo r  c o m p o n e n t s  
(>5%) ,  excep t  for  2 2 : 0  of  the  first  t w o - m o n t h  
r abb i t  con t ro l  where  the  relat ive er ror  was 14%. 
S tanda rds  KD and  KF (Appl i ed  Science Labora-  
tories,  Sta te  College, Pa.)  were c h r o m a t o -  
g raphed  per iodical ly .  The  c o m p o s i t i o n  of  the  
s t andards  co r r e sponded  to the  s ta ted  value wi th  
a relat ive er ror  of  5% or less. Plots  of  relat ive 
r e t e n t i o n  t ime  versus c a r b o n  n u m b e r  were 
ut i l ized in the  iden t i f i ca t ion  of  subs tances  no t  
r ep resen ted  in the  s tandards .  Area  ca lcu la t ions  
were based on  m e a s u r e m e n t s  of  peak he igh t  
and  wid th  at  ha l f  the  peak height .  

RESULTS AND DISCUSSION 

No fa t ty  depos i t s  were seen by  gross exami-  
na t ion  in any  of  the  aor tas  f rom the  two m o n t h  
rabbi t s ,  t he  th ree  m o n t h  con t ro l  r abb i t s  or the  
y o u n g  pigeons.  The  th ree  m o n t h  choles tero l - fed  
r abb i t  aor tas  had  very few small  whi t i sh  ye l low 
deposi ts  raised f rom the  in t ima .  The  m a t u r e  
p igeon aor tas  had  several small  r o u n d  yel low 
deposi ts  in each aor ta .  These  covered  approxi -  
ma te ly  5% of  the  inne r  surface in each  case. 

The  relat ive a m o u n t s  of  to t a l  l ipid and  the  
per  cent  of  cerebrosides  are given in Table  I. 
There  were no  s ignif icant  d i f ferences  in the  
r abb i t  t o t a l  l ipid e i the r  wi th  t ime  or diet .  The  
ma tu re  pigeons  ac tua l ly  had  sl ightly less t o t a l  
l ipid per  gram of  aor ta  t h a n  did  the  y o u n g  
pigeons.  Pigeons in general  had  on ly  one  th i rd  
to  one  hal f  as m u c h  l ipid as t he  rabbi t s .  

Cerebros ides  were in greater  c o n c e n t r a t i o n  
for  the  t w o - m o n t h  choles terol - fed rabb i t s  t han  
for  the  t w o - m o n t h  con t ro l  rabbi t s .  At  three  
m o n t h s  the  cerebros ide  c o n c e n t r a t i o n  was still 
greater  in the  choles tero l - fed  group,  bu t  b o t h  
groups  showed  a decrease and  the  di f ference 
was small. I t  appears  t h a t  the  n o r m a l  t r end  for  
aor t ic  cerebros ides  is to  decrease,  at  this  age, 
and  the  cho les te ro l  diet  may  cause a res is tance 
to this  decrease.  In ma tu re  pigeons,  which  are 
na tu ra l ly  a the rosc le ro t i c ,  the  cerebros ide  levels 
were in general  h igher  t han  in rabbi t s .  Also, two 
of  the  ma tu re  groups  had  m u c h  more  cerebro-  
side t han  the  y o u n g  pigeons. In general  then ,  
aor t ic  cerebros ide  c o n c e n t r a t i o n  is h igher  in 
animals  wi th  a theroscleros is .  This appears  to  be 
in con t ras t  to  h u m a n  aor ta  where  the  more  
a the rosc le ro t i c  t issues had  lower  c o n c e n t r a t i o n s  
of  cerebrosides  (1) .  The appa ren t  d i sagreement  
may be a n o t h e r  fea tu re  of an imals  developing a 
d i f fe rent  a therosc leros is  t han  h u m a n s ,  or it may  
ref lect  the  k ine t ics  of  p laque  deve lopmen t .  The  
h u m a n  tissue was all fair ly well advanced  wi th  
a theroscleros is  while the  animals  s tudied  
showed  m u c h  less p laque  f o r m a t i o n ,  and  the  
r abb i t  p laques  were in a very early stage of  
deve lopmen t .  The  more  advanced  h u m a n  
plaques  may  have s imply  gone b e y o n d  the  
stages of the  an imals  used and  had  depos i t ed  
large quan t i t i e s  of  the  lipids which  d i lu ted  the  
cerebrosides .  

The  no rma l  f a t t y  acid d i s t r ibu t ions  of  the  
r abb i t  aor t ic  cerebros ides  (Table  II)  were qui te  
similar to those  r epo r t ed  f rom h u m a n  aor t ic  
cerebros ides  (1).  The  fa t ty  acid pa t t e rns  have 
several charac te r i s t ic  features .  There  were 
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TABLE II 

Percentage Compos i t ion  o f  Normal  Fa t ty  Acids in Rabbi t  A o r t a  Cerebrosides 
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Two m o n t h s  Three m o n t h s  

Cont ro l  Exper imenta l  Contro l  Exper imenta l  

Fa t ty  acid a 1 2 1 2 1 1 2 

14:0  2.1 3.1 3.2 2.7 2.2 2.1 2.2 
15:0 1.2 1.4 1.2 1.1 1.2 1.0 1.1 
16:0 32.6 33.0 24.8 32.5 25.7 26.5 24.5 
16:1 3.3 4.4 4.4 5.0 3.6 3.2 2.4 
17:0  1.2 1.4 0.8 1.3 1.2 1.1 1.1 
18:0  18.8 18.0 12.4 13.4 13.7 17.9 13.4 
18:1  14.5 17.8 24.8 27.1 16.4 16.9 8.0 
18:2 3.0 7.5 4.0 7.9 2.8 2.3 1.4 
2 0 : 0  2.4 1.7 1.7 --- 4.1 2.8 4.4 
20:1 . . . . . .  1.0 1.3 1.4 1.2 1.2 
21:1 . . . . . .  1.2 0.6 . . . . . . . . .  
22 :0  5.5 3.5 4.0 1.1 4.8 5.2 7.2 
22:1 . . . . . . . . . . . .  4 .7 6.9 8.0 
23 :0  5.7 2.0 4.0 1.1 2.0 1.5 4.7 
24 :0  5.9 3.8 5.0 1.1 7.9 4.0 9.9 
24:1 3.8 2.3 4.6 1.2 3.7 3.0 6.7 
25 :0  . . . . . . . . . . . .  4 .6 4.6 3.7 

Total  unsat .  24.6 32.0 42.9  45.8  32.6 33.5 27.7 

18 :0 /18 :1  1.30 1.01 0 .50 0.49 0 .84 1.06 1.68 

16 :0+16:1  1.08 1.04 0 .78 0 .93 0 .97 0.85 1.26 
18 :0+18:1  

aTraces ( ( 1 % )  o f  14:1,  15:1,  17:1 and  21 :0  were present  in the t w o - m o n t h  exper imenta l  samples.  

a l m o s t  n o  h y d r o x y  f a t t y  a c i d s .  O f  t h e  n o r m a l  

a c i d s ,  1 6 : 0 ,  1 8 : 0  a n d  1 8 : 1  g e n e r a l l y  p r e d o m i -  

n a t e d  in  al l  s a m p l e s  a n d  t o g e t h e r  c o n s t i t u t e d  

a b o u t  6 0 %  o f  t h e  t o t a l  n o r m a l  a c i d s .  M o s t  

s a m p l e s  h a d  l i t t l e  v a r i a t i o n  b e t w e e n  t h e  d u p l i -  

c a t e s  f o r  t h e  m a j o r  a c i d s .  T h e  t h r e e - m o n t h  

e x p e r i m e n t a l  G r o u p  2 d i s p l a y e d  a l o w e r  1 8 : 1  

v a l u e ,  a n d  a l so  h a d  a r a t h e r  h i g h  p e r c e n t a g e  o f  

l o n g e r  c h a i n  f a t t y  a c i d s  ( 2 2 : 0 ,  2 2 : 1 ,  2 4 : 0  a n d  

2 4 : 1 ) .  P i g e o n  a o r t i c  c e r e b r o s i d e s  ( T a b l e  I I I )  

h a d  f a t t y  a c i d  d i s t r i b u t i o n s  s i m i l a r  t o  t h e  r a b b i t  

w i t h  s o m e w h a t  g r e a t e r  v a r i a b i l i t y  a m o n g  l i ke  

TABLE III 

Percentage Compos i t ion  o f  Normal  Fa t ty  Acids in Pigeon A o r t a  Cerebrosides 

Young  Mature 

Fa t ty  acid 1 2 1 2 3 

14:0  3.0 1.9 3.0 
15:0 2.5 1.3 1.6 
16:0 24.6 25.9 28.6  
16:1 5.0 3.2 3.7 
18:0 18.3 23.4  21.2 
18:1 8.6 10.0 20.9  
18:2 1.5 5.1 4.4 
20:1 . . . . . .  2.6 
22 :0  9.3 6.8 --- 
22:1 6.0 3.7 5.6 
23 :0  7.5 2.8 --- 
24 :0  7.2 7.2 3.8 
24:1 6.4 8.7 4.6 

Total  unsat .  27.5 30.7 41 .8  

18 :0 /18 :1  2.13 2.34 1.01 

16 :0+16:1  1.10 0.87 0 .77 
18 :0+18:1  

3.5 
1.8 

21.7 
6.9 

13.4 
25.4 
16.1 

2.0 

4.6 

1.7 
2.9 

57.9 

0.53 

0.74 

2.5 
1.0 

20.2 
3.3 

19.1 
12.4 
10.7 

5.2 
4.6 
4.1 
6.6 

10.3 

41.3  

1 .54  

0.75 
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samples.  
Cons ider ing  the  pigeons and  the  t w o - m o n t h  

rabbi t s ,  two features  of  the  f a t t y  acid data  are 
cons i s ten t  w h e n  compar ing  a supposed ly  
a therosc le ro t ic  an imal  wi th  a normal .  These  
two fea tures  are the  to ta l  per  cent  of  unsa tu-  
ra ted  f a t t y  acids and  the  relat ive a m o u n t s  of  16 
c a r b o n  acids versus 18 ca rbon  acids. The  first of  
these  features  has  been  m e n t i o n e d  for  h u m a n  
tissue (1).  The  second fea tu re  was no t  calcu- 
la ted previously,  bu t  is also valid for  the  h u m a n  
data.  

Pigeons and  t w o - m o n t h  r abb i t s  agree very 
well w i th  respect  to  to ta l  unsa tu r a t i on .  Using 
averages, the  ma tu re  pigeons had  160% as m u c h  
and  the  expe r imen t a l  r abb i t s  157% as m u c h  
u n s a t u r a t e d  f a t t y  acid as the  y o u n g  or cont ro ls ,  
respect ively.  As wi th  the  h u m a n  tissue, the  
greates t  increase in u n s a t u r a t i o n  was present  in 
the  18 ca rbon  acids. Again the  grea ter  concen-  
t r a t ions  of  18:1 and,  wi th  some i r regular i ty ,  
18:2 are seen in ma tu re  pigeons  and  t w o - m o n t h  
expe r imen t a l  rabbi t s .  

A ca lcu la t ion  of  the  ra t io  16 :0  + 16: 1 / 18:0  
+ 18:1 (Tables  II and  III)  shows t h a t  the  
ma tu re  or t w o - m o n t h  e x p e r i m e n t a l  animals  
have more  18 ca rbon  acids relat ive to 16 ca rbon  
acids t han  do the  co r r e spond ing  con t ro l  ani- 
mals. Calcula t ions  using data  f rom h u m a n  t issue 
(1)  reveal the  same re la t ionship .  In fact  the  
lowered  ra t io  was even more  p r o n o u n c e d  in the  
h u m a n  tissue. While the  ra t io  for  the  at t iero- 
sclerot ic  animals  was a b o u t  80% of  the  ra t io  for  
the  con t ro l  or y o u n g  animals ,  t he  h u m a n  tissue 
had  rat ios  f rom diseased areas of  aor ta  of  on ly  
a b o u t  50% of  the  n o r m a l  areas. The  greater  
c o n c e n t r a t i o n  of  18:0  and  18:1 acids in 
diseased tissue p r o b a b l y  ref lects  an increased 
synthes is  of  f a t t y  acids by  the  chain  e longa t ion  
m e c h a n i s m  (3).  

In general ,  t he  f a t ty  acid c o m p o s i t i o n  in 
cerebros ides  f rom the  t h r e e - m o n t h  experi-  
m e n t a l  r abb i t s  appea red  to  be  similar to  those  
r abb i t s  fed the  n o r m a l  diet ,  in con t ras t  to  the  

"differences observed  w i th  the  younge r  rabbi ts .  
T he  a m o u n t  of  cerebros ide  was still h igher  af ter  
th ree  m o n t h s  of  a the rogen ic  diet ,  b u t  the  to ta l  
c o n c e n t r a t i o n  of  u n s a t u r a t e d  f a t t y  acids was at  
the  level of  r abb i t s  fed the  n o r m a l  diet .  Group  
1 expe r imen ta l  r abb i t s  had  a s o m e w h a t  low 
( 1 6 : 0  + 1 6 : 1 ) / ( 1 8 : 0  + 18:1)  ra t io ,  bu t  the  
G r o u p  2 ra t io  was high. However ,  G r o u p  2 had  
cons iderab ly  more  f a t t y  acids of  20 or  more  
ca rbons  t han  did e i ther  of  the  o t h e r  three-  
m o n t h  groups.  Chain  e longa t ion  may  have been  
acce lera ted  in these  rabb i t s  bu t  c o n t i n u e d  past  
18 ca rbons  to a greater  e x t e n t  t h a n  in o t h e r  
animals  s tudied.  

The  similari t ies of  the  pigeon da ta  to  the  
h u m a n  data  are cons i s t en t  wi th  earl ier  obser-  
va t ions  which  f o u n d  t h a t  the  lesions of  pigeon 
a therosc leros is  r e semble  r a the r  closely those  of  
h u m a n  a therosc leros is  (4). 

Since the  r a b b i t  is k n o w n  to  be  res is tant  to  
a theroscleros is ,  the  data  suggest t h a t  a r abb i t  
has  a s ignif icant  capabi l i ty  to  adjus t  i ts  me tabo-  
l ism and thus ,  a f te r  some delay, par t ia l ly  r e tu rn  
to  no rma l  cerebros ide  q u a n t i t y  and  f a t t y  acid 
d i s t r ibu t ion .  
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ABSTRACT 

A method was developed for the rapid 
determination of the initial velocity of 
the desaturation of saturated fatty acids. 
In the reaction, DPNH was a more 
efficient electron donor than TPNH. Fat- 
deficient rats have a 2.5-fold greater level 
of acyl desaturase per milligram of liver 
microsomal protein than did animals fed 
lab chow. Increasing the chain length of 
the acyl substrate from 10:0 to 18:0 
increases the rate of monoene formation, 
but 19:0 is desaturated at a rate lower 
than that for 15:0. The energy of acti- 
vation (Ea) for the overall desaturation 
reaction has been determined for 12:0 
through 19:0. The Ea values for desatu- 
ration of 13:0 and 16:0 are markedly 
lower than for the other acids. An inter- 
action between the alkyl chain of the sub- 
strate and polyunsaturated acids of the 
microsomal membrane-bound phospho- 
lipids is postulated to explain the recur- 
ring 3-carbon pattern of the relative 
reaction rates of the various acyl sub- 
strates. 

INTRODUCTION 

Studies of acyl desaturase in normal rat liver 
microsomes have focused on the desaturation 
of stearate and stearyl CoA. Oshino et al. (1) 
and Jones et al. (2) have reported methods for 
the study of the initial velocity of desaturase in 
liver microsomal systems using stearyl CoA. 
Other workers have investigated the desatu- 
ration of free stearate (3,4) and the saturated 
series 12:0-20:0 (5), apparently at equilibrium. 
Conclusions concerning the specificity and 
specific activity of acyl desaturase from non- 
first order reaction conditions (3-5) are open to 
question. Incorporation of substrate into lipids 
lowers the concentration of available substrate 
when low concentrations such as 10 to 20 
//molar are employed. Inhibition of the sub- 
strate desaturation by endogenous microsomal 
fatty acids has been demonstrated (4). Dilution 
of substrate by endogenous fatty acids of the 
same type would lead to false values. These 
problems can be best corrected by selecting a 
system in which the quantity of microsomes is 

low so as to provide a minimal contribution of 
endogenous fatty acid. The substrate concen- 
tration should be high enough to saturate the 
enzyme system, and the reaction rate should be 
proportional to protein concentration. 

For this reason we developed an assay 
system for the measurement of the initial 
velocities of acyl desaturase from rat liver 
microsomes. The assay is linear with respect to 
time, directly proportional to protein concen- 
tration, and independent of substrate concen- 
tration over a threefold range above the point 
of saturation of the enzyme by substrate. Using 
this method, specific activities, substrate spe- 
cificities, Arrhenius plots, and the energies of 
activation of the acyl desaturase reaction were 
determined. A novel hypothesis to explain the 
relative rates of desaturation of 10:0 through 
18:0 is proposed. 

Chemicals 

The carboxyl-labeled acids, 12:0, 14:0, 16:0 
and 18:0 were purchased from New England 
Nuclear Corp., Boston. The acids 15:0, 17:0 
and 19:0, were synthesized in this laboratory 
by the method of Baumann and Mangold (6). 
Final purification of these odd-chain fatty acids 
was carried out according to the preparative 
GLC procedure of Schlenk and Sand (7). The 
acids 11:0 and 13:0, were purchased from 
Mallinckrodt Nuclear, St. Louis. The radio and 
chemical purity of all acids was found to be 
>98% by thin layer (TLC) and gas liquid chro- 
matography (GLC). Nonlabeled fatty acids used 
as diluents and starting materials for syntheses 
were purchased from the Lipids Preparation 
Laboratory of The Hormel Institute, Austin, 
Minn. DPNH, TPNH, ATP and CoA were pur- 
chased from both Sigma Chemical Co., St. 
Louis, and P & L Biochemicals, Milwaukee, Wis. 
All other chemicals were of reagent grade 
quality and all solvents were redistilled. 

Preparation of Microsomes 

Male albino rats were maintained on either 
commercial lab chow or a synthetic diet con- 
taining no fat (8). The rats were killed under 
ether anesthesia by exsanguination; the livers 
were removed and placed in an ice cold solution 
of 250 mM sucrose and 5 mM MgCI 2. After 
weighing, the livers were minced and gently 
homogenized in 2 vol of sucrose-MgC12 (w/v). 
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FIG. 1. The relationship of initial velocity to sub- 

strate concentration. The assay was performed at 40 C 
using two different microsomal preparations obtained 
from two EFA-deficient rat livers. 
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FIG. 2. The desaturation of stearate as a function 
of time by microsomes from rats fed fat-free diet and 
lab chow diet. 
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FIG. 3. The desaturation of stearate as a function 
of microsomal protein concentration. Microsomes 
were obtained from EFA-deficient rat livers. The bars 
represent the range of four determinations. 

The  h o m o g e n a t e  was cent r i fuged  for  30 min  at 
15 ,000 x g at  0 C. The s u p e r n a t a n t  fluid was 
decan ted  in to  a n o t h e r  set of  50 ml tubes  and  
cent r i fuged  at 50 ,000  x g for 2 hr. The  resul t ing 
mic rosomal  pel let  was suspended  in sucrose- 
MgC12 so lu t ion  in a vo lume  equiva lent  to the  
ini t ial  liver weight .  Al iquo ts  of  the  mic rosomal  
suspens ion  were placed in screw cap tubes ,  
f lushed wi th  N2,  capped and  qu ick- f rozen  in 
dry ice-acetone.  The  p repa ra t ions  were s tored 
at  -20 C and  were f o u n d  to  be s table  for at least  
one  m o n t h .  Ne i ther  the  s u p e r n a t a n t  nor  the  
pel le t  of  mater ia l  s ed imen t ing  b e t w e e n  50 ,000  
and  100 ,000  x g c o n t a i n e d  any  desaturase  
act ivi ty accord ing  to the  assay descr ibed below. 
Repet i t ive  f reezing and  thawing ,  up  to four  
t imes,  had  no  s ignif icant  ef fec t  on  the  
e n z y m a t i c  act ivi ty .  

E n z y m e  A s s a y  

The s tored mic rosomes  were t hawed  in an 
ice cold wa te r  b a t h  as needed .  Pro te in  levels 
were measured  by  the  b iu re t  p rocedure  (9).  
A p p r o p r i a t e  d i lu t ions  of the  mic rosomes  were 
made  wi th  sucrose-MgC12 to yield 2.5 mg /ml  of  
which  0.4 ml was used for  each  assay. In a to t a l  
vo lume  of  1 ml,  the  f inal  i n c u b a t i o n  m i x t u r e  
con t a ined  1.0 mg mic rosoma l  p ro te in ,  2.5 mM 
MgC12, 5 mM ATP,  0.25 mM CoA,  1 mM 
DPNH, 0.1 M sod ium p h o s p h a t e ,  0 .125 M 
sucrose,  and  0.15 mM 1 J a C - l a b e l e d  fa t ty  acid 
( 1 . 0  m c / m m o l e )  p repa red  as previously  
descr ibed (10)  at  a pH of  7.0. The  i ncuba t i ons  
were p e r f o r m e d  in 5 ml tes t  t ubes  in a t h e r m o -  
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TABLEI TABLE II 

Specificity Toward Reduced 
Pyridine Nucleotide 

DPNH a TPNHa, b 

1.12 0.78 
1.15 0.79 
1.04 0.77 
0.98 0.73 

1.07 c -+ 0.077 d 0.77 - 0 . 0 2 6  

aNanomoles of oleate/min/mg microsomal protein. 
bTPNH was added in the same molar quantity as 

DPNH. 
CThe means are significantly different (p ~ 0.05). 
dMean + S.D. of four determinations from pooled 

liver microsomes from four EFA-deficient rats. 

Desaturase Activity 

Fat free diet a Lab chow diet a 

1.69 0.37 
1.04 0.28 
0.89 0.44 
0.90 0.72 
1.51 0.20 
0.84 0.40 
0.78 

1.09 b +0.33 c 0.40 +0.16 

aNanomoles of oleate/min/mg microsomal protein. 
Each value is the average of triplicate determinations 
from a single rat liver microsomal preparation. 

bMeans are significantly different (p ~ 0.01). 
CMean + S.D. 

regulated shaking wate r  ba th .  The  t e m p e r a t u r e  
of the  b a t h  was 40 C unless  o the rwise  ind ica ted  
since th is  was f o u n d  to be  very near  the  opt i -  
m u m  for  all the  acids of  the  series. The  r eac t ion  
was t e r m i n a t e d  by  the  add i t i on  of  1.0 ml of  5% 
m e t h a n o l i c  HC1. One hal f  mi l l igram of  an equal  
m ix tu r e  of  16 :0  and  16:1 was added  to  serve as 
carrier. The  to ta l  l ipids were ex t r ac t ed  by  the  
m e t h o d  of  Bligh and  Dyer  (11) .  The  lipid 
ex t rac t  was dried unde r  a s t r eam of  N 2 w i th  
slight wa rming  and  t h e n  dissolved in 0.1 ml of  
CHC13-methanol  (2:1 v/v)  and  es ter i f ied 
according  to  the  m e t h o d  of  Glass and  
C h r i s t o p h e r s o n  (12) .  An  a l iquot  of  the  m e t h y l  
esters in CHC13 was separa ted  on  glass f iber  
sheets  i m p r e g n a t e d  wi th  silicic acid ( ITLC Type  
SA, G e l m a n  I n s t r u m e n t  Co., A n n  A r b o r )  
previously  d ipped  in a 1% so lu t ion  of  AgNO 3 in 
m e t h a n o l  accord ing  to the  m e t h o d  of  Gra f f  et  
al. (13) .  With  the  aid of 2 ,7 -d ich lorof luoresce in ,  
the  b a n d s  of  the  sa tu ra ted  and  m o n o u n s a t u -  
rated esters  were made  visible, marked ,  cut  
f rom the  paper  and  placed in sc in t i l la t ion  vials. 
The  vials were filled wi th  15 ml of  a t o luene -  
based sc in t i l la t ion  so lu t ion  con ta in ing  5.5 g of  
P e r m a b l e n d  III (Packard  I n s t r u m e n t s  Co.,  
Downers  Grove,  Ill.) per  l i ter.  The  rad ioac t iv i ty  
was d e t e r m i n e d  in a Packard  l iquid sc in t i l l a t ion  
spec t rome te r .  The  values for  de s a t u r a t i on  were 
first ca lcu la ted  as percentages  and  t h e n  con-  
ver ted  to  n m o l e s / m i n / m g  of  p ro t e in  by  use of  
app rop r i a t e  factors .  

RESULTS AND DISCUSSION 

The  assay descr ibed above  is coupled  to  acyl  
ac t iva t ion  of  the  free acid to the  CoA deriva- 
tive. It  was necessary,  the re fo re ,  to  d e m o n s t r a t e  
t ha t  de sa tu r a t i on  r a the r  t h a n  acyl ac t iva t ion  
was the  ra te  l imi t ing  step. In our  sys tem,  we 

f o u n d  the  value for  acyl d e s a t u r a t i o n  by  n o r m a l  
rat  liver mic rosomes  to be 0 .40  n m o l e s / m i n / m g  
which  compares  favorab ly  w i th  the  value of  
0 .35-0 .40  n m o l e s / m i n / m g  for  the  de sa tu r a t i on  
of  s tearyl  CoA (1).  This  ind ica tes  t ha t  the  CoA 
derivat ive was gene ra t ed  in si tu at  a ra te  suffi-  
c ient ly  rapid no t  to  be the  l imi t ing fac tor .  
Indeed ,  the  data  of Pande  and  Mead (14)  and of  
Gra f t  and H o l m a n  ( u n p u b l i s h e d  resul ts)  for  the  
ac t iva t ion  of 10:0,  12:0,  14:0 ,  16 :0  and  18:0  
to the  CoA der ivat ive  suggest t ha t  the  ra te  of  
acyl ac t iva t ion  is 10 to 80 t imes  t ha t  of  desatu-  
ra t ion .  Nakagawa and  U c h i y a m a  (15)  f o u n d  the  
rates  of acyl CoA f o r m a t i o n  f rom 16:0  and  
18:0  to be near ly  ident ica l  and  t he r e fo re  no t  
respons ib le  for  the  d i f fe rence  in the  ra tes  of  
de s a tu r a t i on  of  the  two  acids. F r o m  these  data  
we conc lude  t ha t  acyl desa tu ra t ion ,  n o t  acti-  
va t ion ,  is the  ra te  l imi t ing  step in our  assay, and  
we assume t h a t  the  same ho lds  t rue  for  the  
odd-cha in  l eng th  f a t t y  acids tes ted.  

Figure  1 reveals t he  re la t ionsh ip  of  ini t ia l  
veloci ty  to  subs t ra t e  c o n c e n t r a t i o n .  The  ra te  is 
i n d e p e n d e n t  of  subs t ra t e  c o n c e n t r a t i o n  f r o m  
100 to  3 0 0 / a M  18:0.  With m i n o r  va r ia t ion  th is  
was f o u n d  to be  t rue  for  t he  o t h e r  acids. The  
assays of  ini t ial  rates  at  low subs t r a t e  concen-  
t r a t ions  were no t  s tud ied  because  of  an un-  
k n o w n  and  u n c o n t r o l l a b l e  level of e n d o g e n o u s  
free f a t t y  acids. If  t he  c o n c e n t r a t i o n  of  endo-  
genous  f a t t y  acids were large in c o m p a r i s o n  to 
the  added  subs t ra te ,  Michael is  c o n s t a n t s  derived 
f rom 1 / [V]  vs. 1 / [S]  wou ld  give a n o m a l o u s  
results .  

F igure  2 d e m o n s t r a t e s  the  l inear i ty  of  the  
assay of  de sa tu r a t i on  of  18 :0  to 18:1 by  micro-  
somes f rom rats  fed fat-free and  lab chow diets.  
A l t h o u g h  the  ra tes  were l inear  for  all acids for  
30 min ,  the  da ta  p re sen ted  in the  ba lance  of  
this  work  were o b t a i n e d  f rom i n c u b a t i o n  t imes  
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FIG. 4. The substrate specificity of desaturation as 
measured at 40 C in four separate microsomal prepara- 
tions. 

of  15 min  for acids of  14 to 19 c a r b o n  a toms .  
Fo r  the  acids 10:0  to 13:0 ,  the  r eac t ion  was 
l inear  to  at least 1 hr. Longer  i n c u b a t i o n  t imes  
were used when  s tudy ing  these  acids in o rde r  to  
have suff ic ient  m o n o e n e  to be accura te ly  deter -  
mined .  For  the  same reason,  i.e., h igher  
m o n o e n e  p r o d u c t i o n ,  E F A  def ic ien t  ra ts  were 
used for  the  ba lance  of  the  work  r epo r t ed  in 
this  paper .  

The  rate  of  de sa tu r a t i on  of  18:0  is d i rec t ly  
p r o p o r t i o n a l  to  the  a m o u n t  of  added  micro-  
somal  p ro te in  over the  range of  0.5 to  2.0 mg 
shown  in Figure 3. These  data ,  t oge the r  wi th  
those  in Figures  1 and  2, clearly show t h a t  the  
assay descr ibed here  gives a t rue  measure  of  
ini t ial  veloci ty  u n d e r  pseudo first order  r eac t ion  
cond i t ions .  

Osh ino  et al. (1) f o u n d  DPNH to be more  
eff ic ient  t h a n  TPNH as a h y d r o g e n  (e l ec t ron)  
d o n o r  for  acyl desa tu ra t ion .  Table I shows t ha t  
the  same is t rue  in our  assay system. 

The  in f luence  of  diet  on the  level of  acyl 
desa turase  in liver mic rosomes  is s h o w n  in 
Figure  2 and  Table  II. The  m a i n t e n a n c e  of  ra ts  
on  a fat-free diet  results  in a s ignif icant  increase  
in this  e n z y m a t i c  ac t iv i ty  c o m p a r e d  wi th  
normals  m a i n t a i n e d  on  lab chow. The  act ivi ty  
does no t  vary s igni f icant ly  wi th  the  l eng th  of  
t ime  on  the  fat-free diet  f rom seven days to  18 
m o n t h s .  S ta rva t ion  of the  fat  def ic ien t  ra ts  for  
24 hr  r educed  the  level of  acyl desa turase  be low 
tha t  of  the  controls .  This  is in ag reemen t  wi th  
the  da ta  of  Uch iyama  et al. (4). 

F igure  4 presen ts  the  f indings  for  the  

TABLE III 

Energies of Activation for the 
Desaturation of 12:0 Through 19:0 

Fatty Acid Kcal/mole 

12:0  18.8 
13:0  15.5 
14:0  -19.2 
15:0 20 .8  
16 :0  16.3 
17 :0  19.8 
18:0  21.8 
19:0  24.1 

specif ici ty  of  acyl desa turase  toward  the  satu-  
ra ted f a t t y  acid series, 10 :0  to 19:0.  Each  of  
the  curves  represen ts  a d i f fe ren t  m i c r o s o m a l  
p repa ra t i on  ob t a ined  f rom the  livers of  E F A -  
def ic ien t  rats. I t  is clear t h a t  desaturase  act iv i ty  
increases wi th  increas ing ca rbon  n u m b e r  f rom 
10:0 t h r o u g h  18:0. Desa tu ra t ion  of  19:0  occurs  
to  a lesser e x t e n t  t han  15 :0  in all cases. Possibly 
19:0 is too  long for  the  enzyma t i c  site. Of  the  
acids t es ted ,  18:0  is clearly the  best  subs t r a t e  
for  desa tu ra t ion .  This is cons i s ten t  wi th  the  fact  
t ha t  18:16o9 is the  p r e d o m i n a n t  m o n o e n e  in 
the  rat .  In fact ,  the  mass  per  cent  of  18:1 
exceeds  t ha t  of  18 :0  in t r iglycerides  and  
phosphol ip ids .  This is no t  the  case for  
1 6 : 1 / 1 6 : 0  (16) .  The  resul t s  for  de sa tu ra t i on  of  
18:0 and  16:0 are in d i sagreement  wi th  the  
data of  Nakagawa and Uch iyama  (15) .  The  dif-  
ference  in results  may  be due to the  non-f i r s t  
order  assay cond i t ions  which  they  used. The i r  
subs t ra t e  c o n c e n t r a t i o n  (12  ~M) is well be low 
the  o p t i m u m  for  our  sys tem ( > 1 0 0  ~M). The  
sys tem descr ibed by J o h n s o n  et al. (5)  used h e n  
liver as the  source of  microsomes .  In the i r  
sys tem,  the  de sa tu r a t i on  of  14:0 was grea te r  
t h a n  or near ly  equal  to  t h a t  of  18:0 and  grea ter  
t han  all o the r  acids tes ted .  The i r  sys t em 
e m p l o y e d  very l i t t le  subs t r a t e  and an u n d e f i n e d  
level of  p ro te in ,  and no  evidence  was given t h a t  
the i r  sys tem was pseudo  first order.  I t  is no t  
clear w h e t h e r  the i r  da ta  represents  the  ra te  of  
de s a tu r a t i on  or the  equ i l ib r ium a t t a ined  for  
each acid.  This u n c e r t a i n t y  precludes  mak ing  a 
decis ion as to  w h e t h e r  the i r  is a t rue phy lo -  
genet ic  d i f fe rence  in acyl desaturase  spec i f i c i ty .  

Ra te  s tudies  p e r f o r m e d  as a f u n c t i o n  of  
t e m p e r a t u r e  (28 to 40  C) were g raphed  in the  
fo rm of  Ar rhen ius  plots  (log 10 veloci ty  versus 
1/T abso lu te ) .  The slopes of  the  lines were 
d e t e r m i n e d  by  the  fo rmu la  of  the  least squares  
using 30 to 60 data  po in t s  for  each acid. F igure  
5 p resen t s  the  resul ts  of  these  de t e rmina t i ons .  
Accord ing  to the  Ar rhen ius  equa t i on  in w h i c h  
log lO has been  s u b s t i t u t e d  for  ln, the  p r o d u c t  
of  the  slope and  2 .303 R w h e n  the  value of  R is 
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FIG. 5. An Arrhenius plot of the desaturation of 

saturated fatty acids of differing chain length. For the 
sake of clarity, the data points have been omitted. See 
text for details. 
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FIG. 6. The logarithm of velocity of desaturafion 
versus substrate chain length as determined at two 
temperatures. 

1.986 kcal/mole gives the energy of activation 
(Ea) for the overall reaction. Table III contains 
the results of these calculations. Despite the 
large differences in the rates of desaturation of 
the various acids, the energies of activation for 
the desaturase reaction are similar for 12:0, 
14:0, 15:0, 17:0 and 18:0. The Ea values may 
be similar because the reaction produces A9 
double bonds regardless of the acyl chain length 
(5). This implies that the rate of the overall 
reaction is dependent on some event other than 
the catalytic event leading to the formation of 
the double bond, assuming that the catalytic 
event has the highest energy of activation. The 
rate of desaturation may be controlled by the 
rate of substrate binding or of product release. 

Fatty acids of chain length 13, 16 and 19 
carbon atoms have greatly different Ea values. 
The Ea value for 19:0 -+ 19: 1, which is much 
higher than that for other acids tested, is 
accompanied by a sharply lower rate of desatu- 
ration. On the other hand, the Ea values for the 
reactions 16:0 -+ 16:1 and 13:0 ~ 13:1 are 
lower than the other acids in the series but are 
not accompanied by sharply higher rates of 
desaturation. That is, the increments of one 
carbon atom beyond 12 do not yield simple 
proportional increments in Ea values. Chain 
lengths of 13:0, 16:0 and 19:0 seem to possess 
some unique characteristic in the reaction. 

Figure 6 is a plot of the logarithm of 
velocity of desaturation versus the substrate 
carbon number for two different temperatures. 
For each temperature, the acids 12:0, 15:0 and 

18:0 fall on a straight line; whereas, the values 
for 11:0, 14:0 and 17:0 form a line slightly 
below that of the former. As would be 
expected from their Ea values (Fig. 5 and Table 
III), the points for 13:0 and 16:0 shift their 
positions with respect to the other acids as a 
function of temperature. The same pheno- 
menon was observed consistently for three 
preparations of microsomes from animals of 
different ages. These data suggest that the satu- 
rated fatty acids fall into three groups, and that 
the members of each group differ by three 
carbon atoms. The Arrhenius plots for desatu- 
ration of 13:0 and 16:0 likewise indicate that 
these acids are quite different from the other 
acids. 

When the data of Abou-Issa and Cleland (17) 
for the acylation of a-glycerolphosphate by 
saturated acyl CoA thioesters are pIotted as the 
logarithm of velocity versus carbon number of 
the substrate, a simple straight line relationship 
is found. This is in contrast to the 3-carbon 
rhythm of specificity in the desaturation of 
saturated acids. We speculate that this rhythm 
in reactivity shown by 11, 14, 17 vs. 12, 15, 18 
vs. 13, 16 is the result of interaction of the 
alkyl chain with a binding site in a highly 
directed fashion, and that the binding site 
should itself possess a repeating 3 atom 
sequence. Binding an alkyl chain to the rela- 
tively polar peptide sequence which has a 
repeating C-C-N sequence, seems thermo- 
dynamically unlikely. Interaction of alkyl 
chains with nonpolar side chains of amino acids 
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is possible ,  bu t  no 3 a t o m  sequence  is readily 
appa ren t .  The  d e s a t u r a t i o n  of  s tearyl  CoA is 
k n o w n  to  cease w h e n  the  lipid c o m p o n e n t s  of  
the  m i c r o s o m e s  are par t ia l ly  r e m o v e d ,  sug- 
ges t ing  the  role of  lipid as a co fac to r  (2). Most  
of  the  m i c r o s o m a l  lipid is p h o s p h o l i p i d  wh ich  
con t a in s  a high p r o p o r t i o n  of p o l y u n s a t u r a t e d  
acids wi th  a r epea t ing  3 ca rbon  uni t :  

2 3 1 2 3 1 2 3 

-CH 2-CH=CH-CH 2-CH=CH-CH 2-CH=CH-CH 2 -  

The  ac t iva ted  m e t h y l e n e  g roups  ( labeled 1) 
could  expla in  a r epea t ing  3 ca rbon  r h y t h m  of  
react ivi t ies ,  if subs t r a t e s  were b o u n d  to a site 
con t a in in g  one  or m ore  such  sys t ems .  In con-  
t ras t ,  t he  l inear p a t t e rn  in the  reac t ion  of  sa tu-  
ra ted  acyl  CoA th ioes te r s  wi th  a -g lyce ro lphos -  
pha te  suggests  tha t  in this  case i n t e r ac t i on  of  
subs t r a t e  is wi th  s a tu r a t ed  acyl  g roups  in lipids 
of  m ic ro so m es .  Because  m i c r o s o m e s  carry  such  
a large p r o p o r t i o n  of  phospho l ip id s ,  the  asso- 
c ia t ion  of  the  acyl  CoA wi th  the  m i c r o s o m a l  
surface  m a y  be in the  one  case wi th  the  
pos i t ion  2 f a t ty  acids,  and  in the  o the r  wi th  the  
pos i t ion  1 f a t ty  acids of  the  phospho l ip ids .  
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Fatty Acid Metabolism in Drosophila melanogaster: 
II. Metabolic Origin of Monoenes 
R. K. KIYOMOTO and A. D. KEITH, Department of Genetics 
University of California, Berkeley, California 94720 

ABSTRACT 

Evidence is presented that Drosophila 
larvae produce monounsaturated fatty 
acids by two independent pathways. One 
of these pathways, involving the direct 
desaturation of long chain precursors, is 
sensitive to inhibition by linoleate. The 
other pathway is resistant to linoleate 
inhibi t ion  and probably has tetra- 
decenoate-AS cis and tetradecenoate-A7 
cis as intermediates in the synthesis of 
palmitoleate and oleate, respectively. The 
use of radioactive precursors of varying 
chain length and labeled at different 
positions in the carbon chains provided 
evidence for the isolation and structure of 
intermediates involved in the linoleate 
resistant pathway. 

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

It is well-known that E. coli and many other 
bacteria synthesize unsaturated fatty acids by 
forming an intermediate chain length unsatu- 
rate and subsequently chain elongating that 
intermediate (1,2). Yeast (3), insects (4-6) and 
mammals, on the other hand, form monoenoic 
fatty acids by the direct desaturation of the 
satura.t.ed homologues. Yeast and other fungi 
can probably form monoenes by no other 
r o u t e .  However ,  in other eukaryoates, 
Donaldson (7-9) employing quail homogenates, 
Raju and Reiser (10,11) using material from 
rats and Keith (12) with axenic cultures of 
Drosophila melanogaster larvae demonstrated 
that an alternate pathway was responsible for 
oleate synthesis when the direct desaturation of 
stearate was blocked. Raju and Reiser (11) have 
further shown that 1-14C-laurate or some other 
intermediate chain length component was 
probably desaturated and then elongated to 
oleate. A route of this type would be similar to 
the bacterial mechanism for monoene synthesis. 

The present report attempts to establish the 
nature of intermediates involved in forming 
palmitoleate and oleate in axenic cultures of 
Drosophila larvae when the direct desaturation 
of the saturated homologues (i.e., palmitate and 
stearate, respectively) is inhibited by high con- 
centrations of dietary linoleate. 

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

The methods and culture conditions 
employed for the study of in vivo fatty acid 
synthesis in Drosophila larvae have been 
detailed in an earlier report (12). An isogenic 
strain (alpha-i) of Oregon-R Drosophila melano- 
gaster was cultured on semisynthetic medium 
under axenic conditions and 84-hour-old larvae 
(third instar) were collected for fatty acid 
analyses. Dietary linoleate used as an inhibitor 
of direct desaturation was purified to greater 
than 98% purity as determined by analytical gas 
liquid chromatography (GLC). 

Lipid extractions followed the Folch pro- 
cedure (13). Saponification was carried out in 
dilute methanolic KOH and methylation in dry 
methanolic HC1 as described by Bottcher et al. 
(14). Fatty acid methyl esters were analyzed by 
analytical GLC or collected by preparative GLC 
for isotope analysis by scintillation spectro- 
scopy. Analytical GLC was conducted on a 
Perkin-Elmer Model 800 gas chromatograph 
equipped with a stainless steel 8 ft x 1/8 in. 
analytical column packett with acid washed 
60/80 mesh Chromosorb W coated with 15% 
diethyleneglycol succinate (DEGS) at a column 
temperature of 160 C. Preparative GLC was 
carried out on a Varian Aerograph Model 700 
preparative gas chromatograph equipped with a 
20 ft x 1/4 in. copper column packed with acid 
washed 60/80 mesh Chromosorb W and coated 
with 18% DEGS at a column temperature of 
150 C. 

Radiotracers 9,10 -3H-palmitate, 9,10 -3H- 
o l e a t e ,  2 - 1 4 C - m a l o n a t e ,  1-14C-butyrate, 
1-14C.laurate, 1-14C_myristate, 1-14C_stearate ' 
1-14 C-caproa te ,  1-14C-capryolate, 1-14C- 
caprate were purchased from New England 
Nuclear, Boston, Mass., and 3H-acetate and 
1-14C-palmitate were purchased from Nuclear 
Chicago, Des Plaines, Ill. All radiochemicals 
were verified to be at least 98% pure on 
analysis. Simultaneous 3H and 14C analyses 
were conducted on a Beckman liquid scintil- 
lation spectrometer equipped with an external 
standard for quench correction. Simultaneous 
3H and 14C analyses were resolved when 
necessary according to the method of Klein and 
Eisler (15) or simply by adjusting the gain so 
that negligible 3H counts appeared in the 14C 
channel. A carrier methyl ester mixture pre- 
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TABLE I 

Distribution of 3H From Dietary 9,10-3H-Palmitate and 9,10-3H-Oleate 
Into the Fatty Acids of Drosophila Larvae 

Radioactivity 
recovered in: 

Radioactive fatty acid supplement 

9,10-3H-Palmitate 9,10-3H-Oleate 

Counts (dis/min) Per Cent  Counts (dis/min) Per cent 

14:0 
1 4 : l a  
1 4 : l b  
14:1c  
16:0 
16:1 
18:0 
18:1 

35 ,213 .2  6.6 5 ,520 .2  0.6 
2 ,806 .0  0.5 65 ,273 .8  7.1 
6 ,685 .8  1.3 2 ,980 .7  0.3 

411 .0  0.1 117.0 0.01 
2 0 0 , 1 0 8 . 6  37.7 4 ,816 .0  0.5 
145 ,966 .3  27.5 4 4 , 3 3 8 . 6  4.8 

5 ,493.6  1.0 1 ,321.7  O. 1 
134~587.4 25.3 796 ,197 .1  86.5 

pared from Drosophila larvae was collected 
after each GLC analysis and served as the 
standard background count for each tracer- 
containing component.  

Highly purified 14:1 A9 cis (Applied Science 
Laboratories, State College, Pa.) and 14:1 AS 

A 

a 

i 

, : i b k  
i 

C b I 

D 

,4:0 

\ 

FIG. 1. Separation of the complex 14:1 peaks. A, 
tracing from a preparative GLC analysis at reduced 
temperature (150 C); B, C and D, isolation of 14:1 
peaks, designated a, b and c, after repeated preparative 
collections and reinjection into a Perkin-Elmer, Model 
800, gas chromatograph equipped with a stainless steel 
analytical column 8 ft x 1/8 in. packed with Chromo- 
sorb W and coated with 15% diethyleneglycol suc- 
cinate at a temperature of 160 C. A small amount of 
myristate was added as a retention marker. 

r (Hormel Institute, Austin, Minn.) were used 
as standard retention markers in analytical 
GLC. 

RESULTS 

For some years we have observed that the 
GLC spectra of Drosophila fatty acids some- 
t i m e s  yielded an asymmetric 14-carbon 
monoene peak. Under normal dietary con- 
ditions (no fatty acid supplement), a fatty acid 
analysis at reduced temperature ( 1 5 0 C ) a n d  
employing a 20 ft GLC column produced the 
pattern shown in Figure 1A. These three peaks 
(a,b,c) were repeatedly collected individually 
and reinjected into an analytical GLC instru- 
ment which yielded the spectra shown in Figure 
1B, C and D. Hydrogenation revealed that the 
t h r e e  peaks disappeared and added to 
myristate. A highly purified 14:1 A9 cis rein- 
forced peak c, and a highly purified 14:1 As cis 
reinforced peak a when each was added as 
methyl  esters to mixtures of the three peaks. 

The origin of components in the asymmetric 
14-carbon monoene peak was indicated by the 
use of radioactive precursors. When larvae were 
grown on 9,10-3H-oleate, radioactivity was 
found to predominate in peak a but not in 
peaks b or c (Table I). However, in the presence 
o f  9,1 0 -3H-palmitate, radioactive counts 
increased in peak b (Table I). No such specific 
labeling is observed when oleate or palmitate 
are labeled in the 1-C position. These data 
employing labeled palmitate and oleate demon- 
strate that oleate is chain shortened to 14:1 As 
and that the desaturated product of palmitate, 
palmitoleate, is chain shortened to 14:1 A 7  
Observe that since the labeled palmitate is 
9,10-3H-16:0, half of the 3H is lost in forming 
palmitoleate. Thus the radioactive counts 
detected in palmitoleate and 14:1 A7cis (but 
not 14:1 As)  fractions reflect only half the 
quantity converted into these two components. 
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FIG. 2. Ratio of radioactivity of saturated 16:0- and 18:0-carbon fatty acids to that of 
monounsaturated 16:0- and 18:0-carbon fatty acids in extracts of Drosophila larvae reared in the 
presence of 14C-fatty acids of increasing chain length: ---, linoleate (9 mg/ml) added to growth 
medium (vertical lines represent range of three independent determinations) as an inhibitor of direct 
desaturation; , no added linoleate (vertical lines represent range of two independent 
determinations); a, b, c, d, each represent five determinations. 

It was previously demonst ra ted  that  dietary 
l inoleate could be used to impair  the abili ty of  
Drosophila larvae to direct ly desaturate 
palmita te  and stearate to their  corresponding 
monoenes  (12). This proper ty  of  dietary lin- 
oleate was taken advantage of  in tests to eluci- 
date an al ternate mechanism for synthesizing 
palmitoleate  and oleate.  Util izing all even 
numbered  fat ty  acids f rom 2 to 18-carbons and 
malonic  acid (each 14C-labeled except  acetate) ,  
it was possible to de termine  the ability of  the 
different  fa t ty  acids to serve as precursors of  
palmitoleate  and oleate when synthesis by 
direct desaturat ion was inhibited with l inoleate.  
The results graphed in Figure 2 reveal l i t t le 
change in ] 4C dis tr ibut ion with respect to satu- 
rates and unsaturates (i.e., ratio of  14C counts  
in the saturate to 14C counts  in the unsaturated 
homolog)  in the absence of  dietary l inoleate.  

However  when l inoleate is included in the diet 
as an inhibi tor  of  direct desaturat ion,  there is a 
several-fold change in the 14C dis tr ibut ion with 
respect to saturates and unsaturates.  Observe 
that  the saturate to unsaturate  ratio (16 :0 /16 :1  
and 18:0/18:  1), depending upon the precursor,  
goes up when l inoleate is added to the diet. An 
increasing ratio implies that  monoenes  are not  
being synthesized f rom their  saturated homo-  
logs. Thus under  these condit ions,  the results 
show that  decanoate  (10:0)  and laurate (12 :0)  
are the longest chain componen t s  uti l ized to 
synthesize palrnitoleate and oleate,  respectively.  

DISCUSSION 

The data obtained f rom axenic cultures of  
Drosophila larvae are consistent with the  
existence of  a monoene  synthet ic  pa thway 

LIPIDS, VOL. 5, NO. 7 



620 R.K. KIYOMOTO 

similar to that  r epor ted  for  E. coil by the 
groups of Bloch (2,16),  Wakil (17) and others .  
If such a mechanism involving/3-,T-desaturation 
and subsequent  chain e longat ion exists in 
Drosophila, then  a 10-carbon acid desa tura ted  
at the A3 posi t ion and then e longated  by two 
carbon units would represent  the longest  chain 
c o m p o n e n t  capable of  enter ing in to  palmit-  
oleate (16:1 Ag) when direct desa tura t ion  is 
inhibi ted.  Likewise,  a 12-carbon acid also desat-  
urated at the A3 posi t ion and chain elongated 
by two carbon  uni ts  would  lead to the forma-  
t ion of  oleate (18:1 Ag).  

The scheme pos tu la ted  above predicts  the 
exis tence of  several in te rmedia tes .  The isolat ion 
of  three d i f ferent  14-carbon m o n o e n e s  (wi th  a 
double  b o n d  at e i ther  the  AS, A7 or A9 
posi t ion)  may suggest a role for  the  14:1 As 
and 14:1 A7 forms in the pa thway  descr ibed 
above. Thus if 10:1 A3 serves as the  precursor  
for 16:1 A9 and e longat ion proceeds  by 
2-carbon units,  the sequence  of in te rmedia tes  
would  be 12:1 As and 14:1 A7. In the same 
manner ,  if 12:1 A3 serves as the precursor  for  
18:1 A9, the sequence of  in te rmedia tes  would 
be 14:1 As and 16:1 AT. Eventual  p roo f  for 
this syn the t ic  route  will involve the  isolat ion of  
o the r  in te rmedia tes  and the enzymes  involved 
in the processes.  

Results ob ta ined  to date indicate  tha t  
Drosophila is capable of  p roduc ing  m o n o e n e s  
by at least two  d i f ferent  routes .  Fu r the r  
research will characterize the nature ,  metabol ic  
impor t ance  and possible significance of  a 

AND A.D. KEITH 

bacterial  and yeast  pa thway  for synthesizing 
m o n o e n e s  in animals.  
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Effect of Fructose on Rat Lipids 

P. H ILL ,  Ayerst Research Laboratories, 
Biochemistry n = ~ t ~ o ~ t  ~ , 1 ~ , ~ l  n , , ~  r ' ~  

ABSTRACT 

Young and mature albino rats were fed 
Purina chow with and without fructose in 
the drinking water, and the lipid contents 
in the serum and livers were determined. 
Fructose elevated the serum triglyceride 
and caused an accumulation after 24 hr 
of liver triglyceride in fed but not fasted 
mature rats. In young male rats, the liver 
triglyceride was increased initially but 
was not found after 10 days. Serum 
phospholipids were increased in young 
and mature rats; the content and specific 
activity of the high density (HD)-lipopro- 
teins being increased in young rats. In 
vivo incorporation of labeled acetate into 
liver cholesterol was reduced. Results sug- 
gest that fructose or triglyceride metabo- 
lism, or both, in rats differ with age. 

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

It has been reported that fructose admini- 
stration increases the serum triglyceride in man 
(1,2) and in experimental animals (3,4) and 
may increase serum cholesterol in man (5), rats 
(6,7) and rabbits (8). Uric acid production is 
also increased by fructose both in man (9) and 
rats (10). Since elevation of rat serum trigly- 
ceride occurs after 48 hr feeding (7), it was of 
interest to determine whether the increased 
serum level was maintained and in view of the 
reported changes in serum cholesterol to deter- 
mine whether the fructose affected hepatic cho- 
lesterol synthesis. The effect on serum lipopro- 
teins was also investigated. 

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

Young rats, 120 g body weight or mature 
albino rats 180-250 g body weight of both 
sexes, w e r e  fed  Purina chow with and without 
fructose, as 10% (w/w) in the drinking water 
for  periods up to 21 days. In one experiment, 
male rats were fasted for 18 hr prior to being 
killed but allowed froctose in the drinking 
water. In all experiments, food was withdrawn 
4 hr before killing. Labeled precursors were 
injected intraperitoneally 1 hr before killing. 
T h e  s e r u m  lipoproteins were separated into 
dextran sulfate soluble high density (HD) lipo- 
proteins and dextran sulfate insoluble low 

density (LD) lipoproteins (11). A part of the 
livers were homogenized in ethanol-ether (3:1 
v/v) and extracted twice at 60 C for 2 hr. 

Initially, the triglyceride glycerol was deter- 
mined manually, by a modification of the 
method of Moore (12) (Method A) and subse- 
quently by an automated modification (13) of 
the method of Laurell (14) (Method B). A 
sample of serum was added to 30 vol isopropyl 
ether-ethanol mixture and 500 mg Sl-~cic acid 
was added. The sample was shaken, centrifuged 
and 4 ml of the supernatant saponified with 
ethanolic KOH. After acidification, samples of 
the aqueous fraction were taken for deter- 
mination of glycerol and radioactive content. 

A sample of the liver extract was evaporated 
to dryness under nitrogen, 15 g of silicic acid 
added and the triglyceride extracted with three 
successive washes of isopropyl ether and the 
glycerol and radioactive content determined. 
Under the experimental conditions, 3H-glycerol 
was incorporated only into triglyceride in the 
isolated fraction, while less than 5% of the 
2-]4C-acetate was incorporated into the choles- 
terol or cholesterol esters in the fraction as 
shown by thin layer chromatography (15). 

The phospholipids were digested and the 
phosphorus was determined according to the 
method of Kraml (16). It has been reported 
that labeled choline is rapidly incorporated into 
rat serum phospholipids (17) while Gould et al. 
(18) reported that 95% of labeled leucine 
injected into rats is present in serum lipoprotein 
protein. Only 6% of the labeled material can be 
removed from the low density lipoprotein 
(unpublished data). It is therefore considered 
that the labeled choline and leucine are present 
in the phospholipid and protein moieties of the 
lipoproteins. The nitrogen and cholesterol con- 
tents were determined on the Technicon Auto- 
analyzer (19) and method No. 24, respectively. 

To determine hepatic cholesterol synthesis, 
2-14C-acetate was injected intraperitoneally 1 
hr before killing, the liver was perfused with ice 
cold saline and 1 g of liver was homogenized in 
2.5 ml of o.1 M potassium phosphate buffer, 
pH 7.4. An amount of 1.5 ml of the cell-free 
homogenate was added to tubes containing 50 
mg cholesterol carrier, saponified and the 
neutral lipids extracted as described by Cayen 
and Dvornik (20). The cholesterol was isolated 
from the petroleum ether extract as the 5,6- 
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TABLE II 

Effect of Fructose on the Specific Activity and Content of Serum and Liver Triglycerides in Rats 

623 

Triglyceride glycerol a 

Serum Liver 

Treatment in days mg/lO0 ml 3H dpm/mg mg/g 3H dpm/mg 

Female rats b 
Untreated 11.5 -I- 1.2 149,320 -I- 17,980 0.62 -+ 0.08 57,910 + 5,340 

1 Treated 13.4+-t.5 142,790 +- 16,920 0.41 +-0.03 c 130,470+-20,245 d 

Untreated 9.8+-0.4 e 32,215 -+ 3,240 0.91 -+0.08 20,680 -+ 8,030 
2 Treated 13.0 +- I.O 28,490 +- 2,990 1.03 -+ 0.08 15,535 +- 1,580 

Untreated 16.3 +- 1.9 12,695 -+ 996 1.11 + 0.08 7,730+- 910 
3 Treated 12.8-+- 1.0 23,930+- 3,860 d 1.38-+0.12 6,410 + 1,040 

Male rats f 
Untreated (9)g 10 .2+0.6  66 ,390+16,480 h 0.16+-0.02 45,640-+ 6,170 h 

1 Treated 10.6 -+ 0.8 84,040 -+ 14,590 0.34 + 0.04 d 34,000 + 3,095 

Untreated (9) 11.0-+0.7 78 ,950+17,430 0.29+-0.02 39,110 + 8,140 
2 Treated 12.5 +0.7 52,600-+ %250 0.47 +0.04 d 22,690 --%- 1,810 

Untreated 12.4 -+ 1.0 57,150 +-- 15,530 0.23 +- 0.03 19,770 + 785 
l0 Treated 12.8-+0.5 43,590-+ 4,030 0.27 +-0.04 19,230-+ 1,420 

aTriglyceride glycerol determined by Method B. 
bFemale rats, 120 + 5 g body weight, were fed Purina chow with or without fructose as 10% (w/w) of the 

drinking water for 3 days. After 24 hr fructose feeding, each rat was injected intraperitoneally with 20 /Jc 
9.103H palmitic acid and groups of rats killed after 1, 24 and 48 hr. Ten rats per group. Mean value + S.E. 

cp <0 .05 .  
dp ~0 .0 1 .  
eAII rats were maintained for 1 week before use and care was taken to exclude serum from rats showing any 

sign of pneumonia on sacrifice in order to minimize fluctuations in triglycerides. 
fMale rats 120 + 5 g body weight, fed as above for 10 days and groups killed after 1, 2 and l0 days. One hour 

prior to killing on each day, each rat injected intraperitoneally with l0 /2c 3H-glycerol and 4.5 /tic MeI4C 
choline. Ten rats per group except where noted in parentheses. 

gNo 14C radioactivity detected in the triglyceride samples. 
hNo 3H radioactivity detected in cholesterol or cholesterol esters as shown by TLC (15). 

dibromocholesten-313-ol  (21)  and  samples  t aken  
to d e t e r m i n e  the  radioac t iv i ty .  

Radioactivity 

A q u e o u s  samples  were added  to  Bray ' s  
l iqu i f luor  (60 g n a p h t h a l e n e ,  4 g PPO, 0.2 g 
POPOP,  100 ml m e t h a n o l  and  20 ml e t h y l e n e  
glycol  and m ad e  up  to 1 l i ter w i th  d ioxane ) ,  
while  the  e th an o l - e th e r  samples  were added  to  
vials, the  ex t rac t  evapora t ed  and  15 ml  of  omn i -  
f luor  added  (4 g/l i ter  of  to luene ) .  

Rad ioac t iv i ty  was measu red  in a Nuc lear  
Chicago l iquid sc in t i l la t ion  s y s t e m  m o d e l  720:  
e f f ic iency ,  singly labeled 14C 75%, 3H 35%; 
d o u b l y  labeled 14C 30%, 3H 27%. 

2 - t4C-ace t a t e  (54.7 /Jc//~mole), 3H-glycerol  
(500  /ac/~mole) ,  3H-leucine  (45 ~ c / ~ m o l e ) ,  
9 .103H-pa lmi t i c  acid (100  /.tc//amole), M e ) H -  
chol ine  (200 /.tc//.tmole) and  Me.14C-chol ine  
(32 #c / /amole)  were pu rchased  f r o m  the  Radio-  
chemica l  Center ,  A m e r s h a m ,  England .  

RESULTS 

As s h o w n  in Table I, the  s e rum tr ig lycer ide  
in y o u n g  female  ra ts  was una l t e red  by  a dmin -  
i s t ra t ion  of  f ruc tose ,  given as 10% (w/w)  in the  
d r ink ing  wate r  for  per iods  up to 21 days ,  bu t  
was s igni f icant ly  increased  in m a t u r e  rats.  The  
s e rum phospho l i p id s  were increased in b o t h  
y o u n g  and  m a t u r e  rats ,  while the  choles te ro l  
c o n t e n t  increased on ly  in the  LD l ipopro te ins  
(Table  I) in y o u n g  rats .  

F r u c t o s e  feed ing  did no t  al ter  t he  liver 
weight  nor  the  p h o s p h o l i p i d  and  choles te ro l  
c o n t e n t s  in the  liver of  m a t u r e  ra ts  bu t  
decreased  the  t r iglycer ide c o n t e n t  of  y o u n g  
female  rats  af ter  21 days  t r e a t m e n t .  A m a r k e d  
a c c u m u l a t i o n  of liver t r ig lycer ide  occur red  in 

m a t u r e  rats.  
Since f ruc tose  feed ing  has  been  r epo r t ed  to 

increase the  t r ig lycer ide  in rat  s e r u m  af te r  
s h o r t - t e r m  feeding  (7),  the  ef fec t  of  feed ing  
f ruc tose  for  24 and  48 hr on s e r u m  t r ig lycer ides  

LIPIDS, VOL. 5, NO. 7 
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TABLE IV 

Liver Cholesterol Biosynthesis in Rats Fed Fructose a 

625  

Cholesterol b 
Liver, wet Cholesterol 

Experiments weight, g mg/liver dpm/mg N dpm/mg sterol 

Experiment I 
Female rats c 

Untreated (10) 8.10 ---0.18 16.6 4"0.8 103 4" 11 821 4" 141 
Treated (10) 7.774"0.12 18.04-0.4 764" 9 4814" 61 

Experiment II 
Male rats d 

Untreated (5) 13.26 4"0.60 25.2 4"0.4 41 -+ 5 805 4" 95 
Treated (5) 14.804-0.38 29.74"0.6 2 4 -  + 2 f 4854- 37g 

Female rats e 
Untreated (6) 8.27 4-0.41 20.7 4"0.3 79 4" 16 1569 -+281 
Treated (6) 9.274"0.52 21.44"0.7 41 4- 6g 9104-194 

aRats were fed Purina chow with and without fructose as 10% of the drinking water and 1 hr prior to killing 
injected intraperitoneally with 10 pc 2-14C-acetate (38 pc]pmole). Cholesterol was isolated as 
dibromocholesterol from liver homogenates (20) and purified according to Fieser (21). Samples run in duplicate. 
Number of samples given in parentheses and expressed as mean - S.E. 

blsolated as 5,6-di-bromocholestan-3~-ol. 
c120 + 5 g body weight, were fed fructose for 21 days and treated as in a. 
d250 4- 10 g body weight, were fed fructose for 10 days and treated as in a. 
e l80 + 5 g body weight, were fed fructose for 10 days and treated as in a. 
fP < 0.01. 
gP <0 .05 .  

in y o u n g  and  m a t u r e  ra ts  was inves t igated .  As 
ind ica ted  in Table  II, f ruc tose  feeding did  n o t  
al ter  t he  se rum t r ig lycer ide  in y o u n g  ra ts  b u t  
caused a s ignif icant  increase  in l iver t r ig lycer ide  
in male  ra ts  a f te r  24 and  48 hr ,  wh ich  was no t  
f o u n d  a f t e r  10 days.  Ini t ia l ly ,  s igni f icant ly  
more  labe led  pa lmi t ic  acid was i n c o r p o r a t e d  
in to  l iver t r ig lycer ides  in  female  ra t s  fed 
f ructose .  

The  se rum tr iglycer ide was increased in fed 
bu t  n o t  fas ted  rats  given f ruc tose  (Table  l iD,  
while  t he  liver t r ig lycer ide  was increased in fed 
rats. In  fas ted  rats,  t he  i n c o r p o r a t i o n  of  labeled  
ace ta te  and  glycerol  in to  se rum t r ig lycer ide  was 
reduced  and  was u n a f f e c t e d  by  feeding 
f ruc tose .  In  fas t ing rats ,  t he  i n c o r p o r a t i o n  of  
ace ta te  was r educed  and  glycerol  increased in 
liver t r iglycer ides .  On  feeding f ruc tose  to  
fas t ing rats ,  the  i n c o r p o r a t i o n  of  ace ta te  was 
una l t e red ,  while  the  glycerol  i n c o r p o r a t i o n  was 
marked ly  reduced .  Similar resul ts  were f o u n d  
af te r  10 days  of  t r e a t m e n t .  

As s h o w n  in Table  IV, the  in vivo inco rpo -  
r a t i on  of  labeled ace ta te  in to  l iver cho les te ro l  
was r educed  in y o u n g  and  m a t u r e  rats .  

T h e  H D - l i p o p r o t e i n  p h o s p h o l i p i d  was 
increased,  Table  V, in y o u n g  female  ra ts  fed 
f ruc tose ,  the  increase appear ing  a f te r  two  days 
of  t r e a t m e n t  ( se rum u n t r e a t e d  113-+13; t r e a t ed  
1 3 6 + 5  m g  p h o s p h o l i p i d / 1 0 0  ml,  10 
sera /group) .  The  specif ic  ac t iv i ty ,  d p m / m g  

p h o s p h o l i p i d  and  d p m / m g  n i t rogen ,  of  HD and  
L D q i p o p r o t e i n s  wh ich  was increased  a f te r  10 
days  (Table  V) ,  was una l t e r ed  af te r  21 days  
t r e a t m e n t .  Af te r  10 days  f ruc tose  feeding,  t he  
specific ac t iv i ty ,  Me .14C-cho l ine  precursor ,  of  
the  liver p h o s p h o l i p i d  was increased  ( u n t r e a t e d ,  
131+8;  t r ea ted ,  4 4 9 + 4 7  d p m / g  wet  weigh t  x 
10 -a P < 0 .01) ,  11 rats  per  group) .  

DISCUSSION 

Since f ruc tok inase  act iv i ty  is g rea te r  t h a n  
g lucokinase  and  h e x o k i n a s e  (7 ,22)  and  since 
the  ra te  l imi t ing  p h o s p h o f r u c t o k i n a s e  s tep is 
bypassed ,  f ruc tose  is more  readi ly  m e t a b o l i z e d  
t h a n  glucose.  The  increase  in p y r u v a t e  k inase  
and  malic  e n z y m e  on  feeding  f ruc tose  (23)  may  
lead to excess ace ty l  CoA f o r m a t i o n  w h i c h  in 
tu rn  could  s t imu la t e  pyruv ic  carboxylase .  
A l t h o u g h  f ruc tose  m e t a b o l i s m  migh t  e levate  
~ -g lyce rophospha t e  c o n c e n t r a t i o n  and  t hus  
increase f a t t y  acid synthes i s  (24) ,  Z a k i m  et al. 
(25)  were u n a b l e  to  f ind  any  in vivo re la t ion-  
ship b e t w e e n  the  a - g l y c e r o p h o s p h a t e  c o n t e n t  
and  f a t t y  acid synthes is .  

This  s t udy  conf i rms  t he  f indings  of  Nikki la  
and  Ojala (3)  t h a t  b o t h  t he  c o n t e n t  and  specif ic  
ac t iv i ty  ( labeled pa lmi t a t e  p recursor )  of  se rum 
t r ig lycer ide  were increased in m a t u r e  male  ra ts  
fed a 10% f ruc tose  diet  a f te r  24 h r  and  was 
ev ident  a f te r  10 days in b o t h  male  and  female  
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EFFECT OF FRUCTOSE ON RAT LIPIDS 627 

rats .  However ,  in i m m a t u r e  male  and  female  
rats ,  t h e  serum t r ig lycer ide  was una l t e r ed  even  
a f t e r  f ruc tose  feeding for  21 days. 

In fas ted  m a t u r e  male  rats,  t he  i n c o r p o r a t i o n  
of  glycerol  i n to  t r ig lycer ide  was increased.  
Since the  act ivi ty  of  t r iok inase  and  aldose (26)  
and  p h o s p h o e n o l  p y r u v a t e  (27)  is depressed  o n  
fast ing,  the  increased  i n c o r p o r a t i o n  of  glycerol  
i n to  liver t r ig lycer ide in fas ted  m a t u r e  male  
rats ,  implies  glycerol  m a y  be m e t a b o l i z e d  pre-  
d o m i n a n t l y  via g lycerok inase  (22) .  As f ruc tose  
feeding  to fas ted ra ts  increases b o t h  the  tri-  
ok inase  and  aldolase act ivi t ies  (26) ,  t he  
decreased  i n c o r p o r a t i o n  o f  glycerol  f o u n d  sug- 
gests t ha t  f ruc tose  m e t a b o l i z e d  via d i -hydroxy-  
a c e t o n e  p h o s p h a t e  spares the  glycerol  i nco rpo -  
r a t ion .  

A l t h o u g h  the  se rum and  liver t r ig lycer ide  
was increased in m a t u r e  ra ts  fed 10% f ruc tose ,  
no  change  occured  in s tarved or in  i m m a t u r e  
male  or female  rats.  MacDona ld  (28)  r epo r t ed  
f ruc tose  increased the  s~rum t r ig lycer ide  in m e n  
and  old  w o m e n  b u t  fai led to a l ter  t he  c o n t e n t  
in  y o u n g  w o m e n .  Sex d i f ferences  in the  me ta -  
bo l i sm of  f ruc tose  have been  r e p o r t e d  in t he  
b a b o o n  (29) .  Care shou ld  be  t a k e n  w h e n  com- 
par ing  data  o b t a i n e d  f rom m a n  and  ra ts  since 
several d i f ferences  in c a r b o h y d r a t e  m e t a b o l i s m  
occu r  in  t he  two  species (22) .  

A s  r e p o r t e d  previous ly  (6) ,  f ruc tose  
increased rat  LD- l ipopro te in  cho les te ro l  in  
y o u n g  female  ra ts  b u t  n o t  in m a t u r e  rats .  
Kr i t chevsky  et al. (8)  r ecen t ly  r e p o r t e d  t he  
LD- l ipopro te in  cho les te ro l  in r abb i t s  was 
increased b y  c a r b o h y d r a t e  diets .  Since t he  con-  
t e n t  of  liver cho les te ro l  was una l t e red ,  a l t h o u g h  
h e p a t i c  syn thes i s  was r educed ,  the  e levated  
LD- l ipopro te in  cho les te ro l  m ay  be  of  ex t ra -  
hepa t i c  origin. However ,  i t  is u n k n o w n  if  t he  
decreased  i n c o r p o r a t i o n  of  labeled  ace ta te  i n to  
cho les te ro l  was due to  an  enlarged ace ta te  poo l  
in  f ruc tose- fed  rats. 

Z a k i m  et al. (7)  r e p o r t e d  t h a t  70% f ruc tose-  
P u r i n a  chow diet  given for  48 h r  increased  the  
se rum phospho l i p id  c o n t e n t ,  whi le  E a t o n  (30)  
r e p o r t e d  a 20% to  40% m o n o s a c c h a r i d e  diet  fed 
for  four  days increased  the  leucine  inco rpo -  
r a t i o n  in to  the  L D q i p o p r o t e i n s .  E a t o n  (30)  sug- 
ges ted  t h a t  excessive c a r b o h y d r a t e  s t i m u l a t e d  
hepa t i c  p ro t e in  synthes is .  A l t h o u g h  f ruc tose  is 
p r e d o m i n a n t l y  i n c o r p o r a t e d  i n to  p h o s p h o l i p i d s  
(31) ,  i t  is u n k n o w n  h o w  f ruc tose  increased  t he  
synthes i s  of  HD- l ipop ro t e in  p h o s p h o l i p i d  since 
t h e  n i t rogen  c o n t e n t  was una l t e red .  Recen t ly ,  
Spr i tz  and  Mishkel  (32)  r e p o r t e d  t h a t  t he  
a d d i t i o n  of  fat  t o  t he  d ie t  in m a n  decreased t h e  
LD-phospho l ip id  m o i e t y  w i t h o u t  a f fec t ing  t he  
p r o t e i n  moie ty .  I t  is of  in te res t  t h a t  in  y o u n g  
ra ts  f ruc tose  increases  se rum p h o s p h o l i p i d s  

w i t h o u t  e leva t ion  of  t r ig lycer ide ,  whi le  in  
m a t u r e  ra ts  hype r t r i g lyce r i demia  is fo l lowed  b y  
e leva t ion  of  se rum phospho l ip id .  The  increase  
in se rum and  liver t r ig lycer ide  in m a t u r e  ra ts  
suggests a d i f fe rence  in the  m e t a b o l i s m  of  car- 
b o h y d r a t e  or t r ig lycer ide ,  or b o t h ,  w i t h  age. 
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The Metabolism of Linoleic and Arachidonic Acids 
in Rat Test i s  1 

R A Y M O N D  B. BRIDGES 2 and JOHN G. CONIGLIO,  
Department of Biochemistry, Vanderbilt University 
School of Medicine, Nashville, Tennessee 37203 

ABSTRACT 

Linoleic and arachidonic acids, labeled 
with 14C and injected intratesticularly, 
were used to study with time the inter- 
conversion of polyunsaturated fatty acids 
in rat testis and their incorporation into 
the major lipid classes. With both sub- 
strates 14 C activity was readily incorpo- 
rated into longer chain, more highly un- 
saturated fatty acids. After the injection 
of 1-14C-linoleic acid the major portion 
of the 14C was found in palmitic, 
l i n o l e i c ,  8,1 1 , 1 4 - e i c o s a t r i e n o i c ,  
5 , 8 , 1  1 , 1  4 - e i c o s a t e t r a e n o i c ,  
7 ,1  0 , 1 3 , 1  6 - d o c o s a t e t r a e n o i c  and  
4 , 7 , 1 0 , 1 3 , 1  6-docosapentaenoic acids. 
Hydrogenation of the total fatty acids 
isolated from rat testes after intratesti- 
cular injection of 1-14C-linoleate revealed 
that the polyenoic acids hydrogenating to 
lignoceric acid (previously characterized 
as 9,12,15,18-tetracosatetraenoate and 
6,9,12,15,18-tetracosapentaenoate) had a 
relatively high specific activity. After the 
injection of 1-14C-arachidonate signifi- 
cant 14C activity was found in palmitate, 
7 ,1  0 ,1  3 ,1  6 - d o c o s a t e t r a e n o a t e ,  
4 , 7 , 1  0 ,1  3 ,1  6 - d o c o s a p e n t a e n o a t e ,  
9,1 2 ,15 ,1  8- te t racosate t raenoate  and 
6,9,12,15,18-tetracosapentaenoate. The 
biosynthesis of the 6o6 polyunsaturated 
fatty acids in rat testis is discussed in 
relation to these data. Investigation of the 
distribution of label in the complex lipid 
fractions demonstrated the majority of 
the 14 C activity to be present in phospha- 
tides and triglycerides after injection of 
either of these 14C substrates with only 
small quantities being present as nonester- 
ified acids. At the time periods studied 
the polyenoic acids of triglycerides had a 

1 Presented in part at the Meeting of the American 
Institute of Nutrition, Atlantic City, April 1968 and at 
the AOCS Meeting in New York, April 1969. These 
data were taken from a thesis submitted by R. B. 
Bridges in partial fulfillment of the requirements for 
the Ph.D. degree, Vanderbilt University. 

2present Address: National  Institute for Dental 
Research, National  Institutes of Health, Bethesda, Md. 
20014. 

higher specific activity than the cor- 
responding acids of phosphatides with the 
exception of linoleate. 

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

Testicular tissue of the rat contains a 
relatively large amount of polyunsaturated 
fatty acids of the 6o6 type (1-3). It has been 
suggested that these polyenes may have 
functional significance in the spermatogenic 
process (1,4). However, results of experiments 
using essential fatty acid-deficient rats indicate 
that these polyenoic acids may not be 
absolutely necessary for the maintenance of the 
spermatogenic process (5). 

The metabolism of various fatty acid pre- 
cursors and of 14C fatty acids has been studied 
in rat testis (6-9). Davis and Coniglio (6), by 
direct intratesticular injection of 14C fatty 
acids complexed with albumin, elucidated the 
pathway of biosynthesis of 4,7,10,13,16- 
docosapentaenoate and other fatty acids in rat 
testis. Nakamura and Privett (7,8) have studied 
the metabolism of 1-14C-linoleic acid and of 
glyceryl 1-14 C-trilinoleate injected as emulsions 
into rat testes. Bridges and Coniglio (9) recently 
demonstrated the biosynthesis in rat testis of 
9 ,1  2 ,1  5 ,1  8 - t e t r a c o s a t e t r a e n o a t e  and  
6,9,1 2 ,15 ,1  8-tetracosapentaenoate by the 
elongation and desaturation of 1-14C-linoleate 
or 1-14C-arachidonate. In this paper we report 
a more complete study of metabolic intercon- 
versions of intratesticularly injected 1-14C - 
linoleate and 1-14C-arachidonate and of their 
incorporation into esterified lipids. 

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

Animals used in these experiments were 
Sprague-Dawley rats (10-14 weeks of age, 
weighing 250-400 g) which were maintained on 
Purina Laboratory Chow. The 14C fatty acid, 
complexed with fatty acid-poor albumin 
(Pentex Corporation, Kankakee, Ill.), was 
injected directly into the testes of rats which 
had been lightly anesthetized with Nembutal 
(Abbott Laboratories, North Chicago, Ill.). The 
rats were sequentially decapitated in groups of 
two at 1/6, 1/2, 1, 2, 7, and 14 days after the 
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TABLE I 

Distribution of Radioactivity in Lipid Classes After 1-14C-Linoleate Injections 

629  

Lipid fractions a 
14C Recovered 
in total lipid Free Glyceryl 

Time (% of injected Phospho- fatty ether Cholesterol 
(days) dose) lipid Cholesterol acid ~' Triglyceride diester ester 

1/6 35.5 84.1 2.6 1.9 10.1 0.8 0.5 
1/2 25.3 84.1 3.3 0.8 10.5 0.4 0.9 
1 15.5 83.3 3.8 0.8 10.2 0.6 0.6 
2 11.9 84.8 3.9 1.2 8.4 0.8 1.0 
7 8.7 80.7 4.2 1.6 11.4 1.0 1.2 

14 6.3 81.1 1.0 1.8 13.9 0.8 1.4 

aLipid fractions isolated by TLC from a pooled sample of testicular tissue. Per cent of total 14C recovered 
from TLC plates. 

in ject ions.  One  test is  f r om each  an imal  was 
used for  t he  ex t r ac t i on  of  t o t a l  f a t t y  acids. The  
o the r  tes t is  was c o m b i n e d  w i th  similar ones  
f rom the  o t h e r  an imals  of  the  same group and  
the  t o t a l  l ipid e x t r a c t e d  f rom the  poo led  
samples.  

The  1-14C-linoleic acid (Volk  Chemica l  
Corpo ra t i on ,  Bu rbank ,  Calif.)  had  a radio-  
chemica l  pu r i t y  greater  t h a n  97% by gas l iquid 
r a d i o c h r o m a t o g r a p h y  ( G L R )  of  its m e t h y l  es ter  
and  of  i ts  h y d r o g e n a t e d  m e t h y l  ester.  This  
d iene was t he r e fo re  used w i t h o u t  f u r t he r  purif i-  
ca t ion.  Five microcur ies  (0 .062  mg)  of  1-14C - 
l inolea te  in  a to t a l  aqueous  vo lume  of  50 ~1 
were in jec ted  in to  each tes t ic le  of  the  rat .  

The  1-14C-arachidonic  acid ( H o f f m a n n  
L a R o c h e  Pha rmaceu t i ca l  C o m p a n y ,  Nut l ey ,  
N.J.)  was pur i f ied  by  prepara t ive  gas l iquid  
c h r o m a t o g r a p h y  (GLC) so t h a t  i ts  f inal  pu r i ty  
was grea ter  t h a n  93% as d e t e r m i n e d  by  GLR.  
A p p r o x i m a t e l y  1 gc  (0 .26  mg) of  the  pur i f ied  
t e t r aene  was in jec ted  in a to t a l  aqueous  vo lume  
of  100 ~1 i n to  each test icle .  

The  t issue used for  e x t r a c t i o n  of  to t a l  f a t t y  
acids was i m m e d i a t e l y  h y d r o l y z e d  in 10% 
e thano l i c  po ta s s ium h y d r o x i d e  at  ref lux t em-  
pe ra tu re  and  u n d e r  an a t m o s p h e r e  of  n i t rogen .  

H y d r o q u i n o n e  (final  c o n c e n t r a t i o n  of  0.5 
mg/ml )  was used as a n t i o x i d a n t .  Af te r  non -  
s a p o n i f i a b l e  ma te r i a l  was r emoved  b y  
e x t r a c t i o n  wi th  p e t r o l e u m  e the r ,  t he  to ta l  f a t t y  
acids were ex t r ac t ed  f r o m  the  acidif ied so lu t ion  
wi th  p e t r o l e u m  e the r  and  m e t h y l a t e d  accord ing  
to  the  m e t h o d  of  Metcal fe  and  Schmi tz  (10)  
wi th  B F 3 - m e t h a n o l  (14% w/v,  Appl ied  Science 
Labora to r ies ,  Sta te  College, Pa.).  F a t t y  acid 
m e t h y l  esters were h y d r o g e n a t e d  b y  t he  
m e t h o d  of  F a r q u h a r  et  al. (11) .  

The  to ta l  l ipids of  the  poo led  sample  of  
tes t icular  t issue were i m m e d i a t e l y  ex t r ac t ed  
th ree  t imes  us ing each  t ime  20 vol of  chloro-  
f o r m - m e t h a n o l  (2:1 v/v)  as previous ly  descr ibed 
(1).  The  c o m b i n e d  f i l t ra tes  were  evapora t ed  to  
dryness  on  a r o t a r y  evapora to r  at r o o m  t e m p e r -  
a ture ,  and  the  res idue was redissolved in pe t ro -  
l eum e t h e r - c h l o r o f o r m  ( 9 0 : 1 0  v/v).  Frac-  
t i o n a t i o n  of  the  to ta l  l ipids was carr ied ou t  on  
t h in  layer  plates  hav ing  a 1 m m  layer  of  Silica 
Gel  H F 2 5 4  ( B r i n k m a n  I n s t r u m e n t s  Inc. ,  West- 
bu ry ,  N.Y.).  The  l ip id -con ta in ing  bands ,  as 
viewed u n d e r  u l t ravio le t  l ight ,  were scraped 
f rom the  plates  and  the  l ipid i so la ted  b y  four  
successive washings  of  the  silica gel w i t h  95% 
e thano l - ch lo ro fo rm-wa te r -g l ac i a l  acet ic  acid 

TABLE II 

Distribution of Radioactivity in Total Fatty Acids After 1-14C_Linoleat e Injections 

Fatty acid a 
Time 
(days) 16:0 18:2 20:3 20:4 22:4 22:5 

1/6 6 .6•  77.7-+0.7 6.8-+0.8 5.3-+0.05 0.2-+0.1 0.3-+0.2 
1[2 7.0-+1.8 70.0-+0.8 7 .1 •  11.2-+1.2 0.7-+0.0 0 .8 •  
1 10.4-+0.8 58.1-+0.4 8.8-+1.3 16 .1•  1.2-+0.0 0.8-+0.5 
2 14.6•  34.6-+13.9 10.1-+1.7 27 .3 •  2.4-+0.4 4.1-+1.8 
7 19.7•  23.2-+2.0 7.2-+0.6 24.7-+2.4 3.0-+0.3 11.7•  

14 17.8-+0.0 16.4-+1.6 6 .0•  19.7-+0.3 3.2-+0.1 21.9-+1.1 

aMean -+the deviation from the mean of two values. Per cent of total 14C recovered from GLC. 
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TABLE III 

Relative Specific Activities of the Polyenoic Acids of the 
Phosphol]pid and Triglyceride Fractions After Injection of 1-14C-Linoleate 

Relative specific activity a of the fatty acid 

Time Sample 18:2 20:3 20:4 22:4 22:5 

4 hr b Phospholipid c 10.2 6.0 0.3 . . . . . .  
Triglyceride d 6.4 11.2 . . . . . . . . .  

12 hr Phospholipid 7.9 7.6 0.8 0.3 0.04 
Triglyceride 3.4 14.6 1.6 2.3 0.2 

24 hr Phospholipid 7.9 2.8 0.9 0.8 0.1 
Triglyceride 5.0 8.4 1.2 1.2 0.2 

48 hr Phospholipid 6.4 7.1 1.0 1.3 0.2 
Triglyceride 2.0 9.3 1.9 2.2 0.8 

1 week Phospholipid 3.6 5.6 1.3 1.2 0.7 
Triglyceride 2.2 5.7 3.1 3.'/ 1.4 

2 weeks Phospholipid 3.0 3.6 1.2 2.7 0.9 
Triglyceride 1.2 8.4 1.5 2.8 1.4 

aRelative specific activity expressed as a percentage of total counts divided by the per- 
centage of total fatty acids of the individual polyenes. 

bTime after the injection. 
CFatty acids of the phospholipid fraction isolated from a pooled sample of testicular 

tissue. 
dFatty acids of the triglyceride fraction isolated from a pooled sample of testicular 

tissue. 

(100 :30 :20 :2 ) ,  according to  the  p rocedure  of  
Biezenski (12).  The recovery of  radioact ivi ty  
f rom the  thin layer plates ranged f rom 85% to 
95% of  the  am oun t  applied to the  plates.  The 
fa t ty  acids of  the lipid fract ions were isolated as 
previously described.  

All radioact ivi ty  de te rmina t ions  were  made  
in a Packard Tri Carb Scinti l lat ion Spect ro-  
me te r  (Model 3000 series) opera t ing  at about  
78% eff iciency.  Al iquots  of  the  total  f a t ty  acids 
and lipid fract ions were evapora ted  to  dryness  
a n d  t o l u e n e  c o n t a i n i n g  P P O - P O P O P  
(Liquif luor ,  T. M. Pilot Chemicals Inc.,  Water- 
t own ,  Mass.) was added  as solvent and fluor.  

Analyt ical  GLC was done  on a Varian Aero-  
graph Model 1520 equ ipped  wi th  a f lame 
ioniza t ion  de tec tor .  S tandard  me thy l  esters  

(Hormel  Ins t i tu te ,  Aust in ,  Minn., and Appl ied  
Science Laborator ies ,  State College, Pa.) were 
used for  cal ibrat ion of  the de tec tor .  Fa t ty  acids 
were ident i f ied  by the i r  r e t en t ion  t ime and the  
r e t en t ion  t ime of  their  hyd rogena ted  deriva- 
tives. The stainless steel co lumn was 8 ft  x 1/8 
in. o .d.  and was packed wi th  d ie thylene  glycol 
succinate  polyes ter  (12.0% by weight)  coa ted  
on 110/120 mesh A n ak ro m ABS. The co lumn 
t empera tu re  was 200 C and the  carrier gas (He) 
f low rate  was 30 ml /min .  The injector  t empera -  
ture was 265 C and the  de tec to r  t empera tu re  
was 235 C. 

GLR was done  by two methods :  (a) By 
col lect ion of  individual me thy l  esters f rom a 

s t r e a m  spli t ter  in cartr idges packed wi th  
silanized glass wool.  The con ten t s  of  the cart- 

TABLE IV 

Relative Specific Activities of Hydrogenated Total Fatty Acids of 
Rat Testis After the Injection of 1-14C-Linoleate 

1 Week 

Relative a 
Saturated Per cent of total specific 

methyl ester methyl esters activity 

2 Weeks 

Per cent of total 
methyl esters 

Relative a 
specific 
activity 

16:0 23.8 0.78 24.1 0.52 
18:0 27.4 0.82 27.0 0.71 
20:0 18.6 1.27 18.3 1.64 
22:0 23.7 1.29 24.3 0.98 
24:0 3.1 1.55 3.7 1.22 

aRelative specific activity expressed as in Table IlL 

LIPIDS, VOL. 5, NO. 7 



POLYENE METABOLISM IN TESTIS 

TABLE V 

Distribution of Radioactivity in Lipid Classes After 1-14C-Arachidonate Injections 

631 

Lipid fractions a 
14C Recovered 
in total lipid Free Glyceryl 

Time (% of injected Phospho- fatty ether Cholesterol 
(days) dose) lipid Cholesterol acid Triglyceride diester ester 

1/6 24.3 76.9 2.5 1.5 17.6 0.7 0.8 
1/2 22.2 84.5 3 . 0  0.6 10.3 0.7 0.8 
1 20.7 82.1 2.2 0.5 13.6 0.8 0.8 
2 16.9 85.1 2.5 0.2 10.5 1.0 0.6 
7 10.4 75.9 4.6 1.3 14.5 2.4 1.3 

14 9.8 79.1 2.0 0.1 15.3 1.9 1.6 

aLipid fractions isolated from a pooled sample of testicular tissue. Per cent of 14C recovered from TLC plates. 

r idges were e m p t i e d  in to  c o u n t i n g  vials, f luor  
so lu t ion  added  and  rad ioac t iv i ty  d e t e r m i n e d  in 
a l iquid sc in t i l la t ion  spec t rome te r .  (b)  By con-  
t i n u o u s  m o n i t o r i n g  wi th  a gas f low h e a t e d  pro-  
po r t i ona l  d e t e c t o r  (Nuclear  Chicago Model  
4998) .  The  eff ic iency of  the  d e t e c t o r  u n d e r  our  
ope ra t ing  cond i t i ons  was a b o u t  25% of  14C 
using 14C_methy 1 pa lmi t a t e  as s t andard .  

Oxida t ive  ozonolys i s  of  u n s a t u r a t e d  f a t t y  
acids was done  b y  the  m e t h o d  of  Stoffe l  (13) .  
Gas c h r o m a t o g r a p h y  of  the  m e t h y l a t e d  dicar-  
boxy l i c  acid p r o d u c t s  was p e r f o r m e d  u n d e r  the  
same cond i t i ons  as has  been  descr ibed pre- 
viously for  f a t ty  acid m e t h y l  esters,  bu t  wi th  a 
c o l u m n  t e m p e r a t u r e  of  165 C. The  radio-  
ac t iv i ty  of  the  individual  d ica rboxy l i c  acid 
p r o d u c t s  was d e t e r m i n e d  by  co l l ec t ion  in U- 
shaped  tubes  i m m e r s e d  in l iquid n i t rogen  and  
c o u n t i n g  of  the  col lec ted  e f f luen t  in a l iquid 
sc in t i l la t ion  spec t rome te r .  

RESULTS 

The  i n c o r p o r a t i o n  of  r ad ioac t iv i ty  in to  t he  
t o t a l  l ipids and  the  per  cent  d i s t r i bu t ion  of  14C 
in the  lipid classes a f te r  1-14C-l inoleate  
in jec t ions  are given in Table  I. The  a m o u n t  of  

14 C act ivi ty  r e t a ined  in the  tes tes  as per  cent  of  
the  in jec ted  dose ranged  f rom 35.5 at 4 h r  to  
6.3 at  the  two-week  interval .  A t  4 h r  a f te r  
in jec t ion  a b o u t  40% of  the  recovered  14C had  
been  me tabo l i zed  to  14CO 2 and  a b o u t  20% of  
the  recovered  14C had  been  t r a n s p o r t e d  to  the  
o t h e r  t issues of the  body .  The  to t a l  r ecovery  of  
the  in jec ted  14C in excre ta  and  t issues was 
b e t w e e n  60% and 70% of the  in jec ted  dose. 
Most  of  the  14C no t  recovered  in these  
expe r imen t s  may  have b e e n  c o n t a i n e d  in 
water -soluble  c o m p o u n d s  and  have been  lost  
dur ing  the  e x t r a c t i o n  of  f a t t y  acids or lipids. 
In jec t ion  of  on ly  one  test ic le  in a ra t  resul ted  in 
less t h a n  0.3% of  the  to ta l  recovered  14 C in the  
non in j ec t ed  test icle .  These  da ta  ind ica te  t h a t  
any observed  convers ion  of  the  1-14C-l inoleate  
in the  test is  ac tua l ly  occur red  in this  tissue. 

The  p h o s p h a t i d e s  and  t r ig lycer ides  con-  
t a ined  the  largest p r o p o r t i o n s  of  the  radio-  
act ivi ty wi th  less t h a n  2% of  t he  t o t a l  14C 
recovered  f rom the  t h in  layer  pla te  as free f a t t y  
acid 4 hr  af ter  t he  in jec t ion .  The  choles te ro l  
( p r o b a b l y  c o n t a m i n a t e d  wi th  diglycer ide) ,  
glyceryl  e the r  d ies ter  and  choles te ro l  ester  frac- 
t ions  also c o n t a i n e d  on ly  a small  p r o p o r t i o n  of  
the  to ta l  recovered  14C. 

TABLE VI 

Distribution of Radioactivity in Total Fatty Acids After 1-14C.Arachidonate Injections 

Fatty acid a 
Time 
(days) 16:0 20:3 b 20:4 22:4 22:5 24:4 24:5 

1/6 2.14-0.2 3.94-0.2 64.04-3.7 5 .9•  2.54-0.8 1.04-0.3 1.04-0.2 
1/2 4.24-0.2 1 .7•  63 .3•  9.84-0.9 1.84-0.1 2 .8•  1 .8~0 .2  
1 5.54-0.2 1.14-0.2 56.84-2.8 11 .4•  5.54-0.2 4.44-0.2 2.7 ~ 0.9 
2 7 .1 •  1.04-0.2 53 .9•  9.74-0.1 7 .7 •  4.74-0.1 3.74-0.0 
7 9.94-0.6 1.14-0.2 39.64-0.3 7.04-0.2 18 .6•  3.64-1.0 3.44-1.1 

14 4 .1 •  1.64-0.1 26.14-3.9 5.94-0.1 32.84-1.1 6 .4 •  6.04-0.4 

aMean 4-the deviation from the mean of two values. Per cent of 14C recovered from GLC. 
bpossibly contaminated to a small extent with 20:4. 
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FIG. 1. Relative specific activities expressed as a 

percentage of total counts divided by the percentage 
of total fatty acids of octadecadienoic (18:2), eicosa- 
trienoic (20:'3), eicosatetraenoic (20:4), docosa- 
tetraenoic (22:4), and docosapentaenoic acid (22:5) 
isolated from rat testis at various times after intra- 
testicular injection of 1-14C-linoleate. Each point 
represents the average of values obtained on two ani- 
mals. 

The distribution of radioactivity in the indi- 
v i d u a l  f a t t y  acids after 1-14C-linoleate 
injections is shown in Table II. Significant 
quantities of radioactivity were incorporated 
into palmitate presumably by de novo synthesis 
from 1-14C-acetate units resulting from the 
degradation of the injected 1-14C-linoleate. 
Incorporation of 14C activity into the higher 
polyenes probably occurred by the elongation 
and desaturation of intact 1-14C-linoleic acid. 
In the testes of animals killed two weeks after 
the injection of 1-14C-linoleate a greater pro- 
portion of the radioactivity was present in 
arachidonate  and in 4,7,10,13,16-docosa- 
pentaenoate than in the isolated dienoic acid. 

Upon calculation of the relative specific 
activities of the polyenoic acids (Fig. 1) isolated 
from the total fatty acid fraction, a precursor- 
product relationship (18:2 > 20:3 > 20:4 > 
22:5) was established at the 4 and 12 hr inter- 
vals. Twenty-four hours after the injection 
8,11,14-eicosatrienoate had a higher specific 
activity than did linoleate. The specific activity 
o f  d o c o s a p e n t a e n o a t e  increased linearly 
throughout the two-week experiment. 

GLR of the fatty acids of phosphatides and 
triglycerides revealed that greater proportions 
of the recovered 14C were in linoleate and 
arachidonate of phosphatides than in the cor- 
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FIG. 2. Relative specific activities of testicular 
polyenes after intratesticular injection of 1-14C_arachi_ 
donate. Specific activities are expressed as in Figure 1. 
Each point on the curve is the average of the two 
values shown by the vertical lines. 

responding acids of triglycerides. Greater 
proportions of the recovered J 4C were found in 
eicosatrienoate, docosatetraenoate and docosa- 
pentaenoate of triglycerides than in the cor- 
responding acids of phosphatides. At each time 
period the specific activities of the polyunsatu- 
rated fatty acids, other than linoleate, were 
higher in the triglycerides than the cor- 
responding polyenoic acids of phosphatides 
(Table III). 

The total fatty acids were hydrogenated and 
the saturated methyl esters were analyzed by 
GLR. A small but appreciable quantity of 
radioactivity was observed in the 24 carbon 
saturated fatty acid, lignoceric acid. At the one- 
and two-week intervals, lignoceric acid had a 
relatively high specific activity as compared to 
those of the other saturated fatty acids (Table 
IV). However, less than 4% of the total satu- 
rated fatty acids was lignoceric acid upon 
hydrogenation. The acids giving rise to 
lignocerate upon hydrogenation have been 
c h a r a c t e r i z e d  as 9 , 1 2 , 1 5 , 1 8 - t e t r a c o s a -  
t e t r a e n o a t e  and 6,9,12,15,18-tetracosa-  
pentaenoate and have been shown to be the 
elongation and desaturation products of linoleic 
and of arachidonic acids (9). 

Results obtained after the intratesticular 
injection of 1-14C-arachidonate were consistent 
with the data obtained after the intratesticular 
injection of 1-14C-linoleate. The amount of 
radioactivity in the total lipid and its distri- 
bution into the lipid classes after 1 - 1 4 C  - 

arachidonate injections are given in Table V. In 
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FIG. 3. Relative specific activities of hydro- 
genated total fatty acids of testes of rats injected intra- 
testicularly with 1-14C-arachidonate. Specific 
activities are expressed as in Figure 1. Each point on 
the curve is the average of two values shown by the 
vertical lines. 
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the 24 hr sample a larger proportion of the 
injected 14C was found in total lipids after the 
injection of 1-14C-arachidonate than after the 
injection of 1-14C-linoleate. As in the experi- 
ment with 1-14C-linoleate the phosphatides and 
triglycerides contained the largest proportions 
of the radioactivity. The free fatty acid fraction 
contained less than 2% of the recovered 14C 
even as early as 4 hr after the injection of the 
acid. The cholesterol (probably contaminated 
with diglyceride), glyceryl e t h e r  diester and 
cholesterol ester fractions contained small but 
definite amounts of 14C. Results obtained by 
fractionation of the total lipid by silicic acid 
column chromatography according to the 
method of Hirsch and Ahrens (14) and those 
obtained by thin layer chromatography (TLC) 
were similar. 

The distribution of 14C in the fatty acids 
after the injection of 1-14C-arachidonate is 
presented in Table VI. Incorporation of 14C 
into palmitate occurred probably by de novo 
synthesis using 14C acetate units derived from 
the metabolic breakdown of the injected 
1-14C-arachidonate. On the other hand, ~ncor- 
poration of label into 22:4, 22:5, 24:4 and 
24:5 presumably occurred by the direct 
elongation and desaturation of the intact 
1-14C-arachidonate" The relatively small incor- 
poration of 14C into 20:3 may be a useful 
index for estimating the extent to which 
1-I 4C-acetate units (derived from the metabolic 
oxidation of 1-14C-arachidonate) were being 
utilized in the elongation of pre-existing long 
chain, unlabeled acids. Upon calculation of the 
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FIG. 4. Relative specific activities of polyenes of 
testicular phospholipid (PL) and triglyceride (TG) 
fractions after intratesticular injection of 1-14C_arachi_ 
donate. Specific activities are expressed as in Figure 1. 
Each point represents a single determination from a 
pooled sample. 

relative specific activities of the polyenoic acids 
(Fig. 2) derived from the total lipid fraction, 
the specific activity of 7,10,13,16-docosa- 
tetraenoic acid was found to be always higher 
than its presumed precursor, arachidonate. The 
spec i f i c  activity of 4,7,10,13,16-docosa- 
pentaenoate increased linearly throughout the 
two-week study. Hydrogenation of the total 
fatty acids (Fig. 3) revealed that the 24 carbon 
polyenoic acids as a group had a higher specific 
activity than did the 20 and 22 carbon 
polyenoic acids 48 hr after the injection of 
1-14C-arachidonate. Thus, 1-14C-arachidonate 
appears to be a more immediate precursor of 
the 24 carbon tetraene and pentaene than was 
the 1-14C-linoleate" 

Calculation of specific activities of the 
higher polyenes of phosphatides and trigly- 
cerides (Fig. 4) revealed that the specific 
a c t i v i t i e s  of  arachidonate and docosa- 
pentaenoate of triglycerides at each time period 
were greater than those of the corresponding 
fatty acids of phosphatides. The decrease in 
specific activity of arachidonate and the 
increase in specific activity of docosa- 
pentaenoate were more rapid in the triglyceride 
fraction than in the phosphatide fraction. 

To prove the structures of the labeled 24 
carbon polyenoic acids and to locate the 
relative position of the 14C, the labeled unsatu- 
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TABLE VII 

Oxidative Ozonolysis of Labeled 24 Carbon 
Polyenoic Acids Biosynthesized From 

1-14C-Arachidonate in Rat Testis 

Per cent of total counts 
recovered in 

dicarboxylic acid 
fragments 

Dicarboxylic 
acid 24:4 24:5 

C3 4.7 4.8 
C 4 8.6 
C 5 4.8 8.4 
C 6 1.2 63.1 
C 7 8.7 5.9 
C 8 3.9 2.5 
C 9 74.2 5.3 

rated fatty acids were isolated and cleaved by 
oxidative ozonolysis (Table VII). The isolated 
tetraene and pentaene biosynthesized from 
1-14C-arachidonic acid were shown by hydro- 
genation and by GLR to have a purity of 81.2% 
and 77.2%, respectively. Upon oxidative 
ozonolysis of the tetraene most of the radio- 
activity (74%) was present in azelaic acid, the 
nine carbon dicarboxylic acid from the 
carboxyl end. Oxidative ozonolysis of the 
labeled pentaenoic acid resulted in most of the 
14C (63%) in adipic acid, the six carbon dicar- 
boxylic acid from the carboxyl end. These data 
are consistent with the chemical designation of 
these compounds as 9,12,15,18-tetracosa- 
t e t r a e n o a t e  and 6 ,9 ,12,15,18- te t racosa-  
pentaenoate and are consistent with the sug- 
gestion presented elsewhere (9) that these com- 
pounds are formed metabolically by the 
elongation and oxidative desaturation of lin- 
oleic acid. 

DISCUSSION 

The data in this paper concerning the 
m e t a b o l i s m  o f  intratesticularly injected 
1-14C-linoleate are comparable in some respects 
to those reported recently by Nakamura and 
Privett (7). However, certain differences 
between these experiments are apparent. 
Incorporation into Folch-extractable lipids 
reported by Nakamura and Privett (7) was 
much higher at all time periods than the values 
reported in this paper. For example, Nakamura 
and Privett reported a recovery in testes of 
30.2% of the injected radioactivity at 48 hr 
after injection whereas in our experiments only 
11.9% of the injected radioactivity was 
recovered at the same time period. Nakamura 
and Privett further found no transport of the 
injected 14C whereas our results indicate that 

transport as well as metabolic oxidation of the 
injected 14C diene occurred. 

Significant differences in .  distribution of 
radioactivity in the lipid fractions are apparent 
between these two experiments. Nakamura and 
Privett (7) reported a higher proportion of the 
I4C in free fatty acids, diglycerides and trigly- 
cerides, and a lower proportion in phosphatides 
than was found in our experiment. It is 
probable that these differences are due to the 
physical state of the injected laC diene, 
although more subtle differences (age of rats, 
diet, etc.) between these experiments cannot be 
overruled as contributing factors. Nakamura 
and Privett injected the diene as an emulsion 
whereas the diene was injected as a water- 
soluble albumin complex in our experiments. 

Our results indicate that the oxidation of 
injected 14C fatty acid is the major cause of the 
low recovery of 14C. This suggestion is sup- 
ported by the appearance of nearly 40% of the 
recovered radioactivity in the expired CO 2. 
Oxidation of the injected polyenoic acid is also 
indicated by the presence of 14C in palmitic 
acid. Also of importance in the disappearance 
of the injected radioactivity from the testis was 
the transport of the labeled fatty acids to other 
tissues with subsequent storage in or oxidation 
by these tissues or both. 

Incorporation of the 14C into the complex 
lipids (chiefly phosphatides and glycerides) of 
testicular tissue occurred very readily with less 
than 2% of the total recovered 14C being 
present as free fatty acids 4 hr after the 
injections. The results of these experiments 
may indicate the suitability of the physical 
form of the injected labeled substrate (i.e., 
solution of albumin-bound fatty acid) as a 
physiological substrate. 

The polyenoic acids of triglycerides (with 
the exception of linoleate) had a higher specific 
activity than the corresponding acids of phos- 
phatides. This distribution of radioactivity does 
not define the pathway of incorporation of the 
labeled acids into complex lipids but probably 
only reflects the relative pool sizes and turnover 
rates of these complex lipid fractions. Davis et 
al. (1) have demonstrated that triglycerides are 
a small component of the total lipid of rat 
testis. Nakamura and Privett (8) recently 
reported a rapid turnover rate of the acyl 
moiety of triglycerides injected directly into 
the rat testis. Therefore, it is probable that the 
small pool size and rapid turnover rate of tri- 
glycerides in rat testis contributed to the higher 
specific activities of its polyenoic acids. 

Conversions of 1A4C-linoleate or 1-14C - 
arachidonate to longer chain, more highly 
unsaturated fatty acids must have actually 
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occur red  in the  test is ,  since on ly  small  a m o u n t s  
of  14C ( <  0.3% of  the  recovered  14C) was 
found  in the  n o n i n j e c t e d  test is  4 hr  a f te r  the  
in jec t ion  of  the  o the r  test is  of  the  same rat .  In  
testes  of  rats  kil led 4 and  12 hr  a f te r  the  
in jec t ion  of  1-14 C-l inoleate  a p r ecu r so r -p roduc t  
r e la t ionsh ip  exis ted in the  labe led  p r o d u c t s  so 
as to  es tab l i sh  the  m e t a b o l i c  p a t h w a y  o f  
d o c o s a p e n t a e n o a t e  syn thes i s  as: 1 8 : 2 - ~  2 0 : 3 - +  
20 :4  -+ 22 :4  -+ 22 :5  in c o n f i r m a t i o n  of  da ta  
r epor t ed  by  Davis and  Conigl io (6).  T w en t y -  
four  hou r s  af ter  the  in jec t ion  of  1-14C-linoleic 
acid, 8 ,11 ,14-e icosa t r i eno ic  acid had  a h igher  
specific ac t iv i ty  t han  did its p r e sumed  p recurso r  
l inoleate .  Af te r  in t r a t e s t i cu la r  in j ec t ion  of  
1-J 4C-a rach idon ic  acid,  t he  specif ic  act ivi t ies  of  
the  i so la ted  fa t ty  acids did no t  c o n f o r m  to the  
requi red  cri teria of  p r ecu r so r -p roduc t  re la ted  
metabo l i t e s .  

The  m e t a b o l i c  p r o d u c t ,  7 ,10 ,13 ,16-docosa-  
t e t r a e n o a t e ,  had  a h igher  specif ic  ac t iv i ty  t h a n  
did a rach idon ic  at all t imes  a f te r  the  in j ec t ion  
of  this  1-14C-te t raene.  These  data  also p r o b a b l y  
reflect  the  pool  sizes of  e i cosa t r i enoa te  and  
d o c o s a t e t r a e n o a t e  and  the i r  relat ive t u r n o v e r  
rates.  I t  is p robab l e  t ha t  m o r e  t h a n  one  poo l  of  
l inoleic or a rach idon ic  acids exists  and  t h a t  the  
in jected 14C fa t ty  acid m a y  no t  d i s t r ibu te  uni-  
fo rmly  in all pools  dur ing  its convers ion  to the  
more  h ighly  u n s a t u r a t e d  or longer  chain  
polyenes ,  or bo th .  F u r t h e r  work  is obv ious ly  
necessary  to  descr ibe more  specif ical ly t he  
pools  w h i c h  con ta in  these  po lyenes  and  the  role 
t hey  play in these  convers ions .  

1 -14C-arach idona te  was d e m o n s t r a t e d  to  be  
a more  i m m e d i a t e  p recurso r  of  9 ,12 ,15 ,18-  
t e t r a c o s a t e t r a e n o a t e  and  6 ,9 ,12 ,15 ,18- te t ra -  
c o s a p e n t a e n o a t e  t h a n  1-14C-l inoleate.  The  
relat ively h igh  specific act ivi t ies  of  t he  24 
ca rbon  p o l y e n o i c  acids as a g roup  m ay  be due  
to the i r  small  pool  sizes in tes t icu lar  t issue as 
well as the i r  re lat ively h igh  t u r n o v e r  rate .  The  
exact  p a t h w a y  of  b iosyn thes i s  of  the  24 c a r b o n  

po lyenes  of  ra t  test is  was n o t  def ined  b y  these  
expe r imen t s ,  bu t  the  resul ts  s u p p o r t  da ta  
r epo r t ed  e lsewhere  (9)  t h a t  t hey  are syn the -  
sized by  the  e longa t ion  and  d e s a t u r a t i o n  of  
l inoleic acid. These  c o m p o u n d s  c o n s t i t u t e  a sig- 
n i f ican t  p o r t i o n  of  the  acyl moi t ies  of  glyceryl  
e ther  diesters ,  cho les te ro l  esters and  tr igly- 
cerides of  ra t  test is  (3).  However ,  t he i r  bio-  
chemical  or phys io logica l  Significance is ye t  to  
be  d e t e r m i n e d .  
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Lipid Monolayers" Mechanisms of Protein Penetration 
With Regard to Membrane Models 1 
GlUSEPPE COLACICCO 2, Department of Biochemistry, 
Albert Einstein College of Medicine, Bronx, New York 10461 

ABSTRACT 

The influence of lipid and protein on 
the properties of the air-water interface is 
analyzed with the view to formulate a 
mechanism of interaction of protein with 
lipid monolayers. The increase in surface 
pressure (All) and the quantity of protein 
incorporated in the lipid film after 
injection of protein under lipid mono- 
layers were studied as a function of both 
lipid structure and protein structure. With 
rabbit 7-globulin, the values of All  were 
cholesterol > phosphatidyl choline 
sphingomyelin.  Similar results were 
obtained with ribonuclease, lysozyme and 
serum albumin. The quantities of protein 
found in films of either cholesterol or 
phosphatidyl choline (egg lecithin) were 
much larger than those calculated from a 
geometric model in which a protein 
monolayer occupies the area made 
available by the compressed lipid. Argu- 
ments are produced against penetration 
based on simple mechanisms of com- 
pressibility of the lipid film. The mecha- 
nisms operating in the incorporation of 
protein into lipid monolayers are grouped 
into three categories: (a) free penetration, 
typical of lecithin; (b) binding-mediated 
penetration, typical of cholesterol and 
some glycosphingolipids; and (c) binding- 
inhibited penetration, typical of the 
albumin-ganglioside system and a specific 
lipid hapten-antibody system. A model is 
described in which nonspecific protein 
interacts with polymeric lecithin struc- 
tures (surface micelles). In the sequence 
of events X ~ Y -+ Z, the globular protein 
X is activated into the expanded or 
extended form Y by contact with the 
lipid and then restructured into a com- 
pact form Z with release of water and 
free energy. The resulting lipid-protein 
assembly has a mosaic structure in which 

1presented at the Symposium on the Role of 
Lipids in Enzyme Systems, AOCS Meeting, Chicago, 
October 1967. 

2present address: Department of Pediatrics, Albert 
Einstein College of Medicine, Bronx, New York 
10461. 

lipid and protein polar surfaces are 
exposed to water. Accessibility of lecithin 
to phospholipase A is consistent with the 
model and with current views on the state 
of protein in biological membranes; 
according to such views, protein is more 
likely structured inside the lipid milieu 
and not simply denatured on the lipid- 
water interface. 

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

Interest in lipid-protein interaction stems 
from the experience in at least five areas of 
biology: cell membranes, lipoproteins, lipid 
hapten-antibody complex, enzyme activation 
by lipids and synthesis and breakdown of lipids 
by enzymes. A fundamental feature of all these 
systems is the association of lipid with protein 
in a noncovalent type of bonding (including 
enzyme-substrate complex), the nature of 
which is not fully understood. The interest in 
lipid monolayers is prompted by the observation 
that lipids, as amphipathic and water insoluble 
molecules, collect, orient and dwell at water 
interfaces, and thus form interfaces with water. 
Since such molecular organization is mandatory 
for lipids, and these inevitably operate by the 
same principle in biological systems, the mono- 
molecular film of lipid at the air-water interface 
is the simplest model in which one type of 
lipid-protein interaction (as opposed to bulk 
systems) can be studied readily and with a high 
degree of accuracy and information. Relevance 
of the model to the biological systems should 
be assessed only after sufficient experience with 
monolayers is available. Hitherto however, little 
information has existed, and that has come 
from very few laboratories and few systems, 
such as the action of phospholipases A and B 
on lecithin monolayers (1-3), the nonspecific 
interaction of proteins with lipid monolayers 
(4-9), a specific lipid hapten-antibody inter- 
action (5,10), and the interaction of the apo- 
protein of high density lipoprotein with lipid 
monolayers (10,11). 

Since the cell membrane is the most obvious 
expression of lipid-protein association, models 
of membrane structure can be introduced as a 
convenient frame of reference in the study of 
lipid-protein interactions in monolayers. I shall 
therefore cite three models, which exemplify 
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three different concepts of molecular organi- 
zation in biological membranes: Danielli- 
Davson's of 1935, Sjostrand's of 1963 and 
Benson's of 1966. According to the first model, 
a bimolecular lipid leaflet is inserted between 
two monolayers of protein adsorbed onto the 
polar groups of the lipid (12). Sjostrand's 
model features a mosaic in which globular pro- 
tein is alternated with globular or micellar lipid 
structures (13). According to Benson, the cell 
membrane consists of globular protein onto 
which individual lipid molecules are adsorbed 
by association of their hydrophobic chains with 
the nonpolar sites of protein structures (14). 
Whereas in the Danielli-Davson model the core 
of the membrane consists of lipid, which is 
coated with protein and presumably excluded 
from the water interface, in the other two 
models protein is also at the center of the mem- 
brane, and both protein and lipid sites are 
exposed to the water. Also in 1966, a fourth 
model was proposed by Lenard and Singer (15). 
According to these authors, the red blood cell 
membrane is probably a mosaic of lipid pene- 
trated by protein. In this respect, the model is a 
direct departure from the unit membrane, as 
the continuous lipid bilayer of the latter (16) is 
replaced by a discontinuous one and part of the 
protein is structured in the lipid medium. This 
model bears an important relation to the 
phenomenon of penetration of lipid films by 
proteins. In spite of the apparent differences, 
an essential feature of the three alternative 
models is the orientation of lipid and protein 
molecules between two water interfaces. In 
these terms, the three models are thermo- 
dynamically feasible, whereas one should 
hasten to say that a continuous lipid interface 
coated with extended protein is untenable (17). 
That not withstanding, the bimolecular lipid 
leaflet is the inevitable basic unit of every mem- 
brane. Detail and variety of structure and 
function must then pertain to the mode of 
penetration, adsorption and structuring of the 
protein. Elucidation of the mechanism of 
enzyme activation by lipids can also profit from 
a discussion of the general problem of lipid- 
protein interaction in membranes and model 
systems. 

Since in the organization of lipid and protein 
in membranes the basic process must be one in 
which the membrane components are brought 
together, the model which considers the pene- 
tration of protein into lipid films acquires 
relevance to problems of membrane structure 
and membrane biogenesis. Several techniques 
for bringing lipid and protein together in mono- 
layers have been described (4,7,10). By far the 
most widely used technique is one in which 
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FIG. 1. Schematic representation of penetration of 
fipid monolayer by protein at the air-water interface. 
The letter P, in central panel, designates the protein, 
which is •ling some spaces between the lipid. 

(Fig. 1) a lipid film is formed at a defined initial 
pressure (Hi); the protein is then injected into 
the subphase, and the increase in film pressure 
(AII) is measured as a funct ion of time. This 
increase in film pressure is grossly referred to as 
film penetration. A detailed inquiry into the 
mode of penetration of protein in the lipid film 
was not possible as yet because of lack of d.ata. 
In reference to Figure 1 the following questions 
must be considered: (a) How much protein 
enters the film? (b) Why and how does protein 
enter the film? (c) Once the protein has pene- 
trated the lipid film, how is it structured 
relative to the lipid? In this communication I 
shall describe the experimentation designed to 
answer these questions. 

Although work with specific proteins found 
in biological structures has begun (10,11), this 
communication deals with nonspecific proteins: 
3 ' - g lobu l in ,  a l b u m i n ,  r ibonuclease and 
lysozyme. Information about the surface 
behavior of nonspecific proteins is still needed 
to explain previous observations and to further 
understand differences between specific and 
nonspecific proteins. 

MATERIALS AND METHODS 

Lipids 

Phosphatidyl choline (egg lecithin), sphingo- 
myelin from beef heart and cholesterol prepara- 

LIPIDS, VOL. 5, NO. 7 



638 GIUSEPPE 

tions were already described (4,5,10,11); they 
were homogeneous on thin layer chromato- 
graphy (TLC), in which 100 ktg lipid were 
applied. 

Fully saturated phosphatidyl choline (HPC) 
was obtained by catalytic hydrogenation of 
egg lecithin over 5% Pd on charcoal in absolute 
ethanol; 25 mg catalyst and 25 mg lipid were 
used in 10 ml ethanol. Under these conditions 
no breakdown of lecithin took place, which 
however was extensive when PtO 2 in absolute 
ethanol was used as a catalyst. Completion of 
hydrogenation was monitored by 12 staining on 
thin layer chromatograms, by gas liquid chro- 
matography and force area curves; absence of 
12 uptake by titration with thiosulfate revealed 
also completion of hydrogenation. 

Ganglioside was provided by Maurice M. 
Rapport as "very highly purified mixed ganglio- 
sides from ox brain gray matter";  the major 
component was a disialo-ganglioside. TLC on 
silicic acid plate showed the presence of several 
components typical of mixed gangliosides; each 
component gave a positive resorcinol test for 
sialic acid (18). 

A solution of 0.5 /ag/gl lipid in chloroform- 
methanol 85:15 was used to spread the lipid 
film. Such solutions were stored for not longer 
than three days at 0 C. The organic solvents, 
reagent grade, were redistilled before use. 

Proteins 

Rabbit 7-globulin (Lot 42P) and 2x crystal- 
lized rabbit serum albumin (Lot 9), used in pre- 
vious studies (4,5), were Pentex products 
(Pentex Inc., Kankakee, Ill.). Lysozyme, a salt 
free preparation from egg white (Lot LYF- 
6JA), ribonuclease, bovine, 2x crystallized (Lot 
6RLA) and trypsin, 2x crystallized, 50% 
MgSO 4 (Lot TR-359) were purchased from 
Worthington Biochemical Corp., Freehold, N.J. 
Pronase, 45,000 PUK units/g, (Lot 71879)was 
obtained from Calbiochem, Los Angeles, Calif. 

Rattle snake (Crotalus atrox) and cobra 
(Naja naja) venoms were products of Ross Allen 
Reptile Institute, Silver Springs, Fla; they were 
used without further purification, and their 
solutions were prepared as already described 
(1). When so indicated, destruction of proteoly- 
tic activity was effected by heating the acidic 
stock solution for 10 min at 100 C (19,20). 

Hypophase 

Unless otherwise specified, the subphase for 
monolayer studies consisted of 0.04 M potas- 
sium phosphate buffer containing 0.1 M NaC1, 
pH 7.0, 25 + 1 C. Protein solutions of 1 mg/ml 
were stored at 0 C for not longer than three 
days. Protein and buffer solutions were 

COLACICCO 

prepared with doubly distilled water. The 
second distillation was carried out over alkaline 
permanganate in an all glass system (Coming, 
Model AG-3, New York). 

Apparatus 

A sand blasted platinum blade and a radio- 
active (226Ra) air electrode were used for the 
measurements of surface tension and surface 
potential respectively (1). A circular trough, 
however, was preferred to the rectangular one 
for the reasons given elsewhere (4,10). 

The trough consisted of a crystallizing dish 
made of Pyrex glass and divided into two equal 
sections by a glass barrier annealed across the 
top of the dish (4); the film area was 37 cm2. 
The barrier and inside of the trough were 
coated with paraffin (Fisher Scientific, mp 
48 C). The subphase, 300 ml, was mixed with a 
magnetic stirrer. 

Formation of Lipid Film and Injection of Protein 

The lipid was applied in 1 /.tl fractions of 0.5 
~g//al solution in chloroform-methanol 85:15; 
the droplet, formed at the tip of a Hamilton 
microsyringe, was made to touch the accurately 
cleaned water surface. The lipid was so spread 
on one section area of the trough until the 
desired initial pressure (Hi) was reached. The 
protein was injected, at time zero (through the 
service area), with the tip of a microsyringe or a 
pipette touching the bottom of the trough (10). 
The rise in film pressure (All) was then 
recorded as a function of time. 

Determination of Protein 

At a given time, for a defined value of Al-I, 
the quantity of protein present in the subphase 
was measured with an accuracy of -+ 0.1 /ag, or 
better, by a modified micro-Lowry method 
(10). The trough consisted of a crystallizing 
dish in pyrex glass, 15.2 cm in diameter and 10 
cm high. The area of the film was 180 cm 2, and 
the volume of the subphase was 500 ml. The 
trough partition was not necessary: the lipid 
film was made at 2 dynes/cm, and the protein, 
200 ktg, was injected from above the film by 
touching the lipid-water surface with the drop- 
let of aqueous protein solution hanging from 
the tip of a Hamilton microsyringe (7,10). The 
hypophase consisted of 0.001 M NaC1 instead 
of the phosphate buffer. In the presence of 
phosphate, a white precipitate formed upon the 
addition of the Folin reagent in the Lowry 
assay. Although the precipitate could be 
removed by centrifugation, accuracy and 
precision of the protein determination were not 
as good as in the absence of phosphate. 

Since the dependence of All  on lipid struc- 
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TABLE I 

Quantity of Protein in Lipid-Protein Film a 

639  

Globulin, btg 

Lipid Z~I Monolayer 
Substance p.g dynes/era model Found Gibbs 

Lecithin 21.6 6.6 3.06 67.0 248.0 
Cholesterol 29.9 14.0 0.64 70.0 12.9 

aThe lipid monolayer was prepared at II i = 2 dynes/cm on a total area of 180 cm 2. 
Protein, rabbit It-globulin, 200 b/g, was injected from 200/Jl of 0.01 M NaC1 just below the 
lipid by the technique of Eley and Hedge (10). H~pophase O.O01 M NaCI. The Gibbs 
quantities were calculated for the same values of/.MI but from experiments in which the 
protein was injected deep into the hypophase: The valid assumption was made that the 
equilibrium concentration is the same as the initial protein concentration, since the quantity 
of protein in the film is negligible as compared to the quantity of protein in the hypophase. 
The model of Eley and Hedge suggesting that the total quantity of protein applied remains 
in the film could not be adopted here because of the large quantities of protein that are lost 
into the subphase when the protein is injected by the Eley and Hedge technique. 

tu re  is s imilar  in b o t h  t he  t e c h n i q u e  of  D o t y  
and  S c h u l m a n  and  t h a t  of  Eley and  Hedge (4) ,  
the  l a t t e r  was prefe r red  solely because  in th is  
case p r o t e i n  analysis  is m u c h  simpler .  At  the  
desired t ime ,  50 rain,  the  f i lm was r emoved ,  
and  a l iquots  of  subphase  con ta in ing  b e t w e e n  
1.0 and  2.0 pg  of  p ro t e in  were processed for  
p ro t e in  d e t e r m i n a t i o n  (10) .  

Action of Phospholipase A 

The lec i th in  f i lm was f o r m e d  at 2 dynes / cm.  
The  nonspec i f i c  p ro t e in  was in jec ted  in to  t he  
subphase  at  a f inal  c o n c e n t r a t i o n  of  10 pg /ml ,  
and  p e n e t r a t i o n  was s tud ied  in t he  usual  way. 
At  40 min ,  w h e n  the  l ipid p ro t e in  f i lm was 
near ly  sa tu ra ted ,  v e n o m  was in jec ted  in to  t he  
subphase  at  a f inal  c o n c e n t r a t i o n  of  1 pg /ml .  
The  changes  in surface pressure  and  surface 
po t en t i a l  were r eco rded  as a f u n c t i o n  of  t ime  
(1). When  the  t3-ester b o n d  of  lec i th in  is 
a t t acked  by  the  enzyme ,  a decrease  of  surface 
po t en t i a l  takes  place wh ich  is p r o p o r t i o n a l  to  
the  n u m b e r  of  lyso lec i th in  molecules  f o r m e d  or  
lec i th in  molecules  h y d r o l y z e d  per  un i t  area 
(20) .  The  e x t e n t  of  hydro lys i s  was verif ied b y  
TLC (1). The  f i lm was co l lec ted  on  a p l a t i n u m  
gauze and  depos i t ed  in c h l o r o f o r m - m e t h a n o l  
2:1.  The  solvent  was r em oved  by  evapora t i on  
u n d e r  vacuum,  and  the  res idue was appl ied to  a 
pla te  layered  w i th  silicic acid (Silica Gel H, 
Merck,  D a r m s t a d t ,  G e r m a n y ) .  Af te r  r e so lu t ion  
of  the  l ipid mix tu r e  in c h l o r o f o r m - m e t h a n o l -  
w a t e r - c o n c e n t r a t e d  NH 4OH 70:  30 :4 :  1, s ta in ing  
wi th  12 vapors  revealed t he  relat ive quan t i t i e s  
of  l ec i th in  and  lysolec i th in .  

Action of Proteolytic Enzymes 

The  e x p e r i m e n t a l  se tup  was the  same as t h a t  
used in t he  s tudy  of  phospho l ipase  ac t ion .  A 
lec i th in  m o n o l a y e r  was m a d e  at 2 d y n e s / c m  

pressure;  the  p ro t e in  was in jec ted  in t he  sub- 
phase,  and  f i lm p e n e t r a t i o n  was s tud ied  in the  
usual  way.  At  40  min,  t he  p ro t eo ly t i c  e n z y m e  
was in jec ted  at  t he  c o n c e n t r a t i o n  ind ica ted  for  
each e x p e r i m e n t ,  and  the  changes  in surface 
po t en t i a l  and  surface pressure were r eco rded  as 
a f u n c t i o n  of  t ime.  Accord ing  to  the  s tudies  of  
S c h u l m a n  and  Rideal  (21) ,  i t  was to  be  
expec t ed  t h a t  hydro lys i s  of  pep t i de  b o n d s  in 
f i lm p ro te ins  would  cause a lower ing  of  surface 
po ten t ia l .  A l t h o u g h  at p resen t  i t  is d i f f icul t  to  
provide  a quan t i t a t i ve  assay of  p ro teo lys i s  at  
t he  in te r face ,  the  c o n t e n t i o n  of  S c h u l m a n  and  
Rideal  is cor rec t  because  it  is r econc i l ab le  w i th  
the  t h e o r y  of  surface po t en t i a l s  ( u n p u b l i s h e d  
observa t ions) .  

F u r t h e r m o r e ,  hydro lys i s  of  f i lm p ro t e in  was 
shown  by  n i n h y d r i n  s ta in ing  as fol lows.  The  
l ip id-pro te in  f i lm was co l lec ted  on  a p l a t i n u m  
blade  in the  c u s t o m a r y  way.  The  blade,  5 cm 
long,  was d ipped  across the  in t e r f ace  5 to  6 
t imes  consecu t ive ly ;  the  p ro te in ,  ad so rbed  o n t o  
the  b lade ,  was washed  i n to  a t es t  t u b e  w i th  a 
few drops  of  water .  The  m i x t u r e  was appl ied  to  
str ips of  f i l ter  paper ;  these  were sprayed  w i th  
0.2% n i n h y d r i n  in e t hano l  and  h e a t e d  in oven  
at 80 C. The  d i f fe rence  b e t w e e n  hydro lys i s  and  
non-hydro lys i s  was s tr iking,  i t  was no t  possible  
however  to  measure  the  e x t e n t  or t he  k ine t ics  
of  hydro lys i s  by  th is  t e chn ique .  

RESULTS 

Influence of Chemical Structure of Lipid 
on Protein Penetration 

With several p ro te ins ,  ra te  and  e x t e n t  of  sur- 
face pressure  increase were clearly re la ted  to  
s t ruc tura l  d i f ferences  a m o n g  lipids. Wi th  r abb i t  
T-globulin (Fig. 2), t h e  A l l  values were in the  
order :  cho les te ro l  ~ p h o s p h a t i d y l  chol ine  = 

LIPIDS, VOL. 5, NO. 7 



640 GIUSEPPE COLACICCO 

E 
r 

C 

<1 

Chol 

20 

H -PC 

I0 

Sph 

20 40  

minutes 

FIG. 2. Influence of lipid structure on the penetra- 
tion of lipid monolayers by rabbit ~'-globulin. Lipid: o 
cholesterol; A hydrogenated egg lecithin; �9 sphingo- 
myelin. Initial film pressure, 2 dynes/cm. Protein 10 
pg/ml. Hypophase: 0~4 M phosphate buffer 0.1 M 
NaC1, pH 7.0, 25 C, 11 i = 2 dynes/cmo Film area 37 
cm 2. 

hydrogenated phosphatidyl choline = ganglio- 
side ~ sphingomyelin. The same pattern, cho- 
lesterol > PC ~ sphingomyelin, was revealed by 
rabbit serum albumin and by other proteins 
(4,11). Albumin, however, (Fig. 3), at pH 6 to 
10, showed a remarkably small penetration of 
ganglioside film, which in contrast was pene- 
trated as readily as PC by "/-globulin, lysozyme 
and ribonuclease. 

Similar results were obtained when the tech- 
nique of Eley and Hedge was used for the 
injection of protein under the lipid film (Fig. 
4). The smaller All values of albumin (Fig. 3) as 
compared to those of 7-globulin (Fig. 2) and 
the smaller. AIl values in the technique of Eley 
and Hedge (Fig. 4) as compared to those in the 
technique of Doty and Schulman (Fig. 2) are 
consistent with previous observations (4). 

Quantity of Protein in the Film 

The quantity of protein in the film was cal- 
culated (Fig. 4) from the difference between 
quanti ty of protein applied to the film at time 
zero and quantity of protein in the hypophase 
at 50 min. The results of two experiments are 
presented in Table I, one with egg lecithin and 
one with cholesterol. The protein was rabbit 
7-globulin, and the trough's area was 180 cm 2. 
The lipid monolayer at 2 dynes/cm pressure 
contained either 21.6 pg lecithin or 29.9 pg 
cholesterol. At 50 min, when most of the inter- 

action had taken place, the quantities of pro- 
tein found in the lecithin and cholesterol films 
were 67.0 pg and 70.0 pg, respectively. These 
quantities are much larger than the ones calcu- 
lated from a geometrical model in which an 
average area of about 15 A 2 is attributed to 
each amino acid residue of the protein adsorbed 
at the interface in the form of a monolayer 
(22). According to that model, the area made 
available by the lipid in the compression from 
H i to [If is the one occupied by the extended 
protein, the nonpolar chains of which are inter- 
calated with the hydrophobic chains of the 
lipid (7,8,23). The quantities of protein calcu- 
lated were 3.06 pg in lecithin and 0.64 pg in 
cholesterol. The quantities of globulin found in 
the films were thus 21.9 and 110.0 times those 
calculated for lecithin and cholesterol films, 
respectively. They were also different from the 
quantities calculated by the Gibbs adsorption 
equation for protein monolayers (23). For 
reasons which are not fully explained, the 
Gibbs quantities were influenced by the 
molecular weight of the protein (24). 

Action of Phospholipase A on Film Lipid 

The data with two proteins, albumin and 
ribonuclease, are presented in Figure 5. Phos- 
phatidyl choline in the lecithin-protein film was 
hydrolyzed readily, for a rapid decrease in sur- 
face potential, -A (AV), took place which was 
comparable with that observed in the case of a 
pure lecithin film. The magnitude of the change 
in the presence of albumin or ribonuclease, 
about 100 my, or two thirds of the value 
observed with pure lecithin could be accounted 
for if one assumed that, after compression to 
the attained All value at 40 rain, the area 
occupied by lecithin is two thirds of the total 
area of the film, one third of which is occupied 
by the protein. TLC of the material extracted 
from the lipid-protein film (1) showed that 
more than 90% lecithin had been transformed 
to lysolecithin. For all practical purposes, the 
results obtained with "t-globulin and lysozyme 
were identical with those in Figure 5. Similar 
results were obtained when the venom had 
received the heat treatment. 

The slight increase in film pressure which is 
seen during the action of the venom cannot be 
attributed solely to penetration of venom pro- 
tein into the lipid, for increase in molecular 
volume and film pressure are expected when 
the hydrated products of lecithin hydrolysis are 
formed. Unlike C. atrox, the pressure increase 
caused by N. naja venom was very large, there- 
fore, masking all other effects. Data with C. 
atrox venom are presented as this was the least 
surface active of the available venoms. This con- 
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FIG. 3. Penetration of a rabbit serum albumin into 
monolayers of cholesterol (Ch), egg pliosphatidyl cho- 
line (PC), sphingomyelin (Sph) and ganglioside (G). 
Protein 10 pg/ml. Subphase as in Figure 2. 

sideration, which is dictated by the disruptive 
effects of N. na/a venom, ought to apply to the 
cases in which this and other surface active 
enzymes are used in the study of membrane 
and lipoprotein structures. In the absence of 
interpretable kinetic data (25), hydrolytic 
action of N. na/a venom on lipid membranes 
may well reflect secondary effects and not 
necessarily the action of phospholipase A on 
the lipid of intact membranes, no matter how 
the venom-treated membrane structures appear 
in the electron microscope. 

Action of Pronase and Trypsin on Film Protein 

A decrease in surface potential, -A (AV), 
indicating proteolysis, was observed after action 
of pronase on lecithin-ribonuclease films (Fig. 
6). The effect was less than trebled when the 
pronase concentration in the subphase was 
increased 5x, from 1 pg/ml to 5 pg/ml. Similar 
results were obtained with both proteolytic 
enzymes on lecithin-ribonuclease as well as on 
the lipid-protein films made with either 
albumin, globulin or lysozyme. A rise in film 
pressure was observed in every case (Fig. 6, 
lower panel). Experiments aimed at measuring 
the quantity of protein hydrolyzed, by means 
of chromatography and ninhydrin staining of 
the collected film, were not conclusive; a quan- 
titative interpretation of the data must there- 
fore await further experimentation. 

DISCUSSI ON 

A mechanism of film penetration can be 
approached from three standpoints: lipid struc- 
tu re ,  protein structure and lipid-protein 
arrangements. 

Influence of Lipid Structure on 

The marked dependence of film penetration 
on the chemical structure of the lipid, which  

2C 
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FIG. 4. Penetration of rabbit T-globulin after 
injection of protein by the techni!tue of Eley and 
Hedge. Hypophase 0.001 M NaC1. 11 i = 2 dynes/cm. 
Film area, 180 cm 2. The trend of the AH values, cho- 
lesterol :> PC ~ sphingomyelin, was consistent 
irrespective of film area, volume of hypophase and 
technique of protein injection. 

"has been pointed out consistently in the past 
(4,6,7,8,11), is summarized in Figures 2, 3 and 
4. 

In all the available studies and with a variety 
of proteins, the All values for cholesterol were 
greater than those for other lipids. It has been 
argued that, since the intermolecular area of 
cholesterol films is very small, little protein 
would be needed to fill the intermolecular 
spaces and presumably produce the large and 
rapid increase in film pressure which is typical 
of this lipid (26,27). Although convincing, this 
explanation is not satisfactory. It has no experi- 
mental evidence and fails to take molecular 
mechanisms into account because it ignores the 
effects Of possible lipid-protein interactions 
(4,28). The old contention cannot withstand 
criticism in the light of two new observations: 
(a) the very large quanti ty of protein which is 
incorporated in the cholesterol film (Table I), 
and (b) the contraction of cholesterol films in 
the early stages of the interaction. Both obser- 
vations are illustrated later in this paper. 

Egg lecithin and fully hydrogenated egg 
lecithin showed identical penetration curves. 
Although these lipids have different cross 
sections (area-molecule), their compression 
areas are nearly the same, 110 to 70 A 2 
molecule and 80 to 44 A2/molecule for PC and 
HPC, respectively. However, the information of 
equal compression areas does not constitute evi- 
dence for the claim that compressibility of the 
lipid is a valid criterion of film penetration. The 
conclusions must await further knowledge of 
the film topography for other parameters must 
thus be looked at. At present, the observation 
that the quantity of protein found in a very 
compressible lecithin film was smaller than the 
one in the least compressible cholesterol film 

LIPIDS, VOL. 5, NO. 7 



6 4 2  GIUSEPPE COLACICCO 

E 
r 

DECREASE OF 
SURFACE POTENTIAL 

~(~v) 
m v  

-100  

-160 

20 

\ 
\ 

\ 

Io .~%' -~__.g~O 0 O O 0 

I 
40 I00 
T minutes 

Venom 

FIG. 5. Action of  phospholipase A on egg lecithin- 
protein films: A Ribonuclease (RNase),  10 /ag/ml; 0 
rabbit serum albumin (SA), 10 ktg/ml; - -  decrease of 
surface potential of lecithin film at 12 dynes/cm 
pressure under the action of C. atrox, 1.0 pg/ml, in the 
absence of protein. Subphase: 0.04 M potassium 
phosphate buffer, 0.1 M NaC1, pH 7.0, 25 C; C. atrox 
venom, 1.0 /.tg/ml, was injected at 40 min when the 
film pressure was about 9 dynes/era for the albumin- 
lecithin film and 14 dynes/cm for the ribonuclease- 
lecithin film. 

(Table I) argues strongly against the criterion of 
the compressibility. 

Sphingomyelin exhibited consistently small 
All  values with several proteins (4,11). In 
Figures 2, 3 and 4, the All values for sphingo- 
myelin are one half those for egg lecithin or 
hydrogenated egg lecithin. Yet, the latter and 
sphingomyelin have identical area-molecule and 
compression area (29,30). Unpublished data on 
impure sphingomyelin are in agreement with 
the data of Shah and Schulman (31). Binding of 
the free hydroxyl group of sphingomyelin with 
the protein in the subphase could inhibit film 
penetration. The higher surface viscosity (4) of 
sphingomyelin as opposed to that of lecithin, 
resulting probably from a particular orientation 
of sphingomyelin -OH groups at the air-water 
interface (32), may not be the sole cause of 
limited film penetration. Indeed, in the inter- 
action with albumin, gangliosides, which have 
much lower surface viscosity than sphingo- 
myelin, exhibited smaller All values than 
sphingomyelin did (Fig. 3). In the interaction 
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FIG. 6. Act ion o f  proteolytic enzymes  on egg 
lecithin-protein films: - -  rabbit serum albumin 
(SA), 10 /ag/ml, pronase 1 pg/ml. A rabbit serum 
albumin, 10 pg/ml, pronase 5 /ag/ml. u Ribonuclease 
(RNase), 10 /.tg/ml; lower panel, pronase 1 btg/ml; 
upper panel, upper curve, pronase 1 pg/ml; upper 
panel, lower curve, pronase 5 pg/mi. Subphase 0.04 M 
potassium phosphate buffer, 0.1 M NaC1, pH 7.0, 
25 C. 

with rabbit "),-globulin, ribonuclease and 
lysozyme, ganglioside displayed the greater AII 
values of egg lecithin. The indication therefore 
is that ganglioside films and albumin at pH 7 
and 25 C may enjoy some specific binding 
which inhibits albumin penetration. 

Quantity of Protein Incorporated Into 
the Lipid Film 

The protein found in the lipid-protein film 
was far more than the quantity expected if the 
protein were adsorbed as a monolayer in the 
intermolecular (compression) areas of the lipid. 
Although little protein would be required to 
produce a given value of All (Table I), the 
quantity of protein associated with the lipid is 
about 22x and 110x the quantities calculated 
for  lecithin and cholesterol monolayers, 
respectively. This means that excess protein 
either is packed in the hydrophobic regions of 
the lipid film and/or extends in the form of a 
matrix into the aqueous subphase. 

The observation of thick protein films is in 
line with the suggestion of multilayer protein of 
Khaiat and Miller (9). I do not agree however 
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with these authors '  contention that penetrat ion 
studies carried out with an initial film pressure 
of 2 dynes/cm are meaningless, on the ground 
that  the surface concentration of lipid at this 
pressure is nearly zero. First,  with an area of 
1 10 A2/molecule,  the surface concentration of 
egg lecithin at 2 dynes/cm is 9.1 x 1013 
molecules/cm2 and nowhere near zero; and 
lipid films at 2 dynes/cm are very stable. 
Secondly, an initial film pressure of 2 dynes/cm 
was chosen since the magnitude of the effects 
at this low pressure makes the observations 
more convenient and since it is really not 
known what film pressure may be more 
relevant to biological systems and membrane 
biogenesis (4). Penetration of protein at dif- 
ferent film pressure has been studied (4,11 and 
unpublished results), and assessment of the 
more meaningful film pressures must await 
further investigations. 

The foregoing data make two revelations. 
First,  obeyance of Langmuir 's adsorption 
equation by the Al l  values in the form of a 
linear relationship of 1/All  to 1/ protein con- 
centration (11), which had been verified with 
several proteins (unpublished data), is such that  
the Al l  values bear no relation to the quanti ty 
of protein in the film. Secondly, use of the 
Gibbs equation as suggested by Eley and Hedge 
(24) yields great aberrations (Table I). For  
example, in the interaction of the apoprotein of 
rat plasma high density l ipoprotein with 
lecithin monolayer at H i = 2 dynes/cm, the 
equilibrium quanti ty of film protein calculated 
from the Gibbs equation was 1.1 x 10 -10 
moles/cm 2 (11). This quanti ty,  2.5 pg/cm 2, 
corresponds to an area of 0.04 m2/mg, or 
20-fold the surface concentration of monolayer  
protein, 0.125 pg/cm 2 or 0.80 m2/mg, and 
nearly 30x the effective quant i ty  of apo-HDL 
found in lecithin monolayers at a Al l  value of 
20 dynes/cm. 

The data in Table I reveal that only one 
third of the protein applied was in the film. 
Appreciable loss of protein into the subphase 
was verified when different quantities of pro- 
tein were applied, irrespective of the area of the 
film and of the volume of the subphase. This 
finding is contrary to a crucial assumption of  
Eley and Hedge (23) that all the protein was 
adsorbed to the lipid monolayer,  and it 
invalidates the methods used for determining 
molecular weight of proteins (22,25,33,34) 
unless one ascertains that all the protein applied 
is in the film in a monolayer  conformation. I 
found appreciable quantities of protein in the 
subphase when the apoproteins of the most sur- 
face active high density serum lipoproteins were 
spread as films. The facts that  the quanti ty of 

protein in the film occasionally is that of a 
monolayer (10,11), and the relationships AII 
vs. 1/c, Al l  vs. lnc  (11,23), and II m2/mg vs. II 
(22,25) are linear, cannot be construed to mean 
that protein films are monolayers or that II 
relates to the quanti ty of protein in the film 
(24). Although the protein monolayer has been 
previously suggested (22,33,34), much evidence 
is against it and its use for its molecular weight 
determination is incorrect. The results could be 
only a misleading coincidence, unless a satis- 
factory theory is worked out. Therefore, the 
increase in film pressure observed is not a 
measure of the quanti ty of protein penetrated;  
this must be determined independently.  It was 
protein analysis which made it possible to dis- 
tinguish between proteins that form thin films, 
e.g., the apoprotein of high density serum lipo- 
protein (10) and proteins which form thick 
films, e.g., the mitochondrial  structural protein 
(10,35). 

The protein films relevant to this discussion 
are the thick ones which derive from pene- 
trat ion of globulin into the lipid monolayer.  
The other three proteins, albumin, globulin and 
lysozyme, also formed thick films. Although 
the Al l  values measured in film penetration are 
essentially those of the surface free energy of 
water, and as such they are proport ional  to the 
surface valence or number of protein groupings 
anchored at the interface, they do not 
necessarily reflect t h e  quanti ty of protein 
present in the film nor do they express fully the 
energetics of anchoring. Beside the surface free 
energy of water (Al l )  which we determine by 
the surface tension measurements, two major 
contributions to the free energy of film for- 
mation derive from the hydrat ion and solvent 
electrostriction of the anchoring groups and 
from dipole-dipole and other polar bindings. 
Aggregation of protein in a thick film expresses 
a number of complicated energetics which 
derive from dipole-dipole, dipole-charge and 
charge-charge interactions of polypept ide 
chains as these assume new asymmetric con- 
formations in the proximity of the hydro- 
phobic interface (10). 

Organization of Protein Relative to Lipid 

The only available model  was proposed 
independently by Schulman (36) and Eley and 
Hedge (23). In that model, the extended poly- 
peptide chains of denatured p r o t e i n  penetrate 
the lipid monolayer  by intercalating the non- 
polar side chains of the amino acids between 
the hydrophobic  chains of  the lipid. If the pro- 
tein were to cover entirely the polar groups of 

t h e  lipid as postulated by the model  of Eley 
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MODELS 
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FIG. 7. Schematic representation of models of 
molecular organization of lipid-protein films. The 
letter P designates the protein filling some inter- 
miceilar spaces. No attempt is made to draw the pro- 
tein's structure, for neither its conformation nor its 
orientation is known. 

and Hedge, the lipid (phosphatidyl choline) 
would not be accessible to lipases. The results 
obtained with phospholipase A (Fig. 5) indicate 
that all the /3-ester bonds of egg lecithin were 
re~tdily available to the enzyme after the leci- 
thin film had been penetrated by either 
globulin, lysozyme, serum albumin or ribo- 
nuclease. 

A model which is consistent with this obser- 
vation is a mosaic structure in which packages 
of lipid alternate with packages of protein. 
Thereby lipid sites (lecithin) and protein sites 
are exposed to water, whereas protein must also 
be found inside the lipid milieu. In many 
respects this artificial model, which is sup- 
ported by the thermodynamics of the water 
interface (10), is in accordance with the model 
that Lenard and Singer proposed for the blood 
red cell membrane (15,37). 

Hydrolysis of film protein by pronase and 
trypsin was shown by a decrease of surface 
potential (Fig. 6, upper panel) and was con- 
firmed by the ninhydrin staining of the lipid- 
protein film. Although one could expect pro- 
teolysis to bring about a loss of soluble peptides 
and a decrease in surface pressure (4), i t i s  now 

FIG. 8. Pictorial representation of the mechanism 
of free penetration. The lipid is phosphatidyl choline 
(PC). The phosphoryl choline group, heavy black, is 
oriented parallel to the interface: the /J-ester group 
points into the aqueous. The lipid molecules are 
organized in surface micelles of one or another 
orientation, in which the cross section of the PC 
molecule is seen as an asymmetric dumbbell. Notice 
the protein's points of anchorage at interface under 
the structured form Z. In this arrangement, as in 
Figure 7, lecithin is attacked by phospholipase A 
readily, and the film protein is attacked by pronase 
and trypsin. The ~2 protein is not shown. 

clear that a small increase in surface pressure 
(Fig. 6, lower panel) or the absence of a change 
in film pressure (4) cannot be construed to 
mean absence of protein hydrolysis. The 
observed increase in film pressure could mean 
hydration of the products of hydrolysis, which 
remain in the film, as well as further pene- 
tration of peptides or protein fragments that 
are more surface active than the protein itself. 
Penetration of enzyme protein cannot be 
excluded. These new features complicate the 
quantitative analysis of the system but do not 
impair the validity of the proposed model. The 
data say that all the lipid was attacked by phos- 
pholipase A, the protein was attacked by 
pronase and by trypsin; the extent of 
proteolysis is irrelevant. 

The schematic representation of the model 
in Figure 7 does not offer either geometry or 
dimensions of lipid and protein particles. 
Although it appears as if the protein raps itself 
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around the lipid, one cannot exclude the pos- 
sibility that protein particles are surrounded by 
lipid. Although there is no evidence at present 
for either case, it is fair to say that each case 
will be determined by two conditions, the 
relative quantities of lipid and protein in the 
film, and the specificity of the protein for 
either the lipid or the water (10). Some pro- 
teins tend to extend and some tend to aggregate 
at the interface, e.g., the apoprotein of high 
density lipoprotein and the mitochondrial 
structural protein, respectively (10,35). In 
membrane systems containing large quantities 
of protein relative to the lipid, provisions must 
be made for protein-protein interactions. These 
can lead to aggregation of protein beyond 
monolayer thickness in the form of a matrix 
extending out of the monomolecular contour. 
This concept supports the conclusions of Zahler 
et al. (38) on mitochondrial structural protein 
and of Khaiat and Miller (9) on lecithin-ribo- 
nuclease films. 

Models of Penetration of Protein Into Lipid Monolayers 

It has become increasingly apparent that a 
transport mechanism of protein and peptides 
into the air-water interface can be conceived 
independently of specific lipid-protein inter- 
actions and can rest on protein-water and 
protein-protein interactions, and primarily on 
specific peptide sequences and conformations 
which are responsible for the interfacial asym- 
metry and thus the affinity of protein for the 
interface (10,11,39). Because of the intricacies 
of the processes attending the formation of 
lipid-protein assemblies, it is convenient at 
present to treat two classes of phenomena 
separately: molecular organization of protein at 
the interface and interaction of protein with 
the lipid monolayer. The mechanism underlying 
the transport of protein from the hypophase to 
the interface (10) will not be discussed here. 
Rather, the foregoing experiments point out a 
marked dependence of the AII values on the 
type of lipid and thus bear out the importance 
of the lipid structure and of some lipid-protein 
interactions. 

In the light of these concepts it is now pos- 
sible to describe three mechanisms for the 
incorporation of protein into lipid films: free 
penetration, binding-mediated penetration and 
b i n d i n g - i n h i b i t e d  p e n e t r a t i o n  (32,40). 
Although these mechanisms draw from obser- 
vations made with nonspecific proteins, they 
encompass lipid-protein interactions which may 
be typical of all lipid-protein assemblies. 

Free Penetration 

Free penetration is essential with phospha- 

tidyl choline (Fig. 8). In this Figure, the 
lecithin molecules are organized in surface 
micelles. Discontinuity in the lipid film is sug- 
gested by the concept that the relationships 
between amphipathic molecules and water are 
expressed in packages (10) and is supported by 
a recent conclusion on the micellar structure of 
lecithin films (41). In a sequence of events X 
Y -+ Z, globular protein X first extends or 
expands into Y in contact with the lipid, and 
this expanded form restructures itself into Z, in 
the intermicellar lipid spaces. The net result is a 
mosaic in which packages of protein alternate 
with or surround clusters of lipid. The surface 
micelles could be of any shape; for simplicity 
they can be pictured round as in Figure 8 or 
rectangular. These surface units resemble open 
cylinders or trenches, the bot tom of which con- 
sists of the phosphoryl choline groups. These 
are oriented parallel to the interface as in 
Finean's walking stick (31,42). 

In this molecular model of lecithin, the /3- 
ester bond, which anchors in the water next to 
the phosphate, is readily accessible to phospho- 
lipase A, whereas the c~-ester is located higher 
up in the hydrophobic region. If the phos- 
phoryl choline group were oriented perpendicu- 
lar to the interface as in the model proposed by 
Shah and Schulman (29,43), it would not be 
possible for the lipase, with an area of about a 
thousand A2/molecule to gain access into the 
upper region of the c~ and/3 ester bonds without 
enormous pressure increases, which are not seen 
with C. atrox. The large pressure increase 
observed with N. naja could be due to the 
direct lytic factor which is present in the venom 
(44) and which would operate as a highly sur- 
face active cationic peptide (39). The lecithin 
film is attacked readily by phosphaliPase A at 
12 to 20 dynes/cm and at a rate which could 
not be accounted for by penetration by the 
lipase protein. Another important,  probably the 
soundest, consideration is that the salt linkage 
or ion pair of the neutralized phosphoryl 
choline group, being less hydrated and thus 
more surface minded than the individual ions, is 
expected to make an interface in the hydro- 
phobic regions of the film rather than to extend 
into the water. If the choline group were 
pointing down, the molecular area of hydro- 
genated phosphatidyl choline would be 36 A 2 
instead of the 44 A 2 which we observe at high 
pressure, and 50 A 2 instead of 80 A 2 at 2 
dynes/cm. The evidence can be found in the 
work of Quarles and Dawson (45) who 
observed a marked decrease in film pressure 
meaning a decrease in molecular area after that 
choline was cleaved off lecithin by phospho- 
lipase D, even though the phosphatidic acid 
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formed did not leave the film. Since the topo- 
graphy of phosphatidyl choline monolayers and 
of any monolayer is not known, quantitative 
arguments of molecular orientation based on 
molecular dipole moments or on molecular area 
assignments (29,31,43) are not valid. We 
measure only average molecular area, average 
surface tension and average surface potential. 
The meaning of any of these measurements is 
not available in terms of definite molecular cor- 
relates. 

An important consequence of the molecular 
orientation of lecithin is the organization of the 
protein. Under certain conditions, lecithin films 
containing up to 50 mole % cholesterol behaved 
as pure lecithin films towards the penetration 
of "),-globulin (5). Although there is not direct 
evidence, it is possible that cholesterol is 
anchored on the lecithin's phosphate as in 
Zull's and Finean's models (31,42,46) with con- 
sequent filling of the lecithin cylinders. It 
follows that, when cholesterol is not present, 
the trenches could be filled with protein (Z 
form). 

A feature of the free penetration mechanism 
is a possible differentiation into AH-mechanism 
and non-AII-mechanism. The AH-mechanism 
pertains to those proteins or protein fragments 
that form very thin films with protein 
quantities even smaller than the monolayer 
quantities. The protein, form W (10), has a high 
surface valence, namely many points of 
anchorage that cause the observed increase in 
film pressure. The non-AH-mechanism brings 
large quantities of protein into thick films 
without or beyond the benefit of surface free 
energy. Penetration by the protein takes place 
either through and into hydrophobic channels, 
whose low dielectric constant favors a 
spontaneous restructuring of the expanded 
protein from Y to Z, or in the new form ~ of 
matrices extending into the aqueous phase and 
determining abundant  water compartments 
(10,17,47). A balance between W, Z and 
forms could be a feature of membrane proteins: 
W for surface anchoring, Z for filling and ~ for 
capping. 

Thus the X -+ Y ~ W or &H-mechanism 
operates by depositing a thin layer of anchored 
asymmetric protein structures at the periphery 
of the surface lipid micelles. In contrast, the X 

Y -+ Z and X -+ ~2 non-&H-mechanisms bring 
protein into a thick film. Part of this is in a 
hydrophobic matrix, such as the upper region 
of the intermicellar spaces and the lecithin 
cylinders or trenches above the phosphoryl 
choline groups, and part forms the maze of a 
hydrofilic matrix which extends into the 
aqueous subphase. The non-&H-mechanism 

accounts for the film protein in excess of the 
monolayer quantities, whereas the whole free 
penetration mechanism rests on the ability of 
the protein to establish itself at the interface 
independently of the lipid. This (lecithin) un- 
doubtedly presents to the protein a medium of 
low dielectric constant in which the X -+ Y -~Z, 
X -+ Y -+ W and X ~ Y -+ ~ processes are favored. 
Some sophisticated and not so obvious polar 
interactions between lecithin and protein can- 
not be excluded and must be looked for. 

Two predictions are now possible. First, 
regardless of whether the one or the other form 
prevails, namely the compact form Z, the 
spongy form ~2 in a thick film, or the extended 
high valence form W in a thin film, the protein 
by  i t s e l f  can acquire an asymmetric, 
amphipatic, conformation that enables it to 
produce specialized membranous structures in 
the absence of lipid. Second, the insertion of 
form Z into intermicellar and intramicellar 
hydrophobic spaces can hinder the motions of 
the hydrophobic chains of the lipid. This effect 
can be related to broadening of the NMR line 
of the protons in the CH 2 groups of lipid as it 
was observed with some lipid-protein and with 
the cholesterol-lecithin systems (48). In con- 
trast, the thin form W inserted in the lipid- 
water interface with or without the ~ caps, 
would neither reach nor affect the hydrophobic 
chains of the lipid. This could explain the 
observation that in certain serum lipoproteins, 
the protein does not cause broadening of the 
NMR line of the methylene protons of the lipid 
(48-50). 

Another important effect of the free pene- 
tration mechanism is that the polar groups of 
lecithin are in contact with water and are not 
coated with protein. Since lecithin is so 
abundantly represented in biological mem- 
branes, this lipid could be nature's device to 
bring protein into the membrane and still 
preserve a lipid-water interface. 

Binding-mediated Penetration 

Binding-mediated penetration is a mecha- 
nism conspicuous with monolayers of choles- 
terol, cerebrosides and ceramide lactosides. It is 
characterized by large quantities of protein in 
the film (I'abie I) and large AH values and rates 
of pressure rise (Fig. 2 and Ref. 4). A relevant 
feature of this mechanism is a rapid loss of film 
pressure in the earliest stages of the interaction. 
When rabbit ~'-globulin in a concentration of 5 
/~g/rnl was injected under a cholesterol film at 2 
dynes/era, the pressure fell to zero in the first 10 
seconds and rose rapidly thereafter. 

An explanation is provided in Figure 9. 
Before introduction of protein (upper panel), 
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the cholesterol or long chain alcohol-type 
molecules are distributed at the interface. Soon 
after injection, protein is adsorbed under the 
lipid film by electrostatic interaction, which 
includes hydrogen bonding. A film contraction 
ensues with the typical loss of film pressure 
(central panel). The lipid is now organized in 
clusters probably bound to the protein. The 
action of the free alcohol of several.lipids may 
be one in which the OH groups of the lipid 
stimulate drastic conformation changes in the 
protein. This then becomes extremely surface 
active and penetrates into the lipid film in large 
quantities. The molecular organization of lipid 
and protein in a cholesterol-protein film is not 
known and cannot be surmised at present. Two 
effects are extremely important in this mecha- 
nism: film contraction with loss of pressure 
(Fig. 9, central panel) and massive protein 
transport (Fig. 9, low panel). The former, I 
wish to call the Bangham-Papahadjopoulos 
effect, since it has a significant analogy with the 
film contraction which Bangham and Papa- 
hadjopoulos described in the interaction of 
Ca ++ with monolayers of acidic lipids (51). In 
both cases, the opening of gaps in the film (Fig. 
9 central panel) bears a relation to a possible 
nonspecific diffusion transport of ions and pro- 
teins. Although observed since my early 
acquaintance with these systems, the -All effect 
was not reported earlier (4) for two reasons: 
there was no explanation and its omission in 
the All-time curves (as in Fig. 2) facilitates the 
presentation of data. A detailed description of 
this phenomenon does not belong to this com- 
munication. However, it may suffice to know 
that the effect is clear with low protein con- 
centration, 1 to 5/ag/ml, whereas at higher pro- 
tein concentrations the -All effect may be 
masked by a +AII effect associated with rapid 
and massive protein penetration. 

In the transport of protein into the choles- 
terol film, with a compression area of choles- 
terol less than 1/20 of that of lecithin, the cho- 
lesterol film picks up more protein than phos- 
phafidyl choline does. In the case of cholesterol 
a complete reorganization of the film must take 
place. Cholesterol remains in the film, for in 
e x p e r i m e n t s  with 14C-cholesterol, after 
removal of the film, the entire solution was 
taken to dryness, and no radioactivity was 
found in the subphase, whereas large quantities 
of protein were in the film. An impli- 
cation of this mechanism is that when protein 
is adsorbed to cover the entire water surface of 
a lipid film, the lipid-water interface is 
abolished and a new interface must be formed 
at the expense of the total reorganization of the 
lipid-protein film. The net result could be a 

Step I 
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I I I I I I !  
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I 2 
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dy / 2 

2 
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B A N G H A M  - 
PAPAHADJOPOULOS 

Step 2 1 EFFECT 

PENETRATION & HIGH PRESSURE 

FIG. 9. Pictorial representation of the binding- 
mediated mechanism, including the Bangham-Papa- 
hadjopoulos effect. 

lipid-protein assembly of the Benson model 
type (14) or any mosaic, as in the lower panel 
of Figure 7. This mechanism, which has some 
thermodynamic basis (17,47), is in contrast to 
any Danielli-Davson or Eley and Hedge model 
of a lipid-protein assembly in which the protein 
is adsorbed by massive electrostatic interactions 
that mask the entire lipid-water interface. 
Should this happen, the consequences of the 
l~inding-mediated penetration must set in. How- 
ever, protein can be adsorbed on the lipi d sur- 
face provided that the interaction occurs with 
polar groups which extend into the aqueous 
phase and are distributed sparingly on the sur- 
face of the lipid monolayer. This case is an 
aspect of the binding-inhibited penetration in 
which the main lipid (lecithin) surface is not 
disturbed and abundant water compartments 
are instituted. The latter separate the lipid sur- 
face from the omega protein caps (17,47 and 
Fig. 9 in Ref. 10). 

Binding-inhibited Penetration 

Binding-inhibited penetration is a mecha- 
nism characterized by a small All value. It has 
been verified with ganglioside-albumin at pH 6 
to 9 (Fig. 3), with a specific lactoside-antibody 
system (10), and it probably also applies to 
sphingomyelin. In a typical model (10), the 
protein binds with the lipid's more hydrophilic 
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groups which  ex t end  in to  the  subphase;  
the reby ,  the  IJ in terface  is l i t t le a f fec ted  as it is 
con t r ibu ted  by  the  less hydrophi l i c  polar  
groups of  the  lipid. The b o u n d  pro te in ,  
extr insic  ~ fo rm (17,47) ,  b locks  the  routes  of  
access to the  interface,  thus  li t t le pro te in  may  
enter  the  II in terface  of  the  film. The net  result  
is a small if any pene t ra t ion  or l i t t le increase in 
film pressure.  The Al l -mechan i sm is so l imited 
or ent irely b locked.  Not iceable  wi th  the  
ganglioside-albumin sys tem (Fig. 3) is a -All  
effect ,  indicative of  a film con t rac t ion  in the  
early stage of  the  in terac t ion .  Relevant  to  this 
mechan ism and to  the  fo rma t ion  of  th ick  
p ro te in  films is the e lec t ros ta t ic  adsorp t ion  of  
basic c y t o c h r o m e  c under  mono laye r s  of  acidic 
lipids (52) at the high film pressures at which  
pene t ra t ion  and AII -mechanism are excluded.  

CONCLUSIONS 

Rate  and ex ten t  o f  pene t r a t i on  of  p ro te in  
into the  air-water in terface  of  lipid monolayers ,  
the quant i t ies  of  pro te in  f o u n d  in the  lipid film, 
and the  relative organizat ion o f  lipid and pro- 
tein are inf luenced markedly  by  the  chemical  
s t ruc ture  of  the  lipid. With regard to the  m o d e  
of  incorpora t ion  of  pro te in  in the  lipid m o n o -  
layers, three  mechanisms are visualized: free 
pene t r a t i on  in phospha t idy l  choline,  binding- 
m e d i a t e d  pene t r a t i on  in choles terol  and 
binding- inhibi ted  pene t r a t i on  of  a lbumin in 
ganglioside. The quali tat ive and quant i ta t ive  
i n fo rma t ion  which mono laye r  studies provide 
about  the  or ien ta t ion  of  lipids and prote ins  at 
water  in terfaces  is unique  and must  be b rough t  
to  bear  very s t rongly on the  discussion of  b o t h  
membrane  biogenesis and molecular  organiza- 
t ion of  m e m b r a n e  c o m p o n e n t s  in vivo. 
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The Synthesis of Phosphatidylethanolamine and 
Phosphatidylserine Containing Acetylenic or 
Cyclopropane Fatty Acids and the Activity of These 
Phosphatides in Blood Coagulation1 
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ABSTRAC'I' 

Six different phosphatides were made 
by combination of phosphorus oxy- 
chloride and either t -butyloxycarbonyl-  
aminoethanol or the phthal imidomethyl  
ester of  anisyloxycarbonyl-L-serine with 
three different diglycerides. The digly- 
cerides were rac- l ,2-d is tearoloy lg lycerol ,  
rac -  l - s tearo loy l -2-s tearoy lg lycero l ,  and 
ra c- 1,2 -di(9,10-methyleneoctadecanoyl)  
glycerol. The phosphatides were freed of 
protective groups by methods that did 
not cause rupture of the cyclopropane 
rings. The resulting phosphatides were 
p u r i f i e d  b y  c h r o m a t o g r a p h y  and 
evaluated for their effects on blood 
coagulation in vitro after solubilization 
with sodium desoxycholate.  The phos- 
phatidyl(distearoloyl)serine and the phos- 
phatidyl  di(9,10-methyleneoctadecanoyl)  
serine were as active as beef brain phos- 
phatidylserine in the ant i thromboplast in 
test and the Hicks-Pitney test. The phos- 
phatidyl(stearoloyl,  stearoyl)serine was 
slightly less active in the Hicks-Pitney 
t e s t .  The phosphatidylethanolamines 
accelerated coagulation in the Hicks- 
Pitney test. The cyclopropane phospha- 
t idylethanolamine was also tested in a 
test of prothrombin conversion using all 
purified components  and was found to be 
active. The high activity of the cyclo- 
propane phosphatidylserine is specially 
important  because of its resistance to 
autoxidation.  

INTRODUCTION 

Phosphatidylserine has been shown to be a 
potent  anticoagulant in vivo (1,2) and in vitro 
(3,4). The anticoagulant activity of phospha- 

1presented at t h e  AOCS Meeting, Minneapolis, 
O c t o b e r  1969. 

tidylserine depends on its degree of micro- 
dispersion (solubilization) in aqueous media, 
water clear sols being most active (1,3,5). [The 
object of solubilization is to produce water 
clear solutions with particles of colloidal 
dimensions. The relation between solubilization 
and activity and the effect of agents like 
sodium desoxycholate is discussed in Reference 
1.] Phosphatides with long chain saturated 
fa t ty  acids like phosphatidyl(distearoyl)serine 
c a n n o t  be  solubilized. [Phosphatidyl(di- 
hexanoyl)serine can be solubilized (6) but it has 
little activity in blood clotting tests (unpub- 
lished work of this laboratory).  Phospha- 
t idyl(dihexanoyl)ethanolamine can also be 
solubilized (7) but its activity if any is un- 
recorded.] The active phosphatides that can be 
solubilized ordinarily contain double bonds. 
These can be solubilized with the aid of sodium 
desoxycholate or albumin (3). 

Unfortunately,  the unsaturated phosphatides 
are subject to easy oxidation and this is 
particularly true of the more potent prepara- 
tions like phosphatidyl(dil inoleoyl)serine (4). 
Phosphatidylserine is an anticoagulant with 
potential  therapeutic activity, but there is no 
record of any a t tempt  to develop it for this 
purpose. This may be partly due to the 
difficulty in standardization and storage which 
autoxidat ion would cause. 

Phosphatidylethanolamine is also of great 
interest because of  its demonstrated procoagu- 
lant activity (3) and its capacity to shorten the 
secondary bleeding time in hemophilic dogs 
(unpublished work of this laboratory).  

Our interest in the acetylenic fat ty acids as 
possible components  of synthetic phosphatides 
arose from the statement of Meade (8) that 
"oxygen attacks simple acetylenes far less 
readily than the corresponding olefins pre- 
sumably because the methylenic attack which 
leads to the symmetrical  low energy inter- 
mediate -CH-CH-CH- has no equally powerful 
driving force in acetylenes." This statement is 
supported by the experimental work of Kuhn 
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TABLE I 

Analysis of Products 
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Carbon Hydrogen Nitrogen Phosphorus 

Substance Theory Found Theory Found Theory Found Theory Found 

Rac-stearoyl,stearoloyl PE 66.10 65.99 10.69 10.28 1.87 1.94 4.15 4.22 
Rac-distearoloyl PE 66.46 66.17 1 0 . 2 0  10.55 1.89 1.95 4.18 4.21 
Rac-stearoyl,stearoloyl PS 64.01 63.97 9.97 10.02 1.77 1.82 3.93 3.95 
Rac-distearoloyl PS 64.34 64.66 9.51 9.60 1.76 1.85 3.95 4.24 
Rac-di(9,10-methylene- 66.89 66.56 1 0 . 7 1  10.47 1.82 1.88 4.01 4.03 

octadecanoyl) PE 
Rac-di(9,10-methylene- 64.75 6 4 . 7 1  1 0 . 1 3  10.10 1.72 1.69 3.79 3.79 

octadecanoyl) PS 

and Meyer (9) who measured the oxygen up- 
take of solutions of oleic acid and stearolic acid 
in the presence of heroin when shaken with 
aqueous buffer and oxygen at 37 C. They 
found no oxidation of stearolic acid (Table II in 
Ref. 9; also 10). Khan et al. (11), on the other 
hand, found that methyl stearolate absorbed 
more oxygen than methyl oleate. In these 
experiments, oxygen was bubbled through at 
75 C. This apparent contradiction will have to 
be resolved by further experiments. 

According to the literature on dihydro- 
sterculic acid and lactobacillic acid (12) the 
cyclopropane ring resists the attack of powerful 
oxidizing agents like potassium permanganate, 
monoperphthalic acid (12) and chromic acid 
(13). We decided to synthesize phosphatidyl- 
serine and phosphatidylethanolamine con- 
taining acetylenic and cyclopropane fatty acids 
to find out if these phosphatides could be 
solubilized and tested in blood coagulation 
systems. 

The cyclopropane phosphatides might also 
be of  interest for the study of bacterial 
metabolism since it has been shown by Zalkin 
et al. (14,15) that phosphatidylethanolamine is 
a precursor in the formation of cyclopropane 
fatty acids. 

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

Materials and Methods 

Stearolic Acid. This was purchased from 
Farchan Research Laboratories, Willoughby, 
Ohio. Two samples were used. The first sample 
assayed 99.4% C18 monoyne by gas liquid 
chromatography (GLC). This was used to 
prepare rac-phosphatidyl(stearoloyl, stearoyl) 
ethanolamine and rac-phosphatidyl(stearoloyl, 
stearoyl)serine. The distearoloyl phosphatides 
were made from a second sample of stearolic 
acid which contained 95.2% C18 monoyne,  
3.6% of C18 monoene and 1.2% of C18 diene. 

A small quantity of rac-phosphatidyl(di- 
stearoloyl)serine was also made from the first 
(99.4%) sample of stearolic acid. This material 
did not differ from the other phosphatidyl- 
serine (from the 95% sample) in dispersibility 
or effect in blood coagulation. 

Stearic acid (99.5% pure) was purchased 
f r o m  S t e a r i n e r i e  Dubois Fils, Scoury, 
Commune de Ciron (Indre), France. 

Cis-dl-9,10-Methyleneoctadecanoic Acid. 
This was made by the Simmons-Smith reaction 
(16,17) as modified by Christie and Holman 
(18). Christie and Holman describe the synthe- 
sis on a very small scale. For 20 g of methyl  
oleate, we employed 50 g of zinc dust con- 
verted to the copper couple with 200 g of 
diiodomethane in 400 ml of anhydrous ether. 
The product was freed of diiodomethane and 
purified on a florisil column as described (18). 
The product contained 87.4% of cyclopropane 
fatty ester as determined by GLC. The ester 
was saponified with alkali and the free acid was 
converted to the acid chloride with oxalyl 
chloride. The free acid had the infrared 
spectrum indicated in the literature (19). 

t-Butyloxycarbonylaminoethanol was made 
as described by Daemen et al. (20). The 
p h t h a l i m i d o m e t h y l  ester of p-methoxy- 
benzyloxycarbonyl-L-ser ine  was made as 
described (4). 

Silicic acid was either Bio-Sil from Bio-Rad 
Laboratories, Richmond, Calif., or silicic acid 
type CC-7 from Mallinckrodt Chemical Works, 
St. Louis, Mo. In each case it was washed 
thoroughly with solvent as described by Rouser 
et al. (21). Silica Gel H for thin layer chromato- 
graphy (TLC) was a product of Merck of 
Darmstadt, furnished by Brinkmann Instru- 
ments, Inc., Westbury, N.Y. DEAE cellulose 
was Whatman No. DE-23 from Reeve Angel, 
Inc., Clifton, N.J. 

All operations were conducted under nitro- 
gen, using the glove box of I2R Inc., Chelten- 
ham, Pa. 
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TABLE II 

GLC Analysis of Fatty Acid Content 

C18 C18 
C18 C18 monoene diene C19 

Substance monoyne satd. (?)a (?)a cyclopropane 

Rac-stearoyl, stearoloyl PE 49.3% 
Rac-distearoloyl PE 95.2% 
Rac-stearoyl stearoloyl PS 49.1% 
Rac-distearoloyl PS 

Sample 1 92.8% 
Sample 2 99.8% 

Rac-cyclopropane PE 
Rac-eyclopropane PS 

50 .7% . . . . . .  
3.6% 

5 0 . 9 %  . . . . . .  

5.8% 1.1% 

91.1% 
93.3% 

aThe question mark indicates that the retention times were not quite identical to those 
of standard esters. 

Carbon, hydrogen, nitrogen and phosphorus 
analyses were by Galbraith Laboratories, Inc., 
Knoxville, Tenn. 

GLC Analyses. The analyses were made with 
an Aerograph 1522 (Varian Aerograph, Walnut 
Creek, Calif.) chromatograph equipped with 
dual hydrogen flame ionization detectors. The 
column was an 8 ft x 1/8 in. o.d. (0.093 in i.d.) 
stainless steel coiled tube packed with 12% 
stabilized diethylene glycol succinate (DEGS) 
on 60-80 mesh acid washed Chromosorb W and 
maintained at 175 C. The areas under the peaks 
of the individual components were determined 
by an electronic integrator (Infotronics, Model 
CRS-11HSB, Houston, Texas) coupled to a 
digital printer. The methyl esters of the fatty 
acids and phospholipids were prepared by the 
method of Luddy et al. (22). Identifications 
were made from comparison with reference 
samples when available and from published data 
on retention volumes. 

Rac-l ,2-Distearoloylglycerol .  Rac-l-(2"- 
t e t r a h y d r o p y r a n y l ) - g l y c e r o l  was made 
according to Barry and Craig (23). Stearoloyl 
chloride was made from stearolic acid and 
oxalyl chloride. Acylation of the glycerol 
derivative with the stearoloyl chloride was per- 
formed by the method used by Baer and 
Buchnea for the acylation of other glycerol 
derivatives (24). The tetrahydropyranyl pro- 
tecting group was removed from the product by 
the method of Paltauf and Spener (25) to give 
the rac-l,2-distearoloylglycerol. This product 
was purified on a column of silicic acid by 
elution with n-hexane followed by 5% ether in 
hexane and 30% ether in hexane. The fractions 
were examined by TLC using a boric acid 
impregnated Silica Gel H (26) and the solvent 
n-hexane-ether-acetic acid 7:20:7 by com- 
parison with a standard mixture of triglyceride, 
1,2,- and 1,3-diglycerides and monoglyceride 

furnished by Applied Sciences, Inc., State 
College, Pa. The fraction eluted from the 
column with 30% ether in hexane was found to 
be the 1,2-diglyceride and showed only a single 
spot on GLC. This fraction was used for the 
synthesis of phosphatides. 

Rac-l-Stearoloyl-2-Stearoylglycerol .  2- 
Stearoylglycerol  was made according to 
Bogoslovskii et al. ( 2 7 ) f r o m  1,3-benzylidene- 
glycerol which was made according to Johary 
and Owen (28). To a solution of 15.0 g of  
2-stearoylglycerol in 6.9 ml of pyridine and 200 
ml of benzene stirred at 30 C was added drop- 
wise in the course of 40 rain, a solution of 10 g 
of stearoloyl chloride in 100 ml of benzene. 
The mixture was stirred for two days at room 
tempera ture .  It was then diluted with 
anhydrous ether and centrifuged to remove 
pyridine hydrochloride. The ether-benzene was 
washed four times with water and dried over 
sodium sulfate. Evaporation gave an oil which 
was dissolved in 185 ml of hexane and cooled 
in ice water to give some recovered 2-stearoyl- 
glycerol. The filtrate from this was evaporated 
to an oil which was taken up in 175 ml of 95% 
ethanol. After stirring for 10 min at 30 C the 
mixture was centrifuged giving a trace of undis- 
solved oil which was discarded. 

The ethanol solution was evaporated to give 
a crystalline residue, mp 34-36 C. TLC of this 
material on silica gel impregnated with boric 
acid, using the solvent n-hexane-ether-acetic 
acid 70:20:7 showed only one spot which ran 
opposite authentic 1,2-diglyceride. 

A n a l y s i s  C a l c u l a t e d  for C39H7205 
(620.97): C, 75.42; H, 11.69. Found: C, 75.67; 
H, 11.75. 

R a c - l , 2 - d i ( c i s - d l - 9 , 1 0 - M e t h y l e n e o c t a -  
decanoyl)Glycerol. This was made using the 
cyclopropane fatty acid chloride as described 
above for the distearoloylglycerol. The purifi- 
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TABLE III 

Procoagulant Activity of Solubilized a Phosphatidyl(Distearoloyl)Ethanolamine and 
Phosphatidyl(Stearoyl,Stearoloyl)Ethanolamine in the Modified Hicks-Pitney Test (3) 

653 

Substance tested 

Incubation time in minutes 

Micrograms 2 4 6 8 
in incubation 

mixture Substrate clotting time in seconds 

Distearoloyl PE 100 ~50 17.0 11.2 8.8 
5 45.5 13.8 9.0 8.0 

Stearoyl,stearoloyl PE 100 ~80  36.S 30.0 15.8 
5 59.8 31.2 20.5 15.0 

Controls 
Crude phosphatides (40) 6 85.0 12.0 7.8 7.8 
Buffered saline (3) --- ~90  46.7 30.5 22.8 
Sodium desoxycholate (3) 100 ~90  68.0 33.0 23.0 

aEach substance tested was solubilized in a solution of sodium desoxycholate in buffered saline (3). 

cat ion was also similar. The p roduc t  showed  
only  one  spot  on  TLC running wi th  the  same 
Rf as a s tandard  1,2-diglyceride. 

Synthesis of Protected Phosphatides. The 
combina t i on  of  the  diglycerides wi th  phos-  
phorus  oxych lo r ide  and the  p h t h a l i m i d o m e t h y l  
ester  o f  anisy loxycarbonyl-L-ser ine  or t -butyl-  
o x y c a r b o n y l a m i n o  e thanol  was c o n d u c t e d  as 
descr ibed by Baer and Buchnea (29) except  
tha t  the p roduc t  was worked  up in ch lo ro fo rm 
ins tead of  e ther  (30,31) .  

Removal of the Phthalimidomethyl Group. 
This was done  wi th  95% hydraz ine  dissolved in 
e thanol  by incuba t ion  at 37 C for  two  days as 
descr ibed (31). 

Removal of BOC and Anisyloxycarbonyl 
Protecting Groups. The p roduc t  f rom the  phos-  
phorus  oxych lo r ide  synthesis  (in the  case of  
p h o s p h a t i d y l e t h a n o l a m i n e )  or f rom the  
removal  o f  the  p h t h a l i m i d o m e t h y l  group (in 
the  case of  phospha t idy l se r ine)  was dissolved in 
97% formic  acid and the  solut ion was kept  at 

r o o m  t empera tu re  for  3 hr (32). The so lu t ion  
was then  freeze-dried to  remove  formic  acid. 

The phospha t idy lse r ines  were pur i f ied  on a 
co lumn of  DEAE cellulose aceta te  by  the  
m e t h o d  of  Rouser  et al. (21,33,34) ,  the  desired 
f rac t ion  being e luted wi th  glacial acetic acid. 
The acetic acid was removed  by freeze-drying.  
The p roduc t  was examined  by TLC using Silica 
Gel H and the  solvent  sys tem of  Grisdale and 
Okany  (35), staining wi th  n inhydr in  and the  
phospho rus  stain of  Long et al. (36).  The phos-  
phat idylser ines  ran wi th  the  same Rf as a 
s tandard  prepara t ion  of  phospha t idy l se r ine  
f rom beef  brain. However ,  they  con ta ined  a 
trace of  impur i ty  at the  origin. To remove  this 
impur i ty ,  the  phospha t idy l se r ines  were  chro- 
ma tog raphed  on silicic acid as descr ibed pre- 
viously (4,31).  The analyses of  the  p roduc t s  are 
shown  in Table I and II. 

The phospha t idy le thano lamines  were  eluted 
f rom a DEAE cellulose aceta te  co lumn wi th  
10% me thano l  in ch lo ro fo rm and this f rac t ion  

TABLE IV 

Procoagulant Activity of Solubilized a Phosphatidylethanolamine Containing 
Cyclopropane Fatty Acids in the Modified Hicks-Pitney Test (3) 

Incubation time in minutes 

Micrograms 2 4 6 8 
in incubation 

Substance tested mixture Substrate clotting time in seconds 

Cyclopropane PE 200 85.3 35.2 24.0 7.5 
100 790  35.0 9.5 9.0 

50 ~>90 60.5 48.0 43.0 
Controls 

Crude phosphatides (40) 6 27.2 8.5 7.8 7.5 
Buffered saline (3) --- ~90 89.6 44.0 37.0 
Sodium desoxycholate (3) 200 ~ 9 0  ~90 ~90 57.6 

aEach substance was solubilized in a solution of sodium desoxycholate in buffered saline (3). 
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TABLE V 

Anticoagulant Activities of Solubilized a Phosphatidyl(Distearoloyl)Serine, 
Phosphatidyl (Stearoloyl,Stearoyl)Serine and Beef Brain Phosphatidylserine in the 

Modified Hicks-Pitney Test (3) Versus Coagulant Phosphatides 

Substance tested 

Micrograms 
in incubation 

mixture 

Incubation time in minutes 

2 4 6 8 

Substrate clotting time in seconds 

Distearoloyl PS 10.0 ~ 9 0  ~ 9 0  ~ 9 0  ~ 9 0  
5.0 ~ 9 0  71.8 82.2 38.0 
1.0 59.0 14.0 8.0 7.8 

Stearoyl,stearoloyl PS 12.5 ~ 9 0  ~ 9 0  ~ 9 0  ~ 9 0  
10.0 ~'90 88.2 44.2 42.2 

5.0 ~90  41.5 38.0 13.0 
1.0 ~90  18.5 10.8 9.2 

Beef brain PS (3) 10.0 ~ 9 0  ~ 9 0  ~>90 ~ 9 0  
5.0 ~90  81.0 50.0 52.5 
1.0 ~90  31.0 24.2 10.8 

Controls 
Crude phosphatides (40) 6 ~ 9 0  19.0 8.8 8.5 
Crude phosphatides 6 50.0 13.5 7.8 7.8 

+ 
Desoxycholate 10 
Buffered saline --- ~ 9 0  43.5 24.0 20.0 

aEach substance tested was solubilized in a solution of sodium desoxycholate in buffered saline. 
All substances were tested for their anticoagulant activity against the acceleratory activity of crude 
phosphatides. 

was fu r t he r  pur i f ied  on  Mal l inckrod t  CC-7 
silicic acid. The  pure  mater ia l  was e lu ted  w i th  
10% m e t h a n o l  in ch lo ro fo rm.  The  analyses of  
the  p h o s p h a t i d y l e t h a n o l a m i n e s  are shown  in 
Tables  I and  II. The  yield of  pure  p h o s p h a t i d e  
in these  syntheses  was a b o u t  500  mg f rom 5 g 
of  diglyceride.  

All of  the  six syn thes ized  p h o s p h a t i d e s  were 
pure w h e n  c o m p a r e d  to s t anda rd  p repa ra t ions  
by  c h r o m a t o g r a p h y  o n  W h a t m a n  SG-81 silica 
impregna t ed  paper  by  the  m e t h o d  of  Mar ine t t i  
(37) .  A load of  250  big was e m p l o y e d .  

Hydrolysis of  Mixed-A cid Phosphatide. This 
was done  using Russel l ' s  viper  v e n o m  as 
descr ibed by  DeHaas and  Van  D e e n e n  (38)  on  a 
sample of  rac-phosphatidyl(stearoloyl, s tearoyl )  
e t h a n o l a m i n e  using an e q u i m o l a r  a m o u n t  of  
pa lmi t ic  acid as a s tandard .  TLC showed the  
p r o d u c t i o n  of  equal  a m o u n t  of  l y s o p h o s p h a t i d e  
and  u n c h a n g e d  p h o s p h a t i d e  as expec t ed  f rom 
the  hydro lys i s  of  a racemic  phos pha t i de .  G L C  
of  the  f a t t y  acid m e t h y l  esters showed  equal  
a m o u n t s  of  pa lmi t ic  and  s tear ic  acids. 

Procoagulant Activity of the Synthetic 
Phosphatidylethanolamines 

T h e  rae-phosphatidyl(distearoloyl)ethanol- 
amine  was shown  to  be  a p o t e n t  acce le ra tor  of  
t h r o m b o p l a s t i n  genera t ion .  As l i t t le  as 5 big 
p roduced  subs t ra t e  c lo t t ing  t imes  of  9 sec in  
the  tes t  sys tem s h o w n  in Table  III. The  rac- 

phospha t i dy l ( s t e a ro loy l ,  s t e a r o y l ) e t h a n o l a m i n e  
was cons ide rab ly  less active.  The  solubi l ized 
p h o s p h a t i d y l e t h a n o l a m i n e  con ta in ing  cyclo- 
p ropane  f a t t y  acids was active in tests  of  
t h r o m b o p l a s t i n  genera t ion  at  100 gg in the  
i n c u b a t i o n  m i x t u r e  (Table  IV). At  lower  con-  
cen t r a t ions  o f  the  p h o s p h a t i d y l e t h a n o l a m i n e  
the  p rocoagu l an t  ac t iv i ty  was not  evident .  The  
phospho l i p id  was also effect ive in the  con-  
vers ion of  p r o t h r o m b i n  to  t h r o m b i n  in a tes t  
sys tem descr ibed e lsewhere  (39)  which  employs  
all pur i f ied  c lo t t ing  factors .  The  cyc lop ropane  
p h o s p h a t i d y l e t h a n o l a m i n e  (100  big) was able to  
p roduce  5.1 uni t s  of  t h r o m b i n  af te r  1 m in  
i n c u b a t i o n ,  whereas  crude  p h o s p h a t i d e s  (40)  
p roduced  4.5 uni ts .  A t  lower  concen t r a t i ons  of  
p h o s p h a t i d y l e t h a n o l a m i n e  the  p r o t h r o m b i n  
conver t ing  ac t iv i ty  fell o f f  sharply.  

Anticoagulant Activity of the Phosphatidylserines 

All the  s y n t h e t i c  phospha t idy l se r ines  were 
tes ted  for  t he i r  abi l i ty  to  in te r fe re  w i th  
t h r o m b o p l a s t i n  gene ra t ion  and  for  the i r  abi l i ty  
to  ove rcome  the  s t rong  p rocoagu lan t  effect  of  
b ra in  t h r o m b o p l a s t i n .  In add i t ion ,  the  cyclo- 
p r opane  p h o s p h a t i d e  was t e s t ed  for  its abi l i ty  
to  inh ib i t  p r o t h r o m b i n  convers ion  in a tes t  
sys tem e m p l o y i n g  all pur i f ied  c o m p o n e n t s  (39) .  
In  all cases the re  was a p o t e n t  an t i coagu lan t  
effect .  In  the  p r o t h r o m b i n  convers ion  tes t  t he re  
was m a r k e d  i n h i b i t i o n  of  ra te  and  a m o u n t  of  
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TABLE VI 

Anticoagulant Activity of Solubilized Cyclopropane Phosphatidylserine Compared to 
That of Beef Brain Phosphatidylserine in the Modified Hicks-Pitney Test (3) 

Versus Coagulant Phosphatides (40) 

Substance tested 

Micrograms 
in incubation 

mixture 

Incubation time in minutes 

2 4 6 8 

Substrate clotting time in seconds 

Cyclopropane PS 10 >90 >90 >90 71.2 
7.5 >90 >90 >90 62.9 

Beef brain PS 20 ~:>90 >90 >90 98.0 
10 >90  69.5 46.5 12.8 

Controls 
Crude phosphatides (40) 6 32.5 7.5 7.5 7.5 
Buffered saline (3) --- 90 67.8 43.5 40.0 
Sodium desoxycholate (3) 20 90 90 60.2 41.4 

aEach substance was solubilized in a solution of sodium desoxycholate in buffered saline (3). 

p r o t h r o m b i n  conversion.  With 10 pg of  the  
cyc lopropane  phospha t ide  in the  test  sys tem,  
0.88 units  o f  t h r o m b i n  were ob ta ined  after  1 
rain of  incuba t ion  of  the  p r o t h r o m b i n  con- 
verter (plus inh ib i tor )  and p r o t h r o m b i n ,  while 
t h e  c o n t r o l  (wi thou t  cyc lopropane  PS) 
p roduced  2.0 units  of  t h rombin .  Af te r  10 min 
of  incuba t ion ,  the  cont ro l  p roduced  6.24 units  
of  t h r o m b i n  while 10 pg of  added  cyc lopropane  
PS reduced  this to  3.68 uni ts  o f  t h rombin .  The 
ant icoagulant  e f fec t  against t h rombop la s t i n  
genera t ion and against brain t h rombop la s t i n  are 
shown in Tables V and VI. 

In the  Hicks-Pi tney test  the act ion of  phos-  
phat idylser ine  against the  s t rong acceleratory 

activity of  a crude t h r o m b o p l a s t i n  f rac t ion  
f rom brain tissue was examined .  The s t rong 
ant icoagulant  activity of  10 pg of  rac-phospha- 
t idyl (dis tearoloyl)ser ine  (Table V) or o f  rac- 
phospha t idy l  d i (9 ,10-methy lene -oc tadecanoy l )  
serine (Table VI) is clear at 10 pg where  the  
activity is similar to  tha t  of  phospha t idy l se r ine  
f rom beef  brain. At  lower  concen t r a t ions  the 
activity d iminished,  and wi th  only  1 pg of  phos-  
phat idylser ine  in the test  the  subs t ra te  c lot t ing 
t imes were similar to  tha t  o f  the  cont ro l  con-  
taining only  the  accelera tory  crude phos-  
phat ides  (Table V). 

Table VII shows that  the cyc lopropane  phos-  
phat idylser ine  is equivalent  to  bee f  brain ph.os- 

TABLE VII 

Anticoagulant Activity of Solubilized a Cyclopropane Phosphatidylserine 
Compared to That of Beef Brain Phosphatidylserine in the 

Antithromboplastin and Recalcification (3) Tests 

Substance tested 

Antithromboplastin Recalcification 
Microgram in test; test; 

clotting clotting time, clotting time, 
test sec sec 

Cyclopropane PS 

Beef brain PS 

200 176 2,750 
100 66 985 

50 48 485 
10 25 300 

1 14 210 

200 173 3,440 
100 84 1,405 

50 32 335 
10 21 280 

1 14 2 1 5  

Controls 
Desoxycholate 100 14 165 
Buffered saline --- 14 215 

aEach substance was solubilized in a solution of sodium desoxycholate in buffered saline 
(3). 
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phatidylserine in the antithromboplastin and 
recalcification tests. Similar results were 
obtained with both the phosphatidyl(di- 
stearoloyl)serine and phosphatidyl(stearoloyl, 
stearoyl)serine (not shown). However, the 
mixed acid phosphatidylserine was not as active 
in the Hicks-Pitney test (Table V) as the phos- 
phatide containing two stearoloyl residues. 

All the tests employed phosphatidylserines 
solubilized with the aid of sodium desoxy-  
cholate. Similar results were obtained when the 
synthetic phosphatidylserines were solubilized 
with albumin solution (3). 

Small amounts of dilute alkali were 
employed to aid in the solubilization with 
albumin. Phosphatidylserine with protonated 
carboxyl group is not readily solubilized with 
albumin solution, whereas sodium or potassium 
salts of phosphatidylserine are (3). 

DISCUSSION 

The purpose of this work was to synthesize 
phosphatides having potent biological activity 
and fatty acids that would not be autoxidiz- 
able. In this paper, we report synthetic phos- 
phatides containing triple bonds or cyclo- 
propane rings rather than double bonds. 

The synthesis followed the general scheme 
devised originally by Baer and Buchena (29) 
which has been used in our earlier work (30). In 
this scheme, phosphorus oxychloride is com- 
bined with a diglyceride and a protected base, 
either t-butyloxycarbonylaminoethanol or the 
phthalimidomethyl ester of anisyloxycarbonyl- 
L-serine. For the removal of protective groups, 
hydrazine is employed to remove the phthali- 
midomethyl group as described originally by 
Nefkens et al. (41). The method of Halpern and 
Nitecki (32) for removing the t-butyloxy- 
carbonyl protecting group was found to be 
equally applicable to the anisyloxycarbonyl 
group. This gave an improvement in yield when 
compared to our previous method employing 
hydrogen chloride. 

The removal of the t-butyloxycarbonyl and 
anisyloxycarbonyl protecting groups by formic 
acid is essential for the success of the synthesis 
of cyclopropane phosphatides. Prior to the 
appearance of the paper of Halpern and Nitecki 
(32), we had prepared pure phosphatides con- 
taining cyclopropane fatty acids by removal of 
the protecting groups using hydrogen chloride 
in  chloroform. These phosphatides were 
homogeneous by TLC and paper chromato- 
graphy. Unfortunately, GLC showed the phos- 
phatidylethanolamine made in this way to con- 
tain only 23% of cyclopropane fatty acids with 
at least 10 other unidentified components. Our 

~products also contained some halogen. It is well 
known that hydrogen chloride rearranges the 
cyclopropane ring to methyl olefines (13). 
Using .formic acid to remove protecting groups, 
it was possible to get phosphatides containing 
93% of cyclopropane fatty acids. This is 
probably as good as can be expected, since the 
Simmons-Smith reaction is not quantitative 
(42). 

The mixed acid phosphatide, rac-phospha- 
tidyl(stearoloyl, stearoyl)serine was hydrolyzed 
with phospholipase A to determine whether 
any rearrangement occurred in the synthesis. 
Since the product of the hydrolysis was stearic 
acid, no rearrangement in fact occurred. It is 
wel l  established that this enzyme acts 
exclusively in the 2-position of 3-phosphogly- 
cerides (43). 

O n e  of the major problems in studying the 
coagulant or anticoagulant aetivity of phospho- 
lipids or considering their use as therapeutic 
agents is their tendency to autoxidation. The 
most active of the naturally occurring or 
synthetic phosphatides with coagulant (3) or 
anticoagulant (3,4) activity have all contained 
unsaturated fatty acids. As autoxidation pro- 
ceeds, their color gradually changes from white 
to yellow. This is accomplished by a loss of clot 
accelerating activity of the phosphatidyl- 
ethanolamines and the appearance of lysophos- 
phatide and other hydrolysis products in the 
TLC of phosphatidylserine (44). It is hoped 
that substitution of cyclopropane rings for 
double bonds will eliminate the problem of aut- 
oxidation. 

The synthetic phosphatidylserines and phos- 
phatidylethanolamines with triple bonds had 
the same, strong biological activity as com- 
pounds with two double bonds (4,33) or as 
phosphatidylserine from beef brain in in vitro 
tests of blood coagulation. The phosphatides 
containing triple bonds in both fatty acids had 
more activity (procoagulant for phosphatidyl- 
ethanolamine and anticoagulant for phospha- 
tidylserine) than those having a triple bond in 
only one of the fatty acids. 

The cyclopropane phosphatidylserine also 
had as much anticoagulant activity in vitro as 
beef brain phosphatidylserine. The latter has 
been shown to be a potent anticoagulant in vivo 
(1,2). The cyclopropane phosphatidyl ethanol- 
amine had less activity than the PE with triple 
bonds. 

Activity of phosphatides in blood coagula- 
tion tests is related to the colloidal state of the 
phospholipid particles in the aqueous dispersion 
and particularly to the size and shape of the 
dispersed particles and their surface charge 

_(3,45-48). It would appear that these character- 
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ist ics are s imilar  fo r  t h e  p h o s p h a t i d e s  con-  
t a in ing  t w o  t r ip le  b o n d s  o r  t w o  c y c l o p r o p a n e  
r ings  to  t hose  prevai l ing  w i t h  the  c o r r e s p o n d i n g  
n a t u r a l l y  o c c u r r i n g  p h o s p h a t i d e s  hav ing  s t r o n g  
b io logica l  ac t iv i ty .  T h e  t r ip le  b o n d  and  the  
c y c l o p r o p a n e  r ing p r o b a b l y  r e s e m b l e  the  
d o u b l e  b o n d  in p r o d u c i n g  o p t i m a l  s e p a r a t i o n  o f  
t he  f a t t y  acid cha ins  in t he  micel les .  A n o t h e r  
f a c t o r  re la ted  to  so lub i l i za t i on  and  b io logica l  
ac t iv i ty  m a y  be the  l o w e r i n g  o f  t he  t r a n s i t i o n  
t e m p e r a t u r e  f r o m  crys ta l l ine  to  l iqu id  crys ta l -  
line p r o d u c e d  b y  d o u b l e  b o n d s  in t he  p h o s p h o -  
l ipid mo lecu l e  ( 49 ,50 ) .  
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SHORT COMMUNICATIONS 

Inhibition of Renal Cortical Rb + Transport by 
Phospholipase C and its Relationship to 
(Na + + K +)-Adenosine Triphosphatase 

ABSTRACT 

Treatment of isolated renal cortical 
tubules with a low concentration of phos- 
pholipase C (one which does not lead to a 
chemically detectable loss of  tubular 
phospholipid) results in a markedly 
inhibited Rb + transport function which is 
referable to the loss of a phospholipid 
component of the tubules. This treatment 
also results in an inhibition of the (Na + + 
K+)-adenosine triphosphatase enzyme of 
the tubules. The data are consistent with 
the concept that it is the loss in (Na + + 
K +) -adenos ine  triphosphatase activity 
which is responsible for phospholipase 
C-induced inhibition of Rb + transport. 

It was recently reported from our laboratory 
(1) that treatment of isolated rabbit renal corti- 
cal tubules with a protease free preparation of 
phospholipase C from C. welchii causes marked 
inhibition of the ability of the tubules to trans- 
port Rb + from the incubation medium into the 
cell. This inhibitory effect occurred even when 
phospholipase C was reduced to levels that 
caused no chemically detectable destruction of 
tubule phospholipid. Nevertheless, this effect 
was shown to be related to activity of the 
enzyme since agents that inhibit the phospho- 
lipase C activity of the C. welchii enzyme 
preparation cause an equivalent loss in the 
preparation's ability to inhibit Rb + uptake. It 
was also shown that phospholipase C inhibition 
of Rb + uptake was not due to a generalized 
destruction of  renal tubular structure and 
function nor to an inhibition of the plasma 
membrane transport processes in general. The 
conclusion was therefore drawn that a phospho- 
lipid structure or structures on the outer sur- 
face of the plasma membrane of renal cortical 
tubule cells is intimately involved in the uptake 
of Rb § by these cells. 

From a theoretical point of view, there are 
several ways that such a phospholipid structure 
could function in Rb + transport, e.g., by 

serving as a carrier molecule or affecting the 
conformat ion  of a carrier molecule or 
influencing the structure of the membrane or 
affecting the activity of an enzyme involved in 
some aspect of the transport or a combination 
of these. That it does so by playing a role in the 
functioning of (Na + + K+)-adenosine triphos- 
phatase in the plasma membrane of the renal 
cortical cells seemed likely for the following 
reasons: (a) (Na + + K+)-adenosine triphospha- 
tase has been found to depend on the presence 
of lipids to be active (2); (b) Rb § can replace 
K + in the activation of the enzyme (3); (c) this 
adenosine triphosphatase is involved in K + 
transport across cell membranes (4); and (d) 
Rb + is believed to be transported by the same 
system that transports K + (5). The findings 
presented below indeed show that, when renal 
cortical tubules are treated with levels of phos- 
pholipase C which cause no chemically 
detectable loss of phospholipids but a markedly 
depressed Rb + uptake, inhibition of the 
(Na + + K~-)-adenosine triphosphatase activity of 
the tubules occurs. Moreover, the extent of the 
depression of the adenosine triphosphatase 
activity correlates rather well with the amount 
of inhibition of Rb + uptake. 

Rabbit renal cortical tubules were prepared 
as described in an earlier paper (1). Commercial 
phospholipase C was purified by the method of 
Ispolatovskya et al. (6). Treatment of the 
tubules with phospholipase C, measurement of 
Rb + uptake and measurement of the phospho- 
lipid content of the renal tubules were all 
carried out as described previously (1). Cell free 
homogenates were prepared from isolated 
tubules in the following manner: The tubules 
were suspended in 0.001 M NaHCO 3 (approxi- 
mately 100 mg of tubule wet weight per 1 ml 
of solution) in a glass homogenization tube and 
homogenized by four strokes of a motor driven 
teflon pestle. This fraction is called the whole 
homogenate. An aliquot of the whole homo- 
genate was further fractionated into a crude 
membrane fraction by a modification of the 
differential centrifugation method of Manitius 
et al. (7). 
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The (Na + + K+)-adenosinetriphosphatase 
activity of the whole homogenate and crude 
membrane fractions was measured by a modifi- 
cation of the methods of Bonting et al. (8), and 
Skou (9). Prior to assay, half of the fraction 
was treated with deoxycholate by the method 
of Jorgensen (11) because it has been shown 
that much of the (Na + +K+)-adenosine tri- 
phosphatase of kidney is not measured without 
prior treatment with detergent. The concen- 
tration of deoxycholate used was that which 
yielded maximum (Na + + K +)-adenosine triphos- 
phatase activity. Adenosine triphosphatase assay 
was made on both deoxycholate-treated and 
untreated preparation for each of the tissue 
fractions studied. The reaction was started by 
adding the enzyme in an amount sufficient to 
hydrolyze 10% to 20% of the total ATP present 
in 20 rain at 37 C. At the end of the incubation 
period, 0.2 ml of 50% trichloroacetic acid were 
added, and the Pi liberated was determined by 
the method of Fiske and Subbarow (10). With 
the exception of an initial rapid burst of 
activity similar to that reported for the adeno- 
sine triphosphatase of myosin B (12), the (Na + + 
K+)-adenosine triphosphatase activity was linear 
for 60 min. For the routine assays reported in 
Table I, the incubation time was 20 min. The 
protein content of the various cellular fractions 
was determined by the method of Lowry et al. 
(13). 

The same population of tubules, either 
untreated or treated with a level of phospho- 
lipase C that caused almost no detectable loss in 
phospholipid, were used to study Rb + uptake 
and (Na + + K+)-adenosine triphosphatase 
activity. The results are reported in Table I. 
Phospholipase C treatment markedly depresses 
Rb + uptake by the tubules. Although only 
three experiments are reported in Table I, the 
results are similar to 23 such experiments on 
Rb + uptake reported previously; moreover the 
previous work clearly shows that this effect is 
due to phospholipase C activity and not to 
some contaminant in the enzyme preparation 
(1). This phospholipase C treatment of the 
tubules also lowers the (Na + + K+)-adenosine 
triphosphatase activity of homogenates prepared 
from these tubules (Table I). With whole homo- 
genates treated with deoxycholate, there is a 
good correlation between the extent of 
inhibition of (Na + + K+)-adenosine triphospha- 
tase activity and Rb + uptake. However when 
whole homogenates are not treated with deoxy- 
cholate prior to adenosine triphosphatase assay, 
the correlation is poor (both on the basis of the 
data in Table I and data from several other 
expdriments in which the only measurement 
made was the adenosine triphosphatase activity 

of whole homogenates without prior deoxy- 
cholate treatment). The crude membrane frac- 
tion has a (Na § + K+)-adenosine triphosphatase 
specific activity 1 1/2 to 2 times that of whole 
homogenates and this activity is inhibited by 
the treatment of the tubules with phospho- 
lipase C. The level of adenosine triphosphatase 
inhibition in crude membrane fractions treated 
with deoxycholate and those not so treated cor- 
relates well with the extent of loss in Rb + up- 
take. 

Martonosi et al. (14)reported that phospho- 
lipase C inhibited (Na + + K+)-adenosine triphos- 
phatase of a kidney microsome preparation 
only if the microsomes had been incubated 
with a high concentration of phospholipase C 
(10 mg of microsomal protein per mg of phos- 
pholipase C) for a long period of time. This 
finding contrasts sharply with the exquisite 
sensitivity of the (Na + + K+)-adenosine triphos- 
phatase to phospholipase C action in intact 
cells. Our previous work (1) establishes that a 
phospholipid structure on the outer surface of 
the plasma membrane of tubule cells is involved 
in Rb + transport; presumably this structure is 
also involved in the (Na + + K+)-adenosine tri- 
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In summary, it was previously shown that 
phospholipase C induces a decrease in Rb + 
uptake by kidney tubules and that this 
inhibition of Rb + uptake results from a small 
destruction of phospholipid and not from a 
contaminant of the purified phospholipase C 
preparation (1). Similar treatment of the 
tubules with phospholipase C causes a loss in 
(Na + + K +)-adenosine triphosphatase activity 
when this enzyme is assayed in whole homo- 
genate or crude membrane fractions prepared 
from the tubules. The inhibition of this adeno- 
sine triphosphatase activity correlates well with 
the inhibition of Rb + uptake. It is postulated 
that it is the change in the (Na + + K+)-adeno - 
sine triphosphatase activity which is responsible 
for the phospholipase C-induced inhibition of 
Rb + transport. 
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Liberation of Aldehydes From AIk-l-enyl Glyceryl Ethers 
by Acid Hydrolysis 

ABSTRACT 

Labeled alk-l-enyl glyceryl ethers were 
used in conjunction with thin layer 
chromatography to study the liberation 
of aldehydes from alk-l-enyl glyceryl 
ethers by two acid hydrolysis procedures. 
Both methods gave similar results, but 
n e i t h e r  l i b e r a t e d  t he  a ldehydes  
quantitatively. Only 75-85% of the 
alk-l-enyl glyceryl ether radioactivity was 
liberated as free aldehydes. Several 
nonaldehyde products were detected and 
one appeared to be a cyclic acetal. 

Synthetic alk-l-enyl ethers (vinyl ethers) are 
hydrolyzed by acid to aldehydes and alcohols 
(1). Karnovsky et al. (2) reported the use of 
methanolic HC1 to release aldehydes from the 
unsaponifiable lipid fractions of biological 
origin. Since then, the acid lability of the alk-1- 
enyl glyceryl ethers has been used to an 
advantage for the analyses of neutral glycerides 
and phosphoglycerides containing these ethers. 
Schmid and Mangold (3) have reported a tech- 
nique for the selective acid hydrolysis of 
neutral plasmalogens (alk-l-enyl glyceryl ether 
diesters) and separation of the products (alde- 
hydes and diglycerides) on a thin layer chro- 
matoplate. The technique has since been 
applied to the phosphatides containing alk-1- 
enyl glyceryl ethers (plasmalogens) (4-6), alk-1 
-enyl acyl glycerides (7) and free alk-l-enyl 
glyceryl ethers (8,9). 

1 Present address: Neuropsychiatric Research 
Laboratory, V.A. Hospital, Hines, I11. 60141. 

2Under contract with the U.S. Atomic Energy 
Commission. 

The liberation of aldehydes from the intact 
plasmalogens is reported to be quantitative 
(4,6). However, when free alk-l-enyl glyceryl 
ethers were exposed to HC1 fumes, the 
developed chromatoplate showed o~her com- 
pounds in addition to free aldehydes (10). 
Unlike the intact neutral plasmalogens and 
plasmalogens, the free alk-l-enyl glyceryl ethers 
contain free hydroxyl groups that can lead to 
the formation of cyclic acetals (11,12). An 
investigation into the quantitative aspects of 
the acid hydrolysis of alk-l-enyl glyceryl ethers 
on adsorbent layers was attempted with a 
labeled aldehyde, a product of the hydrolysis 
reaction (I0). However, until now, the lack of 
radioactive labeled alk-l-enyl glyceryl ethers 
has not permitted an accurate evaluation of the 
reaction. 

Labeled alk-l-enyl glyceryl ethers were 
obtained from the experiments with Ehrlich 
ascites cells in which we reported the route of 
plasmalogen biosynthesis (13,14). The phospha- 
tidyl ethanolamine class was reduced with 
lithium aluminum hydride (12) and the labeled 
alk-l-enyl glyceryl ethers were separated from 
the hydrogenolysis products by thin layer chro- 
matography (TLC) (13,14). The only detect- 
able contaminant of the alk-l-enyl glyceryl 
ethers was 6.2% alkyl glyceryl ether, for which 
the data have been corrected. The dis- 
appearance of all the alk-l-enyl glyceryl ether 
radioactivity (Fig. 1 C) after acid treatment indi- 
cates the absence of other labeled impurities. 
The tritium and carbon-14 label was located in 
the hydrocarbon chain as established earlier 
(13,14). The distribution of radioactivity along 
the developed TLC plates was determined by 
counting the radioactivity in successive 2 mm 
sections of adsorbent layer (13). 
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FIG. 1. Liberation of free aldehydes from radio- 
active alk-l-enyl glyceryl ethers by acid hydrolysis 
according to two different procedures: A, hydrolysis 
extraction procedure of Anderson et al. (10); B, 
hydrolysis on the chromatoplate as described by 
Schmid and Mangold (3); and C, hydrolysis by the 
Schmid and Mangold procedure (3) and development 
of the chromatoplate in a more polar solvent system 
(diethyl ether-water, 100:0.5 v/v). Chromatoplates A 
and B were developed in a hexane-diethyl ether (90:10 
v/v) solvent system and all separations were carried 
out on Silica Gel G adsorbent layers. Peak 1 is dis- 
cussed in the text. Peak 2 represents the free long 
chain aldehydes. 

When labeled alk-l-enyl glyceryl ethers were 
spotted on a chromatoplate and exposed to HC1 
fumes, as described by Schmid and Mangold 
(3), and developed, 83.6 + 2.9% of the radio- 
activity was found in the free aldehyde region 
of the chromatoplate.  Eighty +- 5.3% of the 
radioactivity occurred in the aldehyde peak 
when the hydrolysis extract ion procedure by 
Anderson et al. (10) was used. A comparison of 
the distribution of radioactivity (Fig. 1A and 
1B) indicates that most of the nonaldehyde 
radioactivity remained near the origin in the 
90:10 solvent system. The distribution of radio- 
activity on a chromatoplate exposed to HC1 
fumes and developed in a more polar solvent 
system (Fig. 1C) showed (a) only a small 
amount of radioactivity at the origin at tr ibut-  
able to activity in the glycerol; (b) the contami- 

nating alkyl glyceryl ether appearing between 
samples number 20 and 25; (c) the absence of 
alk-l-enyl glyceryl ethers opposite the standard 
appearing between samples number 25 and 31; 
(d) 10% of the activity appearing in the region 
of cyclic acetals and long chain alcohols 
between samples number 33 and 45; and (e) a 
peak of radioactivity adjacent to the aldehyde 
peak. The distribution of radioactivity from the 
hydrolysis extraction procedure (10) was 
similar. 

The results indicate that alk-l-enyl  glyceryl 
ethers are completely converted to other com- 
pounds when treated either with acid on the 
TLC plate (3) or by hydrolysis extraction (10). 
Aldehydes are the primary products of each 
hydrolysis procedure; however, competing 
reactions give rise to other compounds. One of 
the major nonaldehyde compounds appears to 
be a cyclic acetal. Cyclic acetals that can exist 
in isomeric forms (15) have been prepared from 
alk-l-enyl  glyceryl ethers (12) and have Rf 
values corresponding to the radioactivity 
appearing between samples number 31 and 45 
of Figure 1C. Contrary to the conclusions 
reached by Anderson et al. (10), aldehydes are 
not quantitatively liberated from alk-l-enyl 
glyceryl ethers by either method. The dis- 
crepancy between our results and theirs 
probably lies in the fact that their conclusions 
were drawn from studies with a labeled alde- 
hyde, a product of the acid hydrolysis, which 
precluded their encountering reactions of the 
alk-l-enyl glyceryl ethers that  would not yield 
aldehydes. More recently, Bandi (16) has 
reported the quantitative hydrolysis of alk-1- 
enyl glyceryl ethers using a procedure almost 
identical with the procedure described by 
Anderson et al. (10), except for the longer 
hydrolysis time. Although we have not tried 
this slightly modified procedure, it too may 
not be quantitative. The alk-l-enyl glyceryl 
ether sample on the thin layer chromatoplate,  
apparently used to assess the quantitative 
aspects of the hydrolysis (16), showed a small 
spot at the origin where we observed radio- 
activity (Fig. 1A and 1B). 

Our results indicate that the quantitative 
estimation of the percentage of alk-l-enyl  
glyceryl ethers from the aldehydes liberated 
from alk-l-enyl  glyceryl ethers by either of 
these methods will be low. 
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The Effect of Hydrogen Peroxide on Serum 
Lecithin-Cholesterol Acytransferase Activity 1 

ABSTRACT 

Glomset" has r epo r t ed  an acyltrans-  
ferase in plasma which ef fec ts  the t ransfer  
of  a fa t ty  acid f rom the  beta pos i t ion  of  
leci thin to choles terol ,  forming  choles- 
teryl  esters. Peroxide  is shown  to have an 
inh ib i tory  effect  on the  enzyme  activity 
in a concen t ra t ion  of  0.1 M. There is a 
variable effect  wi th  a concen t ra t ion  o f  
0.01 M, wi th  a s t imula t ion  of  activity in 
some sera, while in o thers ,  an inhibi t ion.  
The addi t ion  of a syn the t i c  sa tura ted leci- 
th in  does  no t  cause a reversal of  the  
inhib i t ion  at 0.1 M H 2 0 2 .  

amoun t s  of  hydrogen  perox ide  and syn the t i c  
d ipa lmi toy l  L-~-lecithin at 37 C for  a per iod of  
24 hr. 

4-14C-Cholesterol  (New England Nuclear  
Corpora t ion ,  NEC-018,  specif ic  act ivi ty:  58 
mc /mM)  was added  to the  incuba t ion  vial in 
benzene  in the  a m o u n t  of  0.1 /.tc (0.17 x 10 -3 
#M or 0.668 /~g choles tero l )  per 2 ml serum, 
and the  benzene  was evapora ted  to  dryness  
under  a s t ream of  n i t rogen,  prior  to  adding the  
serum. Syn the t i c  d ipa lmi toy l  L-~-lecithin (No. 
10070) was ob ta ined  f rom General  Biochemi-  
cals. Hydrogen  peroxide ,  30% solut ion,  analyti-  
cal reagent  grade, was ob ta ined  f rom the  Mallin- 
ckrodt  Chemical  Company .  

TABLE I 

Exposure  of  h u m a n  serum to 0.1 M hydro -  
gen perox ide  has been  s h o w n  by Clark et al. to  
result in a d is rupt ion  o f  the  ~q ipop ro t e in  
pa t te rn  on u l t racent r i fuga t ion  (1). Glomset  has 
shown tha t  the plasma lec i th in-choles terol  acyl- 
t ransferase react ion is associated wi th  the  same 
high dens i ty  l ipopro te ins  (2),  a f inding which  is 
co r robora ted  by the  a l terat ions  in the  l ipopro-  
rein pa t t e rn  in the congeni ta l  def ic iency of  the  
enzyme  (3-5). 

The ef fec t  of  hydrogen  peroxide  on the  acyl- 
t ransferase react ion was s tudied  in vitro.  Two 
milliliter samples of  pooled  h u m a n  serum were  
incuba ted  wi th  labelled choles terol ,  and varying 

1presentecl at the Aerospace Medical Association 
Annual Meeting, San Francisco, May 1969. 

Variation in Response to Peroxide a 

0.01 M 0.1 M 
No H20 2, H202, H202, 

Experiment % % % 

A 30.7 4.9 5.2 
B 22.9 27.2 8.8 
C 18.6 20.0 4.4 
D 33.0 29.3 6.6 
E 21.5 24.6 8.6 
F 29.0 14.7 -- 
G 29.9 19.3 --- 
H 26.5 21.8 --- 
I 15.6 --- 1.8 
J 12.8 --- 3.0 

aEach experiment represents an individual or 
pooled sera. The results are expressed as per cent con- 
version of 4-14C-cholesterol to ester after 24 hr incu- 
bation at 37 C. 
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No H20 2, H202, H202, 

Experiment % % % 

A 30.7 4.9 5.2 
B 22.9 27.2 8.8 
C 18.6 20.0 4.4 
D 33.0 29.3 6.6 
E 21.5 24.6 8.6 
F 29.0 14.7 -- 
G 29.9 19.3 --- 
H 26.5 21.8 --- 
I 15.6 --- 1.8 
J 12.8 --- 3.0 

aEach experiment represents an individual or 
pooled sera. The results are expressed as per cent con- 
version of 4-14C-cholesterol to ester after 24 hr incu- 
bation at 37 C. 
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TABLE II 

Reversibility of Peroxide Inhibition With Dipalmitoyl Lecithin a 

Lecithin (500 mg%) 
Peroxide Experiment No lecithin, % % 

A 12.8 -+ 0.3 26.9 + 0.7 
None B 22.2 -+ 1.9 40.8 + 3.2 

A 3.0 --- 0.2 8.4 --- 0.5 
0.1 M H202 B 4.2 -I- 0.7 5.0 --- 0.5 

aHuman sera from three donors were pooled and incubated with 4-14C-cholesterol for 
24 hr at 37 C in the presence of added dipalmitoyl L-0~-lecithin. Each experiment was 
performed in triplicate, and the results are expressed with the standard error of the mean. 

The  l ipids were ex t r ac t ed  w i th  ch lo ro fo rm-  
m e t h a n o l  (2:1 v/v)  and  f r ac t i ona t ed  by  the  
Leeder  and  Clark m o d i f i c a t i o n  (6)  of  the  Hirsch  
and  A h r e n s  m e t h o d  (7).  Rad ioac t iv i ty  was 
d e t e r m i n e d  in a sc in t i l la t ion  system,  using 5 g/L 
PPO and  0.1 g/L d i m e t h y l  POPOP in to luene .  
The  pe rcen tage  of  convers ion  of  free choles- 
te ro l  to  cho les te ry l  ester  was expressed as the  
pe rcen tage  of  r ad ioac t iv i ty  in the  cho les te ry l  
ester  f r ac t ion  of the  t o t a l  rad ioac t iv i ty  in all t he  
f rac t ions .  

In  each  of  the  ind iv idua l  or poo led  sera 
assayed,  the re  was a s igni f icant  d rop  in the  con-  
vers ion of  free 4-14C-choles te ro l  to  the  es ter  in 
the  p resence  of  0.1 M H 2 0  2. The  ef fec t  of  0.01 
M H 2 0  2 was var iable;  in  some sera, a suppres-  
s ion of  e n z y m a t i c  ac t iv i ty  was observed ,  and  in 
o the r s  the re  appeared  to  be a slight augmen ta -  
t ion  of  the  es te r i f ica t ion  of  choles terol .  A n  
ind i ca t i on  of the  var iabi l i ty  of  response  in 
h u m a n  sera at  0.01 M and  t he  cons i s t en t  
i n h i b i t i o n  at  0.1 M H 2 0  2 is s h o w n  in Table  I. 

One  m e c h a n i s m  by  wh ich  pe rox ide  m ay  
inh ib i t  the  e n z y m e  ac t iv i ty  m ay  be by  the  
p r o d u c t i o n  of  the  h y d r o p e r o x i d e  of  the  unsa tu-  
ra ted  f a t t y  acid, mak ing  the  lec i th in  unaccep t -  
able to  the  enzyme.  We s tudied  the  e f fec t  of  
added d ipa lmi toy l  L-~4ec i th in  on  the  e n z y m e  
act iv i ty ,  to  d e t e r m i n e  if  t he  e n z y m e  was sup- 
pressed in the  presence  of  a sa tu ra ted  lec i th in .  
The  presence  of  a s a tu ra t ed  lec i th in  p rov ided  
l i t t le  p r o t e c t i o n  (Table  II). 

We d e t e r m i n e d  t ha t  t he  observed  decrease  in 
the  es te r i f ica t ion  of  cho les te ro l  in  the  p resence  

of  pe rox ide  was no t  due  to  changes  in the  chro-  
m a t o g r a p h i c  separa t ion  of  t he  l ipids i nduced  b y  
p e r o x i d a t i o n  by  t rea t ing  se rum wi th  pe rox ide  
af te r  i n c u b a t i o n .  Pe rox ide - t rea ted  samples  had  
32.3 + 5.6% in the  cho les te ry l  es ter  f rac t ion ,  
whereas  the  con t ro l  samples  had  25.4% -+ 2.1%. 
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E M M E T T  L. FOULDS,  JR.  
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ABSTRACT 

Inhibitors of cholesterol biosynthesis 
AY 9944 and 20,25 diazacholesterol were 
administered by stomach tube to suckling 
rats in varying doses during the time of 
rapid myelination (15-22 days of age). 
Purified myelin was prepared from the 
brains and spinal cords, and the sterol 
content analyzed. Up to 50% of the 
myelin sterol consisted of desmosterol in 
rats treated with 20,25 diazacholesterol, 
while 7-dehydrocholesterol comprised at 
least one third of the myelin sterol in rats 
administered AY 9944. Myelin from rats 
treated with both compounds contained 
d e s m o s t e r o l ,  7 - d e h y  dr o cholesterol, 
AS,7,24 cholestatriene-3-/3-ol and an 
unknown sterol, the four comprising 
about 45% of the total sterol. The pro- 
portion of phospholipid: galactolipid- 
total sterol in myelin from the drug- 
treated rats was not significantly different 
from the normal, although much less 
myelin was recovered. Brain and spinal 
cord slices from 22 to 25-day rats pre- 
treated with inhibitors showed decreased 
uptake of U-14C-glucose into all myelin 
components. The decreased uptake was 
approximately proportional in all lipids 
and the protein was also affected. It is 
proposed that myelin composition is 
fixed, and that a deficiency of one of the 
lipid components will limit the assembly 
of the whole lipid portion of the mem- 
brane. 

INTRODUCTION 

In recent years a number of reports of the 
lipid compositions of purified central nervous 
system myelin has appeared from various labor- 
atories. Although several different procedures 
were used for myelin isolation and for lipid 
separations and assay, the published lipid com- 
position of adult myelin is surprisingly con- 
sistent from species to species (1). Myelin with 
an abnormal composition has been found only 
in severe pathological conditions (2-4). 

1presented at the AOCS Meeting, San Francisco, 
April 1969. 

In 1953 Finean proposed that the lipid 
interior of myelin is largely composed of cho- 
lesterol-phospholipid complexes (5). It was 
later shown with the use of molecular models 
that close packing is possible with the phospho- 
lipid- or sphingolipid-cholesterol complexes and 
it was suggested that this may explain the 
metabolic stability of the myelin membrane 
(6). Eng and Smith have suggested that the 
slower metabolizing lipids of myelin may exist 
in the membrane complexed with cholesterol, 
while those with shorter half-lives might be 
uncomplexed (7). 

It was of interest, therefore, to determine 
the degree of interaction between lipids 
entering the myelin membrane of animals in 
which the synthesis of cholesterol had been 
inhibited. AY 9944 (Ayerst) which inhibits the 
A7 reductase of 7-dehydrocholesterol and 
20,25 diazacholesterol (G. D. Searle), shown to 
inhibit the reduction of the A24 double bond 
were used as hypocholesteremic agents. The 
chemical composition and metabolism of 
myelin of animals fed these drugs was investi- 
gated. A detailed analysis of the sterols found 
in brain and spinal cord subcellular fractions 
has been reported elsewhere (8). 

EXPERIMENTAL PROCEDURES 

Animal and Drug Treatment 

Groups of 4-6 suckling Wistar rats from the 
same litter and matched carefully by weight (22 
g average body weight at 15 days) were 
administered 1 or 2 mg AY 9944 [(trans-l,4- 
bis-(  2- chl orobenzylaminomethyl)cyclohexane 
dihydrochloride] or 20,25 diazacholesterol in 
0.25 ml water 1,2,3 or 4 times by stomach tube 
between 15 and 21 days of age, the period of 
the maximum rate of myelin formation. In one 
experiment, 1 mg each of both drugs was given 
on day 15, 18 and 22. Two days after the final 
drug treatment (22nd or 23rd-day of life) the 
rats were killed by decapitation. Their brains 
and spinal cords were quickly removed and 
pooled and myelin was prepared by methods 
described previously (9). In all cases body 
weight, brain weight and spinal cord weight of 
the drug-treated animals was comparable to 
that of the untreated rat. 
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TABLE I 

Desmosterol Content in Myelin 

Control 
% Desmosterol 20,25 Diazacholesterol-treated, 

Experiment Treatment in total sterol % Desmosterol in total sterol 

Brain myelin 
1 
2 
3 
4 
5 

Spinal cord myelin 
1 
2 
3 
4 
5 

1 mg/rat day 15, 20 4.78 46.58 
2 mg#at day 15, 20 1.47 41.12 
2 mg/rat day 15, 18, 21 ND a 37.5 b 
2 mg/rat day 15, 18, 21 ND 46 b 
2 mg/rat day 15, 18, 21 ND 49 b 

2.84 48.67 
1.54 45.94 
ND ND 
ND 50 b 
ND 50 b 

aND, not determined. 
bDesmosterol determined by spectrophotometric method. All other values determined by GLC (8). 

Chemical Determinations 

Methods  for  lipid ex t rac t ion ,  th in  layer chro-  
matographic  (TLC) separat ions of  lipids and 
m e t h o d s  for measurement  of  radioact ivi ty are 
descr ibed elsewhere (10). 7 -Dehydrocho les te ro l  
was de te rmined  ei ther  by  gas liquid ch romato -  
graphy (GLC) (8) or by s p e c t r o p h o t o m e t r i c  
measu remen t  of the lipid ext rac t  at 282 mp.  
Desmostero l  was measured  by GLC or by the 
fol lowing s p e c t r o p h o t o m e t r i c  m e t h o d  devised 
in this laboratory .  The e luted sterol  mix tu re  
f rom the thin layer plate was taken to dryness  
in the dark in a 30 ml beaker  and 5 ml of  
ch lo ro fo rm and 2 ml of  cold acetic anhydr ide-  
H2SO 4 (9: 1) was added.  Af ter  react ion for  25 
min in the dark, the color was read in a 
Beckman DU s p e c t r o p h o t o m e t e r  at 420 m p  

and 620 mp.  The ratio of  optical  densit ies at 
420 and 620 was ma tched  against a line graph 
of  ratios ob ta ined  f rom 3 or 4 known mixtures  
of desmos te ro l  and cholesterol .  In te rmedia te  
points  were de te rmined  by computer .  This 
m e t h o d  which is less accurate  than GLC is use- 
ful only in the absence of 7-dehydrocholes te ro l .  
The compos i t i on  of  the  sterol  mixture  f rom 
myelin of  rats fed b o t h  drugs was de t e rmined  
by GLC (8). The ident i f ica t ion  of  sterols is 
based on  their  f r agmenta t ion  pat terns ,  ob ta ined  
using an LKB model  9000 gas chromatograph-  
mass spec t romete r ,  (LKB, S tockholm) ,  com- 
pared wi th  those of  pure reference c o m p o u n d s  
(11). Of  the sterol  r epor ted  here as partially 
ident i f ied ,  it can be said, on the basis of  its 
f ragmenta t ion  pa t te rn ,  tha t  it is a choles tadien-  

TABLE II 

Desmosterol and 7-Dehydrocholesterol Content in Myelin 

Control, AY 9944-treated, 
% Desmosterol % 7-Dehydrocholesterol 

Experiment Treatment in total sterol in total sterol 

Brain myelin 
1 1 mg/rat day 15, 20 1.16 32.94 
2 2 mg/day 15, 20 1.47 34.20 
3 2 mg/rat day 15, 17, 19, 21 2.5 31.6 
4 2 mg/rat day 15, 18, 21 ND a 37.5 b 
5 2 mg/rat day 15, 18, 21 ND 38.0 b 
6 2 mg/rat day 15, 18, 21 ND 38.6 b 

Spinal cord myelin 
1 0.98 37.75 
2 1.54 38.37 
3 1.4 32.7 
4 ND ND 
5 ND 38 b 
6 ND 37 b 

aND, not determined. 
bDetermined by spectrophotometric measurement at 282 m/~. Other values obtained by GLC (8). 
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3-/3-ol with one double bond in the steroid 
nucleus and the other in the side chain. 
Methods for measuring myelin metabolism in 
vitro have been described previously (10). 

RESULTS 

Myelin Sterol Composition 

In agreement with previous results (12) 
myelin in normal young rats contained a small 
amount of desmosterol (Table I). We have 
shown earlier that this sterol rapidly decreases 
with age, until at 90 days of age only a trace 
remains. 20,25 Diazacholesterol given in various 
doses at the time of rapid myelination drama- 
tically increased the desmosterol content to as 
high as 50% of the total myelin sterol. No 
desmosterol was found in myelin from rats fed 
AY 9944, but a third or more of the sterol 
incorporated into the myelin sheath was 
present as 7-dehydrocholesterol (Table II). The 
steroid composition of myelin from rats fed 
both drugs was more complex. Five different 
sterols including a partially identified cho- 
lestadienol appeared in both the homogenate 
and myelin of drug treated rats (Table III). 
F o u r  were i d e n t i f i e d  as cholesterol, 
desmosterol, 7-dehydrocholesterol and z~5,7,24 
cholestatriene-3-/3-ol, the latter comprising 31% 
and 35% of the brain and spinal cord myelin 
sterol respectively. The presence of small 
amounts of desmosterol and 7-dehydrocholes- 
terol suggested that the drug inhibition of the 
two reductive pathways was not complete. In 
all, the noncholesterol sterols accounted for 
44.7% and 46.8% of the total sterols of brain 
and spinal cord myelin respectively from drug- 
treated rats. 

Class Composition of Myelin 

In all cases where drugs were administered to 
suckling rats, the final myelin recovery was con- 
siderably lower than in the control, varying 
from 50-75% of the control values in brain and 
70-90% in the spinal cord. 

That myelin which was recovered from the 
drug-treated animals contained exactly the 
same proportions of phospholipid-galactolipid- 
sterol-protein as that found in the normal 
preparations (Table IV). Although much of the 
sterol was present in the form of the precursors, 
the total was essentially that of the normal. 
More detailed analyses of several preparations 
showed also that the distribution of the 
individual phospholipids (lecithin, ethanol- 
amine phosphatide etc.) was unchanged as was 
the cerebroside-sulfatide ratio. Also normal 
proportions of galactolipid and phospholipid 
were obtained from one preparation of myelin 
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TABLE IV 

Class Composi t ion of Myelin Preparations a 

Phospholipid, Galactolipid, Total sterol, 
% of total lipid % of  total lipid % of  total lipid Protein, 

Preparations -+ SD -+ SD + SD % dry wt b 

Brain Myelin 
Control 53.1 -+ 1.02 25.3 ---0.45 21.2 +0 .77  20.2 
Azasterol 52.9 -+ 0.66 25.5 -- 1.02 21.5 -- 1.00 20.45 
AY 9944 54.9 + 1.01 25.0 -+ 1.37 20.1 -+2.53 19.5 

Spinal cord myelin 
Control 54.3 -+ 1.52 23.4 -+0.30 22.2 -+ 1.62 17.5 
Azasterol 54.5 -+2.70 24.5 -+3.97 21.0 -/- 1.10 17.5 
AY 9944 55.7 -+ 1.95 24.4 ---0.83 19.1 "I-2.13 16.4 

aFigures represent average composi t ions  of three preparations.  
bOne determination.  

f r o m  r a t s  t r e a t e d  w i t h  b o t h  A Y  9 9 4 4  a n d  
a z a s t e r o l ,  a n d ,  as s h o w n  in  T a b l e  III ,  t h e  t o t a l  
s t e ro l  e x p r e s s e d  as pe r  c e n t  d r y  w e i g h t  was  
r e d u c e d  o n l y  s l igh t ly .  I t  a p p e a r e d ,  t h e r e f o r e ,  
t h a t  m y e l i n  c o m p o s i t i o n  is r e l a t i ve l y  f i xed .  

In V i t ro  Studies 

I n  v iew o f  t h e  f i n d i n g  t h a t  t h e  d r u g  f e e d i n g  
r e s u l t e d  in l o w e r e d  m y e l i n  r e c o v e r i e s ,  it  was  o f  
i n t e r e s t  t o  i n v e s t i g a t e  in m o r e  de t a i l  t h e  m e c h a -  
n i s m  fo r  t h e  d e c r e a s e d  m y e l i n  p r o d u c t i o n .  R a t s  
p r e t r e a t e d  w i t h  A Y  9 9 4 4  or  2 0 , 2 5  d i a z a c h o l e s -  
t e ro l ,  2 m g / d o s e ,  o n  t h e  1 9 t h  a n d  2 2 n d  d a y  o f  
age we re  k i l l ed  on  t h e  23 d a y  a n d  b r a i n  a n d  

sp ina l  c o r d  s l ices  were  p r e p a r e d  a n d  i n c u b a t e d  
w i t h  U - 1 4 C - g l u c o s e .  D e t e r m i n a t i o n  o f  t h e  
spec i f i c  a c t i v i t i e s  o f  t h e  t o t a l  l ip ids  a n d  p r o t e i n s  
o f  m y e l i n  i s o l a t e d  a n d  p u r i f i e d  f r o m  t h e  i n c u -  
b a t e d  s l ices  s h o w e d  a d e c r e a s e d  u p t a k e  o f  U-  
14C_g lucose  i n t o  t h e  m y e l i n  c o m p o n e n t s  o f  t h e  
d r u g - t r e a t e d  r a t s  ( T a b l e  V) .  U p t a k e  i n t o  t h e  
m y e l i n  l ip ids  in  t h e  d i f f e r e n t  e x p e r i m e n t s  
r a n g e d  f r o m  6 2 - 9 0 %  o f  n o r m a l  a n d  f r o m  
6 9 - 9 8 %  o f  t h e  n o r m a l  v a l u e s  o f  t h e  p r o t e i n s .  
T h e  r e s p e c t i v e  c o m p o n e n t s  o f  t h e  m i x e d  n o n -  
m y e l i n  m e m b r a n e s  o f  d r u g - t r e a t e d  ra t s  s h o w e d  
in  s o m e  cases  a d e c r e a s e d  u p t a k e ,  b u t  m o r e  
o f t e n  t h i s  w a s  n e a r l y  t h e  s a m e  as t h e  c o n t r o l  

TABLE V 

Uptake of U-14C-Glucose Into Lipids and Proteins of  Myelin and Non-myelin Mixed Membranes a 

Membranes 

Control 

Expt .  No. dpm 

AY 9944 Treated 20,25 Diazacholesterol 

dpm % of  Control dpm % of  Control 

Lipids 
Myelin brain 1 1530 1220 77 1362 89 

2 1630 1162 71 1120 69 
Spinal cord 1 1630 1015 62 1372 84 

2 1445 1298 90 1305 90 

Non-myelin membranes  
Brain 1 2195 2380 108 2180 100 

2 2445 2200 90 2190 90 
Spinal cord 1 4800 3555 74 4520 94 

2 4300 4830 112 4480 104 

Proteins 
Myelin brain 1 485 383 79 367 74 

2 510 351 69 375 73.5 
Spinal cord 1 463 493 98 481 82 

2 447 397 89 402 90 

Non-myelin membranes  
Brain 1 686 675 98 729 106 

2 930 701 75 682 73 
Spinal cord 1 1112 1210 109 1145 103 

2 1260 1090 86 1145 91 

aEach figure represents specific activity of  myelin componen ts  f rom pooled slices of  two rat brains or spinal 
cords. 
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FIG. 1. Uptake of U-14C-glucose into brain myelin components. Each bar represents the average of 
two experiments. PS, phosphatidyl serine; Sphing, sphingomyelin; Lec, lecithin; PE, ethanolamine 
phosphatide, Sulf, cerebroside sulfate; Cereb, eerebroside. 

values, and on the whole, appeared to show 
much less effect from the hypocholesteremic 
agents. 

When the lipid extracts of brain myelin were 
separated into their components by TLC, each 
lipid species of the myelin from drug-treated 
animals showed a specific activity which was 
less than normal (Fig. 1). In the case of the AY 
9944-treated animals, total lipid mixture, pro- 
teins, phosphatidyl serine, sphingomyelin, leci- 
thin, ethanolamine phosphatide and cerebroside 
showed specific activities almost exactly pro- 
portionally decreased, while that of the sul- 
fatide was much lower. The lipids from the 
20,25 diazacholesterol treated myelin showed a 
more irregular pattern, again with the sulfatide 
most affected. 

DISCUSSION 

The drugs appeared to inhibit cholesterol 
synthesis according to their previously pro- 
posed  mechanisms.  The appearance of 
desmosterol in myelin from 20,25 diazacholes- 
terol-treated rats agreed with previous findings 
that this drug inhibits the A24 reductase 

(13,14). AY 9944 has been found to act on an 
enzyme of an alternative reductive pathway, A7 
reductase (15,16), thereby causing 7-dehydro- 
cholesterol to accumulate. Administration of 
both 20,25 diazacholesterol and AY 9944 
partially blocked both pathways and another 
sterol appeared, A5,7,24 cholestatriene-3-/3-ol 
which may be the common precursor of 
desmosterol and 7-dehydrocholesterol (17,18). 
This compound has recently been identified in 
pig tissue from animals treated with both AY 
9944 and 20,25 diazacholesterol (19). 

The precursors appeared to be incorporated 
easily into the myelin membrane, desmosterol 
comprising up to 50% of the total myelin 
sterol. On the other hand, only about 38% of 
the cholesterol was replaceable by 7-dehydro- 
cholesterol. The sum of the A5,7 and the 
A5,7,24 compounds in myelin of rats receiving 
the combined drug treatment was 35.1% in the 
brain and 39.7% in spinal cord, very close to 
the amount of maximum 7-dehydrocholesterol 
replacement. These myelin preparations also 
incorporated additional precursor in the form 
of desmosterol as well as the partially identified 
cholestadienol. These data suggest that the 
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shape of  the  desmos te ro l  molecule  w i th  its 
add i t iona l  doub le  b o n d  only  in the  side chain  
may  pack b e t t e r  in to  the  m e m b r a n e  t h a n  does 
7 -dehydrocho les t e ro l .  Previous resul ts  have 
s h o w n  tha t  desmos te ro l  is also r e t a ined  longer  
in the  myel in  m e m b r a n e  t h a n  is 7 -dehydrocho -  
lesterol  (8). 

A l t h o u g h  no  di f ferences  in b o d y  weight  or 
wet  weight  of b ra in  and  spinal cords  could  be  
f o u n d  at the  t ime  of  au topsy ,  m u c h  less mye l in  
was recovered f rom the  bra ins  and  spinal  cords 
of  drug-fed animals ,  in some cases as l i t t le  as 
60% of  the  n o r m a l  a m o u n t .  In the  case of  the  
ra ts  on  the  c o m b i n e d  drug t r e a t m e n t ,  on ly  53% 
of  the  n o r m a l  a m o u n t  of myel in  was o b t a i n e d  
f rom the  brains ,  a l t h o u g h  89% was recoverable  
f rom the  spinal  cords.  This mye l in  was no rma l  
in appea rance  w h e n  viewed by  the  e lec t ron  
microscope .  

The  mye l in  t h a t  was o b t a i n e d  f rom the  
drug- t rea ted  animals ,  however ,  was shown  to 
have a lmost  exact ly  the  same chemica l  compo-  
s i t ion as the  l i t t e r m a t e  cont ro ls .  A l t h o u g h  
slightly lower  a m o u n t s  of  to t a l  s terols  were 
ob t a ined  in spinal  cord  mye l in  f r o m  AY 
9944- t r ea t ed  rats ,  th is  was variable  in the  th ree  
ba t ches  and  the  s tat is t ical  t r e a t m e n t  showed  no  
s ignif icant  d i f ference .  

The  drug- induced  choles te ro l  def ic iency  
decreased the  u p t a k e  of  U-14C-glucose in to  
myel in  c o m p o n e n t s  by  a m o u n t s  ranging  f rom 
44-90% of normal .  The  to ta l  l ipid was 
decreased a lmos t  p r o p o r t i o n a t e l y  to  the  myel in  
p ro t e in ,  while the  sul fa t ide  i n c o r p o r a t i o n  was 
r educed  by  a larger a m o u n t .  

The  poss ibi l i ty  exists t ha t  the  drugs 
exer ted  a direct  tox ic  effect  on  the  ne rvous  tis- 
sue to  inh ib i t  mye l in  synthesis .  In  one  experi-  
m e n t  where  the  ra ts  were no t  p re t r ea t ed ,  bu t  
the  drugs p u t  d i rect ly  in to  the  i n c u b a t i o n  
med ium,  the re  was no  effect  on  the  incorpo-  
r a t i on  of U-14C-glucose in to  the  myel in .  Pre- 
t r e a t m e n t  of  the  an imals  for  a few days was 
f o u n d  to be necessary  for  the  in v i t ro  effects.  
The  in vi t ro effects  were bes t  seen in y o u n g  
animals  no t  more  t h a n  25 days of  age. The  drug 
ef fec t  was m u c h  more  variable and  some t imes  
ineffect ive  w h e n  30 to  35-day old ra ts  were 
used.  

We p ropose  t ha t  the  i n h i b i t o r y  m e c h a n i s m  is 
med ia t ed  d i rec t ly  by  a s terol  def ic iency.  The  
fac t  t ha t  the  smaller  a m o u n t  of  mye l in  t ha t  was 
f o r m e d  was comple t e ly  n o r m a l  in respect  to  
c o m p o s i t i o n  excep t  for  the  s u b s t i t u t i o n  of  
s terol  precursors  for  a p o r t i o n  of  the  choles- 
terol  ind ica ted  t h a t  the  l ipid i n t e r ac t i ons  
i n h e r e n t  in the  mye l in  m e m b r a n e  are fair ly 
rigid. I t  is we l l -known t h a t  cho les te ro l  can com- 
plex w i th  phospho l ip id s  and  sphingol ip ids  

(6 ,20) ,  and  the  role  of  choles te ro l  in  mem-  
b ranes  has  been  exp lo red  (21) .  There  is no t  suf- 
f ic ient  choles tero l  in mye l in  to  comp lex  wi th  
all t he  phospho l ip id  and  sphingol ip id  on  a 1:1 
basis,  and  it has  n o t  b e e n  possible  f r o m  these  
e x p e r i m e n t s  to  d e t e r m i n e  w h e t h e r  cer ta in  l ipids 
migh t  be  present  in an  u n c o m p l e x e d  form.  The  
data ,  o n  the  o t h e r  h a n d ,  ind ica te  a pro- 
p o r t i o n a t e  decrease in the  l ipid assembly  on  to  
the  m e m b r a n e  a p p r o x i m a t e l y  equal  to  the  
decrease  of s terol  i nco rpo ra t i on .  I t  is p roposed ,  
t he re fo re ,  t ha t  all l ipids mus t  be available in a 
f ixed ra t io  before  mye l in  synthes is  can  occur  
and  w h e n  one c o m p o n e n t  is l imi ted ,  synthes is  
of  the  whole  complex  is also l imi ted  by  this  
a m o u n t .  The  p ro te in  a p p a r e n t l y  par t ic ipa tes  in 
these  in te rac t ions  also. 

The  up take  of  U-14C-glucose i n to  non-  
mye l in  m e m b r a n e s  of  bra in  and  spinal  cord  
showed  occasional  decreases in the  drug t r ea ted  
animals ,  bu t  on  the  whole ,  were m u c h  less 
a f fec ted .  There  are several exp lana t ions  for  this. 
These  m e m b r a n e s ,  t h o u g h  still increas ing in 
a m o u n t ,  are no t  be ing  syn thes ized  as rapid ly  as 
m y e l i n  at the  par t i cu la r  age used. F u r t h e r m o r e  
these  m e m b r a n e s  con t a in  a b o u t  14% sterol,  less 
t h a n  the  20% f o u n d  in the  myel in ,  the re fo re ,  
t hey  may  be less d e p e n d e n t  on  a supply  of  
sterol .  I t  is also possible  t ha t  because  of  a looser  
t y p e  of  molecu la r  s t ruc ture ,  t he  in ter -  
dependenc i e s  of the  var ious lipids and  pro te ins  
in  m e m b r a n e s  o the r  t h a n  mye l in  are less strict .  
T he  h igher  me tabo l i c  act ivi ty  of  th is  mem-  
b r a n o u s  f rac t ion  suppor t s  th is  idea. F u r t h e r  
s t udy  of  this  f rac t ion  is necessary before  con-  
c lusions  can be made  regarding the  b iosyn thes i s  
of  its c o m p o n e n t s .  
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Cyanolipids of Koelreuteria paniculata Laxm. Seed Oil 1 

K. L. MIKOLAJCZAK, C.R. SMITH, JR., and L.W. TJARKS, 
Northern Regional Research Laboratory 2, Peoria, Illinois 61604 

ABSTRACT 

K o e l r e u t e r i a  pan i cu la ta  Laxm. 
(Sapindaceae) seed oil is a mixture of 
cyanolipids (42%) and ordinary trigly- 
cerides. The cyanolipid portion contains 
two classes of components. One of these 
(25% of the oil) is a mixture of diesters 
composed of two fatty acid moieties (pre- 
dominantly C18 and C20 monoenoic) 
esterified with an unsaturated five-carbon 
d i h y d r o x y n i t r i l e  (1-cyano-2-hydroxy- 
methylprop-l-ene-3-ol). The other class 
(17% of the oil) consists of cyanolipids 
having one fatty acid moiety (pre- 
dominantly C20 monoenoic) esterified 
w i th  1 - cyano-2-methylprop- 1-ene-3-ol. 
Monoesters based on this same hydroxy- 
nitrile were previously isolated from 
Stocksia brahuica seed oil and character- 
ized. Hydrogenation of the diesters was 
accompanied by varying degrees of 
hydrogenolysis of the ester groups. The 
hydrogenated diester was reduced with 
lithium borohydride and the dihydroxy- 
nitrile portion was isolated. Acetolysis of 
the hydrogenated diester in glacial acetic 
acid with sulfuric acid catalyst yielded an 
acetylated ")'-lactone. The double bond of 
the dihydroxynitrile moiety in the diester 
does not react with bromine in carbon 
tetrachloride. 

INTRODUCTION 

Cyanolipids were first reported to occur in 
Schleichera trijuga (Sapindaceae) seed oil (I-4), 
but the structure of these particular lipids has 
not been elucidated. A cyanogenetic lipid was 
recently isolated from Cordia verbenacea 
(Boraginaceae) seed oil and has been character- 
ized (5,6) as a diester containing two fatty acid 
moieties esterified with 1-cyano-2-hydroxy- 
methylprop-2-ene-l-ol. Another cyanolipid, 
which contains one fatty acid esterified with 
1-cyano-2-methylprop-l-ene-3-ol, has been iso- 
lated from Stocksia brahuica (Sapindaceae) 
seed oil (7). Significantly, these cyanolipids are 
major constituents of the seed oils (35%) and 

1presented at the AOCS Meeting, New Orleans, 
April 1970. 

2No. Utiliz. Res. Dev. Div., ARS, USDA. 

the hydroxynitrile portion of both types of 
esters is isoprenoid in nature. 

We now wish to report the isolation and 
identification of two cyanolipid fractions from 
Koelreuteria paniculata Laxm. (Sapindaceae) 
seed oil. One of these fractions is a mixture of 
diesters containing two fatty acid moieties 
esterified with an isoprenoid dihydroxynitrile; 
they have the structure designated eLF-1 
(cyanolipid fraction-l) in Figure 1. The other 
fraction (eLF-2) is comprised of monoesters 
whose hydroxynitrile moiety is identical with 
that of the cyanolipid isolated from Stocksia 
oil. Although both eLF-1 and CLF-2 are mix- 
tures, the individual components differ only in 
fatty acid composition; therefore each fraction 
is treated as if it were homogeneous. 

EXPERIMENTAL PROCEDURES 

Spectrometry 

Infrared (IR) spectra were determined with a 
Perkin-Elmer Model 137 spectrophotometer on 
1% solutions in CHC13. Nuclear magnetic 
resonance (NMR) spectra were obtained with a 
Varian HA-100 spectrometer; CDC13 or a mix- 
ture of CDC13 and C6D 6 (10:1) were the sol- 
vents used. Chemical shifts were measured from 
internal tetramethylsilane (r 10.0). Mass 
sl~ectral analyses were done on a Nuclide 
1290-G instrument. A Beckman DK-2A 
spectrophotometer was used to determine the 
ultraviolet (UV) spectra. 

Oil Recovery and Methyl Ester Formation 

Oil was recovered from finely ground seeds 
by a 12-hr extraction with petroleum ether (bp 
30-60 C) in a Soxhlet apparatus. Methyl esters 
were prepared from the oil and from eLF-1 and 
eLF-2 by refluxing them for 3 hr with 3% 
H2SO 4 in methanol. The esters were recovered 
by ether extraction. 

Gas Liquid and Thin Layer Chromatography 

Analyses of methyl ester samples by gas 
liquid chromatography (GLC) were performed 
essentially as described by Miwa et al. (8). 
Direct GLC analysis of triglycerides and eLF 
was achieved with an F&M Model 5750 chro- 
matograph equipped with hydrogen flame 
detectors. The column (0.3 cm O.D. x 19.7 cm, 
stainless steel) was packed with 3% OV-1 on 
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Gas-Chrom Q (Applied Science Laboratories, 
Inc.) and the temperature was programmed 
from 150 to 400 C at 4 deg/min. Helium was 
the carrier gas. 

Analytical thin layer chromatography (TLC) 
was done on 0.25-ram layers of Silica Gel G. 
The developing solvents varied and will be 
described below. Spots were detected by 
treating developed plates first with iodine vapor 
and then by spraying the plates with a saturated 
solution of CrO 3 in 50% aqueous H2SO 4 and 
charring them for 45 min at 120-130 C. Prepar- 
ative TLC involved l-mm Silica Gel G layers 
developed with an appropriate solvent system. 
Sample bands were visualized by viewing 
developed plates over an incandescent light in a 
darkened room. This method is suitable for 
major components on heavily loaded plates, 
and eliminates possible contamination of the 
sample with spray reagents. Desired compo- 
nents were recovered from the silica by stand- 
ard procedures. 

Formation and Detection of HCN 

Lipid material to be tested (75-100 mg) for 
formation of HCN was placed in a test tube 
with 1 ml of dilute NaOH or H 2 SO 4. A strip of 
filter paper dipped in an alkaline sodium picrate 
solution (0.5%) was partially dried and was 
then suspended over the mixture in the stop- 
pered test tube. The test tube and contents 
were warmed at 35-50 C for 0.5-1 hr. A positive 
test is indicated by a color change of the filter 
paper from yellow to brick red (9). 

Bromination Reaction 

A 0.040-g sample of CLF-1 (Fig. 1) dissolved 
in 2 ml of CC14 was treated dropwise with Br 2 
in CC14 until color persisted in the solution. 
After the solution stood for 1 hr, the solvent 
and excess Br 2 were blown off with a stream of 
nitrogen. The residue was placed in an evac- 
uated desiccator for 4 hr; yield, 0.061 g. This 
entire process was repeated; yield, 0.061 g. 

Hydrogenation of eLF-1 

To obtain hydrogenated CLF-1 (I, Figure 1) 
containing less than 10% of the partial hydro- 
genolysis product II, it was necessary to hydro- 
genate small samples (ca. 40 rag) in hexane (10 
ml) with 5 mg of palladium-on-carbon (10%) 
catalyst. The reaction was essentially complete 
in 15-20 rain at room temperature and atmos- 
pheric pressure. Hydrogenations were done 
repeatedly until the desired amount of hydro- 
genated product was obtained. 

LiBH 4 Reduction of Hydrogenated CLF-1 (I) 

Crude hydrogenated material (I, 0 .370g,  
c o n t a i n i n g  s o m e  partial hydrogenolysis 

R-C-O-CH2-C=CH-C~N 
II I 
o CH2-O-C-R 

il 
0 

CLF-1 
~ H2/Pd 

R--C-O-CH2-CH-CH2-C-- N Li6H4= 
rl I 
0 CH2-O-C-R 

II \ HOAc 
0 ~ S 0 4 1  

A-C-O-CH2-CH-CH2-C-N \ 

0 CH3 ~ ' ~  
1] 
+ 

Fatty Acids 

HO-CH2-CH-CH2-C~N 

CH20H 
In 
+ 

HO-- CH2--~H-CH2-CH2--NH~ 

CH 2 OH 
[][ 

+ Fatty Alcohols 
CH2--O-Ac 

CH-CH 2 
I I + Fatty Acids 
C~C----O 

R-C-O-CH2-C=CH-C~N 
II I 
0 CH 3 

CLF-2 

FIG. 1. Diagram of structures and reactions. R = 
fatty acyl groups-dienoic, monoenoic or saturated; 
CLF = cyanolipid fraction. 

product) in 10 ml of dry ether was added 
slowly and with stirring to 100 ml of dry ether 
saturated with LiBH 4. The resulting mixture 
was stirred for 16 hr under a reflux condenser 
fitted with a drying tube and then was re fluxed 
in a warm water bath for 5.5 hr. Excess LiBH 4 
was destroyed by cautious dropwise addition of 
2N HC1 to the stirred mixture. Then the acid- 
ified solution was extracted with ether and this 
extract was washed six times with water. The 
fatty alcohols remained in the ether phase. Re- 
extraction of the combined aqueous washes 
with ether afforded the short chain reduction 
product III; yield, 0.006 g. Because this yield 
was poor, the original acidic aqueous phase 
from the reduction was concentrated to about 
15 ml, basified with NaOH, and extracted 
thoroughly with ether and chloroform. Another 
0.008 g of product (IV) was secured. 

Acetolysis of Hydrogenated CLF-1 (I) 

A sample of hydrogenated CLF-1 (I, 
0 .236g) which contained only 10-15% of 
partially hydrogenolyzed material (II) was 
treated for 5 hr at slow reflux with 15 ml of 
glacial acetic acid containing 0.2 ml of concen- 
trated H2SO 4. The cooled solution was diluted 
with water, and all the products were extracted 
into ether. The ether extract was washed 
repeatedly with saturated NaHCO 3 solution; 
since the 7-1actone acetate (V) is quite water 
soluble, it was washed out of the ether extract. 
These washes were added to the original 
aqueous phase. Solid NaHCO 3 was added to the 
combined aqueous solutions to neutralize 
residual acetic acid. Extraction of the resulting 
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basic solution with ether yielded 0.021 g of 
product containing the 7-1actone acetate (V). 
Essentially all the fatty acids remained in the 
first ether extract. 

RESULTS AND DISCUSSION 

Analysis and Fractionation of K. paniculata Seed Oil 

IR analysis of this seed oil revealed a nitrile 
absorption band (2230 cm-1) of moderate 
intensity and weak unassigned bands at 965 and 
1030 cm-1 in addition to bands normally found 
in spectra of triglycerides. Treatment of the oil 
with dilute base or acid failed to generate HCN 
as shown by negative picrate tests (9). The oil, 
when analyzed by TLC with an ether-hexane 
(1:3) solvent system, gave a spot associated 
with ordinary triglycerides at Rf 0.79 and two 
other major spots at Rf 0.54 and 0.45. These 
two spots were due to the cyanolipids desig- 
nated CLF-1 (Rf 0.54) and CLF-2 (Rf 0.45). 

Temperature-programmed GLC analysis of 
Koelreuteria oil revealed three groups of homo- 
logous constituents. The first set of peaks to 
emerge from the column appeared at 208, 223 
and 234 C; the 223 C peak accounted for more 
than 95% of the total of these three. A second 
set of three unidentified peaks had retention 
characteristics (308, 316 and 324 C) similar to 
those of the nitrile diesters from Cordia oil (5). 
The third set of peaks on the chromatogram 
emerged between 350 and 382 C, and these are 
the normal triglyceride components of the seed 
oil. 

GLC analysis of methyl esters derived by 
methanolysis of Koelreuteria oil ga~ce the fol- 
lowing composition: C 16:0, 5%; C 16: 1, Trace; 
C18:0 , 1%; C18:1 , 34%; C18:2 , 10%; C18:3 , 
3%; C 20:0, 2%; C 2o : 1,44%; C 20 : 2, Trace; and 
C22:1 , 1%. 

A number of attempts to separate the trigly- 
cerides from the unusual components by 
column chromatography resulted in a concen- 
trate which, at best, contained about 80% 
cyanolipids (CLF-1 plus CLF-2) and 20% tri- 
glycerides. However, we found that preparative 
TLC plates could be loaded with up to 200 mg 
of oil and that the resolution was sufficient 
with ether-hexane (1:2) to give fractions of 
about 95% purity. The more mobile (Rf 0.54) 
of the unusual components (CLF-1) was 
recovered in 25% yield from the oil; the other 
component (CLF-2) was recovered in 17% 
yield. 

Analysis of CLF-1 and Hydrogenated CLF-1 (I) 

The IR spectrum of CLF-1 showed a 
medium intensity nitrile band (2230 cm-1), a 
strong ester carbonyl band (1740 cm-t),  and a 

weak unassigned band at 1010 cm -1. CLF-1 
appeared to be optically inactive since it gave 
no rotation (in hexane) at the sodium D-line 
with a visual polarimeter. Mass spectral data 
indicated that the most abundant molecular 
ions were m/e 641, 669 and 697, and also that 
the m/e 669 peak was by far the largest of the 
three. This molecular weight range implies that 
two fatty acid moieties are associated with each 
molecule of CLF-1. Methanolysis of CLF-1 gave 
a methyl ester mixture of the following compo- 
sition (by GLC): C 1 6 : 0 ,  6%; C 1 8 : 0 ,  1%; C l 8:1, 
24%;C18:2 ,6%;C18:3  , 1%;C2o:o ,3%;C2o:1 , 
55%; C20:2, 1%; C22:0 , Trace; and C22:1 , 3%. 
The conclusion that CLF-1 is a mixture of 
diesters is supported by its GLC characteristics 
since it gives peaks that correspond closely to 
those observed for the Cordia diesters (5,6). 
Evidence that CLF-1 contained one nitrogen 
atom per molecule (assuming a mean mol wt of 
669) was supplied by the Kjeldahl determi- 
nation, which indicated 2.1% of nitrogen. 

The UV spectrum of CLF-1 in cyclohexane 
had an inflection point at 208 mbt, e = 14,340 
(tool wt = 669). This absorption compares with 
that observed for the Stocksia cyanolipid (7) at 
208 m/a, e = 13,070. The presence of a double 
bond conjugated with the nitrile grouping is 
thereby established (10). A conjugated nitrile 
structure is also indicated by a large decrease in 
the intensity of the IR nitrile band and a shift 
in its position (11) from 2230 cm -1 to 2240 
cm -1 upon hydrogenation of CLF-1. The 
hydrogenated material (I) shows no UV 
absorption maximum. 

Hydrogenation uptake was erratic and 
depended on the amount of hydrogenolysis 
that occurred. The hydrogenolysis product (II) 
could not be separated by preparative TLC 
from hydrogenated CLF-1 (I), but the amount 
of II could be kept to a minimum by hydro- 
genating less than 0.040 g of sample at a time. 
When samples larger than 0.040 g were hydro- 
genated, the amount of hydrogenolysis product 
increased, but the yield was not reproducible. 
Analytical TLC and IR were used to estimate 
the degree of hydrogenolysis. 

NMR Spectra of CLF-1 and Hydrogenated CLF-1 11) 

The NMR spectrum of CLF-1 in CDC1 a is 
shown in Figure 2. Signals due to protons of 
the fatty acid R groups are observed at ~- 9.13 
(terminal methyl), T 8.74 (shielded methyl- 
enes), 7- 8.38 (3 to carbonyl), 7" 8.05 (a to 
double bonds), ~- 7.64 (0~ to carbonyl), and ~" 
4.68 (vinyl). Methylene protons H b and Hc, 
which are adjacent to the oxygen atoms of the 
dihydroxynitrile moiety, give the two signals at 
r 5.32 and 5.13. This difference in shielding is 
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caused by the stereochemistry of the methylene 
groups; one of them is cis to the nitrfle 
grouping and the other is trans (Fig. 2). As a 
result of this stereochemical difference between 
the two methylene groups, the protons of one 
group couple more strongly with the vinyl pro- 
ton (r  4.45) than do protons of the other 
methylene group. This unequal coupling 
explains the appearance of one signal as a 
doublet and the other as an apparent singlet. 
Irradiation of the 7- 5.32 signal (inset A) col- 
lapses the vinyl proton signal to a singlet. Inset 
B shows reduction of the 7- 5.32 signal to a 
singlet by irradiation of the vinyl proton signal. 
Integration indicates one vinyl proton, four 
methylene protons adjacent to oxygen and four 
methylene protons adjacent to carbonyl groups. 
Long range coupling, which is not apparent 
from Figure 2, also occurs between protons H b 
and H e . This extremely small coupling (less 
than 0.5 Hz) can be detected when the 7- 5.32 
and 5.13 signals are amplified and displayed on 
a 250 Hz sweep spectrum. 

These NMR data, coupled with the mass 
spectral data and the GLC composition of 
methyl esters derived from CLF-1, indicate that 
CLF-1 has the structure shown in Figure 1. 
From this combination of results, it can now be 
seen that the molecular ions observed in the 
mass spectrum at m/e 641,669 and 697 are due 
to a dihydroxynitrile moiety esterified with 
two C18 monoenes (641), a C18 and a C20 
monoene (669), and two C20 monoenes (697), 
respectively. 

Hydrogenated CLF-1 (I, FIG. 1) in CDC13 
was also analyzed by NMR. The distinguishing 
features of this spectrum were a pair of over- 
lapping doublets (J = 2 Hz) with chemical shifts 
of 7- 5.87 and 5.92 and a rough doublet (J = 1.5 
Hz) at 7- 7.57. The signals at r 5.87 and 5.92 are 
due to the protons of the two methylene 
groups adjacent to oxygen atoms in I. This dif- 
ference in shielding of the two methylene 
groups can be explained by the possible pre- 
dominance of a conformational rotamer of I in 
which the nitrile grouping is considerably closer 
to one methylene than to the other. The 7- 7.57 
band is assigned to protons of the methylene 
group bearing the cyano function. All three sig- 
nals (7- 5.87, 5.92 and 7.57) show evidence of 
fine structure, which indicates that long range 
coupling (J is very small) occurs between these 
two types of methylene protons. 

The 7- 7.57 peak is sharpened somewhat by 
irradiation of the 7- 5.9 region. Irradiation near 
7- 7.57 collapses the downfield pair of doublets 
to singlets at 7- 5.88 and 5.91. Since their signals 
overlap, the protons of the methylene adjacent 
to the cyano group, as well as the methine pro- 

] H~A, R--C--0-~\ _/lta 
R-C-O~C,/,C-C\c--N 

g Hc He 
CLF-1 

H~ Hb+Hc 

4.454.68 5.135,32 7.64 8.05 8.38 8.74 9.13 

I I ' ~ I  I , I I , lO 
4 5 7 "r 8 9 1 

FIG. 2. 100 MHz NMR spectrum of Koelreuteria 
paniculata cyanolipid CLF-1 in CDC13. Insets A and 
B: Portions of decoupled spectra; asterisks mark 
points of irradiation. 

ton, are irradiated by this technique. Pre- 
sumably a complex methine proton signal is 
obscured by the ~- 7.57 signal and the resonance 
at T 7.72 due to protons of the methylene 
groups adjacent to the ester carbonyl groups. 
These observations are consistent with structure 
I. A small amount of II was also present 
because a very weak methyl proton doublet was 
detected at r 8.90. 

Acetolysis of Hydrogenated CLF-1 (I) 

Strong 3'-lactone absorption (1775 cm-l) ,  
ester carbonyl absorption (1740 cm-1 ), and ace- 
tate absorption (1370 and 1020 cm -1) were 
observed in the IR spectrum of the product 
derived by acetolysis of hydrogenated CLF-1. 
TLC of the product with methanol-chloroform 
(2:98) indicated that it contained one major 
component,  Rf 0.38, and two minor compo- 
nents, Rf 0.17 and 0.88. Preparative TLC gave 
three fractions, and IR analysis of the Rf 0.38 
band revealed that it was the 7qactone acetate, 
V. The remaining two bands, while not isolated 
in quantities large enough to analyze, are 
probably the corresponding nonacetylated 7- 
lactone (Rf 0.17) and a 7-1actone with a methyl 
group in place of the -CH2OH group (Rf 0.88). 
The latter compound i s t h e  result of contami- 
nation of I with II. 

The NMR spectrum of V (Fig. 1) from 
preparative TLC showed a sharp singlet (3H) at 
7- 7.96 due to acetate methyl protons. Two sets 
of partially overlapped signals occur in the r 
7.0-7.8 region. These can be separated into an 
eight line pattern centered at 7- 7.52 and attri- 
butable to nonequivalent protons of the 
methylene group adjacent to the carbonyl, and 
a complex series of bands due to the methine 
proton centered near 7- 7.2. The eight line 
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pattern is the AB portion (JAB = 17 Hz) of an 
ABX-type system. Protons of the methylene 
adjacent to the ring oxygen similarly give an 
eight line (JAB = 10 Hz) pattern centered at r 
5.76. A doublet (J = 4.5 Hz) at r 5.92, which is 
superimposed on this eight line pattern, is 
assigned to protons of the methylene group 
attached to the acetate oxygen atom. Inte- 
gration reveals that the eight line pattern at T 
5.76, plus the doublet at ~- 5.92, is equivalent to 
four protons and that the signals in the ~" 
7.0-7.8 region are equivalent to three protons. 
When the methine proton signal is irradiated, 
the downfield signals are reduced to an AB 
quartet (J = 10 Hz) at r 5.73 and a singlet at r 
5.89. 

The acetolysis of CLF-1 was not attempted 
because double bond migration would probably 
result in an inseparable mixture of products (7). 

LiBH 4 Reduction of Hydrogenated CLF-1 11) 

IR analysis of the fatty alcohol portion of 
the reduction products indicated that about 
30% of the original ester groupings had not 
b e e n  reduced; this observation partially 
accounts for the poor yield of short chain 
products. The hydroxynitrile portion isolated 
(III, Fig. 1) showed strong hydroxyl (3700 
cm-I ) and medium intensity nitrile (2260 cm-1 ) 
absorption in the IR (in CHC13). The NMR 
spectrum of III demonstrated that it was a mix- 
ture because a methyl proton doublet was 
observed at r 8.95. This signal was due to the 
monohydroxynitri le formed by reduction of 
some partially hydrogenolyzed material (II) 
present as an impurity in I. Other NMR signals 
were observed at r 7.96 (methine), r 7.60 
(methylene adjacent to cyano group), r 6.72 
(probably hydroxyls), and r 6.46 (methylenes 
adjacent to oxygen). This spectrum appears to 
be consistent with a mixture of III and the cor- 
responding nitrile with one -CH2OH group 
replaced by a methyl group. TLC on silica gel 
with methanol-chloroform (1:3) also indicated 
that two major components were present, Rf 
0.36 and 0.62. 

The second short chain product isolated 
from the borohydride reduction had a strong 
aminelike odor presumably due to IV. Its IR 
spectrum showed hydroxyl (3700 cm -1) and 
weak nitrile (2260 cm -1) absorption, as well as 
bands at 1605, 1580 and 1055 cm-1 which may 
represent the amino group (12). Broad non- 
descript maxima appeared in the 3000-3500 
cm- 1 region. 

TLC analysis [methanol-chloroform (1:3)] 
of this amine fraction reveals two major compo- 
nents, which are probably IV and the cor- 
responding amine derived from II. Two minor 

components, which have the same Rf as the 
two nitriles described above, are also present. 

Reportedly, LiBH 4 reduces ester linkages 
(13) while leaving nitrile groups intact (14). 
The  cyanolipid from Stocksia (7) was 
apparently reduced in accordance with these 
generalizations. Comparable treatment of 
Koelreuteria CLF-1, however, resulted in some 
reduction of nitrile to amino groups. 

Complete Hydrogenolysis of CLF-1 

Isoamyl amine was isolated in reasonable 
yield by hydrogenolysis of the Stocksia cyano- 
lipid with Adams catalyst (7). When applied to 
Koelreuteria CLF-1 however, this reaction 
yielded hydrogenated material (I), some partial 
hydrogenolysis product (II) by loss of one 
acyloxy group, but no detectable amount of 
isoamyl amine. Apparently neither the hydro- 
genated material nor the partial hydrogenolysis 
product undergoes further hydrogenolysis. 

Bromination of CLF-1 

CLF-1 consumed 2.2 mole equivalents of 
Br 2 (assuming mean mol wt = 669). The NMR 
spectrum of the product, however, indicated 
that the double bond of the dihydroxynitrile 
portion of CLF-1 was unaltered. The chemical 
shifts and multiplicities of signals were precisely 
as they had been in the starting material. Only 
the signal due to fatty acid vinyl protons 
changed; it became a pair of triplets at r 5.76 
and 5.88 (each 2H) instead of one 4H triplet at 
r 4.68 (Fig. 2). 

The double bond of the Cordia dihydroxy- 
nitrile moiety, which was terminal and noncon- 
jugated, took up bromine readily (6). Evidently 
the failure of the Koelreuteria double bond to 
react must be at least partially due to the elec- 
tron-withdrawing effect of the nitrile grouping 
in conjugation with the double bond. Com- 
pounds having a double bond conjugated with 
an electron-withdrawing substituent show 
diminished reactivity toward Br 2 in CC14 
(15,16) and sometimes even toward Br 2 in 
acetic acid (16,17). 

Analysis and Identification of CLF-2 

The IR spectrum of CLF-2 revealed strong 
nitrile absorption (2230 cm-1, CHCI3) and was 
superimposable on the IR spectrum of Stocksia 
nitrile (7). UV analysis in cyclohexane gave 
kmax = 208 mp, e = 12,600 (assuming mean 
tool wt = 389) as compared to e = 13,070 for 
the Stocksia cyanolipid. Temperature-program- 
med GLC analysis of CLF-2 revealed that this 
fraction was responsible for the three peaks at 
208, 223 and 234 C seen on the whole oil chro- 
matogram. The major molecular ion was 
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observed in the mass spec t rum of  CLF-2 at m / e  
389;  this corresponds to a hydroxyni t r i l e  
es ter i f ied  with  a C20 monoeno ic  acid. 
Addi t ional  molecular  ions were observed at m/e  
391, 417 and 419 for esters containing C2o:0 , 
C 2 2 : 1  a n d  C 2 2 : 0  a c i d s ,  respectively.  
Methanolysis  of CLF-2 gave a methyl  ester mix- 
ture,  which had the fol lowing composi t ion  by 
GLC: C16:0,  1%; C18:0 ,  Trace; C18:1 , 3%; 
C 1 8 : 2  , 1%; C2o: o, 6%; C2o:1 , 84%; C 2 0 : 2  , 2%; 
C22:o  , 1%; and C22:1 , 2%. 

The NMR spect rum of  CLF-2 (in CDC13) is 
the  most  defini t ive s tructural  evidence. F a t t y  
acid protons  gave signals at 7. 9.14 ( terminal  
methyl ) ,  7" 8.74 (shielded methylenes) ,  7. 8.01 
(a  to double  bonds) ,  7. 7.63 (a to carboxyl) ,  
and 7. 4.68 (vinyl). Signals due to protons  of  the 
hydroxyni t r i l e  moie ty  are observed at 7. 8.09 
(3H, doublet ,  vinyl methyl) ,  r 5.20 (2H, singlet, 
me thy lene  at tached to oxygen) ,  and 7. 4.73 
(1 H, mult iplet ,  vinyl).  Irradiat ion of  this vinyl 
p ro ton  signal reduces the methy l  signal to a 
singlet. By analysis of  CLF-2 in CDC13-C6D 6 
(9:1)  a spectrum is obta ined which is super- 
imposable  on that  repor ted  for the Stocksia 
cyanolipid (7). Thus CLF-2 has the s t ructure  
depicted in the lower  segment  of  Figure 1. 

Additional Considerations 

The nitrile por t ions  of  the cyanolipids iso- 
lated thus far (5-7) are related since all are iso- 
prenoid.  Differences occur  in the posi t ioning of  
the  double bond and in the number  and points  
of  a t tachment  of  acy loxy  groups which 
incorpora te  fa t ty  acid moieties.  Koelreuteria oil 
is the only one shown to conta in  more  than one 
of  these novel cyanolipids.  As we suggested pre- 
viously,  the d imethy l  acetal isolated f rom 
Cardiospermum halicacabum mixed methy l  
esters by Hopkins  et. al (18) may have been 
derived f rom a cyanol ipid  related to the  ones 
we have isolated (6,7).  Similarly, the unusual  
lipids of  S. trijuga seed oil (1-4) may  also be 
related to these cyanolipids.  

Because of  the  isoprenoid nature  of the  
nitrile moie ty ,  and because the biogenet ic  pos- 
sibilities for these cyanolipids are many,  it 
would  be wor thwhi le  to determine how and 
why  some plants produce such large amounts  o f  
these compounds .  Hopkins and Swingle (19)  
repor t  that  a number  of  seed oils of  the  
Sapindaceae ( including Koelreuteria) are rich in 
C20 monoeno ic  fa t ty  acids. 

The cyanol ipid-containing sapindaceous seed 
oils which we have investigated (Koelreuteria 
and Stocksia) also have a high C20 monoene  
content ,  and it seems rather curious that  these 
C20 acids are concen t ra ted  in the cyanol ipid  

ester fractions.  Whereas the whole oil f rom 
Koelreuteria seed contains 44% of the  C2o 
monoeno ic  acid, the tr iglyceride f ract ion has 
only 27% of this acid. In Stocksia oil (which 
contains  41% of C2o monoene ) ,  the  percentage 
of  C2o monoeno ic  acid in the t r iglyceride frac- 
t ion is only 15%. The inference f rom these 
observations is that  sapindaceous seed oils 
having lit t le or no C2o acids (19) would  not  
conta in  cyanolipids to any great extent .  This 
poin t  has not  yet  been shown exper imenta l ly .  

Fur ther  work is being done on the s tructure 
of  sapindaceous cyanolipids and will be 
repor ted  later. 
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Lipoxygenase From Zea mays: 9-D-Hydroperoxy-trans-lO, 
cis-12-Octadecadienoic Acid From Linoleic Acid 
H.W. GARDNER and D. WEISLEDER, 
Northern Regional Research Laboratory 1, Peoria, Illinois 61604 

ABSTRACT 

Lipoxygenase from the germ of corn, 
Zea mays,  oxidized linoleic acid to pri- 
marily 9-D-hydroperoxy-trans-l  O,cis-12- 
octadecadienoic acid. 

INTRODUCTION 

Lipoxygenase (E.C. 1.13.1.13) in corn has 
received limited attention compared to soybean 
tipoxygenase, which has been thoroughly 
investigated. Franke and Frehse (1), Fritz and 
Beevers (2) and Wagenknecht (3) studied 
lipoxygenase activity in corn, but none of them 
characterized the oxidation product. 

Previous work by Gardner (4) has indicated 
that corn lipoxygenase may oxidize linoleic 
acid to one product, 9-hydroperoxyoctadeca- 
dienoic acid. He found a sequential enzyme 
system in corn germ extracts, which initiated 
with the oxidation of linoleic acid by l ipoxy-  
genase and terminated with the formation of 
9-hydroxy-10-oxo-cis-12-octadecenoic acid and 
9 - ( c is- 9 ,cis- 12-octadecadienoyl)- 10-oxo-cis- 12- 
o c t a d e c e n o i c  acid. The substitution of 
hydroxyl at the 9-carbon and the cis-12 unsatu- 
ration indicated a 9-hydroperoxidation as the 
intermediate step. We report here a more con- 
clusive proof that the predominant product of 
lipoxygenase activity in corn is 9-hydroperoxy- 
octadecadienoic acid. We also demonstrate that 
the product is trans-lO,cis-12, and that the 
asymmetric 9-carbon has a D-optical configu- 
ration. 

METHODS 

Oxidation of Linoleic Acid 

A lipoxygenase activity was partially 
purified from corn germ. The germ was hand- 
dissected from a commercial hybrid dent corn, 
which was air-dried at room temperature after 
harvest and subsequently stored at 1 C. After 
the germ was hexane-defatted by grinding in 
cold hexane, the dried residue was homo- 
genized with 0.1 M phosphate buffer (pH 6.9) 
in the proportion of 7 g/100 ml. The homo- 
genate was centrifuged at 8,000 x g for 15 min 

1 No. Utiliz. Res. Dev. Div., ARS, USDA. 

and the resulting supernatant fractionated with 
(NH4)2SO 4 at 0 C according to the nomogram 
constructed by diJeso (5). The fraction col- 
lected between 42% and 53% (NH4)2SO 4 satu- 
ration contained most of the lipoxygenase 
activity. The precipitate was dissolved in a 
volume of phosphate buffer equivalent to the 
original. 

Linoleic acid (99+% pure from The Hormel 
Institute, Austin, Minn.) was oxidized with the 
purified extract according to a procedure 
described previously (4). Absorption of tile 
reaction solution at 234 nm was monitored 
periodically for conjugated diene. When the 
absorption became relatively constant with 
time (usually 30 to 40 rain), extraction was 
done with chloroform-methanol (2:1). More 
thorough extraction of the fatty acids was 
achieved by acidifying the solution with 1 N 
HC1 to pH 4-5, and was done except where 
noted under Results. 

Preparation of Derivatives 

Linoleic acid hydroperoxide was reduced by 
an equivalent weight of NaBH 4 in 50% 
methanol buffered with 0.05 M potassium 
borate (pH 9). After 1 hr the solution was 
acidified to pH 4-5 and extracted with chloro- 
form; then the extract was washed with water. 

Hydroxyoctadecadienoic acid was methyl 
esterified with diazomethane (6). 

M e t h y l  hydroxyoc tadecad ienoa te  was 
hydrogenated in hexane with H 2 and 10% 
palladium catalyst on charcoal. 

Ch romatography 

Siticic acid columns were prepared as 
described previously (4). The product mixture 
from lipoxygenase oxidation of linoleic acid 
was applied to a column in admixture with 
small amounts of hexane (ca. 10 ml) and silicic 
acid (1.5 g). The column was eluted by a 
combination stepwise-gradient method as out- 
lined by Gardner (4). 

Methyl hydroxyoctadecadienoate was eluted 
from the column by a less polar solvent system 
than above. The mixing chamber was filled with 
70 ml hexane. The reservoir was filled con- 
secutively with 200 ml hexane, 300 ml 10% 
ether, 300 ml 15% ether and 500 ml 20% ether 
in hexane. 
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FIG. 1. Silicic acid column chromatography of products obtained after oxidation of linoleic acid 
by corn lipoxygenase; 390 mg total weight was applied to the column. Ten-milliliter fractions were 
collected. 9-(cis-9,cis-12-Octadecadienoyl)-lO-oxo-cis-12-octadecenoic acid (1) and 9-hydroxy-10-oxo- 
cis-12-octadecenoic acid (2). 

Methyl hydroxystearate was eluted from the 
column with the same system used to separate 
methyl hydroxyoctadecadienoate,  except that 
elution with 200 ml hexane was omitted. 

Products were analyzed by thin layer chro- 
m a t o g r a p h y  (TLC) on analytical plates 
prepared as described by Mangold and Malins 
(7). Fatty acids were separated by development 
with isooctane-ether-acetic acid (50:50: 1), and 
esters with isooctane-ether (60:40). Separations 
of 9- and 13-hydroxy-esters were improved by 
double development. Hydroperoxides were 
detected by a spray composed of KI and starch 
(8). All compounds on the plates were observed 
after charring with a 50% H2SO 4 spray. The 9- 
and 13-hydroxy-esters that were separated by 
TLC were in turn quantitated by densitometry 
according to Downing's method (9). 

Spectral Methods 

Infrared (IR) spectra were recorded with 
Perkin-Elmer Model 621 and 700 spectro- 

meters. Spectra of isolated compounds were 
determined as a 1% solution in both CC14 and 
CS 2 in a 1-mm thick NaC1 cell. 

Proton magnetic resonance (PMR) spectra 
(CDC13) were recorded on a Varian HA-100 
spectrometer. 

The mass spectrum of methyl 9-hydroxy- 
stearate was obtained as described by Dolev et 
al. (10). 

Optical rotations were measured in a 0.2-dm 
cell at 546 nm with a Bendix Model 1100 polar~ 
imeter. 

RESULTS AND DISCUSSION 

Isolation of Hydroperoxyoctadecadienoic Acid 

After oxidation of linoleic acid by corn 
lipoxygenase, the product -hydroperoxyocta-  
decadienoic acid-was isolated by column chro- 
matography (Fig. 1). The hydroperoxide was 
located by the absorption of diene conjugation 
at 234 nm. The molar absorptivity was ca. 

LIPIDS, VOL. 5, NO. 8 



680 H. W. GARDNER AND D. WEISLEDER 

TABLE I 

Column Chromatographic Separation of Products Derived From 
Hydroperoxyoctadecadienoic  Acid by Reduct ion and Esterification 

Compound Weight, % Fract ion number a 

Methyl hydroxyoctadecadienoat  e 91.8 75-107 
13-hydroxy-c is ,  trans b 1.5 ) 75- 83 

9-hydroxy-cis ,  transb, c 93.6 ~ 100 75-107 
9-h y dr o x y-trans, trans b 4.9 85-107 

Other products  8.2 --- 

aWhen compounds were not completely separated by column chromatography, the ex- 
tent of overlapping fractions was estimated by thin layer chromatography (TLC). 

bpercentage determined by TLC densitometry after double development of the plates. 
CThe 9-hydroxy-cis, trans isomer may be mixed with a small amount of 13-hydroxy- 

trans, trans i somer.  

25,000, which is the value expected based on 
the published absorptivity of linoleic acid 
hydroperoxide (11). TLC analyses of individual 
fractions from the peak (fractions 37-61) 
resulted in the migration of one spot (Rf = 
0.40), which was highly reactive to the per- 
oxide-sensitive spray composed of KI and 
starch. 

Other compounds eluting from the column 
were small amounts of 9-hydroxy-lO-oxo-cis-  
12-octadecenoic acid and 9-(cis-9,cis-12-octa- 
d e cadienoyl)-I O-oxo-cis-12-octadecenoic acid 
(4). 

Isolation of Methyl Hydroxyoctadecadienoatus 
M e t h y l  h y d r o x y o c t a d e c a d i e n o a t e  was 

synthesized from the hydroperoxyoctadeca- 
dienoic acid. Fractions 37 to 61 (Fig. 1) were 
reduced to the corresponding hydroxy-acid 
with NaBH 4. The reduction product was 
methyl esterified with diazomethane. 

The methyl hydroxyoctadecadienoate was 
isolated by column chromatography. Other 
components eluting from the column amounted 
to 8.2% of the total. An IR spectrum of the 
i s o l a t e d  hydroxyoctadecadienoate showed 
absorption peaks at 3620, 950 and 985 cm -1 
characteristic of a cis, trans conjugated dienol 
(12). Also indicative of  a conjugated dienol was 
strong ultraviolet (UV) absorption at ~kma x 
233-4 nm. 

The hydroxyoctadecadienoate that eluted 
from the column was actually three com- 
ponents, which were barely separable by TLC. 
The percentage of the total and probable 
identity of the three components are given in 
Table I. We confirmed the results of Morris et 
al. (13), who separated the 9- and 13-hydroxy- 
octadecadienoates and slightly resolved the cis, 
trans from the trans, trans isomers by TLC and 
surmised their  identities. However, we 
apparently obtained greater separation of the 

cis, trans from the trans, trans isomer. The upper 
TLC spot (Rf = 0.345) was postulated to be 
methyl 13-hydroxy-cis, trans-octadecadienoate 
since it migrated with the hydroxyoctadeca- 
dienoate prepared from the product of soybean 
lipoxygenase oxidation. The middle spot (Rf = 
0.310) was the major component.  As visualized 
by TLC, this component eluted free of most 
others in a pooled sample of  fractions 80 to 89. 
The pooled sample was primarily methyl 
9 - h y  dro  x y - t r a n s -  10,cis-12-octadecadienoate; 
however, this sample may have been mixed 
with a quantity of the 13-hydroxy-trans, trans 
isomer, which was unresolved by TLC. As 
explained in the following sections, the 
presence of a maximum of 15% to 16% of the 
1 3-hydroxy-trans,  trans-octadecadienoate was 
possible as surmised from the products 
obtained after hydrogenation. Little evidence 
was found of trans, trans absorption by PMR or 
IR spectroscopy. The lower spot (Rf = 0.278) 
appeared to be methyl 9-hydroxy-trans, trans- 
octadecadienoate. IR spectra taken of fractions 
containing a higher percentage of the lower 
TLC spot had an increased ratio in absorption 
of 985 to 950 cm-1 indicative of increased 
admixture of trans, trans with cis, trans. 

Demonstration of 0t,~trans- 
%(%cis Hydroxy-Diene 

The PMR spectrum of methyl 9-hydroxy- 
octadecadienoate (column fractions 80 to 89) 
established that one eis and one trans double 
bond are present and that the trans double 
bond is adjacent to the hydroxyl-bearing car- 
bon atom. Irradiation of carbinol proton H 9 at 
5 4.15 decoupled it from Hto  at 5 5.63 and 
caused the H lo  doublet-split-doublet to 
collapse to a simple doublet with a splitting of 
15.4 Hz, which result is typical of a trans pro- 
ton coupling accross a double bond. Thus the 
double bond adjacent to the hydroxyl carbon is 
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trans. Irradiation of the allylic methylene pro- 
tons H14 at 6 2.18 decoupled HI3 and caused 
the triplet-split-doublet at 6 5.42 to collapse to 
a 10.8 Hz doublet, a value typical of a eis 
double bond coupling. The spectrum is similar 

J12,13=10.8 J10,11=15.4 

J13,14=7.5 Jl1,12=10.8 39,10=6.6 
14 13 12 11 10 9 

2.18 5.42 5.95 6.48 5.63 4.15 

to that found for the methyl ester of coriolic 
acid (14), which has a methyl 13-hydroxy-cis- 
9,trans-ll-octadecadienoate structure. PMR 
data for the corn lipoxygenase product demon- 
strated clearly that the trans double bond was 
adjacent to the oxygenated carbon. Previously 
the trans configuration had been assumed to be 
adjacent to the hydroperoxide group, but other 
investigations with lipoxygenase products did 
not prove this assumption. 

Isolation of Methyl Hydroxystearate 
The entire sample of methyl hydroxyocta- 

decadienoate was pooled for hydrogenation. 
The products, methyl hydroxystearates, were 
isolated by column chromatography between 
fractions 57 and 81. Other products (Table II) 
were  due to hydrogenolysis commonly 
observed in the reduction of activated 
hydroxyls (15). 

Fractions 57 to 81 were composed of 9- and 
13-hydroxystearates (Table II). 9-Hydroxy- 
stearate was clearly the major portion making 
up 83% of the total. As can be surmised from 
Table II, 9- and 13-hydroxystearates were 
obtained pure in selected fractions. 

The IR spectra of the two hydroxystearates 
were identical, except in the region of carbon 
cha in  C-H rock absorptions where the 
13-hydroxystearate absorbed more strongly at 
785 cm-1. 

Proof of the 9-Hydroxyl 
The pure hydroxystearate, isolated from 

fractions 69 to 81, was subjected to mass 
spectral analysis. The fragmentation analysis 
ident iffed the sample as 100% methyl 
9-hydroxystearate. The mass spectrum was 
identical to the one reported by Dolev et al. 
(10) for authentic methyl 9-hydroxystearate. 

Intense mass peaks appeared at 155, 158 and 
187 due to cleavage at the 9-hydroxyl. No mass 
peaks attributable to 13-hydroxyl cleavage 
were found. 

Optical Rotation and Absolute Configuration 
The optical rotation of methyl 9-hydroxy- 

trans-lO,cis-12-octadecadienoate was deter- 
mined. NaBH 4 reduction of the hydroperoxide 
to the hydroxyoctadecadienoate probably 
would not disturb the asymmetric carbon, as 
the mechanism of NaBH 4 reduction of hydro- 
peroxides is undoubtedly a hydride attack of 
the hydroperoxide oxygen. The hydroxyocta- 
decadienoate was as pure as could be acquired 
from the column separation (fractions 80 to 
89), and was determined to be dextrorotatory, 

2s = +5.3 ~ (c , 3.25% hexane). The [ot] 546 
rotation was comparable in direction and 
magnitude to methyl 9-hydroxy-cis,trans-octa- 
decadienoate from Calendula oil, [a] 20 = +3.6 ~ 
(c, 19.4% chloroform) (12) and to methyl 
dimorphecolate, [a]25 = +5 ~ (c, 5.0% chloro- 
form) (16). Inspection of optical rotatory 
dispersion measurements of methyl dimorphe- 
colate in hexane (17) showed that this rotation 
at 546 nm was also similar to the product 
derived from corn lipoxygenase. 

The absolute optical configuration of the 
corn lipoxygenase product, 9-hydroperoxyocta- 
decadienoic acid, was established by deter- 
mining the rotation of its derivative, methyl 
9-hydroxystearate. Baker and Gunstone (18) 
synthesized a stereo-specific 9-D-hydroxy- 
stearate, which was determined to be levorota- 
tory by Schroepfer and Bloch (19). The sample 
of methyl 9-hydroxystearate derived from the 
lipoxygenase product was levorotatory, [a] 5256 
=-0.22 ~ (c, 4.62% methanol). The rotation of 
methyl 9-hydroxystearate obtained from the 
corn lipoxygenase product was similar to those 
o b t a i n e d  from methanolic solutions of 
9-D-hydroxystearate derived from naturally 
occurring oils; Calendula oil ( [ a ] ~ 6 = - 0 . 2 9  to 
-0.32 ~ (12), Strophan thus oil ( [a] ~ ~6 = -0.18 *) 
(19) and Dimorphothecae oil (20). We con- 
cluded the product of corn lipoxygenase is 
9-D-hydroperoxyoctadecadienoic acid. 

The two products of linoleic acid oxidation 
by soybean lipoxygenase, 13-hydroperoxyocta- 
decadienoic and 9-hydroperoxyoctadecadienoic 
acids, reportedly have opposite optical configu- 
rations. Hamberg and Samuelsson (21) showed 
that one of the products was 13-t,-hydro- 
peroxyoctadecadienoic acid. Veldink et al. (22) 
reported that the minor product of soybean 
lipoxygenase oxidation was 9-D-hydroperoxy- 
octadecadienoic acid since the 9-hydroxy- 
stearate derived from the hydroperoxide was 
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TABLE II 

Column Chromatographic Separation of Products Derived From 
Methyl Hydroxyoctadecadienoate by Hydrogenation 

Compound Weight, % Fraction number a 

Methyl hydroxystearate 77 57-81 
13-hydroxy -b 17 "~ 57-67 
9-hydroxy -b 83 ] 100 63-81 

Methyl oxostearate 19 23-34 
Methyl stearate 4 12-17 

aWhen compounds were not completely separated by column chromatography, the ex- 
tent of overlapping fractions was estimated by TLC. 

bpercentage determined by TLC densitometry after double development of the plates. 

levorotatory. Optical activity confirmed the 
enzymic origin of the 9-hydroperoxide in soy- 
bean systems. The 9-hydroperoxide from the 
soybean oxidation appeared to be identical to 
the major product from the corn enzyme. 

Most naturally occurring 9-hydroxyocta- 
decadienoates investigated to this date have 
D-configuration, such as dimorphecolate (20), 
9 - h y d r o x y - e i s ,  trans-octadecadienoate from 
Calendula (12). The finding of a 9-D-specific 
lipoxygenase activity strengthens the arguments 
of Morris et al. (13) and Powell et al. (23), who 
have suggested that the naturally occurring 9- 
and 13-hydroxyoctadecadienoates may be bio- 
synthesized from linoleic acid through the 
action of lipoxygenase. 

Both the D- and L-configurations of 
13-hydroxyoctadecadienoic acid have been 
found in seed oils. D-Coriolic acid occurs in 
Coriaria oil (14) and L-coriolic acid, in Monnina 
oil (24). Although 13-r.-specific lipoxygenase 
activity is known in soybeans, whether there is 
a 13-D-specific lipoxygenase activity remains to 
be demonstrated. 

Further Studies on Positional Specificity 

Although we propose that corn lipoxygenase 
oxygenates the 9-carbon of linoleic acid, Table 
II shows that the 13-carbon is oxygenated 
about 17%. In another study (4) of a series of 
enzyme reactions beginning with corn lipoxy- 
genase, no evidence was found in the product~ 
that a 13-hydroperoxide intermediate existed. 
Transformation of the 9-hydroxyoctadeca- 
dienoate to the 13-hydroxyoctadecadienoate is 
known to occur in acidic media, as well as geo- 
metric isomerization of the eis, trans to trans, 
trans (23). Factors in the work-up of the 
products, including chemical reactions, time 
and silicic acid column separations, could be 
involved in some rearrangement that causes 
interconversion of the 9- to the 13-isomer. 
Autoxidation resulting in 13-carbon substi- 
tution also could occur to a small extent during 

the time of lipoxygenase oxidation, especially 
since the linoleic acid would be exposed to high 
oxygen tension in the presence of hydro- 
peroxide. Zimmerman and Vick (25), reporting 
on the products of flaxseed lipoxygenase, 
discussed the possibility that minor products 
from lipoxygenase oxidations may be due to 
autoxidation. 

In subsequent experiments an attempt was 
made to eliminate suspect factors that might 
lead to rearrangement and racemizations. How- 
ever, artifacts arising from autoxidation could 
not be controlled. After oxidation of linoleic 
acid with corn lipoxygenase, the products were 
extracted without acidification of the reaction 
mixture (pH 6.9). The product mixture was 
immediately reduced with NaBH 4 followed by 
hydrogenation. The reduced mixture was then 
methyl esterified. All reactions were completed 
before any separations were made. Other com- 
ponents in the mixture were sufficiently 
separated by TLC from the hydroxystearates so 
that the percentage of 1 3 - a n d  9-hydroxy- 
stearates could be determined by densitometry 
(13-hydroxystearate Rf = 0.288, 9-hydroxy- 
stearate Rf = 0.241). Separations were im- 
proved further by double development, which 
aided densitometry quantitation. This TLC 
method could prove to be a simple and rapid 
way  to  s u r v e y  v a r i o u s  l ipoxygenase  
preparations for positional specificity. In dupli- 
cate corn-lipoxygenase oxidations 12.2% and 
13.1% 13-hydroxystearates were obtained com- 
pared with 17% from the previous experiment 
(Table II). 

Since the 13-carbon was also oxygenated, 
one must speculate whether the 13-hydroper- 
oxide was formed either as an artifact, or by 
lipoxygenase activity. Nevertheless, an 83% to 
88% yield of the 9-hydroperoxide is indicative 
of a high degree of specificity for 9-carbon oxi- 
dation. Since soybean lipoxygenase is known to 
produce up to 100% of the 13-hydroperoxide 
(10), there are probably at least two types of 
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l i p o x y g e n a s e  a c t i v i t y ,  w h i c h  are  r e s p o n s i b l e  f o r  
p r e f e r e n t i a l  o x i d a t i o n  o f  e i t h e r  t h e  9- o r  13-car-  
b o n .  
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The Positional Distribution of Fatty Acids in the 
Phospholipids and Triglycerides of Mycobacterium 
smegmatis and M. bovis BCG 

R. W. WALKER, H. BARAKAT and J. G. C. HUNG, Institute of Agricultural and 
Industrial Microbiology, Department of Environmental Sciences, University of 
Massachusetts, Amherst, Massachusetts 01002 

ABSTRACT 

Position 1 of the phospholipid and tri- 
glyceride fractions isolated from Myco- 
bacterium smegmatis and M. boris BCG 
was esterified principally with C18 
related fatty acids (18:0,  18:1 and 19Br). 
Position 2 was occupied principally by 
C16 fatty acids. The third position of the 
triglycerides was esterified with a pre- 
ponderance of C20+ fat ty acids. Seventy- 
six per cent of position 3 fa t ty  acids in 
BCG and 43% in M. smegmatis triglycer- 
ides contained fat ty acids of greater than 
20 carbon atoms. 

INTRODUCTION 

Utilizing enzymatic or enzymatic and chemi- 
cal means, the sterospecific distribution of fat ty 
acids in phospholipids and triglycerides may be 
accurately determined. In the case of phospho- 
lipids, the sterospecific enzyme phospholipase 
A (E.C. 3.1.1.4) is used to hydrolyze fat ty acids 
from the 2 position. Positional distribution of 
fatty acids on the 1, 2 and 3 positions of trigly- 
cerides may be determined by the enzymatic 
and chemical methods developed by Brocker- 
hoff (1,2) as modified by Christie and Moore 
(3). 

Our investigations have revealed that the tri- 
glycerides of Mycobacterium smegmatis and M. 
boris BCG are extremely assymetric molecules 
having very long chain fat ty acids (C20 and up) 
distributed essentially on the 3 position of 
L-glycerol. In addition, a close similarity was 
found to exist between the 1,2 positional distri- 
bution of fat ty acids of both  the phospholipids 
and triglycerides. This distribution will be dis- 
cussed in relationship to possible lipid biosyn- 
thetic pathways operable in the mycobacteria.  

MATERIALS AND METHODS 

Thin layer chromatographic (TLC) standards 
were obtained from the Hormel Institute 
(Austin, Minn.). All solvents were distilled in 
glass before use. Ophiophagus hanna venom 
(Sigma Chemical Co., St. Louis, Mo.), steapsin 

(deactivated (4), and Porcine Lipase 448 (Nutri- 
t ional Biochemicals Co., Cleveland, Ohio) were 
used in the lipase experiments. 

Cultivation of Bacteria 

M. smegmatis ATCC 19420 was grown in 2.8 
liters Fernbach flasks containing 1 liter of 
modified Youmans medium (5) on a rotary 
shaker at 27 C for six to six and one half days. 
The cells were harvested by centrifugation and 
stored frozen at -20 C. 

M. boris BCG (Glaxo strain) was obtained 
from the National Insti tute of Allergy and 
Infectious Diseases, U.S. Public Health Service. 
These organisms were grown as stationary sur- 
face cultures on Sautons medium (6) containing 
5% glycerol for three weeks by Lederle Labora- 
tories (Pearl River, N.Y.). Cells were kept  
frozen at -20 C until used. 

Crude Lipid Preparation 

Thawed bacterial cell paste was extracted 
with 4 to 5 vol of chloroform-methanol (2:1 
v/v) on a shaker overnight at 27 C. Cell bodies 
were separated by filtration and the solvents 
were removed by rotary evaporation. The dried 
lipid extract was treated several times with 
boiling acetone in order to obtain hot  acetone 
soluble and insoluble fractions. 

Triglyceride Preparation 

Hot acetone soluble lipid was chromato- 
graphed on Florisil columns (7) (100-200 mesh, 
deactivated with 7% water (w/w); Fisher 
Scientific Co., Medford, Mass.). The columns 
were eluted with hexane and hexane-diethyl 
ether (80:20 v/v). The hexane-ether fraction 
was further purified by TLC on 0.5 mm 
Adsorbosil 1 plates (Applied Science Labs., 
State College, Pa.), developing solvent, hexane- 
ether (80:15 v/v). The triglyceride preparations 
gave essentially single spots by TLC in petro- 
leum ether-diethyl ether-glacial acetic acid 
(90: I0:1 v/v/v). 

Phospholipid Preparation 

Hot acetone insoluble lipids were streaked 
on 0.25 mm Adsorbosil  3 plates (10% magnes- 
ium silicate binder) and developed with chloro- 
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FIG. 1. GLC recording of fatty acid methyl esters from M. boris BCG triglyceride. Conditions 
under Materials and Methods. Numbers correspond to fatty acids listed in Table I. 

form-methanol-water (75:25:4 v/v/v). Phospho- 
lipids were located with Rhodamine 6G spray 
(0.01% w/v) under ultraviolet light. Phospho- 
lipid bands were scraped, eluted with chloro- 
form-methanol (1 : 1 containing 5% water) and 
rechromatographed on 0.5 mm Adsorbosil 3 
plates in chloroform-methanol-water (65:25:4 
v/v/v). Cardiolipin was rechromatographed on 
0.25 mm Adsorbosil 3 plates in chloroform. 
Cardiolipin, which remained at the origin, was 
scraped and eluted. 

The cardiolipin and phosphatidylethanol- 
amine were homogeneous by TLC in several sol- 
vent systems. The phosphatidylinositolmanno- 
sides gave two or three phosphorous containing 
spots by TLC (8,9). 

Stereospecific Analysis of Triglycerides 

The methods of Brockerhoff (1,2) as modi- 
fied by Christie and Moore (3) were used, with 
the exception that the experiments were scaled 
up in order to use 60 mg or 100 mg of trigly- 

M. S M E G M A T I S  T R I G L Y C E R I D E  
13 

15 24 
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L 252, . 
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FIG. 2. GLC recording of fatty acid methyl esters from M. smegmatis triglyceride. Conditions 
under Materials and Methods. Numbers correspond to fatty acids listed in Table III. 
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TABLE I 

Stereospecific Analysis of Triglycerides From M. boris BCG a 

Fatty acid 
composition b 

(wt %) Total c Position 1 d Position 2 e Position 2 f 

1 12:0 Traceg Trace . . . . . .  
2 14Br Trace . . . . . . . . .  
3 14:1 Trace Trace . . . . . .  
4 14:0 2.2 0.7 6.0 4.5 
5 15 Br Trace . . . . . .  Trace 
6 15:1 Trace 0.3 Trace --- 
7 15:0 0.8 0.3 2.2 2.0 
8 16:1 1.7 2.1 1.6 1.0 
9 16:0 19.4 10.5 56.8 57.0 

10 17Br 0.3 0.3 0.3 0.1 
I1 17:1 0.7 1.9 0.5 0.1 
12 17:0 3.2 2.5 6.8 6.9 
13 18:1 13.9 35.7 2.1 l . l  
14 18:0 17.6 26.2 19.0 20.1 
15 19Br 1.9 4.4 0.2 0.3 
16 19:1 0.5 1.l 0.1 --- 
17 19:0 1.1 1.3 0.2 0.5 
18 20:1 0.3 0.4 0.2 0.1 
19 20:0 7.1 4.9 1.5 1.8 
20 21Br 0.1 Trace . . . . . .  
21 21:0 0.4 0.4 0.3 0.6 
22 22:1 Trace 0.1 0.1 0.2 
23 22:0 2.3 0.9 0.5 0.9 
24 23:0 0.2 Trace Trace 0.l 
25 24:1 Trace . . . . . . . . .  
26 24:0 4.9 1.4 0.5 0.9 
27 27Br 1.5 0.4 Trace 0.2 
28 26:1 0.1 . . . . . . . . .  
29 26:0 17.7 4.0 1.0 1.4 
30 29Br 0.8 . . . . . . . . .  
31 32Br 0.4 . . . . . . . . .  
32 X 0.6 . . . . . . . . .  
33 Y Trace . . . . . . . . .  

aGLC conditions under Materials and Methods. 
bTentative identification based on retention time data. 
CAverage of five experiments. 
dAverage of three experiments;from lysophosphatidylphenol. 
eAverage of two experiments; fatty acids liberated by phospholipase A from phospha- 

tidylphenol. 
fAverage of three experiments; 2-monoglyceride from pancreatic lipase hydrolysis. 
gLess than 0.1%. 

cer ides  in the  init ial  r eac t ion .  As c a u t i o n e d  by  
Chr is t ie  and  Moore  (3) ,  f r e sh  G r i g n a r d  reagen t  
( e t h y l - m a g n e s i u m - b r o m i d e  and  s u p e r - d r y  
d i e thy l  e t he r )  (10)  was  used  fo r  each  exper i -  
m e n t  a n d  grea t  care was  t a k e n  to  exc lude  
m o i s t u r e  f r o m  glassware  and  l ipid s amples  in 
t he  p r e p a r a t i o n  o f  d ig lycer ides  b y  Gr igna rd  
r e a c t i o n .  

Pancreatic Lipase Hydrolysis 

To an 8 ml  vial w i t h  T e f l on  l ined sc rew cap 
was  added  60 mg o f  t r ig lycer ide ,  2.0 ml Tris 
b u f f e r  [0.5 M t r i s ( h y d r o x y m e t h y l )  m e t h y l -  
a m i n e ;  pH 7 . 4 5 ] ,  0.4 ml 22% ca lc ium chlor ide  
s o l u t i o n ,  0.6 ml 0.2% bile salts  ( o x  bile ex t r ac t ,  
N u t r i t i o n a l  B iochemica l s  Co.)  and  0.5 ml 

panc rea t i c  l ipase [ e i the r  a 10% so lu t ion-sus -  
p e n s i o n  o f  deac t iva ted  s t eaps in  (4)  or  a s o l u t i o n  
o f  Porc ine  Lipase  448  (5 m g / m l  in 0 .005M 
CaC12)] .  T h e  ma te r i a l  was  u l t r a s o n i c a t e d  for  
10-15 sec and  an add i t i ona l  0.5 ml o f  e n z y m e  
was  added .  T h e  vials we re  sealed and  p laced  in a 
Mickle shake r  ( B r i n k m a n n  I n s t r u m e n t s  Inc. ,  
W e s t b u r y ,  N .Y. )  set  at  m a x i m u m  osc i l la t ions  
fo r  2 h r  (37 C). 

T h e  m o n o g l y c e r i d e s  were  isola ted f r o m  0.5 
m m  A d s o r b o s i l  1 p la tes  w h i c h  h a d  been  
deve loped  in u n l i n e d  TLC tanks  w i t h  d ie thy l  
e the r -benzene -e thano l -g l ac i a l  acet ic  acid (11)  
( 4 0 : 5 0 : 2 : 0 . 2  v /v / v / v ;  m o n o g l y c e r i d e  Rf  
0 .2-0 .3) ,  a f te r  v i sua l i za t ion  w i t h  2.7 d ich lo ro-  
f l uo re sce in  (3) .  
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TABLE II 

Stereospecific Analysis of  Phospholipids From M. bovis BCG 

687 

Fatty acid 
composi t ion 

(wt %) 

Cardiolipin Phosphat idyle thanolamine 

Total 1-1 l posit ion a 2-21 posit ion b Total 1 posit ion c 2 position d 

Phosphatidyl- 
inositol- 

mannosides  

Total 

14:1 
14:0 
15:1 
15:0 
16:1 
16:0 
17Br 
17:1 
17:0 
18Br 
18:1 
18:0 
19Br 
19:1 
19:0 
20:1 
20:0 
21:0 
22:0 
24:0 
27Br 
26:0 

0.4 --- 0.6 0.3 --- 0.6 
0.1 0.2 0.2 . . . . . . . . .  
0.6 Trace 1.0 0.3 --- 0.6 
7.1 1.4 11.5 1.0 0.6 1.4 

26.9 5.3 50.0 39.1 15.4 62.8 
0.5 0.6 0.6 0.5 0.6 0.4 
2.8 2.0 3.4 0.6 0.4 0.8 
3.2 0.6 6.6 6.0 4.0 8.0 
0.7 0.7 Trace 0.8 1.2 0.4 

35.3 60.1 13.7 6.6 7.4 5.8 
5.3 3.7 7.5 20.5 30.9 10.1 

14.0 22.3 4.0 23.4 36.6 10.2 
1.1 1.8 --- Trace 0.9 --- 
0.1 0.1 0.1 0.2 0.8 --- 

Trace . . . . . . . . . . . . . . .  
0.3 1.0 0.3 0.6 1.1 0.1 

Trace . . . . . . . . . . . . . . .  
0.2 . . . . . . . . . . . . . . .  

Trace . . . . . . . . . . . . . . .  
1.3 --- 0.1 . . . . . . . . .  

0.2 

0.6 
1.0 

41.1 
0.7 

5.0 
1.2 
4.7 
7.3 

35.9 
0.5 
0.4 

0.6 
Trace 
0.3 
0.4 

aFrom lysocardiolipin after phospholipase A hydrolysis.  
bFat ty  acids liberated during phospholipase A hydrolysis.  
CFrom lysophosphat idyle thanolamine after phospholipase A hydrolysis.  
d2(Total)-position 1-11. 

Phospholipase A Hydrolysis 

Phospholipids were hydrolyzed according to 
the method of Christie and Moore (3). TLC 
separation was performed on 0.5 mm Adsorbo- 
sil 3 p l a t e s  d e v e l o p e d  w i t h  c h l o r o f o r m -  
m e t h a n o l - a q u e o u s  a m m o n i a  ( sp  gr  0 . 9 0 ;  
6 5 : 2 5 : 4  v / v / v )  w i t h  v i s u a l i z a t i o n  b y  a q u e o u s  
R h o d a m i n e  6 G  ( 0 . 1 %  w/ v ) .  

Preparation of Fatty Acid Methyl Esters 

Fat ty  acid methyl esters were prepared from 
all lipid classes by transesterification in hydro- 
chloric acid-methanol (4.2% w/w; prepared by 
the addition of 1.7 ml acetyl chloride, Eastman 
Kodak Co., Rochester, N.Y., to 20 ml of 
methanol) held at 60 C overnight. Excess HC1 
was neutralized with solid sodium bicarbonate 
and the methyl  esters were extracted with 
h e x a n e .  

Gas Liquid Chromatography 

Gas  l i q u i d  c h r o m a t o g r a p h y  ( G L C )  was  pe r -  
f o r m e d  o n  a P e r k i n - E l m e r  m o d e l  9 0 0  d u a l  
f l a m e  gas  c h r o m a t o g r a p h  e q u i p p e d  w i t h  6 f t  x 
1 /8  in.  O .D.  s t a i n l e s s  s t ee l  c o l u m n s  p a c k e d  w i t h  
h i g h  p e r f o r m a n c e  C h r o m o s o r b  G ( 8 0 - 1 0 0  m e s h ,  

acid washed, dimethylchlorosilane treated; 
Johns Manville Co., New York, N.Y.). The sup- 
port was coated with 2.5% (w/w) OV-1 
(Applied Science Labs., State College, Pa.). 
Fa t ty  acid methyl esters were chromatographed 
from 180 C to 300 C at 4 deg/min 35 ml/min 
helium flow. These conditions were shown ade- 
quate to elute n-methyl tr iacontanoic acid 
(n-C3o). 

Chromatography on Microparticulate Silica Gel 

The methods as described by Ribi et al. (12) 
w e r e  u s e d .  Q u s o  G - 3 2  m i c r o - f i n e  p r e c i p i t a t e d  
si l ica ( P h i l a d e l p h i a  Q u a r t z  Co . ,  P h i l a d e l p h i a ,  
Pa . )  s lu r r i ed  in  i s o o c t a n e - g l a c i a l  a c e t i c  a c id  
( 9 9 . 5 : 0 . 5  v /v)  was  p a c k e d  a t  3 4 2 0  x g a t  20  C. 
F i f t y  to  200 / . t g  o f  l ip id  w a s  a p p l i e d  in  a l o a d i n g  
s t o p p e r  (12) .  T h e  c o l u m n s  w e r e  c e n t r i f u g e d  at  
3 4 2 0  x g fo r  23 m i n ,  e x t r u d e d ,  d r i ed  a n d  
s p r a y e d  w i t h  a c i d - d i c h r o m a t e  a n d  c h a r r e d  (12 ) .  
M i g r a t i o n  v a l u e s  ( c a l c u l a t e d  as t h e  r a t i o  o f  t h e  
m i g r a t i o n  d i s t a n c e  o f  t h e  c o m p o u n d  t o  t h e  
l e n g t h  o f  t h e  c o l u m n )  o f  t r i g l y c e r i d e  s t a n d a r d s  
we re  C48  ( t r i p a l m i t i n ,  0 . 5 2 ) ,  C54  ( t r i s t e a r i n ,  
0 . 5 9 ) ,  C 6 0  ( t r i a r a c h i d i n ,  0 . 6 7 )  a n d  C66  (tr i-  
b e h e n i n ,  0 . 72 ) .  
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TABLE III 

Stereospecific Analysis of Triglycerides From M. smegmatis 

Fatty acid 
composition 

(wt %) Total Position 1 a Position 2 b Position 2 c Position 3 d 

1 12:1 Trace . . . . . . . . . . . .  
2 12:0 0.2 0.1 . . . . . .  0.5 
3 14:1 0.6 0.3 0.5 0.6 0.9 
4 14:0 3.0 1.0 6.6 6.6 1.4 
5 15 Br Trace . . . . . .  Trace --  
6 15:1 0.I --- Trace 0.1 0.2 
7 15:0 0.1 - - -  0.4 0.4 - - -  

8 16:1 9.6 8.7 12.5 13.1 7.0 
9 16:0 24.4 8.9 57.6 57.3 7.0 

10 17Br 0.7 0.6 0.5 0.8 0.7 
11 17:1 0.8 1.5 0.6 0.8 0.1 
12 17:0 0.7 0.2 1.7 1.5 0.4 
13 18:1 29.2 60.4 10.4 9.3 17.9 
14 18:0 9.3 6.5 6.1 5.9 15.5 
15 19Br 4.9 7.4 0.7 1.2 6.1 
16 20:1 0.8 0.5 0.3 0.3 1.6 
17 20:0 2.8 1.1 0.6 0.4 6.9 
18 21 Br Trace . . . . . . . . . . . .  
19 21:1 Trace . . . . . . . . . . . .  
20 21:0 Trace 0.1 0.2 0.2 Trace 
21 22:1 0.6 0.3 0.2 0.1 1.4 
22 22:0 2.7 0.6 0.4 0.3 7.2 
23 24:1 2.5 0.6 0.3 0.4 6.5 
24 24:0 6.6 1.1 0.4 0.6 18.1 
25 26:1 0.2 . . . . . . . . .  0.6 
26 26:0 0.2 . . . . . . . . .  0.6 

aFrom lysophosphatidylphenol. 
bFatty acids liberated by phospholipase A from phosphatidylphenol. 
C2-Monoglyceride from pancreatic lipase hydrolysis. 
d3(Total-(position 1 + position 2). 

RESULTS 

Tables I and II summarize  the  results  of  
s tereospecif ic  analyses of  BCG tr iglycerides and 
phosphol ip ids .  Posi t ion 1 of  the  tr iglycerides 
was occupied principal ly by 18:1, 18:0 and 
16:0 acids while posi t ion 2 was ester i f ied wi th  
16:0 and 18:0. By dif ference calculat ion,  
pos i t ion  3 conta ined  mos t ly  C26 (about  48%), 
C20 (about  15%) and C24 (about  13%) fat ty  
acids. The fa t ty  acids C20 to  C33 cons t i tu te  a 
tota l  o f  76% of  the fa t ty  acids at pos i t ion  3. 

In the case of  BCG phosphol ip ids ,  pos i t ion  1 
is esterif ied principally wi th  C 18 related fa t ty  
acids (18:0,  18:1 and 19Br). Posi t ion 2 is 
occupied  principally by C 16 fa t ty  acids (61% in 
cardiol ipin;  64% in phospha t idy le thano lamine ) .  

Posi t ion 1 of  M. smegmatis t r iglycerides is 
occupied  principally by 18:0, 18:1 and 19Br 
fa t ty  acids while pos i t ion  2 is occupied  by 16:0 
and 16:1 acids. Posi t ion 3 (by d i f ference  calcu- 
lat ions)  is no t  as heavily esterif ied wi th  long 
chain fa t ty  acids as BCG, nevertheless ,  C20.26 
acids make up about  43% of  the  fa t ty  acids at 
this posi t ion.  

Posi t ion 1 of M. smegmatis cardiol ipin and 

p h o s p h a t i d y l e t h a n o l a m i n e  is  esterif ied 
principal ly by  18:1, 18:0 and 19Br acids. 
Pos i t ion  2 of  cardiolipin contains  80% o f  16:1 
plus 16:0, and in the  case of  phospha t idy l -  
e thanolamine  70% of  the  fa t ty  acids at this 
pos i t ion  are 16:0 and 16:1. 

DISCUSSION 

Brockerhof f ' s  original procedure  ( 1 , 2 ) f o r  
the  s terospecif ic  analysis of  tr iglycerides was 
found  to be unsa t i s fac tory  for the s tudy  of  
mycobac te r ia l  t r iglycerides,  principally because 
of  low yields of  1,3 diglyceride and the  large 
amou n t s  of  tr iglyceride required.  The modif i -  
cat ions p roposed  by Christie and Moore  (3) 
were found  to  great ly facili tate analysis. 
Maintenance  of  absolute ly  mois ture  free 
reac t ion  condi t ions ,  use of  e thyl-magnesium- 
b romi d e  and use of  0tJ3 ra ther  than  1,3 digly- 
cerides were the  chief  innovat ions  by these 
authors .  As may be seen f rom Table I, the  sum 
of  16:0 fa t ty  acids of  posi t ions 1 and 2 slightly 
exceeds  three t imes  the  to ta l  of 16:0. Many 
exper imen t s  were pe r fo rmed  to de te rmine  the 
cause o f  this  d iscrepancy.  Each trial gave 
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essentially the same results. The possible 
presence of very long chain fatty acids which 
were not elutable by GLC was explored in three 
ways. Free fatty acids obtained from base 
hydrolysis of the BCG triglycerides were 
extracted with boiling methanol. No insoluble 
residue indicative of mycolic acids was observed 
(13). To the above fatty acids which had been 
completely methylated by excess diazomethane 
was added methyl-tridecanoic acid as an 
internal standard. GLC accounted for 94% to 
95% of the fatty acids. Chromatography of the 
triglyceride fraction on microparticulate silica 
gel (12) showed the presence of only trace 
amounts of high molecular weight triglyceride. 
Most of the triglycerides had migration values 
of compounds containing 48 to 60 fatty acid 
carbons. 

The experimental conditions described for 
pancreatic lipase hydrolysis were arrived at 
after much experimentation. Partial hydrolysis 
(as described by Luddy (14) gave high yields of 
diglycerides and low yields of monoglyceride 
because of the extreme asymmetry of the 
molecules. Hydrolysis times had to be greatly 
extended to obtain satisfactory hydrolysis. 
Admittedly, the longer hydrolysis time may 
allow for acyl migration, however, the close 
correlation of the data for position 2 (Tables I 
and III) obtained by the two methods would 
seem to indicate that acyl migration was mini- 
mal. 

A striking similarity is noted between the 
fatty acid contents of the 1 and the 2 positions 
of the phospholipids and the triglycerides of 
the same organism. It is intriguing to postulate 
the presence of a common intermediate where 
the 1 and 2 positions of L-glycerol are substi- 
tuted by biosynthetically related fatty acids. 

Kennedy (15) showed that in mammalian 
liver, 1,2-diacy-sn-glycerols react with long 
chain acyl CoA compounds to yield trigly- 
cerides or with CDP-choline and CDP-ethanol- 
amine to form the respective phospholipids. 
The common intermediate in the biosynthesis 
of these two classes of lipids is the diglyceride 
derived from phosphatidic acid. In the myco- 
bacteria, the biosynthetic pathways operative in 
triglyceride and phospholipid biosynthesis have 
not been determined. The data obtained in this 
study would seem to indicate that both types 
of lipids were derived from a common inter- 
mediate. The close similarities between the dis- 
tribution of fatty acids at the 1 and 2 positions 
of both the triglycerides and the phospholipids, 
however, may merely reflect the specificities of 
separate transferase systems, one synthesizing 
triglycerides and the other phospholipids. 

The origin of the shorter chain fatty acids on 

the 1 and 2 positions of the triglycerides and 
phospholipids and the longer chain fatty acids 
on the 3 position of the triglycerides is not 
known. Studies of the nature of the fatty acid 
synthesizing systems of the mycobacteria are 
actively being pursued. Kanemasu and Goldman 
(16) and Wang et al. (17)have found two fatty 
acid elongating systems to be operable in their 
studies of the avirulent M. tuberculosis, a con- 
densing system where two molecules of a fatty 
acid (Cn) were condensed to form a C2n 
normal fatty acid and an elongation system. 
The elongation system, located in the soluble, 
cell free extracts, adds C 2 units from acetyl- 
CoA to the carboxyl end of an acceptor lipid 
(long chain acyl-CoA). 

Matsumura et al. (18,19) have characterized 
two fatty acid synthetase systems in M. phlei. 
System 1, which effects fatty acid biosynthesis 
from malonyl-CoA and acetyl-CoA, is a multi- 
enzyme, ACP containing complex. System 2 is 
a chain lengthening system which uses pal- 
mitoyl- or stearoyl-CoA and not acetyl- or octa- 
noyl-CoA for chain initiation. This system 
requires an external source of ACP. 

The differences which have been noted be- 
tween the specificities of the elongation systems 
by Block et al. (18,19) and those studied by 
Goldman et al. (16,17) may reflect basic dif- 
ferences in the mycobacteria being studied. The 
first group has used the saprophytic mycobac- 
terium, M. phlei for their studies, while the 
Goldman group has used the avirulent M. tuber- 
eulosis strain H37R a in their studies. As shown 
in this study, profound differences in the 
amounts and types of longer chain fatty acids 
produced by the saprophyte, on the one hand, 
and the attenuated pathogen, on the other 
hand, were observed. 

Others have noted asymmetry in the fatty 
acid distribution at position 3 of naturally 
occur r ing  triglycerides. Breckenridge and 
Kuksis (20) observed, while studying a lower 
molecular weight triglyceride distillate from 
milk fat, that 95% of the C4 to C 8 fatty acids 
of this fraction were esterified at the 3 position. 
Akesson (21) showed that a higher proportion 
of polyunsaturated fatty acids were located at 
the 3 posit-ion than at any other position of rat 
liver triglycerides. 

Akamatsu and Law (22), Walker and 
Howard (23), as well as Brennan and Ballou (9) 
have also found high levels of 19Br (tuberculo- 
stearic; 10-methyl stearic) acid in some myco- 
bacterial phospholipids. Age of the cells and 
turnover rate of the phospholipid appear to 
have some relationship to the amount of this 
acid present in a particular lipid. Kaneshiro and 
Thomas (24) have observed that conditions 
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conduc ib le  to m e t h y l - b r a n c h e d  and  cyc lopro-  
pane  syn thes i s  were low aera t ion ,  h igh  t empe ra -  
tu re  and  excess  m e t h i o n i n e .  Moreover ,  cells 
aged in the  s t a t iona ry  phase  m a y  have an excess  
of  h y d r o g e n  d o n o r  g roups  as well as m e t h y l  
d o n o r  groups .  

T he  presence  of smal l  a m o u n t s  of  C19Br  
f a t t y  acids in t h e  t r ig lycer ide  f rac t ion  m a y  be 
due  to  t u rn o v e r  of  f a t t y  acids f r o m  the  phos-  
phol ipids .  These  f a t ty  acids m a y  also have been  
syn thes i zed  at a t r ig lyce r ide -phospho l ip id  in ter-  
med ia te  stage or af ter  o lea te  or s teara te  had  
been  a t t a ch ed  to the  t r iglyceride.  A k a m a t s u  
and  Law (22) ,  however ,  believe tha t  the  C 19Br 
acid is sy n th e s i zed  af ter  o leate  has  been  ester-  
ified to the  p h o sp h o l i p id  molecu le .  
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Studies on the Glycolipids and Phospholipids of 
Immature Soybeans 
H. SlNGH 1 and O.S. PRIMETT, University of Minnesota 
The Hormel Institute, Austin, Minnesota 55912 

ABSTRACT 

The lipid of immature soybeans was 
extracted with chloroform-methanol and 
fractions containing the glycolipids and 
phospholipids were separated by column 
chromatography. Phosphatidyl choline 
(PC), phosphatidyl ethanolamine (PE), 
phosphatidyl inositol (PI), phosphatidic 
acid (PA) phosphatidyl glycerol (PG), n- 
acyl phosphatidyl ethanolamine (APE) 
and sulfolipid (SL) were identified by 
thin layer chromatography (TLC). Sterol 
glucoside (SG), ester.ified sterol glucoside 
(ESG), digalactosyl diglyceride (DGDG) 
and cerebrosides (CE) were isolated by 
TLC and identified by color reactions, 
chemical degradation and spectral analy- 
sis. 

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

Using paper chromatography and com- 
plementary techniques, Hirayama and Hujii (1) 
detected phosphatidyl choline (PC), phospha- 
tidyl ethanolamine (PE), phosphatidic acid 
(PA), inositol containing phospholipids and a 
number of unidentified compounds that con- 
tained phosphorous or sugars in the lipid of 
immature soybeans. Sterol glucoside (SG)and  
esterified sterol glucoside (ESG) are common 
constituents of plant lipids and have been iso- 
lated from soybean phosphatides by Lepage (2) 
and from soybean oil by Kiribuchi et al. (3). 
Galactolipids and sulfolipids are also common 
plant lipid constituents (4-7), although they do 
not appear to have been isolated from soy- 
beans. The occurrence of cerebrosides (CE) in 
plants has been proven by Carter et al. (8), and 
compounds of this type have been detected in 
soybeans by van Handel (9). Recent studies in 
this laboratory (10,I1),  as well as those of 
Hirayama and Hujii (1), show that during 
maturation of soybeans, triglycerides increase 
from minor to major components of the lipid. 
Simultaneously, there is a decrease in the con- 
centration of phospholipids and glycolipids 
and, except for PC, PE and phosphatidyl 
inositol (PI), these compounds are difficult to 

1present address: Veterans Administration Hospi- 
tal, New York, N.Y. 

detect in the lipid of mature soybeans. As a 
prelude to studies on the biosynthesis of the 
lipid of soybeans during maturation, exami- 
nation of the composition of the phospholipids 
and glycolipids of immature beans was under- 
taken. Results of this study are reported here. 

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

Soybeans. Immature Chippewa 64 soybeans 
were picked at approximately 40 days after 
flowering. Mature beans were also picked (at 
approximately 88 days after f lower ing)for  
comparative analyses. The beans were frozen on 
dry ice in the field as they were picked. 

Extraction o f  the Lipid. The beans were 
separated from the pods and extracted in 
batches of 10 g with 20 vol of chloroform- 
methanol (2:1) and once with 10 vol of a 1:2 
mixture of these solvents in a VirTis model 45 
homogenizer. The extracts were combined and 
evaporated under reduced pressure to approx- 
imately one third of the original yolume pre- 
cipitating denatured proteolipid (4). The pre- 
cipitated material was removed by filtration 
and evaporation of the solvent continued until 
a thin slurry of lipid was obtained. The slurry 
of lipid was then transferred to a separatory 
funnel with approximately 100 ml of chloro- 
form and 50 ml of an aqueous solution of 0.5% 
sodium chloride. The chloroform phase was 
extracted three times with the salt solution and 
then once with water to remove non-lipid 
material. The aqueous extracts were combined 
and re-extracted once with fresh chloroform to 
recover lipid that was removed by the aqueous 
washings. 

Standards. Pure methyl esters (> 99%) and 
tripalmitin were purchased from the Lipids 
P repa ra t ion  Laboratory of The Hormel 
Institute. Phospholipids were isolated from beef 
heart, CE from beef brain according to the 
procedure described by Rouser et al. (12). 
Mono- and digalactosyl diglycerides were iso- 
lated from spinach leaves as described by Allen 
et al. (6). 

Analytical Methods. Infrared spectra were 
recorded with a Perkin Elmer spectrophoto- 
meter Model 237 using either KBr pellets or 
10% solutions in CS 2 or CHC13. Ester content 
was determined by a hydroxamic acid method 
(13) using tripalmitin as a standard. Total sugar 
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FIG. 1. Two-dimensional TLC of soybean lipids with chloroform-methanol-concentrated 
(28%)NH4OH (65:35:5) in the first dimension (vertical dimension) followed by drying for 10 min in 
nitrogen and then development in second dimension (from right to left) with chloroform-acetone- 
methanol-acetic acid-water (100:40:20:20:10). Upper left (A), lipid of immature bean; upper fight 
(B), total lipid of mature bean; lower left (C), glycolipid fraction separated by column chromato- 
graphy; lower right (D), phospholipid fraction separated by column chromatography. O, origin; PA, 
phosphatidic acid; PS, phosphatidyl serine; PI, phosphatidyl inositol; PC, phosphatidyl choline; SL, 
sulfolipid; PE, phosphatidyl ethanolamine; CE, cerebrosides; PSG, sterol glucoside; NL, neutral lipid; 
X, unidentified compounds. GL6, plate C, is so designated because it gave a strong positive test for 
glycolipid (see text). 

was determined colorimetrically by the phenol- 
sulfuric acid method (14) using galactose as a 
standard. The method of Hanahan and Olley 
(I 5) was used to determine glycerol. Quantita- 
tive analysis of sugar, ester and glycerol in di- 
galactosyl diglyceride was carried out by the 
procedure of Sastry and Kates (16). 

Column Chromatography. The total lipid 
extract was fractionated in batches of approxi- 
mately 0.5 g on columns of 2.8 x 30 cm of HC1 
treated Florisil (Fisher Scientific Co., Fair 
Lawn, N.J.) (17), or Unisil (Clarkson Chemical 
Co., Inc., Williamsport, Pa.) silicic acid using 
the solvent systems described by Rouser et al. 
(12). Fractionations were monitored by thin 

layer chromatography (TLC) using the solvent 
systems described below. 

TLC. Plates coated with Silica Gel H, 250 
thick, were activated at 120 C and stored at 
80 C until used. Chromatography was per- 
formed at room temperature in chambers lined 
with filter paper. The following solvent systems 
were used :  (a) petroleum ether (b.p. 
30-60C)-ethyl ether-acetic acid (70:30:1 or 
80:20:1 ) for neutral lipids; (b) two dimensional 
system; first dimension, chloroform-methanol- 
14 N NH4OH (65:35:5);  second dimension, 
after drying for 10 min under nitrogen, chloro- 
f o r m - a c e t o n e - m e t h a n o l - a c e t i c  acid-water 
( 1 0 0 : 4 0 : 2 0 : 2 0 : 1 0 )  (18); (c) chloroform- 
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TABLE I 

Fractionation of Soybean Lipids on Acid Treated Florisil a 

Per cent of total lipid 

Eluate 
volume Immature Mature 

Fraction Solvent (ml) soybeans soybeans Main constituents a 

I Chloroform 200 62.2 92.0 Neutral lipids 

II Chloroform- 140 18.2 --- ESG, SG 
acetone (1 : 1 ) 

III Acetone 600 11.2 1.9 CE, SL, DGDG 

IV Methanol 200 7.9 6.1 PA, PI, PE, PC, PS 

aESG, esterified sterol glucoside; SG, sterol glucoside, CE, cerebrosides; SL, sulfolipid; 
DGDG, digalactosyl diglyceride; PI, phosphatidyl inositol; PE, phosphatidyl ethanolamine; 
PC, phosphatidyl choline; PS, phosphatidyl serine; PA, phosphatidic acid. 

m e t h a n o l - w a t e r  ( 6 5 : 2 5 : 4 )  for  highly polar  
phospho l ip ids ;  (d) c h l o r o f o r m - m e t h a n o l - w a t e r  
( 1 0 0 : 4 2 : 6 )  (19)  or c h l o r o f o r m - m e t h a n o l - 2  N 
N H 4 O H  ( 1 0 0 : 2 5 : 2 . 5 )  (20)  for  sphingos ine  
bases;  (e) c h l o r o f o r m - m e t h a n o l - 7  N N H 4 O H  
( 8 0 : 2 0 : 2 )  for  SG and  ESG;  (f) ch lo ro fo rm-  
m e t h a n o l - 1 4  N N H 4 O H  ( 6 5 : 3 5 : 5 )  (18)  for  CE, 
SL and  DGDG.  

Spots  were made  visible by  s ta ining t h e m  

wi th  iod ine  vapor  (21)  or by  charr ing (22) .  The 
reagent  descr ibed by  Vaskovsky  and Kos te t sky  
(23)  was used to de tec t  phosphol ip ids ,  a- 
n a p h t h o l - H 2 S O  4 for  glycol ipids  (24)  and  nin- 
h y d r i n  for  c o m p o u n d s  con ta in ing  free amino  
groups.  Spots  or bands  in prepara t ive  TLC were 
de t ec t ed  by  spraying w i th  water  (25) ,  scraped 
f rom t h e  plate  and ex t r ac t ed  wi th  ch lo ro fo rm-  
m e t h a n o l  ( 1 : 1 ). 

Gas Liquid Chromatography {GLC). Methyl  
esters and  a ldehydes  were ana lyzed  on  a 6 ft  x 
1/4 in. co lumn  of  8% EGSS-X on Gas C h r o m  P 
(Appl ied  Science Labs.,  Sta te  College, Pa.) at 
200  C and  125 C, respect ively,  wi th  an F & M 
Model  1605 i n s t r u m e n t  equ ipped  wi th  a f lame 
ion iza t ion  de tec tor .  Sterols  were ana lyzed  by  
GLC on a 6 ft  glass c o l u m n  of 3% J X R  on  Gas 
C h r o m  Q (Appl ied  Science Labs.,  State  College, 
Pa.) at 220  C or by  t e m p e r a t u r e  p ro g rammi n g  
f rom 1 8 0 C  to 2 6 0 C  at 2 . 5 C / m i n  using a 
B a r b e r  Co lman  Model  5000 i n s t r u m e n t  
equ ipped  wi th  a f lame ion iza t ion  de tec to r .  

RESULTS 

FIG. 2. TLC on Silica Gel H of: a, methyl recin- 
oleate standard; b, methyl esters obtained from soy- 
bean CE; c, CE; and d, methyl oleate and sterol 
standards. Solvent system, petroleum ether-ethyl 
ether-acetic acid (80:20:1). 

C o m p o s i t i o n  of the  glycolipids and  p h o s p h o -  
l ipids of  soybeans  is i l lus t ra ted  in Figure  1. 
I den t i f i c a t i on  of the  spots  was made  on  the  
basis of  compar i son  wi th  a u t h e n t i c  s t andards  
and  color  tests.  C o m p a r i s o n  of  the  two uppe r  
plates  (Fig. 1) show t h a t  the  c o n c e n t r a t i o n  of  
glycol ipids  is m u c h  grea ter  in i m m a t u r e  t han  
ma tu re  beans.  These plates  also show large dif- 
ferences  in  the  c o m p o s i t i o n  of the  phos-  
pho l ip ids  in i m m a t u r e  and  m a t u r e  beans.  The 
c o m p o u n d s  des ignated  by  X in Figure 1 could 
no t  be posi t ively  ident i f ied .  However ,  in the  
u p p e r  lef t  p la te  of the  to ta l  l ipid X 1 appears  to  
be ESG,  X 2 n-acyl p h o s p h a t i d y l  e t h a n o l a m i n e  
(APE)  and  X3,  p h o s p h a t i d y l  glycerol  (PG),  on 
the  basis of  the i r  Rf  values,  color  tests  and 
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1 5 : 1  

16:0 17:0 

A 

- -  1 6 : 1  ,ct,(3 

B 

18:0 18:1 19.:0 18:2 C 
I8:3 

FIG. 3. GLC of aldehydes obtained by periodate cleavage of sphingosine bases of: A, soybean CE; 
B, beef brain CE; C, standard mixture of aldehydes. Number before colon, chain length; number after 
colon, number of double bonds. 

recent studies by the authors on the biosynthe- 
tic labeling of these compounds (26). The large 
spot designated as PA in the upper left plate 
contained a mixture of compounds in addition 
to phosphatidic acid as evidenced by a positive 
test for glycolipid as well as phosphorous and 
the general staining pattern of the spot. The 
compounds giving this spot separated into the 
glycolipid and phospholipid fractions by 
column chromatography. Except for this frac- 
tion, the phospholipids and glycolipids sepa- 
rated with little overlapping of components by 
column chromatography as illustrated by the 
TLC analyses in Figure 1. Because the spot in 
the lower left plate with the same position as 
PA in the lower right plate gave a strong test for 
glycolipid, it was designated as GL 6 to dis- 
tinguish it from PA. Analyses of the fractions 
separated by column chromatography also 
showed the presence of several compounds that 
were not detected in the original oil. Spots that 
could not be positively identified in these 
analyses (lower plates, Figure 1) were also 
designated by X. The general pattern of the 
fractionation of the total lipid by column chro- 
matography is summarized in Table I. These 
results also show the large differences in com- 
position between the lipids of immature and 

mature beans. Fractions rich in individual com- 
ponents were selected for preparative TLC. 
From these fractions employing the solvent 
systems described above, preparations that were 
homogeneous by two-dimensional TLC were 
obtained for ESG, SG, digalactosyl diglyceride 
(DGDG) and sulfolipid (SL). These compounds 
were characterized as follows: 

Esterified Sterol Glucoside 

(a) Color tests for sterols and sugars were 
positive. (b) Methanolysis (27) gave methyl 
esters, free sterol and glucose. GLC showed that 
the sterols consisted of /~-sitosterol as a major 
component and campesterol and stigmasterol as 
minor components. (c) Steryl glucoside was 
identified among the products of deacylation 
(28) by TLC and by infrared spectral analysis 
(6). (d) Ester value gave one mole of fatty acid 
per mole of sterol glucoside. 

Sterol Glucoside 

(a) Color tests for sterols and sugars were 
positive. (b) The infrared spectrum was identi- 
cal to that reported in the literature for this 
compound (6). (c) Acid hydrolysis (16) gave 
sterol and glucose. (d) GLC showed that the 
composition of the sterols was very similar to 
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TABLE II 

Fatty Acid Analyses of Soybean Lipids 

Digalaetosyl 
diglyceride Esterified sterol glucoside Sulfolipid 

of 
Fatty Immature M a t u r e  Immature Mature L e P a g e  Kiribuchi immature 
acid a soybeans soybeans soybeans soybeans (2) etal.(3) soybeans 

16:0 11.6 11.4 38.2 33.9 33.7 42.7 37.1 
18:0 5.3 5.7 17.3 6.2 7.0 9.6 12.3 
18:1 6.2 5.3 7.0 9.1 8.8 13.7 5.0 
1 8 : 2  13 .2  3 1 . 0  2 3 . 4  4 3 . 2  4 7 . 4  31 .2  3 0 . 9  
18:3 63.7 46.6 14.0 7.6 2.2 2.8 30.9 
Others . . . . . . . . . . . .  0.9 b --- 5.0 

aNumber before colon, chain length, number after colon, number of double bonds. 
b16:l. 

that of ESG and consisted of one major com- 
ponent,  t3-sitosterol, and two minor com- 
ponents, campesterol and stigmasterol. 

Digalactosyl Diglyceride 

(a) Color test for sugars was positive and 
that for phosphorous negative. (b) Methanolysis 
gave methyl esters, galactose and glycerol. (c) 
TLC properties and infrared spectrum were 
identical to those of an authentic sample iso- 
lated from spinach leaves. 

Cerebrosides 

(a) This fraction had the same TLC 
properties as beef brain CE except that it chro- 
matographed as a single spot. (b) The color test 
for sugar was positive and that for phosphorous 
negative. (c) Methanolysis (29,30) gave methyl 
esters, sphingosine bases and sugars. (d) TLC of 
the methyl esters from CE on Silica Gel H 
separated these compounds into two minor and 
two major fractions as shown in Figure 2. Com- 
parison with methyl ricinoleate and oleate (Fig. 
2) indicated that the two major components 
and one of the minor components (which made 
up most of the ester fraction) were hydroxy 
esters. Confirmation of hydroxy esters was 
obtained by acetylation and TLC which gave 
only one spot corresponding to acetylated 
ricinoleate. 

The sphingosine bases of soybeans also con- 
sisted of a mixture of  compounds as demon- 
strated by GLC of the aldehydes obtained by 
periodate cleavage (29,30) (Fig. 3). The 
presence of only minor amounts of 15:0, 16:1 
a-/3 unsaturated and 16:0 aldehydes among the 
products of the reaction (Fig. 3) showed that 
the soybean bases contained little or no phyto- 
sphingosine, sphingosine or dihydrosphingosine, 
respectively. The major components of  the 
bases of soybean CE were dehydrophyto- 

sphingosine (15:1 aldehyde) and two com- 
pounds that gave the pair of unidentified alde- 
hydes shown in Figure 3. The chain length of 
these aldehydes was 16 carbon atoms because 
after hydrogenation periodate cleavage gave 
only two major aldehydes, the 15:0 and the 
16:0. The 15:0 was obtained from the hydro- 
genation of dehydrophytosphingosine whose 
presence in the original mixture was illustrated 
by the 15 : 1 aldehyde. The unknown aldehydes 
also apparently contained a-t3 unsaturated 
linkages because they had retention times 
greater than the 16:1 a-t3 unsaturated aldehyde 
derived from sphingosine of beef brain cerebro- 
side as illustrated in Figure 3, Curve B. Because 
the unknown aldehydes had retention times 
greater than that given by the 16:1 a-/~ unsatu- 
rated aldehyde, they contained unsaturation in 
addition to the a-13 unsaturated linkage. 

It is unlikely, on the basis of the resolution 
obtained between 15:0 and 15:1 aldehydes, 
that the column used could separate positional 
isomers. Thus, the two unknown aldehydes 
apparently contained two and three double 
bonds, respectively, in addition to the double 
bond in the a-/3 position. 

Sulfolipid 

This compound was identified by com- 
parison of its TLC properties with that of sulfo- 
lipid isolated from spinach leaves according to 
the procedure described by Allen et al. (6). 
Material was not available for structural analy- 
sis. However, color tests were positive for glyco- 
lipid and negative for phosphorous. 

Fat ty acid composition of ESG, DGDG and 
SL are shown in Table II. Compounds isolated 
from the immature bean had higher concen- 
trations of linolenic acid than those from 
mature beans. 
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DISCUSSION 

The complex i ty  of the  lipid of  immatu re  
soybeans  is well demons t r a t ed  in the present  
investigation.  Not  only  does the  lipid conta in  a 
large n u m b e r  of  phosphol ip ids  and glycolipids,  
but  a number  of  as ye t  un ident i f ied  com- 
pounds .  In addi t ion  to  the  complex i ty  of  the  
lipid in general,  s t ructures  of  individual com- 
ponen t s  also appear to be complex  as evidenced 
by the s t ructural  analysis of  the CE frac t ion as 
well as previous work on tr iglycerides species 
compos i t ion  (10). 

DGDG, SL and ESG conta in  appreciable 
amounts  of  l inolenic acid especially DGDG but  
no t  as m u c h  as the galactolipids isolated f rom 
h i g h l y  a c t i v e  p h o t o s y n t h e s i z i n g  tissues 
(6,7,31-33).  Galactol ipids part icularly those  
c o m p o u n d s  conta ining l inolenic acid are 
believed to be associated wi th  pho tosyn thes i s  
ei ther in a func t iona l  role  (7,32) or because 
oxygen provided by pho tosyn thes i s  is required 
for  the  convers ion of  oleic to l inolenic acid 
(34,35).  That  DGDG, ESG and tr iglycerides 
(10) isolated f rom immatu re  beans conta ined  
higher concen t ra t ions  of  l inolenic acid t han  
those isolated f rom mature  beans also indicates  
an associat ion of  this fa t ty  acid wi th  pho tosyn -  
thesis inasmuch  as during ma tu ra t ion  the soy- 
bean undergoes  a t r ans fo rma t ion  f rom mainly a 
pho tosyn thes i z ing  tissue to  one  of  storage. In 
suppor t  of  this view is the  recent  observat ion  
by the au thors  (26) that  a l though 1-14C-acetate 
was conver ted  readily to neutral  and phospho-  
lipids none  of  the  label appeared  in the  glyco- 
lipids. Appa ren t ly  the  synthesis  o f  these com- 
pounds  decreases as pho tosyn thes i s  decreases 
and af fords  an explanat ion  of  their  low concen-  
t ra t ion  in the  mature  bean. In this regard the  
relatively low concen t ra t ion  of  l inolenic acid 
r epor ted  in ESG by Lepage (2) and Kiribuchi  et 
al. (3) indicates  that  their  p repara t ions  
originated f rom mature  soybeans .  

The d i f ferences  in the  s t ructures  of  the  
sphingosine basis and compos i t ion  of  the fa t ty  
acids be tween  soybean  and beef  brain cerebro-  
sides are striking and appear  to  represen t ,  
fur ther ,  d i f ferences  that  exist  generally be tween  
the s t ructures  of  the same lipid classes f r o m  
plant  and animal sources. 
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Dietary Induced Alterations in the Fatty Acids of 
Rat Bone Marrow 

C.E. ELSON and SARAH J. VOICHICK,  Department of 
Nutritional Sciences, University of Wisconsin, Madison, Wisconsin 53706 

ABSTRACT 

Weanling rats were fed fat free diets 
supplemented with 10% added fatty acids 
so that dietary effects on bone marrow 
fatty acids could be determined. The 
addition or deletion of linoleic acid from 
the fatty acid supplement resulted in 
alterations of the fatty acid patterns of 
bone marrow lipids but to a lesser degree 
than in erythrocyte lipids. With myristic 
acid supplementation, increased amounts 
of stearic acid were found in the lipid 
fractions, the difference between the bone 
marrow and erythrocyte lipids being less 
marked than when linoleic acid was fed. 
The activities of the bone marrow lipases 
varied with the dietary treatment. When 
linoleic acid was fed, higher rates of 
hydrolysis were observed with saturated 
f a t t y  acid substrates. The reverse 
occurred when saturated fatty acids were 
fed. 

INTRODUCTION 

Recent investigations have rather clearly 
defined the effect that dietary lipids exert on 
the fatty acid composition of erythrocytes and 
other tissues. The exchange of fatty acids 
between serum lipids and erythrocyte phospho- 
lipids is primarily responsible for these effects 
in the former case (1,2). 

The rapid appearance of dietary induced 
changes in erythrocyte fatty acid composition 
generally precludes the study of the con- 
tributions of the hematopoietic bone marrow 
lipids to the erythrocyte lipids. This communi- 
cation describes the effects of dietary fat 
alterations on rat bone marrow phospholipid 
and triglyceride fatty acid compositions. Obser- 
vations are made on the similarities in the fatty 
acid patterns of erythrocyte and bone marrow 
phospholipids. The activities of the bone 
marrow lipases are briefly examined. 

l This manuscript is approved for publication by 
the Director of  the Research Division of  the College of  
Agricultural and Life Sciences, University of  Wiscon- 
sin. 

METHODS 

Groups of six weanling male rats (Sprague- 
Dawley Inc., Madison, Wis., average weight 
45 g) were fed a fat deficient diet patterned 
after Wooley and Sebrell (3) to which additions 
of the following fats were made: (a) 10% (wt) 
myristic acid; (b) 10% (wt) linoleic acid; (c) 5% 
(wt) palmitic acid and 5% (wt) linoleic acid; (d) 
5% (wt) myristic acid and 5% (wt) linoleic acid; 
(e) 5% (wt) myristic acid and 5% (wt) palmitic 
acid; or (f) 10% (wt) palmitic acid. The fatty 
acids, purchased from General Biochemicals 
Inc., contained by analysis, 95%, 95% and 75% 
myristic, palmitic and linoleic acids, respect- 
ively. The diets contained 10 g alpha-toco- 
pherol per 100 lb. and were stored in a nitrogen 
atmosphere at -20 C prior to use. Fresh diets 
were prepared at five-day intervals. The rats, 
housed two per cage, were given the diet ad lib. 
each evening for 20 days. 

The rats were fasted 12 hr and then killed by 
decapitation. The limbs were removed, stripped 
of muscle and connective tissue and frozen. The 
pooled bones from each dietary group were 
crushed and the lipids were extracted with 20 
vol chloroform-methanol (2:1 ). Following chro- 
matography on thin layer plates, the phospho- 
lipids, triglycerides, cholesterol esters and free 
fatty acids were analyzed for their fatty acid 
composition. Methyl esters were prepared 
following the method of Bowers et al. (4) and 
were separated by GLC using a column packed 
with 20% diethylene glycol succinate on 60-80 
mesh chromosorb W. Accuracy of the gas liquid 
chromatography detector response was checked 
by linearity testing with fatty acid standards 
(NIH B and D). Quantitative results for these 
standards agreed with the stated composition 
data showing an error less than 1% for major 
components. 

Blood samples were collected in heparinized 
tubes and centrifuged for 15 min at 3000 rpm. 
The plasma and upper layer of leukocytes and 
platelets were removed and the remaining 
erythrocytes were washed three times with 
physiological saline. The erythrocyte lipids 
were extracted with 20 vol chloroform- 
methanol 2:1. The erythrocyte phospho- 
lipids from each animal were isolated by thin 

698 



BONE MARROW FATTY ACID ALTERATIONS 

TABLE I 

Major Fatty Acids of Bone Marrow Phospholipids From Rats Fed Different Fats 
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Fatty acids a 

Dietary Short 
fat chain b 16:0 16:1 18:0 18:1 18:2 20:4 

14:0 8.0-+0.5 27.9-1"1.2 9.54-0.2 13.0-+0.7 30.4"t"1.9 5.6+-+-+-+-+-+-+-+-+-+-0.4 4.2+--0.6 
18:2 1.6+--0.1 31.5+~0.6 8.2--+0.5 12.8-+1.1 16.94-0.7 19.4-+1.1 9.25:0.8 
18:2-16:0 2.7+-0.8 31.9-+2.3 3.0+--0.2 18.7---2.0 15.1-+1.8 17.14-1.2 12.7-+1.4 
18:2-14:0 4 .6+--0 .9  30.1-+1.7 1.4+1.2 20 .8+- -0 .9  15.8+-0.8 13.9-+1.0 13.2---1.4 
14:0-16:0 4.3-+0.2 32.5-+1.2 7.6+--0.4 14.5+---0.8 27.3+--0.8 9.5+-+-+-+-+-+-+-+-+-+-0.6 4.4+--0.8 
16:0 3.1-t-0.2 32.5-+1.2 11.0-+0.8 12.0+--0.5  29.9---1.7 "/.1-+0.4 4.8-/'0.3 

apercentage. 
b12:0, 14:0, 14:1. 

layer  c h r o m a t o g r a p h y ,  m e t h y l  esters p repa red  
and  ana lyzed  by  gas c h r o m a t o g r a p h y .  

In order  to  magni fy  the  degree of  var ia t ion  
in the  stearic acid,  oleic acid and l inoleic acid 
c o n t e n t  of  l ipid f rac t ions ,  the i r  relat ive con-  
t en t s  are re la ted to each o the r  and  to  pa lmi t ic  
acid. F a r q u h a r  and Ahrens  (2) suggest t h a t  
these  ra t ios  are the  best  means  for  evaluat ing 
d ie tary  effects  on  lipid compos i t i on .  The  fa t ty  
acids were iden t i f i ed  by  ca lcu la t ions  of  equi- 
va len t  chain  lengths  (5). P recau t ions  used to 
avoid a u t o x i d a t i o n  inc luded  the  use of  n i t rogen  
a tmosphe re s  w h e n  possible and  s torage at  
-20 C. All reagent  grade solvents  were redis t i l led 
immed ia t e ly  pr ior  to  use. 

Lipoly t ic  enzymes  were ex t r ac t ed  f rom 
b o n e s  of  rats  fed the  diets  for  33 days. The  
isola t ion  p rocedure  descr ibed by  Magee et al. 
(6) was fo l lowed.  No a t t e m p t s  were made  to 
f u r t he r  pur i fy  the  enzymes  f rac t ions  or to  
charac ter ize  the  individual  enzymes .  The  crude  
ex t rac t s  were tes ted  for  act ivi ty  and  specif ici ty  
by  fo l lowing the  increase in free f a t ty  acids 
dur ing  i n c u b a t i o n  wi th  egg lec i th in ,  lyso lec i th in  
( snake  v e n o m - t r e a t e d  egg lec i th in) ,  t r ipa lmi t in  
or t r io le in .  All subs t ra tes  were purchased  f rom 
Genera l  Biochemicals  Inc. 

The  subs t ra te  m ix tu r e  c o n t a i n e d  1 /~M of 
subs t ra te ,  2 mg sod ium d e o x y c h o l a t e  and  0.5 
mg f a t t y  ac id-poor  a l b u m i n  in 0.9 ml buf fe r  
(glycylglycine .05M pH 7.3). This vo lume  was 
p ipe t t ed  in to  t e f lon  capped  tes t  tubes ,  f lushed 
wi th  n i t rogen  and  immersed  in a wate r  b a t h  at  
38 C. Af te r  t e m p e r a t u r e  equ i l ib ra t ion ,  0.1 ml 
of  the  e n z y m e  f rac t ion  con ta in ing  approxi -  
mate ly  2 mg p ro t e in  was added.  Tr ipl ica te  
assays were done .  Fo l lowing  3 hr  i n c u b a t i o n ,  
the  reac t ion  was s t opped  by  the  add i t i on  of  2.5 
m 1 i sop ropano l -hep t ane -N  sulfuric  acid 
( 4 0 : 1 0 : 1 )  fo l lowed by 1.5 ml h e p t a n e  and  1 
ml disti l led wa te r  (7). Blanks con ta in ing  
s tandards  of  pa lmi t ic  acid were similarly 
t rea ted .  One ml of  the  h e p t a n e  layer  was 
p ipe t t ed  in to  a cuvet te ,  1.5 ml of  barb i to l -  
p h e n o l  red reagent  (8)  was added  and  the  
tubes  were read at 560  m/a. Spleen lipase 
act ivi ty  was assayed in a similar manne r .  

RESULTS A N D  DISCUSSION 

The  f a t t y  acid compos i t i ons  of the  b o n e  
mar row phospho l ip ids  and  t r iglycer ides  (Tables  
I and II) are d i rect ly  in f luenced  by  d ie ta ry  f a t t y  
acids. Linoleic  and  a rach idon ic  acids were 

TABLE II 

Major Fatty Acids of Bone Marrow Triglycerides From Rats Fed Different Fats 

Fatty acids a 

Dietary Short 
fat chain b 16:0 16:1 18:0 18:1 18:2 

14:0 23.24-2.8 22.04-1.2 15 .9+- -0 .4  2.2+~).2 28.7-+2.0 7.7+0.3 
18:2 7.1-1-0.9 23.84-0.8 12 .9+--0 .5  4.54-1.0 26 .9-1-1 .3  25.1"t"1.8 
18:2-16:0 5.6+--0.9 29.2---1.0 15.2+-0.9 3 .3+- -0 .3  29 .7 - - -1 .1  16.6"t"1.9 
18:2-14:0 2 1 . 0 " 1 - 0 . 7  24.14-1.4 11.24-0.6 9.6+-0.7 i9.94-1.5 13.4+--0.9 
14:0-16:0 3 2 . 1 " t " 1 . 7  20 .7- - / "1 .6  13.94-1.0 4 .7+ - -0 .6  25.34-1.2 4.2+-0.6 
16:0 18.9"1-1.4 23.4"t"0.7 19.1 ---1.5 2.4 +-+-+-+-~. 6 30 .7"1-1 .7  5.8+-0.5 

apercentage. 
b12:0, 14:0, 14:1. 
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TABLE III 

Selected Ratios of Fatty Acids in Erythrocytes and Bone Marrow Lipids 

18:2-18:1 18:2-16:0 18:0-16:0 

Erythrocyte Bone marrow 
Dietary 

fat PL a TG a 

Erythrocyte Bone marrow Erythrocyte Bone marrow 

PL TG PL TG 

14:0 0.05 0.18 0.27 0.03 
18:2 0.51 1.15 0.93 0.17 
18:2-16:0 0.57 1.13 0.54 0.14 
18:2-14:0 0.58 0.88 0.67 0.19 
14:0-16:0 0.04 0.35 0.17 0.01 
16:0 0.06 0.24 0.19 0.03 

0.20 0.35 0.67 0.47 0.10 
0.62 1,05 0.22 0.41 0.19 
0.54 0.57 0.12 0.59 0.11 
0.46 0.56 0.31 0.69 0.40 
0.29 0.20 0.33 0.45 0.23 
0.22 0,25 0.28 0.37 0.10 

apL, Phospholipids; TG, Triglycerides. 

p resent  in m u c h  greater  quan t i t i e s  in the  phos-  
phol ip ids  w h e n  the  diet  con t a ined  l inoleic acid. 
The  fa t ty  acids of  the  choles tero l  esters  showed  
a similar pa t t e rn .  In the  absence  of  d ie ta ry  
l inoleic acid,  the  phospho l ip ids  c o n t a i n e d  a 
m u c h  greater  p r o p o r t i o n  of  oleic acid. The  
l inoleic acid c o n t e n t  of  the  t r iglycer ides  was 
u n d e r  a direct  d ie ta ry  inf luence .  The  effects  of  
d ie ta ry  myr is t ic  acid were n o t e d  pr imar i ly  in  
the  t r ig lycer ide f rac t ions  of  the  var ious  groups  
(Table  II). Trace a m o u n t s  of  a rach idon ic  acid 
were f o u n d  in the  t r iglyceride f ract ions .  The  
free f a t t y  acids of  the  b o n e  m a r r o w  also 
di rect ly  ref lec ted  the  d ie ta ry  f a t t y  acid. 

The  c o m p o s i t i o n  of  the  d ie ta ry  fat  was 
di rect ly  re f lec ted  in the  e r y t h r o c y t e  f a t t y  acid 
pa t t e rns ;  the  changes  were similar  to  those  
observed in the  b o n e  m a r r o w  phospho l ip ids ,  
bu t  of  greater  magni tude .  The  degree of  change 
induced  by  the  add i t i on  to  or de le t ion  f rom the  
diet  of  l inoleic acid is best  s h o w n  by the  
relative ra t ios  of  the  var ious acids in  e ry th ro -  
cyte  and  bone  m a r r o w  phospho l ip ids  (Table  
III). The  change in the  l inoleic acid to  oleic acid 
ra t io  was 11-fold in the  e r y t h r o c y t e s  and  4-fold 
in the  bone  mar row.  Linoleic  acid to  pa lmi t ic  
acid ra t ios  changed  7-fold in the  e r y t h r o c y t e  

and  2-fold in the  b o n e  mar row.  The  exchange  
of  f a t t y  acids b e t w e e n  the  se rum and  e ry th ro -  
cytes  is the  ma jo r  f ac to r  to  be  cons idered  in 
re la t ing d ie ta ry  l ipids to  e r y t h r o c y t e s  l ipid 
a l t e ra t ions  as has  been  s h o w n  in expe r imen t s  by  
Mulder ,  de Gier  and  van D e e n e n  (1)  and  Far- 
q u h a r  and  Ahrens  (2) ,  a m o n g  others .  

The  i n c o r p o r a t i o n  of  s tear ic  acid in to  the  
phospho l ip ids  of  the  e r y t h r o c y t e  m e m b r a n e  
would  mos t  l ikely occur  at the  1 pos i t ion  (9).  
Die ta ry  myris t ic  acid caused an  increase in the  
relat ive a m o u n t  of  s tearic  acid in the  e ry thro-  
cyte  membrane .  The  ra t ios  of  stearic acid to  
pa lmi t ic  acid in the  b o n e  m a r r o w  phospho l ip ids  
were 0 .52 and  0.47 w h e n  the  diets  con ta ined  
myr is t ic  acid and  pa lmi t ic  acid,  respect ively.  
These  ra t ios  were 0 .44 and  0.24,  respect ively,  
in the  e ry th rocy te s .  When e x a m i n e d  in this  
m a n n e r ,  the  changes  in the  ra t ios  involving 
f a t t y  acids pr imar i ly  ester i f ied at  the  2 pos i t ion  
of  the  phospho l ip ids  due to d ie ta ry  a l te ra t ions  
are 3-fold greater  in  the  e r y t h r o c y t e  t han  in the  
b o n e  marrow.  In the  ra t ios  involving acids 
loca ted  at the  1 pos i t ion ,  the  ra t io  changes  to  a 
m u c h  lesser degree. Mulder  and  van Deenen  (9)  
r epo r t ed  tha t  in v i t ro  the  ra te  of  s tearic  acid 
i n c o r p o r a t i o n  in to  r abb i t  e r y t h r o c y t e s  was 0 .20 

TABLE IV 

Lipase Activities a in Various Reaction Systems 

Dietary fat 

Substrate 14:0 18:2 18:2-16:0 18:2-14:0 14:0-16:0 16:0 

Egg lecithin 0.74-+.03 0.53+.07 0.57"1-.03 0.64+.04 b 0.62+.02 
Lysolecithin 0.36+.03 0.50---.03 0.46+.04 0.60"t".03 b 0.49+.03 
Tripalmitin 0.41+.02 0.67+03 0.56+.04 0.62+.03 b 0.35+03 
Triolein 0.31+.02 0.22+01 0.14+07 0.24+.02 b 0.33+03 

am//Eq fatty acid hydrolyzed per min per mg protein, average value of three assays, two observations per 
assay corrected with reaction blanks. 

bNo activity. 
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TABLE V 

Final Weight of Rats Fed the Experimental Diets 

Final weight 
Dietary 

fat 1 a 2 b 

14:0 103• c 180• 
18:2 117• 169• 
14:0-18:2 115• 188• 
16:0-18:2 110• 203• 
14:0-16:0 113• 185--+3 
16:0 108• 142• 

aWeight at 50 days of age, diet 20 days, two rats 
per cage. 

bWeight at 62 days, diet 33 days, one rat per cage. 
CStandard deviation. 

the  ra te  of  l inoleic acid i nco r po r a t i on .  The i r  
data  ind ica t ed  t h a t  fac tors  o t h e r  t h a n  the  
i n c o r p o r a t i o n  of  se rum fa t t y  acids in to  circu- 
lat ing e r y t h r o c y t e s  are respons ib le  for  t he  
observed d ie t - induced  a l te ra t ions  in e r y t h r o c y t e  
f a t ty  acids.  Similari ly Oliveira and  V a u g h a n  
(10)  r epo r t ed  t ha t  in e r y t h r o c y t e  ghosts ,  l in- 
oleic acid was i n c o r p o r a t e d  in to  phospho l ip ids  
at a ra te  10 t imes  greater  t h a n  pa lmi t ic  acid. 

The  b o n e  m a r r o w  tr iglycer ide ra t ios  of  lin- 
oleic acid to  oleic acid varied 3-fold, l inoleic 
acid to pa lmi t ic  acid 3-fold and  stearic  acid to  
palmit ic  acid 2-fold depend ing  on  the  p resence  
or absence  of  l inoleic  acid in the  diet .  Supple-  
m e n t a t i o n  wi th  myr i s t ic  acid resul ted  in 
increased stearic  acid to  pa lmi t ic  acid ra t ios  in 
all l ipid f rac t ions .  

The  rats  used in the  second  e x p e r i m e n t  were  
indiv idual ly  housed  and  fed the  respect ive  diets  
for  a 33-day  per iod .  As the  d ie ta ry  per iod  
exceeded  the  half-l ife of  ra t  e ry th rocy te s ,  we 
expec ted  to f ind m a x i m u m  changes  in the  b o n e  
mar row lipases. Pre l iminary  inves t igat ions  indi-  
cated t h a t  the  reac t ion  ra tes  were c o n s t a n t  
dur ing  t he  first t h ree  hours .  Due to  the  low 
levels of  activit ies,  we a l lowed the  reac t ions  to  
proceed  for  this  t ime  per iod  in order  to  r educe  
analy t ica l  errors.  Since the  ob jec t  of  the  invest i-  
ga t ion was to  d e t e r m i n e  w h e t h e r  the  d ie ta ry  
t r e a t m e n t  i n f luenced  the  act ivi t ies  of  ind iv idual  
lipases the  m a r r o w  e n z y m e s  were f reed of  
nat ive l ipids by  a th ree - s tep  solvent  ex t rac t ion .  
Accord ing  to  Magee, et al. (6) ,  th is  t r e a t m e n t  
reduced  the  to ta l  ac t iv i ty  of  pancrea t i c  lipases 
by  50%. 

The  specific act ivi t ies  of  b o n e  m a r r o w  
lipases are p resen ted  in Table  IV. A l t h o u g h  t he  
enzymes  were no t  pur i f ied  and  the  data  are 
l imi ted ,  the  resul ts  suggest t h a t  the  diet  or t he  
tissue l ipids in f luenced  the  activi t ies of  the  
enzymes .  F o r  the  sa tu ra ted  f a t t y  acid sub- 
strates,  lyso lec i th in  and  t r ipa lmi t in ,  h igh  
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specif ic  act ivi t ies  were observed  in the  m a r r o w  
enzymes  of  rats  fed the  diets  con ta in ing  l inoleic 
acid. When the  u n s a t u r a t e d  f a t t y  acid sub- 
strates,  l ec i th in  and  t r io le in ,  were  used,  h igh 
specific act ivi t ies  in general  were observed  in 
the  m a r r o w  enzymes  of  ra ts  fed sa tu ra ted  f a t t y  
acids. The  d i f fe rence  b e t w e e n  act ivi t ies  of  the  
m a r r o w  enzymes  of  rats  fed t he  myr is t ic  acid 
and  the  l inoleic  acid s u p p l e m e n t s  were signifi- 
can t  (P < .05) for  all subs t ra tes .  Using o t h e r  tis- 
sues as sources  of  l ipo ly t ic  enzymes ,  Pawar  and  
Tidwel l  (11)  r epo r t ed  t h a t  h igher  levels of  
l ipase act iv i ty  were f o u n d  in t issues of  ra ts  fed 
uns a tu r a t ed  fats. We suggest t h a t  due  to  i ts 
e r y t h r o p o i e t i c  na tu re ,  t he  m a r r o w  tissues 
r e spond  qu i t e  d i f fe ren t ly  t h a n  t issues w i th  
s torage func t ions .  In the  p resen t  s tudy ,  the  
act ivi t ies  of  the  phospho l ipases  in the  spleen , a 
ma jo r  site of  e r y t h r o p o i e t i c  act iv i ty ,  were 
h igher  and  did no t  fo l low the  pa t t e rn s  
es tab l i shed  for  the  b o n e  m a r r o w  enzymes .  

The  e r y t h r o c y t e s  t a k e n  f r o m  rats  fed the  
myr i s t i c  acid s u p p l e m e n t  were e x t r e m e l y  fragile 
and  extens ive  hemolys i s  occu r red  dur ing  the  
i so la t ion  p rocedure .  The a d d i t i o n  of  pa lmi t i c  
acid to the  myr i s t ic  acid s u p p l e m e n t  r educed  
the  e x t e n t  of  hemolys is .  No hemolys i s  was 
observed  w h e n  l inoleic acid was in the  l ipid 
s upp l emen t .  This  d ie ta ry  ef fec t  on  e r y t h r o c y t e  
fragi l i ty  has  previously  been  r e p o r t e d  by  Walker 
and  K u m m e r o w  (12).  

The  f inal  weights  of  the  ra ts  are s h o w n  in 
Table  IV. Increased  var iabi l i ty  in weigh t  gain 
was observed  in ra ts  fed the  sa tu ra t ed  f a t t y  
acids. The  re la t ionsh ip  b e t w e e n  food  con-  
s u m p t i o n  and  convers ion  on  the  f a t t y  acid pat-  
t e rns  o f  the  b o n e  m a r r o w  lipids was no t  
examined .  

REFERENCES 
1. Mulder, E., J. deGier and L.L.M. van Deenen, Bio- 

chim. Biophys. Acta 70:94-96 (1963). 
2. Farquhar, J.W., and E.H. Ahrens, J. Clin. Invest. 

42:675-685 (1963). 
3. Wooley, J.G., and W.H. Sebrell, J. Nutr. 

29:191-199 (1945). 
4. Bowers, C.Y., J.G. Hamilton, J.E. Muldrey, W.T. 

Miyamusu, G.A. Reynolds and A. Schally, JAOCS 
43:2-6 (1966). 

5. Hofstetter, H.H., N. Sen and R.T. Holman, Ibid. 
42:537-540 (1965). 

6. Magee, W.L., J. Gallai-Hatchard, H. Sanders and 
R.H.S. Thompson, Biochem. J. 83:17-25 (1962). 

7. Dole, V.P., J. Clin. Invest. 35:150-154 (1956). 
8. Mosinger, F., J. Lipid Res. 6:157-159 (1965). 
9. Mulder, E.J., and L.L.M. van Deenen, Bioehim. 

Biophys. A c t a  106:106-117 (1965). 
10. Oliveira, M.M., and M. Vaughan, J. Lipid Res. 

5:158-162 (1964). 
11. Pawar, S.S., and H.C. Tidwell, Ibid. 9:334-336 

(1968). 
12. Walker, B.C., and F.A. Kummerow, Proc. Soc. 

Exp. Biol. Med. 115:1099-1103 (1964). 

[Received May 19, 1970]  

LIPIDS, VOL. 5, NO. 8 



Incubation of Human Fecal Homogenates With 
4-14 C-Cholesterol 1 
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ABSTRACT 

Fresh fecal homogenates  f rom nine 
subjects consuming solid diets have been 
incubated for seven days at 37 C with 
4-14C-cholesterol.  One series of  incu- 
bat ions was conduc ted  under ni trogen,  
another  under air. The extent  of bacterial  
modif ica t ion  of cholesterol  to known  
fecal metabol i tes  varied considerably 
among the subjects, as expected ,  but  
when present such bacteria were shown 
to be highly active in the condi t ions  used. 
Product ion  of 14CO2 was essentially zero 
in all incubations.  Recovery  of added 14C 
from the incubated homogenates  fol- 
l o w i n g  extract ion with  chloroform-  
methanol  (2:1 v/v) and evaporat ion to 
dryness was quant i ta t ive  in all cases. 
Abou t  4% of the labeled cholesterol  
added appeared to be present in acidic 
components  fol lowing incubat ion.  It is 
concluded that in the incubat ion  system 
used vigorous bacterial  conversion of  
4-14C-cholesterol  to metabol i tes  known 
to be produced in the human intest ine 
could occur readily, in ei ther aerobic or 
anaerobic condit ions.  However ,  CO 2 or 
o ther  small, relatively volatile fragments 
labeled with 14C could not  be detected.  

INTRODUCTION 

In a series of papers Grundy et al. (1-3) have 
repor ted  losses of cholesterol  occurr ing during 
passage through the human intestinal  tract.  
These losses, they concluded,  were due not  to 
errors in stool col lect ion or to technical  errors, 
but  to intestinal bacterial degradat ion of 
neutral  3/3-OH,A5-sterols. The losses repor ted  
were as great as 60% of fed sterols, but  in some 
subjects no losses were found.  

An impor tant  aspect of cholesterol  metabo-  
lism is that of the excret ion rate of  cholesterol  
via the stool, including also the excre t ion  of 
bacterially produced coprostanol  and steroid 
ketones ,  of a complex  mixture  of  bile acids and 

1part of this work was carried out at the Institute 
for Metabolic Research, Oakland, Calif. 

2permanent address: UCSD School of Medicine, 
Office of Student Affairs, La Jolla, Calif. 92037. 

probably  also of  various unident if ied sub- 
stances. All of these fecal products  are derived 
ul t imately  f rom body pools of cholesterol ,  or 
f rom ingested cholesterol ;  they contr ibute  to 
the overall loss of cholesterol  f rom the body  
and must  be taken into account  in measuring 
the mean daily excret ion rate of cholesterol and 
its metaboli tes .  It is clear that methods  
designed to reliably determine  total  cholesterol  
excret ion rate must be able to detect  and 
measure all of these products .  

The authors of the thin layer-gas chromato-  
graphic method  for measurement  of  fecal 
steroid excret ion rate (4,5) conclude from their  
experience that  all acidic excre tory  products  
are de tec ted  and accurately measured by their  
procedure  (2), a l though the in vitro micro- 
biological degradation of bile acids to small 
fragments has been recent ly  described (6). 
However ,  they find that  neutral  steroids cannot  
be reliably determined by direct measurements  
on stool extracts.  They suggest that  products  
are formed from cholesterol  (or sitosterol) with 
propert ies  so different  f rom those of the 
neutral  sterols themselves that they are ei ther  
not  detectable  in the stool by their procedure,  
or are reabsorbed f rom the gut to disappear 
into large body pools where they are difficult  
to ident i fy  even when radioactive. Such a 
si tuation might result  if  intestinal bacteria 
present in certain subjects are able to break the 
rings of  the steroid nucleus,  producing small 
fragments such as CO2, methane  or methanol .  
Such volatile substances would not be retained 
in the fecal extracts  during processing prior to 
gas chromatographic  est imation,  and would  
thus be lost. 

The quest ion of  the possible volat i l i ty of  
fecal products  derived f rom cholesterol  is of  
considerable impor tance  in relation to the iso- 
tope balance me thod  for measurement  of fecal 
steroid excret ion rate in man (7). In this 
method ,  which has recent ly  been used by a 
number  of investigators (8,9), body cholesterol  
pools are labeled by means of a prel iminary 
intravenous inject ion of  purified 4-14C-choles - 
terol.  Af ter  a period of equil ibrat ion (10-20 
days) stools are col lected in pools and their 14 C 
conten t  determined.  Measurement  of  14C- 
specific activity of  plasma cholesterol  then per- 
mits an estimate of the to ta l  steroid content  of  
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a stool  pool,  since it has been demons t ra ted  
that  fecal steroids and plasma cholesterol  have 
approximate ly  the same specific act ivi ty  at the 
same poin t  in t ime. In this procedure  the 
chemical  ident i ty  of the fecal products  need 
not  be known (al though they  are usually 
divided into neutral  and acidic components ) .  
The major  requi rement  with the isotope 
balance method  is that  all radioact ivi ty  (at the 
4 posi t ion on the steroid nucleus) entering the 
gut via the bile or the intestinal mucosa should 
be retained on molecules  that  are not  so volati le 
as to be significantly lost during processing 
(e.g., at 100 C). 

Since it has been implied by Grundy et al. 
(3) that  the isotope balance me thod  cannot  be 
generally applied unless correct ion for the 
alleged losses of neutral  steroids is made (e.g., 
by constant  feeding of  sitosterol) it was of  
interest  to examine the fate of  4-14C-choles- 
terol  added to homogenates  of  human feces 
which were incubated under  condi t ions  such 
that  all wel l-known bacterial modif icat ions  of  
cholesterol  s tructure could proceed vigorously.  
Thus,  a l though the in vitro condi t ions  used here 
were clearly not  necessarily the same as those 
existing in the intest ine,  the envi ronment  pro- 
vided was suitable for activity of  those bacteria 
producing the major  known intestinal trans- 
format ions  undergone by cholesterol .  Failure to 
find evidence for p roduc t ion  of  small, volati le 
fragments derived f rom labeled cholesterol  
under  these condi t ions  is now described for 
feces of subjects consuming solid diets. 

MATERIALS AND METHODS 

Subjects 

Fresh stool samples were obtained f rom nine 
subjects, five normal  and not  hospital ized and 
four  hospital ized with  maladies apparent ly  not  
related to the gastrointestinal  tract.  Details of  
the subjects are presented in Table I. All sub- 
jects  consumed typical  solid diets except  1 and 
2 who did not  eat green vegatables. 

Incubations 

A fresh stool sample f rom each subject was 
homogen ized  with sufficient normal  saline to 
make a fluid mixture .  A 4 ml al iquot  was 
placed in each of  two 250 ml Er lenmeyer  flasks 
and 1 0 / l l  of  an e thanol  solution containing an 
accurately known amount  (about  0.14 /Jc) of  
4-14C-cholesterol  was added, with thorough  
mixing.  The resultant  very dilute solut ion of  
e thanol  in water  (about  0.25% v/v) was con- 
sidered unlikely to exert  any significant 
inf luence on the activity of  microorganisms and 
enzyme systems present in the homogenate .  

TABLE I 

Subjects Used for Stool Collections 

Age, Wt, 
Subject Year Sex kg Diagnosis 

1 20 M 68 Normal 
2 62 F 50 Atrial fibrillation 
3 52 M 84 Normal 
4 69 F 50 Asthma 
5 49 F 66 Normal 
6 53 M 71 Normal 
7 48 F 56 Normal 
8 47 F 81 Fractured shoulder 
9 41 F 52 Diabetes 

The radioisotopic  pur i ty  of  the cholesterol  
used was at least 99.7%, as judged  by thin layer 
chromatography (TLC) on Silica Gel G (E. 
Merck AG, Darmstadt ,  Germany)  and Silica Gel 
G impregnated with silver nitrate.  No acidic 
impuri t ies  could be de tec ted  by passage of  the 
preparat ion through a co lumn of  ion exchange 
resin (Dowex AG1-X2;  Bio-Rad Laboratories ,  
R ichmond,  Calif.) known to comple te ly  remove  
acidic materials f rom wet diethyl  ether 
solution.  

The flasks were closed with  serum caps. One 
set of  flasks was immedia te ly  flushed with  pure 
ni t rogen (anaerobic series); the o ther  (aerobic 
series) was used with  an a tmosphere  of  air in 
the flask. All flasks were incubated  in the dark 
at 37 C for seven days, wi th  thorough agitat ion 
twice daily. 

Distribution of 14C After Incubation 

At the end of the incubat ion  period the 
a tmosphere  within each flask was slowly dis- 
placed through Hyamine  using a ni t rogen 
stream and an al iquot  of  the Hyamine  was 
counted  for 14C, followed by quench  cor- 
rect ion by the internal  s tandardizat ion method .  

The fecal homogena te  was then extracted 
with ch loroform-methanol  (2:1 v/v),  the resi- 
due being washed several t imes with the boiling 
solvent.  The combined  extracts  were made up 
to 200 ml wi th  the same solvent and al iquots  
were taken for the fol lowing determinat ions .  

Total 14C. Duplicate  0.5 ml aliquots were 
placed in 20 ml count ing  vials and evaporated 
to dryness under ni trogen.  This step involved 
heat ing the vials at I00  C in a water  bath for 
about  10 min, and in this respect  it was identi-  
cal to the procedure  rout ine ly  used by us (8) 
during de te rmina t ion  of  to ta l  14C in fecal 
extracts ,  as part of  the isotope balance me thod  
for de te rmina t ion  of fecal steroids. The residues 
were dissolved in 2 ml me thano l  and 10 ml of  
toluene-based scinti l lat ion fluid added. The 
vials were counted  to a standard deviat ion of  
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TABLE II 

Recovery of 14C in Total Extracts and in 
Acid-Free Extracts of Stools Incubated 

With 4-14C_Cholestero I 

Total 14C, Nonacidic 14C, 
Incubation % % 

Anaerobic series 
1 100.1 98.2 
2 98.6 95.7 
3 102.4 95.3 
4 100.1 97.0 
5 101.3 99.0 
6 101.2 95.5 
7 102.1 97.2 
8 102.0 99.1 
9 101.8 95.2 

Mean -+ SD 101.1 --+ 1.24 96.9 -+ 1.58 

Aerobic series 
1 102.8 98.0 
2 102.6 96.6 
3 101.7 94.8 
4 100.2 97.5 
5 100.6 96.7 
6 101.8 94.0 
7 100.5 95.8 
8 101.7 99.4 
9 100.4 95.2 

Mean +SD 101.3 +0.89 96.4 -I- 1.66 

less t h a n  1%, fo l lowed by q u e n c h  cor rec t ion .  
Nonacidic 14C. Dupl ica te  1 ml a l iquots  were 

evapora ted  to dryness  unde r  n i t rogen  and  the  
res idue t r ans fe r red  in a few mill i l i ters  of  wet  
d i e thy l  e the r  to  a co lumn  of  the  ion  exchange  
resin A g l - X 2  in the  h y d r o x y l  f o rm to remove  all 
acidic p roduc t s .  The  e luate  was evapora ted  to 
d ryness  in a coun t ing  vial, t he  residue dissolved 
in 2 ml m e t h a n o l  and  10 ml sc in t i l la t ion  f luid 
added.  The  ~,ials were c o u n t e d ,  wi th  q u e n c h  
cor rec t ion .  

Distribution o f  Recovered 14C on TLC. Five 
mill i l i ters of  the  ex t rac t  was evapora ted  to  
d ryness  and  appl ied as a s t reak to  a t h in  layer  
pla te  coa ted  wi th  Silica Gel  G, using chloro-  
f o r m - m e t h a n o l  (2:1 v/v).  Choles te ro l  and  
cop ros t ano l  s t andards  were appl ied  to the  sides 
of  the  plate .  The  plate  was deve loped  in d i e thy l  
e t h e r - p e t r o l e u m  ether-acet ic  acid ( 6 0 : 4 0 : 3  
v/v/v) ,  and the  separa ted  bands  visualized b y  
spray ing  l ight ly  w i th  0 .01% R h o d a m i n e  6G in 
e thano l ,  fo l lowed  by  viewing u n d e r  UV light.  
Af te r  de l inea t ion  of  bands  the  silica gel was 
quan t i t a t i ve ly  scraped f rom the  plate  in its 
en t i r e ty ,  in four  regions:  (a) the  cho les te ro l  
region;  (b)  the  ad jacent  cop r os t ano l  region;  (c) 
the  area f r o m  copros t ano l  to  the  solvent  f r o n t  
and  (d)  the  area be low choles te ro l  d o w n  to  
( and  inc lud ing)  the  origin. The  silica gel f r o m  
the  four  regions was t r ans fe r r ed  to e lu t ion  

co lumns  and  e lu ted  wi th  d ie thy l  e ther  or, in the  
case of  region (d) ,  w i th  d i e thy l  e t h e r - m e t h a n o l  
(10:1  v/v). The  eluates were evapora ted  to  
dryness ,  t r ans fe r red  to c o u n t i n g  vials and 14C 
de t e rmined ,  w i th  q u e n c h  cor rec t ion .  The  14C 
f o u n d  in each region was expressed as a per- 
centage  of  the  to ta l  14C recovered  f rom the  
pla te  for  each sample.  

RESULTS 

Production of 14CO2 

In mos t  i n c u b a t i o n s  ( b o t h  the  aerobic  and  
the  anerob ic  series) 14CO 2 p r o d u c t i o n  was no t  
de tec tab le .  The  highest  c o u n t  in the  H y a m i n e  
so lu t ions  co r r e sponded  to  less t h a n  0 .05% of 
the  4-14C-choles tero l  added.  

Recovery of Total 14C 

The recovery  f rom s tool  of  to t a l  14C derived 
f rom added  4-14C-choles tero l  by  the  ex t r ac t i on  
m e t h o d  descr ibed is s h o w n  in Table  II. 
Recovery  of  rad ioac t iv i ty  added  was essential ly 
comple t e  for  all i ncuba t ions  in  b o t h  series. 

Recovery of Nonacidic 14C 

Recovery  of  nonac id ic  14C averaged more  
t h a n  96% of added  rad ioac t iv i ty  for  b o t h  series; 
the re  was no  signif icant  d i f ference  b e t w e e n  
recoveries  in the  aerobic  and  anaerob ic  series. 

Chemical Nature of Recovered 14C 

The d i s t r ibu t ion  of  r ecovered  14C a m o n g  
the  four  c h r o m a t o g r a p h i c  regions s tudied is 
shown  in Table  III for b o t h  the  aerobic  and  the  
anae rob ic  series. Rad ioac t iv i ty  was cons idered  
to be present  as choles te ro l  and  as copros tano l ,  
respect ively,  s ince the  14C in these  f rac t ions  
showed the  correc t  c h r o m a t o g r a p h i c  mob i l i t y  
and  was p rec ip i t a t ed  by  d ig i tonin .  

DISCUSSION 

The nine s tool  samples  examined  exh ib i t ed  a 
wide range of act ivi t ies  wi th  respect  to  the  con- 
version of  choles te ro l  to  c o m p o u n d s  wi th  
proper t ies  co r re spond ing  to those  of  k n o w n  
bacter ia l  me tabo l i t e s  (Table  II1). The  pa t t e rn  of  
d i s t r ibu t ion  of  14C fol lowing i n c u b a t i o n  was 
fair ly similar for  aerobic  and  anaerob ic  incu-  
ba t ions  of the  same sample.  Copros t ano l  was 
o f t en  a major  p roduc t .  The  c h r o m a t o g r a p h i c  
area above  copros t ano l  is k n o w n  to con ta in  any  
s tero id  ke tones ,  wh ich  are somet imes  major  
fecal me tabo l i c  p roduc t s  of  choles tero l  (10) .  
The  area be low choles tero l  on  the  TLC would  
con ta in  m a n y  of  the  k n o w n  ox ida t ion  p roduc t s  
of  choles tero l  (11) ;  a l t h o u g h  such p roduc t s  
were no t  p resen t  in the  pur i f ied  4-14C-choles-  
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TABLE III 

Chromatographic Distribution of 14C Recovered From Incubation Mixtures 

705 

TLC region, % total 14C recovered from plate 

Above 
Incubation Cholesterol Coprostanol coprostanol 

Below 
cholesterol 

Anaerobic series 
1 95.4 0.2 0.4 4.0 
2 90.3 6.1 2.6 1.0 
3 40.3 35.2 21.7 2.8 
4 9.8 77.0 12.1 1.1 
5 58.1 22.5 18.3 1.1 
6 48.7 35.7 l 1.7 4.0 
7 38.7 50.0 8.0 3.3 
8 97.7 0.4 0.2 1.7 
9 6.9 25.8 62.9 4.4 

Aerobic series 
1 97.8 0.2 0.1 1.9 
2 97.7 0.6 0.6 1.1 
3 61.8 17.2 17.1 3.8 
4 23.6 57.0 15.5 3.9 
5 51.5 26.7 20.2 1.5 
6 58.9 24.1 12.2 4.7 
7 46.8 45.2 5.0 2.9 
8 98.7 0.3 0.3 0.7 
9 3.5 58.7 35.1 2.7 

terol  p r e p a r a t i o n  added  to the  hom ogena t e s ,  
t hey  m a y  have been  f o r m e d  to the  e x t e n t  of  a 
few per  cent  in all h o m o g e n a t e s  dur ing  the  
seven-day incuba t ions .  However ,  t he re  was no  
signif icant  d i f ference  b e t w e e n  the  aerobic  and  
anae rob ic  series in this  respect .  

While it is no t  supposed  t h a t  the  cond i t i ons  
of  these  i ncuba t i ons  were ident ica l  to  those  
e n c o u n t e r e d  by  choles te ro l  passing t h r o u g h  the  
l eng th  of  the  gas t ro in tes t ina l  t r ac t  of  a par t icu-  
lar subjec t ,  never the less  it appeared  t h a t  an  
active bac ter ia l  convers ion  of  choles te ro l  to  i ts 
p r e s e n t l y  k n o w n  major  fecal m e t a b o l i c  
p roduc t s  was occurr ing  in vitro.  In this  
s i tua t ion  any  bacter ia l  deg rada t ion  of  neu t r a l  
sterols to  small,  volat i le  f r agmen t s  migh t  per- 
haps  be expec t ed  to occur  c o n c o m i t a n t l y .  

The v i r tua l  absence  of  any  p r o d u c t i o n  of  
CO 2 f r o m  the  4 -ca rbon  of  the  cho les te ro l  
nucleus  is cons i s ten t  wi th  the  resul ts  of  m u c h  
previous  work  p e r f o r m e d  in vivo in m an  and  
animals  (12 ,13) .  A br ief  r e fe rence  (2)  to  un-  
publ i shed  s tudies  by  Salen, G r u n d y  and Ahrens  
also impl ied  t ha t  the  4 -ca rbon  of  cho les te ro l  
was no t  conve r t ed  to CO s dur ing  in v i t ro  incu-  
ba t ion  of  fecal homogena t e s .  

Comple t e  recovery  of  added  14C b y  
e x t r a c t i o n  wi th  c h l o r o f o r m - m e t h a n o l  (2:1 v/v)  
was exper i enced  for  all i n c u b a t i o n s  (aerobic  
and  anaerob ic ) ,  as s h o w n  in Table  II. Since the  
p rocedu re  used involved evapora t ing  the  ex t r ac t  
to  dryness  under  n i t rogen ,  dur ing  wh ich  

ope ra t i on  the  mater ia l  was exposed  to  a tem- 
pera tu re  of  100 C for  a b o u t  10 min ,  it seems 
mos t  un l ike ly  t ha t  any  s ignif icant  a m o u n t s  of  
relat ively volat i le ,  small  molecu la r  weight  radio-  
active c o m p o u n d s  (e.g., shor t - cha in  f a t t y  acids 
or a ldehydes ,  m e t h a n o l ,  m e t h a n e )  were f o r m e d  
f rom 4 - t4C-cho le s t e ro l  dur ing  the  i n c u b a t i o n  
c o n d i t i o n s  used.  A similar process  of  
ex t r ac t ion ,  evapora t i on  of  so lvent  and  deter -  
m i n a t i o n  of  14 C is e m p l o y e d  dur ing  e s t ima t ion  
of neu t r a l  s te ro id  exc re t ion  ra te  b y  the  i so tope  
ba lance  m e t h o d  (3 ,7 ,8 ,14) .  The  presen t  results ,  
which  refer  on ly  to feces of  subjec ts  on  solid 
diets,  thus  did no t  provide  any  in vi t ro  evidence  
t ha t  the  i so tope  ba lance  m e t h o d  is in error  due  
to the  p r o d u c t i o n  of  volat i le  f r agmen t s  derived 
f rom choles terol .  

Quan t i t a t ive  removal  of  any  acidic mater ia ls  
f rom the  ex t rac t s  by  passage t h r o u g h  an ion  
exchange  co lumn  resul ted  in an average loss of  
4-5% of  14C in b o t h  series (Table  II). Since t he  
4 - t4C-cho le s t e ro l  added  ini t ia l ly  c o n t a i n e d  
ins igni f icant  a m o u n t s  of  acidic impur i t i es ,  and  
since hand l ing  losses by  t he  p rocedu re  used 
have been  f o u n d  by  us to  be  less t h a n  I%, it 
appeared  t h a t  convers ion  of  cho les te ro l  to  
acidic p r o d u c t s  occur red  to  a m i n o r  degree. The  
effect  of  this  convers ion  on  e s t ima t ion  o f  
exc re t ion  ra te  by  the  i so tope  ba lance  p rocedu re  
might  be t h a t  a m i n o r  p r o p o r t i o n  of  the  s tero id  
pu t  in to  the  gut  as neu t r a l  s terol  would  be  
d e t e r m i n e d  as par t  of  the  fecal  bile acid frac- 
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t ion,  but  no loss of  ex t rac ted  total  s teroid 
would be exper ienced.  When processed by the 
thin layer-gas chromatograph ic  m e t h o d  (4) 
which involves mild saponif ica t ion of  the  stool  
fo l lowed by ex t rac t ion  wi th  pe t ro leum ether ,  
any acidic p roduc t s  derived f rom cholesterol  
would  presumably  remain in the alkaline 
aqueous residue and hence  be excluded f rom 
the subsequent  gas chromatographic  quant i-  
ta t ion step.  In fact ,  losses of  15-40% of  incu- 
bated 4-14C-cholesterol  have been found  in this 
residue in stools f rom certain pat ients ,  
according to the very brief  repor t  of  unpub-  
lished data by Salen et al. ( included in 
Reference  2). 

The precise na ture  of  some of  the  less- 
familiar bacterial  metabol i tes  of  choles terol  
clearly remains to  be established.  Grundy  et al. 
(2,3) are of  the op in ion  that  significant 
bacterial  conversion of  cholesterol  (or plant  
sterols) to small f ragments  occurs by rup ture  of 
the s teroid nucleus.  However,  Connor  et al. 
(15),  using plant sterols as a marker  for 
recovery of cholesterol  in studies on six hea l thy  
men,  as r e c o m m e n d e d  by Grundy  et al. (2), 
concluded that  unti l  the end p roduc t s  of  
neutral  sterol  losses can be ident if ied,  the  sig- 
nif icance of  the plant  sterol  losses remains  
uncertain.  

Our l imited studies using stools f rom sub- 
jects  eating solid diets indicate  that  incuba t ion  
in vitro,  while allowing conversion of  choles- 
terol  to wel l -known metabol i tes ,  did not  result 
in fo rma t ion  of  substances  of  very low 
molecular  weight derived f rom the 4-carbon.  In 
these condi t ions  convers ion of  choles terol  to 
u n f a m i l i a r  a n d  u n e x p e c t e d  c o m p o u n d s  
apparent ly  occurred to only  a relatively small 
ex ten t .  These results  do not  preclude the  pos- 
sibility that  stools f rom formula-fed subjects  
(especially those found  to be degraders by plant 
sterol recovery studies)  may be able to make 
such conversions during incuba t ion  in vitro. 

The fo rma t ion  of  cholesterol  sulfate may 
account  for  some small loss of  cholesterol ,  as 
discussed by Grundy  et al. (2). In addi t ion  the 
bacterial  p roduc t ion  of  polar s teroid derivatives 
(16) by opening of  one  or more  rings of  the 
c y cl o p e n t a n o p e r h y d r o p h e n a n t h r e n e  nucleus 
may cont r ibu te  to the loss, yielding c o m p o u n d s  
that  are not  easily volatile but  which may have 
proper t ies  render ing t h e m  unde tec tab le  by the 
gas ch romatograph ic  me thod .  

Note Added in Proof: 

In a recent  publ ica t ion  Denbes ten  et al. (17) 
have repor ted  on six normal  men,  one of  w h o m  

showed  incomple te  recovery  of  ingested plant  
sterols in the stool. When 4 -14C-cholesterol  was 
incuba ted  wi th  bacterial  cultures of  stools f rom 
this subject  during a diet of mixed general 
foods ,  comple te  recovery of  14C was achieved, 
in agreement  wi th  our f indings.  However,  when 
this subject  was fed a formula  diet low in 
lactose and cellulose, and the  fecal incuba t ion  
was repea ted ,  a loss of up to 28% of  added 14C 
was exper ienced ,  no twi ths t and ing  tha t  the 
missing radioact ivi ty was sought by count ing  
the ent i re  liquid phase and also the CO 2 in the 
gas above it. 
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MRA Microreactions for Lipid Analysis1 

E.D. BITNER, ALAN C. LANSER and H.J. DUTTON, 
Northern Regional Research Laboratory 2, Peoria, Illinois 61604 

ABSTRACT 

Many types of reactions have been per- 
formed on a microscale with the micro- 
reactor apparatus (MRA) system, which 
incorporates a modified soldering gun. 
Specific procedures developed for some 
typical reactions include bromination of 
olive methyl esters, silylation of castor 
methyl esters, homogeneous reduction of 
oleic acid, heterogeneous reduction of 
soybean methyl esters, several methods of 
methyl ester preparation from soybean 
fatty acids and saponification of soybean 
triglycerides followed by esterification. 
The reaction chamber of the MRA has 
been redesigned to increase its versatility 
and to reduce explosion hazards when 
diazomethane is used. Advantages of the 
MRA over other systems are less handling 
of sample, minimum hazards due to small 
sample size and direct injection of 
products into analytical instruments, such 
as a gas chromatograph or mass spectro- 
meter. 

INTRODUCTION 

The advent of gas liquid chromatography 
(GLC) made microanalysis of lipids possible but 
has required the development of microchemical 
techniques and microanalytical procedures. 
Earlier, reactions for GLC analyses were per- 
formed externally and usually on a macroscale, 
whereas many reactions today are performed 
on a microscale in an apparatus that can be 
made an integral part of GLC (1). Some 
examples of microreaction apparatus (micro- 
reactors) can be found in the literature (1-4). 
Most, if not all, microreactors were designed for 
a specific study, such as catalytic performance 
and hydrogenation (5,6). 

The microreactor apparatus (MRA) system 
we developed (7), in contrast to equipment 
designed for specific uses, has many appli- 
cations. Previous publications have already 
shown how the MRA may be used for ozoni- 
zation-pyrolysis (7,8) and transesterification 
(7,9). Now, with the aid of a redesigned 

1presented at AOCS Meeting, Minneapolis, Minn., 
October 1969. 

2No. Utiliz. Res. Dev. Div., ARS, USDA. 

reaction chamber, several more microreactions 
for lipid analysis have been successfully com- 
pleted and indicate the MRA's wider use for 
performing microscale chemical analyses in con- 
junction with a variety of analytical instru- 
ments. 

EXPERIMENTAL 

Apparatus Design 

A description of the microreaction apparatus ~ 
has already been published (7,9). Figure 1 
illustrates diagrammatically the latest design of 
the microreactor showing its assembly and 
attachment to the soldering gun. The original 
assembly (8) has certain disadvantages, such as 
reactivity of metals of construction, difficulties 
in removal of chamber from gun and hazards 
when using diazomethane. A new version of the 
reaction assembly is shown at A. Connected to 
the end of the soldering gun is a small brass 
cylinder (B- -dotted area, approximately 4.3 cm 
long x 0.65 cm I.D.) into which is inserted a 
Luer-type glass joint (a) connected with a Tef- 
lon ferrule to a tee tubing fitting, shown at C. 
The reaction chamber, per se, is the Luer-type 
glass joint. 

Conditions 

Reaction chamber conditions were con- 
trolled automatically by the MRA system. 
Temperatures and helium flow during injection, 
if not listed under procedures, were 250 C and 
a minimum of 50 cc/min, respectively. An 
Aerograph Model 350 (Wilkens Instrument and 
Research, Inc.) GLC was used for all experi- 
ments with filament current at 200 ma, 
attenuation on X2, and helium flow at 60 
cc/min unless otherwise stated under proce- 
dures. Detector temperature was held at 220 C 
and column oven was temperature programmed 
from 90 to 180 C. The column was 9 ft x 1/4 
in. and packed with 25% stabilized DEGS on 
60/80 mesh Chromosorb W. For the hydro- 
genation and silylation experiments, 10 ft x 1/4 
in. and 4 ft x 1/4 in. columns were used, 
respectively, both packed with 3% EGSS-X on 
100/120 mesh Chromosorb W (Applied Science 
Lab., State College, Pa.). 

The reaction chamber was loosely packed 
with glass wool for all experiments except 
hydrogenations, for which it was filled with 
catalyst and terminal glass wool plugs. 
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a 
/ fb 

C 
FIG. 1. Reaction chamber of microreactor 

apparatus (MRA). Only front portion of soldering gun 
diagrammed. (A) Complete reaction chamber formed 
by assembling B and C and attaching a needle. (B) 
Dotted area is brass tubing portion of new reaction 
chamber. (C) Luer-type glass joint (a) andtubing tee 
connector (b) with septum (c). 

Oils were commercial grade. Methyl esters 
were made on a macroscale by transesterifying 
with sodium methoxide, and fatty acids were 
obtained by saponifying the refined oil and 
acidifying. 

P R O C E D U R E S  A N D  R E S U L T S  

Ester i f icat ions 

Three methods were used to prepare methyl 
esters. The first method with BF3-CH3OH as 
the esterifying reagent consisted of the fol- 
lowing steps: (a) Pull 2.5 /21 of soybean fatty 
acids (SFA) and 6 /al of 10% BF3-CH3OH 
solution, in that order, into a 10/~! syringe. (b) 
Inject mixture into glass reaction chamber. (c) 
React for 1 min at 60 C with no gas flowing 
through chamber. (d) Hold chamber at I00 C 
for 3 min with 30-40 cc/min helium flow to 
evaporate any volatiles, including water. (e) 
Inject into GLC for 3 min at a chamber temper- 
ature of 250 C. The chromatographic results are 
shown in Figure 2. A typical soybean methyl 
ester chromatogram is obtained with the 
exception of the initial peaks, which are due to 
injection irregularities as noted in the figure 
caption. Percentage composition of the esters 
was calculated from areas of peaks and is listed 
in Table I for comparison with other esterifi- 
cation experiments. 

Steps in the second method, which used 
2,2-dimethoxypropane (DMP) as the reagent, 
are as follows: (a) 2 /al 9:1 methanol to con- 
centrated HC1, 2 /al SFA and 5 ~1 DMP are 
pulled into a 10/.d syringe, consecutively. (b-d) 
Same as previous procedure. (e) Inject into 
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FIG. 2. Chromatographic results of BF3CH3OH esterification of soybean fatty acids in MRA. Gas 
liquid chromatographic (GLC) conditions: 25% DEGS on 60/80 mesh Chromosorb W, 9 f t x  1/4 in. 
column, thermoconductivity detector, 60 cc/min helium flow rate, temperature programmed from 90 
to 190 C. 1, Peaks due to injection technique caused by turning gas flow off and on and changing rate 
of flow. 2, Fine control adjustment. 3, Palmitate. 4, S tearate. 5, Oleate. 6, Linoleate. 7, Linolenate. 
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TABLE I 

Esterification of Soybean Fatty Acids 

709  

Methyl ester from peak area, (%)a 

Method Palmitate Stearate Oleate Linoleate Linolenate 

BF3-CH3OH 10.9 3.6 25.3 52.8 7.4 
CH2N 2 10.2 3.0 26.6 53.1 7.1 
(CH 3)2C(OC_H3) 2 10.4 3.1 25.7 53.4 7.4 
BF3-CH3OH~ 10.6 4.4 2 S. 1 52.3 7.6 

aper cent variations due to experimental error. Calculations by triangulation with slight 
drifting baseline. 

bMetcalfe and Schmitz method (11). 

GLC at a c h a m b e r  t e m p e r a t u r e  o f  300  C for  
1-1/2 min.  All c h r o m a t o g r a p h i c  peaks  appear  
iden t ica l  to  Figure  2, and  the  area pe rcen tage  
c o m p o s i t i o n  is given in Table  I. 

In  the  th i rd  m e t h o d  of  ester  p r epa r a t i on  
d i a z o m e t h a n e  was used as the  es ter i fy ing agent .  
I t  was p repa red  in a m a n n e r  similar to  t ha t  
descr ibed  in the  l i t e ra tu re  (10) .  N i t r o s o m e t h y l -  
urea  (0 .25 g or less) was added  to a m i x t u r e  of  
1 cc of  50% aq KOH and  4 cc of  d ie thy l  e the r  
in a tes t  t u b e  i m m e r s e d  in ice. The  tes t  t ube  
had  a r u b b e r  s toppe r  con ta in ing  an  in le t  t ube  
for  passing n i t rogen  (a carr ier  gas for  the  diazo- 
m e t h a n e )  t h r o u g h  the  sys tem and  an  ou t l e t  
t u b e  for  c o n n e c t i n g  e i the r  to  t he  r eac t i on  
c h a m b e r  or to  a col lec t ing t ube  con ta in ing  

e ther .  All c o n n e c t i o n s  were m a d e  w i t h  T y g o n  
tub ing ,  and  genera t ion  of  the  d i a z o m e t h a n e  was 
carr ied ou t  in a h o o d  for  safety purposes  even 
t h o u g h  very small  quan t i t i e s  were prodt~ced. 
The  p rocedu re  for  es ter i fy ing was as fol lows:  
(a) In jec t  1 to  2 #1 of  SFA in to  MRA reac t ion  
chamber ,  de t ached  f r o m  gun.  (b)  C o n n e c t  
r e a c t i o n  c h a m b e r  to  l ine f rom CH2N 2 
genera tor .  (c) Pass CH2N 2 t h r o u g h  c h a m b e r  for  
3 rnin. (d)  Evapora te  excess CH2N 2 by  purging 
c h a m b e r  wi th  N 2. (e) Disconnec t  f rom tub ing  
and  assemble  as in  Figure  1A. (f)  Same as s tep e 
of  second  m e t h o d .  

The  c h r o m a t o g r a p h i c  record ing  was similar  
to  Figure  2 and  t he  c o m p o s i t i o n  is given in 
Table  I. Inc luded  in Table  I are resul ts  f rom a 
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FIG. 3. Chromatographic recordings of methyl esters of olive oil before (A) and after (B) bromi- 
nating in MRA. Note absence of unsaturated peaks after bromJnating. GLC conditions: Same as Figure 
2. Portion of recording shown is after temperature had reached 190 C. Major peaks are (1) palmitate, 
(2) palmitoleate, (3) stearate, (4) oleate and (5) linoleate. 
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Time, rain. , 2 min. Interval 

FIG. 4. Chromatographic recordings of methyl esters of castor oil before (A) and after (B) 
silylating in MRA with bis(trimethylsilyl)acetanfide (BSA). GLC conditions: 3% EGSS-X on 100/120 
mesh Chromosorb W, 4 ft x 1/4 in. column, thermoconductivity detector, 50 cc/min helium flow rate, 
temperature programmed for silylated sample from 100 to 190 C, isothermal at 190 C for nonsilylated 
sample. A 1/21 sample was used in (A) whereas a 0.5 /J1 sample was used in (B). Portion of silylated 
chromatogram shown is after reaching temperature of 180 C, extraneous peaks due to solvent and 
injection excluded. Significant peaks are (1) palmitate, (2) stearate, (3) oleate, (4) linoleate, (5) 
linolenate, (6) ricinoleate and (7) its trimethylsilyl derivative. 

conventional type (1 1) esterification for com- 
parative purposes. 

Halogenation 

Bromination can be a relatively rapid and 
simple procedure with the MRA system as 
shown by the following description: (a) Inject 
10 /21 of a 10% solution of olive oil methyl 
esters in pentane-hexane into the reaction 
chamber, again detached from gun. (b) Attach 
Tygon tubing to both ends of the reaction 
chamber. (c) Immerse reaction chamber in ice. 
(d) Allow to cool for 3 min. (e) Pass bromine 
gas through chamber for 5 min by bubbling 
nitrogen gas through a small amount of liquid 
bromine in a test tube at 20-40 cc/min. (f) 
Flush out reaction chamber with nitrogen to 
evaporate excess solvent and bromine. (g) 
Assemble as in Figure IA. (h) Inject sample 
into GLC at an MRA temperature of 200 C for 
3 rain. 

As n o t e d  in the literature (12,13), 
brominating a sample is an excellent method 
for determining which peaks are due to satu- 
rated and unsaturated compounds on a GLC 
recording. Bromine compounds have a much 
higher vaporization temperature than non- 
brominated compounds and either disappear 
from the chromatogram or appear much later. 

This effect was substantiated in our experiment 
(Fig. 3). Chromatogram A is typical of olive 
methyl esters; chromatogram B is after bromi- 
nation. It is obvious that the unsaturated com- 
pounds have been brominated and have dis- 
appeared from the chromatogram. The bromi- 
nated compounds remain behind in the reaction 
chamber during sample injection into the GLC 
since their vaporization temperature is above 
200 C. 

Silylation 

Silylation of relatively nonvolatile com- 
pounds to volatile derivatives to obtain a rapid 
GLC analysis has become increasingly important 
(14). Derivatives, as noted by the literature 
(15-18), can be prepared simply by adding a 
silyl compound to a sample, mixing for 
approximately 2 rain, and taking a portion for 
analysis. The sample can be handled even less 
by using the MRA system, as shown by the 
following procedure for silylating methyl esters 
of castor oil: (a) Pull 3 gl bis(trimethylsilyl) 
acetamide (BSA), 1 /21 purified pyridine and 1 
/21 castor methyl esters into a 10 /21 syringe, 
consecutively. (b) Inject mixture into reaction 
chamber while ca. 20 cc/min helium is flowing 
through chamber to exclude moisture. (c) 
Allow mixture to react for 2 min at room tern- 
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perature. (d) Same as step e in DMP esterifi- 
cation procedure. 

The results of silylating castor methyl esters 
are shown in Figure 4. Chromatogram A is of 
the methyl esters before silylating and B, after 
silylating. The long leading edge of the methyl 
ricinoleate peak is probably due to either 
partial adsorption on the DEGS column or 
overloading the column slightly. Comparing 
Figure 4A with Figure 4B shows that the tri- 
methylsilyl (TMS) derivative elutes much faster 
than the methyl ester as shown in earlier litera- 
ture (16). 

Saponification and Esterification 

The procedure for saponifying lipids from 
refined soybean oil and then esterifying them in 
the MRA for GLC analyses is as follows: (a) 
Draw 4/.tl of 10% KOH in methanol, 0.5 /~1 of 
refined soybean oil and 4 /al of 10% KOH in 
methanol into a 10 #1 syringe, consecutively. 
(b) Same as step b in first esterification proce- 
dure. (c) React for 5 rain at 60 C with no gas 
flow through chamber. (d) Add 15 /al 
BF3-CH3OH (10% solution). (e) React for 
1-1/2 rain at 50 C with no gas flow through 
chamber (f-g) Same as steps d and e of DMP 
esterification procedure. 

This experiment produced a chromato- 
graphic recording identical to that for the 
methyl ester preparations shown in Figure 2. 
Composition was palmitate, 10.6%; stearate, 
3.3%; oleate, 26.2%; linoleate, 53.4%; and lin- 
olenate, 6.5%. 

Hydrogenation 

A homogeneous and a heterogeneous 
reduction were performed. The homogeneous 
hydrazine reduction of oleic acid was as fol- 
lows: (a) Mix solution to a 60:1 molar ratio of 
N 2H 4 to sample, in this experiment, oleic acid. 
Sample components were: 50/al CH3OH , 5 /.tl 
oleic acid and 33/.tl N2H 4 (95+%). (b) Inject 18 
/ll of 60:1 solution into reaction chamber. (c) 
React for 10 rain at 80 C with 5-10 cc/min 
oxygen flow through chamber. (d) Esterify 
with CH2N 2 for 2 min. (e) Inject sample into 
GLC for 1 min at 300 C. The GLC recording 
showed only a methyl stearate peak. 

Our experience has shown that many factors 
are important in obtaining complete reduction 
in the MRA with hydrazine. Essential points to 
remember are pre-mixing, 60:1 molar ratio, 
minimum of 10 min reaction time at 80 C and 
no more than 5 or 10 cc/min oxygen flow. 
Sample size was chosen as 1 #1 to conform with 
GLC sensitivity. 

The heterogeneous reduction in the MRA 
reaction chamber is similar to that previously 
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reported (19). The sample is passed through a 
small column packed with a catalyst. In the fol- 
lowing procedure the glass reaction chamber of 
the MRA was packed with platinum-on-alumina 
catalyst and mixed with Chromosorb P in such 
a way that the mixture contained 0.16% plati- 
num. The catalyst packing measured 35 mm 
long by 4 mm in diameter and the sample was 
injected so it traversed the entire length. Proce- 
dure: (a) Mount MRA so needle from reaction 
chamber is through the GLC inlet septum. (b) 
Pass helium through chamber to flush out 
system. (c) Turn helium off and pass hydrogen 
through chamber at 60 cc/min for 2 min. (d) 
Inject 0.5 /al of soybean methyl esters into 
chamber with hydrogen flowing. (e) Raise 
temperature of reaction chamber to 250 C and 
react for 1 rain. (f) Turn off hydrogen and pass 
helium through chamber for 3 min at 250 C to 
ensure transfer of sample. (g) Remove MRA 
needle from GLC septum. 

The chromatographic results of this hydro- 
genation experiment were identical to those 
reported earlier (19). An injection of 0.5 /al of 
soybean methyl esters was used as a standard. 
The appearance of the appropriate percentage 
palmitate and stearate peaks in the GLC 
recording after hydrogenating indicated com- 
plete reduction. 

DISCUSSION 

The foregoing experiments, in addition to 
ones in previous publications (7-9,20), are 
indicative of the versatility of the MRA system. 
Its expanded capability is due to the latest 
design of the reaction chamber (Fig. 1). 
Advantages of the glass chamber over the stain- 
less steel chamber are: easy replacement due to 
commercial availability; fewer hazards when 
us ing diazomethane; easy cleaning; easy 
removal for reactions away from MRA system, 
such as a hood; and ready packing with material 
to serve as a pre-column or catalyst. 

Experience has shown that a number of 
points should be remembered to ensure com- 
plete transfer of sample from MRA to GLC 
during injection: Slide the MRA heating 
chamber against the back end of the needle and 
allow the other end to touch the inner side of 
the hot injector port by inserting needle com- 
pletely and at a slight angle through the GLC 
septum to prevent sample condensation. Hold 
needle tightly against the Luer fitting, when 
removing from the septum, to prevent 
separation and backflow of sample. Determine 
that there is sufficient gas flowing from MRA 
to GLC, when using a thermoconductivity 
GLC, by noting that the recorder pen returns to 
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or near  the base line. 
Most react ions tha t  can be pe r fo rmed  in a 

test  t ube  can be done  in the  MRA. These 
include many  pre-column GLC-type  react ions  
which can be found  in the  l i terature (1,2,4),  
sub t rac t ion  ch roma tography  and pyrolysis.  The 
hydraz ine- reduc t ion  t echn ique  emp loyed  wi th  
the  MRA should be useful  for making s tandard  
samples for analytical ins t ruments ,  such as the  
mass spec t romete r ,  especially when  labeling 
c o m p o u n d s  wi th  deu te r ium by using te t ra-  
deutero-hydraz ine .  Other  uses of  the  MRA,  
which have already proved successful,  are the  
analysis o f  oil f rom the  crop of  an ant ,  the  
loca t ion  of  double  bonds  in GLC fract ions  
col lected in the react ion chamber  and the  deter-  
mina t ion  of  conjugatable  dienes wi th  tetra-  
m e t h y l a m m o n i u m  hydrox ide .  An untr ied ,  but  
interest ing,  use of  the  MRA would  be the 
sequent ia l  analysis of  b lood  lipids wi th  micro- 
gram amoun t s  as suggested by F.D. Collins of  
the  Universi ty  of  Melbourne,  Australia. 
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ABSTRACT 

Disappearance of unsaturated fatty 
esters due to autoxidation was estimated 
by gas liquid chromatography. The sta- 
bility of a mixture containing from 0-6 
methylene-interrupted double bonds was 
significantly increased by chromato- 
graphy over silver nitrate-silicic acid. The 
relative stability of the esters is a linear 
function of the number of double bonds. 

INTRODUCTION 

Available information indicates that the 
stability of long chain fatty acids and their 
esters varies considerably with the extent of 
their unsaturation. Commonly quoted figures 
for relative autoxidation rates are 1:12:24 for 
the methyl esters of oleic, linoleic and linolenic 
acids (1), and 1 : 100:1000 for methyl stearate, 
oleate and linoleate (2). Data for materials con- 
taining more than three double  bonds are con- 
siderably more sparse. For fatty acids with 
more than two double bonds, it has been sug- 
gested that the autoxidation rate doubles for 
each additional double bond (3,4), or that there 
is an exponential increase in autoxidation rate 
with increasing unsaturation (5). 

The susceptibility of unsaturated fatty acids 
to deterioration has elicited many recom- 
mendations for precautions to limit the 
degradation of materials containing highly 
unsaturated fatty acids. These include storage 
and handling at low temperature in the absence 
of oxygen, use of antioxidant (6-8), and storage 
in solvent solution (9) because of the 
deterioration of neat lipid at -20 C (4). 

In the course of separating a mixture of 
methyl esters containing from 0-6 double bonds 
by silicic acid-silver nitrate chromatography 
(10), recoveries of unsaturated esters were not 
less than 80% despite the fact that the frac- 
tionation, analysis and recombination were 
made during a month's time. Subsequent 

1present address: Laboratory of Nuclear Medicine 
and Radiation Biology, UCLA, Los Angeles, California 
90024. 

2present address: Department of Chemistry, 
UCLA, Los Angeles, California 90024. 

measurements have indicated that fractions 
high in penta- and hexaenoic methyl esters did 
not suffer measureable degradation after four 
weeks of storage in air at -20 C even though 
distribution of 0.5 to 5 mg quantities over the 
bottom surface of a 125 ml Erlenmeyer flask 
might be considered conductive to rapid autoxi- 
dation. Possible explanations for this degree of 
stability are that, (a) a high purity ester is sig- 
nificantly more stable than one ordinarily 
encountered (11,12), (b) relative molecular 
immobility imparted by the adsorbed state of  
the molecules in a thin film so that chain 
propagation is slowed down, (c) presence of an 
antioxidant derived from the chromatography, 
by chemical reaction of the reagents or by use 
of a reagent containing undeclared antioxidant 
(13). 

To obtain insight into the nature and extent 
of stability that chromatography imparts to 
unsaturated esters against autoxidation, a 
standard mixture of esters was chromato- 
graphed and stored under conditions described 
below. The standard mixture included methyl 
palmitate as an internal reference, although it is 
recognized that even saturated esters may 
autoxidize under relatively mild conditions 
when in the presence of impurities or autoxi- 
dation products of more labile esters (14). 

MATERIALS A N D  METHODS 

Reagents 

Silica gel (Baker 3405), silicic acid powder 
(Baker 0324), silver nitrate (reagent grade) and 
diethyl ether (Baker 9244) were used as 
received. Pentane and cyclohexane were dis- 
tilled; cyclohexene (Aldrich C 10,230) was 
freshly distilled from sodium. Methyl palmitate 
(16:0), oleate (18:1), linoleate (18:2) and 
linolenate (18:3) were >99% pure; methyl 
arachidonate (20:4), eicosapentaenoate (20:5) 
and docosahexaenoate (22:6) were >90% pure 
(Hormel Institute, Austin, Minn.). Antioxidants 
were not added in preparation of the fatty 
esters. 

Gas Chromatogral~hy 

A Barber-Colman Model 10 with a flame 
ionization detector was used for analysis of the 
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TABLE I 

Composition of Primary Standard and Silica-Chromatographed Esters 

Methyl 
e s t e r  

Percent of total a r e a  a 

Percent by Unchromatographed Fraction 4 Fraction 5 
weight 0.210 g 0.1521 g 0.0415 g 

C16 2.64 2.89 3.03 0.69 
C18:1 7.05 8.25 9.47 2.42 
C18:2 8.93 10.0 12.1 4.71 
C18:3 11.8 13.0 14.5 9.11 
C20:4 15.9 15.4 17.4 12.2 
C20:5 24.2 21.4 19.1 27.7 
C22:6 29.5 29.0 24.4 43.2 

aAverage of two determinations. GLC on ethylene glycol succinate. 

m e t h y l  ester  mix tures .  The  c o l u m n  was 12.2% 
(w/w)  e thy lene  glycol succ ina te  on  acid- 
washed," s i l iconized C h r o m o s o r b  G, 6 m m  x 
41", 80-100 mesh.  At  1 8 5 - 2 0 0 C  and  20-30 
psig n i t rogen ,  m e t h y l  pa lmi ta t e  e lu ted  in 2-3 
min .  De t ec to r  area response  to a m i x t u r e  con-  
ta in ing  equal  weights  of  m e t h y l  pa lmi ta te ,  
s teara te ,  a rach ida te  and  b e h e n a t e  was wi th in  
-+3% (relat ive)  of  the  k n o w n  weight  percen t .  
Area  response  to NIH s t andard  F was wi th in  
+5% (relat ive)  for  c o m p o n e n t s  grea ter  t h a n  3% 
of  to ta l  mix tu re ,  and  8% (relat ive)  for  com- 
p o n e n t s  compr i s ing  less t h a n  3% of  to ta l .  

Sample Handling 
Methyl  esters were weighed to give a m i x t u r e  

con ta in ing  some c o m m o n l y  e n c o u n t e r e d  esters 
(Table  I). 

The  mix tu re  was d i lu ted  wi th  dist i l led cyclo- 
hexane .  Al iquo t s  were used as con t ro l ,  a load 
on  a silver ni trate-si l icic  acid co lumn,  and  on  a 
silica gel co lumn.  The  AgNO3-sil icic acid 
c o l u m n  (10)  was ac t iva ted  wi th  50 ml E t 2 0 ,  
500  ml 25% cyc lohexane  - 75% E t 2 0 ,  and  50 
ml p e n t a n e ;  t h e n  0 .210  g of  s t anda rd  m i x t u r e  
was appl ied to the  co lumn  in pen t ane .  A 25 ml 

p e n t a n e  eluate  and  a 50 ml 25% cyclo- 
hexane -75% E t 2 0  e luate  con t a ined  0 .0005  and  
0 .0145  g, respect ively.  The  bu lk  of  t he  sample 
was e lu ted  by  200  ml 25% cyc lohexene-75% 
E t 2 0  and  weighed 0 .2029  g. This last  f r ac t ion  
was similar in c o m p o s i t i o n  to the  u n c h r o m a t o -  
g raphed  esters, and  was used for the  s tabi l i ty  
survey.  A th i rd  a l iquo t  was e lu ted  f r o m  a sol- 
ven t -ac t iva ted  silica gel co lumn  wi th  100 ml of  
4% (v/v)  d ie thy l  e the r -pen t ane .  

Solvent  con ta in ing  f rom 4 to 6 mg of  the  
con t ro l  and c h r o m a t o g r a p h e d  samptes  was 
p ipe t t ed  in to  125 ml E r l enmeye r  flasks. The  
solvent  was evapora t ed  wi th  n i t r ogen  and  
inver ted  beakers  were placed over the  necks  of  
t he  flasks. Sets of  flasks were kept  at  approxi -  
m a t e l y  26 C (range 23-29 C), 2-5 C and  -17 to 
- 2 2 C .  H u m i d i t y  and  exposure  to  volat i le  
l a b o r a t o r y  chemicals  was no t  con t ro l l ed .  At  
intervals ,  dist i l led p e n t a n e  was added  to  each 
flask, and  a sample was w i t h d r a w n  for  gas 
l iquid c h r o m a t o g r a p h i c  (GLC) analysis.  The  sol- 
vent  evapora ted  s p o n t a n e o u s l y  f rom the  flask 
a f te r  sampling,  and  t he  flask was r e t u r n e d  to 
t he  appropr ia t e  e n v i r o n m e n t .  To prevent  

TABLE II 

Stability of Control and Chromatographed Methyl Esters at Various Temperatures 

Unchromatographed 
m i x t u r e  a 

Silver Nitrate - 
Chromatographed mixture a 

Silica gel - 
Chromatographed m i x t u r e  a 

Day 1 21 46 Day 1 21 46 Day 1 21 46 
(temp.) (26 C) (4 C) (-20 C) (temp.) (26 C) (4 C) (-20 C) (temp.) (26 C) (4 C) (-20 C) 

CI6 100 100 100 C16 100 100 100 C16 100 100 100 
CIS:I  94 76 153 b C18:I 84 97 101 C18:1 84 84 90 
C18:2 58 36 104 C18:2 82 92 102 C18:2 57 46 52 
C18:3 37 3.9 65 C18:3 81 94 101 C18:3 42 29 32 
C20:4 23 1.8 43 C20:4 80 92 101 C20:4 28 17 16 
C20:5 l0 Trace 24 C20:5 77 90 100 C20:5 17 9.5 5.9 
C22:6 8 0 16 C22:6 81 94 105 C22:6 11 5.8 6.1 

a p e r  c e n t  o f  o r i g i n a l  r e m a i n i n g .  

bit is probable that accidental contamination with me C 18:1 occurred. 
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FIG. 1. Effect of silver nitrate-silicic acid chromatography on room temperature stability of methyl 
docosahexenoate. Mixture contained less than 2 mg of me C22:6. X X AgNO3, Experiment 1. 
A A AgNO3, Experiment 2. r r unchrom., Experiment 2. o �9 silica, Experiment 2. 
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moisture condensation in the -20 C flasks, they 
were warmed to room temperature while being 
flushed with nitrogen. 

In connection with the chromatography of 
the esters, a considerable degree of frac- 
tionation occurred even on silica gel. Partial 
separation by unsaturation has been found on 
silica (15-18) but its possible extent is not 
usually stressed. Consideration should be made 
of the possible importance of these effects 
during purification of natural mixtures of 
unsaturated lipids by column or thin layer chro- 
matography (TLC). Table I indicates the com- 
position of the two succeeding fractions of 
methyl esters eluted by 4% diethyl ether in 
pentane from 27 g of silica gel. The two frac- 
tions account for 92% of the weight taken for 
chromatography. 

Fraction 5 is grossly different from the un- 
chromatographed mixture. Since these differ- 
ences can exceed differences due to biological 
variation and GLC precision, it seems obliga- 
tory to have relatively complete recoveries in 
order to obtain the representative sampling 
necessary for valid interpretation of data from 
biochemical experiments. 

RESULTS AND DISCUSSION 
Autoxidation of fatty acids is usually 

measured by following oxygen uptake (19), 
weight change (20), hydroperoxide content 
(21), or UV absorption (22). The use of several 
of these methods (23) will give a more accurate 
depiction of the reaction. Autoxidation in the 
present experiment was evaluated by following 
the disappearance of unsaturated esters. In the 
early stages of autoxidation, the disappearance 
of unsaturated fatty ester should follow the 
oxygen uptake closely. In later stages, diver- 
gences is expected, not necessarily in a predic- 
table manner. In any event, measurement of the 
disappearance of starting materials should be 
qualitatively consistent with oxygen uptake 
studies, although there may be quantitative dif- 
ferences. GLC evaluation of autoxidation is 
(probably) more appropriate to following 
changes in highly autoxidized fatty acid mix- 
tures than any of the more common methods 
used individually, because the rate of dis- 
appearance of starting material can be followed 
until late in the reaction process. 

The foregoing conclusion is based on the 
fact that in autoxidation studies, UV spectro- 
pho tome t ry  and peroxide determinations 
measure compounds that are formed which are 
also substrat~s for autoxidation processes and 
are therefore reliable indicators of the dis- 
appearance of starting material only very early 
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FIG. 2. Changes measured after 11 days at 4 C. 
These curves show the proportionality of the number 
of double bonds in the substrate to the amount not 
changed during autoxidation. Type of chromato- 
graphy used in sample preparation: ~ A AgNO3. 
o �9 silica. ~ unchrom. 

in the autoxidation process. Oxygen is a non- 
specific reagent and uptake measurements 
represent oxidation of both starting material 
and products. On the other hand, the dis- 
appearance of starting material is caused by the 
combined processes of autoxidation, other oxi- 
dations which are not a part of a radical chain, 
and by nonoxidative charge (e.g., isomerization 
and polymerization). On balance, even though 
we have not evaluated the rates of the alter- 
nation pathways, it seems likely to us that the 
deviations from the actual course in measuring 
the disappearance of starting material are 
smaller than the errors in measuring formation 
of products on oxygen consumption. 

Deviations of repeat chromatograms were 
less than 15% for any component.  These dif- 
ferences were caused by variation in measure- 
ment of the methyl palmitate reference peak. 
The palmitate peaks were approximately 0.2 
cm wide at half height, and errors were +0.02 
cm. So there may be moderate error in the 
value of a component in any instance, but these 

errors do not obscure the general trend. 
Table II shows representative values for the 

percent of the individual ester remaining in the 
mixture stored at room temperature (4 C and 
-20 C). 

The greater stability of the silica gel-chro- 
matographed sample over that of the control at 
4 C, and the reverse of this order at -20 C, is 
probably of no significance. These differences 
are small compared to those between the silver 
nitrate-chromatographed samples and others, 
and may be a consequence of unknown and 
uncontrolled variables in the methods that were 
used. 

The stability of the silver nitrate-chromato- 
graphed esters suggests that the esters are pro- 
tected by an antioxidant or by removal of a 
prooxidant. It is possible that an antioxidant 
was formed during chromatography from the 
acetonitrile and cyclohexane that were used 
exclusively in the silver columns. However, if an 
unknown protective agent had been introduced 
with these solvents, it would probably have 
been removed by subsequent solvent washing. 
Formation of an antioxidant from cyclohexene 
is also doubtful, since cyclohexene readily 
forms a hydroperoxide which would be con- 
sidered capable of accelerating the autoxidation 
of polyene fatty esters. Even though the pos- 
sibility of an antioxidant arising from decompo- 
sition of a cyclohexene hydroperoxide cannot 
be completely excluded, it seems improbable. 

We are attracted to the hypothesis that the 
increased stability of silver nitrate-chromato- 
graphed esters results from removal of a pro- 
oxidant. The effectiveness of purification as a 
means of increasing the stability of polyunsatu- 
rated esters has been demonstrated (12,24). 
Extremely small concentrations of metal salts 
(25) or porphin complexes of heavy metals (26) 
can have catalytic effects on autoxidation and 
metal catalytic effects may also be enhanced by 
complexing, as with protein (27). Even highly 
purified esters prepared by conventional 
methods may have metal concentrations suf- 
ficient for catalysis (25,26). Removal of small 
amounts of metal could be beneficial. Further, 
from consideration of the half cell voltages of 
metals and their ions, it is evident that the Ag- 
Ag + system is capable of substituting metallic 
silver for metals such as copper and iron. The 
silver content of the silver nitrate-chromato- 
graphed sample was in fact found to be higher 
than that of the control by emission spectro- 
metry. It is also possible that the silver nitrate 
columns effectively separate organic prooxi- 
dants from methyl esters, where as only poor 
separation is obtained of the compounds on 
silicic acid (12). 
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A compar i son  of  the stabil i ty of me C22:6 
in the mixture  of esters is made in Figure 1. 
Al though  the  results  o f  two exper imen t s  were 
quant i ta t ively  d i f ferent ,  the  silver n i t ra te-chro-  
ma tog raphed  material  was considerably more  
stable than  the  others .  The di f ference  shown  1. 
be tween  these exper iments  poin ts  out  clearly 
the need  for a be t t e r  unders tanding  of  the 2. 
many  factors  that  inf luence au tox ida t ion .  In 3. 
Expe r imen t  1, me C22:6 had disappeared f rom 
the o the r  samples by 90 hr, the first s torage 4. 
point  analyzed.  Expe r imen t  2, s tar ted af ter  19 
days of  bulk storage at -20 C, was similar, but  5. 
not  nearly as dramatic .  As a crude approxi -  
ma t ion  of stabil i ty,  one  may read the t ime at 

6. 
which  50% of  the original ester remained .  This 
was 34 hr for  silver n i t r a t e -ch romatographed  7. 
esters,  and 14 hr for the others .  The t ime ratio 
is 2.4; this is a significant di f ference in stabil i ty.  8. 

The suscept ibi l i ty  of  po lyeno ic  esters to  
a t tack by oxygen  is a func t ion  of  the  n u m b e r  9. 
of  ac t ivated me thy lene  groups.  One might  
expec t  a l inear re lat ionship be tween  the  10. 
n u m b e r  of  potent ia l  sites for  at tack and the  
relative rate of substrate  disappearance.  Such a 11. 
re la t ionship is shown in Figure 2, which  is a 
p lot  of ester remaining as a func t ion  of  the  12. 
number  of  double  bonds .  This l inearity holds  13. 
for the early stages of  au toxida t ion .  As the  
amoun t  of  hexaenoic  ester  decreases the  rate of  14. 
au tox ida t ion  slows; the break point  be tween  15. 
linear and nonl inear  re la t ionship is in the  
vicinity of  40% me C22:6 remaining.  This 16. 
change is u n d o u b t e d l y  due to the increasing 
concen t r a t ion  of  au tox ida t ion  p roduc t s  which  17. 
serve as substra tes  for  au tox ida t ion  react ions.  18. 

Relative au tox ida t ion  of  unsa tura ted  esters 19. 
was es t imated  by the pe rcen t  decrease of  the  
c o m p o n e n t s  of  a mixture  spread on glass. The 20. 
ex t en t  of  au tox ida t ion  under  given cond i t ions  21. 
was a roughly linear func t ion  of  the  n u m b e r  of  
me thy l ene - in t e r rup t ed  double  bonds .  The 
stabil i ty of  silver n i t r a t e -ch romatographed  22. 
esters was ex t ended  considerably  over tha t  of  23. 
silica ge l -chromatographed  or u n c h r o m a t o -  
graphed esters. This increased stabil i ty is pre- 24. 
sumed to  be associated wi th  the  removal  o f  a 

25. 
p r o o x i d a n t  of u n k n o w n  type  by silver ni t ra te-  
silicic acid ch roma tography .  
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SHORT COMMUNICATIONS 

Sphingolipid Metabolism II. The Biosynthesis of 
3-Keto-Dihydrosphingosine by a Partially- 

Purified Enzyme From Rat Brain 

ABSTRACT 

A condensation reaction between 
serine and palmitoyl CoA by a partially- 
purified enzyme from rat brain is 
described. The product of the reaction, 
3-keto-dihydrosphingosine is character- 
ized by the conversion to several deriva- 
tives. The addition of EDTA to the incu- 
bation mixture results in inhibition of the 
conversion of serine to phospholipid, 
with the result that 3-keto-dihydro- 
sphingosine is the sole product. 

3-Keto-dihydrosphingosine formed in the 
condensation between palmitoyl CoA and 
serine has been implicated as the immediate 
precursor of dihydrosphingosine. The sequence 
postulated is: (1) L-serine+palmitoyl CoA 
3-keto-dihydrosphingosine+CO2+CoA (2) 3- 
keto-dihydrosphingosine+NADPH -+ dihydro- 
sphingosine+NADP. 

Reaction 1 has been demonstrated to occur 
in particulate fractions from yeast (1-3), rat 
liver (4) and rat brain (5) employing either 
labeled serine or labeled palmitoyl CoA as sub- 
strate. In addition to 3-keto-dihydrosphingosine 
severa l  other radioactive products were 
routinely obtained. Previous studies from this 
laboratory documented the ability of a rat 
brain particulate system to incorporate L- 
serine-14C into ceramide, cerebroside and di- 
hydrosphingosine (6). The present communi- 
cation reports: (a) the liberation from these 
particles, and partial purification, of an enzyme 
which catalyzes the palmitoyl CoA dependent 
incorporation of L-serine-14C into 3-keto-di- 
hydrosphingosine; (b) conditions under which 
the major radioactive product detected is 
3 - k e t o - d i h y d r o s p h i n g o s i n e ;  (c) certain 
properties of this system. 

Palmitoyl CoA was obtained from PL Bio- 
chemicals. Myristoyl and stearoyl CoA were 
synthesized enzymatically (7). Erythro DL 
sphingosine and dihydrosphingosine were pur- 

chased from Miles-Yedda. 3-Keto-dihydro- 
sphingosine, N-acetyl 3-keto-dihydrosphingo- 
sine, N-acetyl dihydrosphingosine, N-acetyl 
3-keto-sphingosine and N-acetyl sphingosine 
were synthesized by published procedures 
(8,9). Silica Gel G thin layer plates were 
obtained from Analtech, Wilmington, Del. 

The preparation of the rat brain particulate 
system, employed as the starting enzyme 
source, has been described (6). A suspension in 
0.25 M sucrose was placed in an ice-salt bath 
and sonified for 4 thirty-second intervals with a 
Branson Model 175 sonifier. The sonicate was 
centrifuged at 40,000 x g for 1 hr. The super- 
nate was fractionated with ammonium sulfate 
to give three fractions: 0-30%, 30-60% and 
60-90% of saturation. The activity was usually 
distributed between the first and last fraction, 
with an overall purification of 5-10 fold. 

In order to isolate and identify the product 
of the reaction, 10 tubes each containing 20 
/amoles phosphate buffer pH 8.0, 100 mill/- 
micromoles palmitoyl CoA, L-serine-14C (1 x 
106 total counts, S.A. = 7.5 x 107 cpm/~mole 
from New England Nuclear); 0.5-1.0 mg protein 
in a total volume 0.5 ml were incubated at 37 C 
for 30 min. The method of obtaining the 
labeled lipid product was identical to that pre- 
viously described (10), except that each water- 
containing extracting solution was 0.05 N with 
respect to sodium hydroxide. Aliquots of the 
final lower phase were counted in toluene- 
POPO-PPO mixture in a Packard Scintillation 
C o u n t e r .  The  radioactive product was 
characterized as 3-keto-dihydrosphingosine by 
the following parameters: (a) the product was 
found to co-chromatogram with an authentic 
standard of 3-keto-dihydrosphingosine on thin 
layer plates (TLP) with chloroform-methanol- 
water (65:25:4);  (b) the sample was reduced 
with sodium borohydride (2) and the material 
migrated with dihydrosphingosine on TLP with 
chloroform-methanol-2N NH4OH as solvent 
(11); (c) the borohydride reduced sample was 
treated with fluorodinitrobenzene and the 
derivative was found to co-chromatogram with 
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FIG. 1. TLC of dinitrophenyl (DNP) derivatives of metabolic sample and standards: Lane 1, 
standard DNP erythro sphingosine; Lane 2, metabolic sample reduced with NaBH 4 and converted to 
DNP derivative; Lane 3, standard DNP erythro DNP diliydrosphingosine; Lane 4, metabolic sample not 
reduced with NaBH 4 but converted to DNP derivative; Lane 5, standard DNP threo sphingosine; Lane 
6, untreated metabolic sample; Lane 7, standard DNP threo dihydrosphingosine; tracing 1, scan of 
Lane 2; tracing 2, scan of Lane 4; tracing 3, scan of Lane 6. 

the dinitrophenyl derivative of dihydrosphingo- 
sine (12) (Fig. 1); (d) a portion of the boro- 
hydride treated sample was N-acetylated and 
the product co-chromatogrammed with N- 
acetyl dihydrosphingosine using a published 
procedure (8); (e) the product was destroyed 
by incubation in alkalai at 37 C. This chemical 
instability is characteristic of 3-keto-dihydro- 
sphingosine (3,5,9); (f) radioactivity from L- 
serine-14C was found in this compound only 
when palmitoyl CoA was present in the incu- 
bation mixture. 

Initial studies indicated that in addition to 
3-keto-dihydrosphingosine, L-serine-14C was 
incorporated into a material which: (a) had 
chromatographic properties similar to phospha- 
tidyl serine; (b) was labile to mild alkaline 
hydrolysis; (c) was formed independent of the 
presence of palmitoyl CoA. The amount of 
radioactivity in this material, presumed to be 
phosphatidyl serine, could be significantly 
reduced by the presence of non-radioactive 
ethanolamine (3 /~mole/ml) or completely 
e l i m i n a t e d  by addition of EDTA (50 
/lmoles/ml) giving rise to only one radioactive 
product, 3-keto-dihydrosphingosine as shown in 
Figure 2. 

This observation provided an opportunity to 
study certain properties of this enzymatic 
reaction and should provide a convenient assay 
procedure for further enzyme purification. Pre- 
liminary experiments have indicated that 
neither Mg +2 nor Mn +2 are required, sulfhydryl 
compounds such as BAL, cysteine, dithio- 
threitol, as well as PCMB and NEM inhibited 
the incorporation of serine into 3-keto-sphingo- 
sine. It was found that neither myristoyl nor 
stearoyl CoA were effective in replacing 
palmitoyl CoA in the formation of 3-keto- 
sphingosine base. The presence of a TPNH 
generating system consisting of glucose-6-phos- 
phate, TPN and glucose-6-phosphate dehydro- 
genase did not give rise to dihydrosphingosine 
under thsese assay conditions. 

These experiments describe for the first time 
the partial purification of an enzyme from a rat 
brain particle system which catalyzes the con- 
densation reaction between L-serine and 
palmitoyl CoA to yield 3-keto-dihydrosphingo- 
sine. The use of EDTA to inhibit the incorpo- 
ration of L-serine into phospholipid results in 
the synthesis of one principal radioactive 
product in this system. This is in contrast to 
previous investigation where several radioactive 
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FIG. 2. Effect of ethanolamine and EDTA on serine incorporation into 3-keto-sphingosine: Lane 1 
and tracing 1, products of basic incubation; Lane 2 and tracing 2, ethanolamine added to incubation; 
Lane 3 and tracing 3, EDTA added to incubations. 

p roduc t s  were fo rmed .  This observat ion should 
provide a simple assay sys tem wi thou t  resor t ing 
to TLC resolut ion of  a mixture  of  radioact ive 
p roduc t s  and subsequent  coun t ing  of  the  gel 
c o - c h r o m a t o g r a p h y  wi th  3-keto-dihydro-  
sphingosine.  The inabil i ty  of  s tearoyl  CoA to 
suppor t  the incorpora t ion  of  serine in to  
sphingosine base would  suggest that  the synthe-  
sis of  e icososphingosine ( the C20 homologue)  
which is found  in gangliosides (13) may arise by 
a d i f fe rent  pa thway.  
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and M. boris BCG. The 14:1 and 16:1 
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principally A 10, while the  17 : 1, 18:1 and 

A9. In the  case of  M. smegmatis, the 
20:1,  22:1 and 24:1 fa t ty  acids are 
p r i n c i p a l l y  A l l ,  A13 and A15, 
respect ively,  while the 22:1,  24:1 and 
26:1 fa t ty  acids of  BCG are principally 
A13, A15 and A17, respectively.  
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The  double  b o n d  loca t ions  of  m y c o b a c t e r i a l  
m o n o - u n s a t u r a t e d  f a t t y  acids have been  deter -  
m ined  for  on ly  a few f a t t y  acids. S c h e u e r b r a n d t  
and  Bloch (1)  showed  t h a t  the  C16 fa t ty  acid 
consis ted  pr inc ipa l ly  of  the  AI o i somer  and  the  
C18 fa t ty  acid the  A9 isomer.  Burke  (2),  using 
the  avi ru lent  Myeobacter ium tuberculosis s t ra in  
H 3 7 R A ,  f o u n d  t ha t  C 16 m o n o e n e  consis ted  of  
a m ix tu r e  of  10-, 6- and  9 -hexadeceno ic  acids in 
a p r o p o r t i o n  of  65,  15 and  10. The  C17 and  
C18 fa t ty  acids were mos t ly  the  A9 isomer.  The  
C2 o acid appea red  to be trans-2-eicosenoate. 

This  r epor t  describes the  doub le  b o n d  
loca t ion  of  the  series of m o n o - u n s a t u r a t e d  f a t t y  
acids f rom C14 to C26 in M. smegmatis ATCC 
19420  and M. boris BCG (Glaxo strain) .  

The  organisms were grown and  harves ted  as 
descr ibed previously  (3).  Cells were h y d r o l y z e d  
in 95% m e t h a n o l  con ta in ing  20% po tass ium 
h y d r o x i d e  (4).  F a t t y  acid m e t h y l  esters were 
p repa red  by  ref luxing  the  crude f a t t y  acid mix-  
tu re  in m e t h a n o l - b e n z e n e - c o n c e n t r a t e d  sulfuric  
acid 20: 10:1 for  2 hr. Mercur ic  ace ta te  adduc t s  
were p repared  (5)  and  the  esters were separa ted  
by  c o l u m n - c h r o m a t o g r a p h y  on  Florisi l  [F isher  
Scient i f ic  Co., Medford ,  Mass.; 100-200 mesh ;  
deac t iva ted  wi th  7% water ,  w/w]  (6).  The  sol- 
ven t  sequence  p e t r o l e u m  e the r -d i e thy l  e the r  
95 :5 ,  p e t r o l e u m  e ther -d ie thy l  e the r  85 : 15 and  
m e t h a n o l - c o n c e n t r a t e d  h y d r o c h l o r i c  acid 9 0 : 1 0  
was used. The  last  f rac t ion ,  wh ich  c o n t a i n e d  
the  unsa tu r a t ed  fa t ty  acids, was f u r t h e r  pur i f ied  
by  t h in  layer c h r o m a t o g r a p h y  on  Adsorbos i l  1 
(Appl ied  Science Labs.,  Inc. ,  S ta te  College, Pa.)  
impregna ted  wi th  12% silver n i t r a t e  (deve lop ing  
solvent  p e t r o l e u m  e ther -d ie thy l  e the r  90 :10 ) .  
The  unsa tu ra t ed  fa t ty  acid esters were pur i f ied  
by  repea ted  prepara t ive  gas l iquid c h r o m a t o -  
g raphy  (GLC) and  were t h e n  ox id ized  b y  
pe r i oda t e -pe rmangana t e  (7,8,9) .  

T h e  p e r i o d a t e - p e r m a n g a n a t e  cleavage 
p r o d u c t s  were ana lyzed  by  GLC on a Perkin-  
E lmer  900  gas c h r o m a t o g r a p h  using th ree  sets 
of  co lumns :  5 f t x  1/8 in.,  2.5% OV-225 on  
80-100  mesh  AW C h r o m o s o r b  G; 6 ft  x 1/8 in.,  
15% degs on  60-80 mesh  AW Celi te;  and  6 f t  x 
1/8 in.,  2.5% OV-1 on  80-100  mesh  AW, DMCS 
C h r o m o s o r b  G (high pe r fo rmance ) .  Doub le  
b o n d  loca t ion  was assigned pr inc ipa l ly  on  the  
basis of  the  i den t i f i ca t ion  of  the  d ica rboxyl ic  
acid ox ida t ion  p roduc t .  

Table  I lists the  relat ive yields of  d ica rboxy-  
lic acids o b t a i n e d  f rom p e r i o d a t e - p e r m a n g a n a t e  
ox ida t ion .  The  C14 and C15 f a t t y  acids consis t  
of  a wide range of  i somers  and  m ay  ref lec t  
diverse b i o s y n t h e t i c  origins. The  C16 f a t t y  
acids consist  pr inc ipa l ly  of  the  A9,  and  AlO 
isomers,  while the  C17 , 18 and  19 acids are 

TABLEI 

Relative Proportions of Dicarboxylic Acids 
Obtained From Periodate-Permanganate 

Oxidation ofM. bovis BCG and 
M. srnegmatis Unsaturated Fatty Acids 

Dicarboxylic M. 
Proportions acid BCG smegmatis 

14:1 C 4 10 --- 
C 5 20 --- 
C 6 5 --- 
C 7 25 10 
C 8 20 15 
C 9 5 5 
CIO 15 70 

15:1 C 5 10 --- 
C 6 . . . . . .  
C 7 20 --- 
C 8 15 --- 
C 9 30 --- 
CI0 25 --- 

16:1 C 7 1 0  7 
C 8 5 3 
C 9 40 30 
CIO 45 60 

17:1 

18:1 

C 8 10 
C 9 70 70 
C10 30 20 

C 8 5 5 
C 9 90 90 
C10 5 5 

19:1 C 9 90 60 
C10 10 40 

20:1 C 9 35 15 
CI0 20 10 
CI 1 25 60 
C12 10 10 
C13 10 5 

22:1 C12 --- 
C13 55 
C14 25 
C15 20 

24:1 C15 75 
C16 10 
C17 15 

26:1 C16 10 
C17 60 
C18 10 
C19 20 

10 
80 

5 
5 

85 
10 

5 

- - -  

- - .  

. - ~  

- . .  

most ly  the  A9 isomers ,  an i nd i ca t i on  of  a com- 
m o n  desaturase  system.  

The  C20,22 ,24  f a t t y  acids of  M. smegmatis  
and C22 ,24 ,26  acids of  BCG are a re la ted  series 
ref lec t ing a c o m m o n  origin f rom the  A9 C18 
fa t ty  acid wi th  C-2 e longa t ion .  The  C20 f a t t y  
acid of  BCG is a m i x t u r e  of  9, 10 and  11 iso- 
mers  and  may  have or ig ina ted  by  a c o m b i n a t i o n  
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of  desa tu ra t ion -e longa t ion  and  d i rec t  desatu-  
ra t ion .  

The  long cha in  f a t t y  acids (C2o and  up)  of  
the  m y c o b a c t e r i a  are loca ted  pr inc ipa l ly  in the  
t r ig lycer ide  f rac t ion .  These  f a t t y  acids are 
loca ted  mos t ly  o n  the  3 pos i t ion  of  the  trigly- 
ceride (3).  Previously ,  a scheme was h y p o -  
thes ized  w h e r e b y  the  long chain  f a t t y  acids 
were suggested to  have or ig ina ted  f r o m  a bio-  
s y n t h e t i c  sys tem separa te  f rom t he  de novo  
p a t h w a y ,  be ing  e longa ted  and  desa tu ra t ed  in 
effect ively  a c o m p a r t m e n t i l i z e d  sys tem (3).  The  
s tudies  r epo r t ed  here  would  seem to  s uppo r t  
th is  hypo thes i s .  
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Free Fatty Acids in the Protective Coats of 
Spongilla Wagneri G em rn u l es 

ABSTRACT signif icance is the  ease wi th  which  t he  ou t e r  

A gas c h r o m a t o g r a p h i c  and  mass 
spec t rome t r i c  analysis  of  the  free f a t ty  
acids f o u n d  in the  res i s tan t  coa t  of  
Spongilla wagneri gemmules  was per- 
fo rmed .  The  coats  were f o u n d  to  con ta in  
8 .79% ex t rac tab le  l ipids wi th  18.53% free 
f a t t y  acids, ranging in chain  l eng th  f rom 
C l o  to C24. The u ns a t u r a t ed  acids were 
in relat ively low c o n c e n t r a t i o n s  wi th  the  
p r e p o n d e r a n t  s a tu ra t ed  be ing  pa lmi t i c  
and  behenic .  Dis t inc t  d i f ferences  in distri- 
b u t i o n  were observed  when  c o m p a r e d  to 
the  to ta l  gemmule  f a t t y  acids. 

I t  has  been  r epo r t ed  t ha t  b o t h  silicious 
mar ine  (1)  and f resh-water  sponges of  the  genus 
Spongilla con ta in  s ignif icant  a m o u n t s  of  free 
f a t t y  acids (2).  As par t  of a c o n t i n u i n g  s tudy  of  
the  surface l ipids p resen t  in na tu ra l  res is tant  
s t ruc tu res  (3-5),  we are invest igat ing the  l ipids 
f o u n d  in the  ou t e r  coat  of  the  gemmules  
p r o d u c e d  by  f resh-water  sponges.  These  pro- 
tec t ive  s t ruc tures  enab le  the  sponge to  survive 
adverse e n v i r o n m e n t a l  cond i t ions .  A fea ture  
wh ich  makes  these  gemmules  of  e x p e r i m e n t a l  

p ro t ec t ive  coats can be r emoved  for  s tudy.  Of  
add i t iona l  in teres t  is t h a t  on ly  a small  b o d y  of  
knowledge  exists on  t he  l ipids of  sponges,  while 
n o n e  exists on  the  gemmules  or o t h e r  highly 
a d a p t i v e  s t ruc tures  these  sessile animals  
p roduce .  Spongilla wagneri (6)  was chosen  for  
this  work  since a b u n d a n t  gemmules  were  avail- 
able in local waters  dur ing  the  fall of  1969.  The  
m a t u r e  gemmules  were  careful ly  r emoved  f rom 
the  p a r e n t  s t ruc tu re  and  passed t h r o u g h  a No. 
30 sieve (U.S. s t andard  sieve 595-/~ openings)  
and  t h e n  col lected and  washed  wi th  wa te r  in a 
No. 60 sieve (U.S. s t andard  w i th  250-/2 
openings) .  The  gemmules  were examined  wi th  a 
l ight  microscope  to  es tabl ish  pur i ty  and  the  
t ype  presen t .  Grea t  care was t aken  to ensure  
c o m p l e t e  separa t ion  f r o m  the  pa ren t  b o d y  
mater ia ls .  All samples  were s tored  at 4 C. 

To o b t a i n  the  to ta l  free f a t t y  acids, approxi -  
m a t e l y  5.0 g of  i n t ac t  gemmules  were first 
b r o k e n  by  in tens ive  gr inding in a m o r t a r  wi th  
two  50 ml po r t i ons  of  n - h e p t a n e  at r o o m  tem- 
pe ra tu re .  The  res idual  mater ia l  was t h e n  re- 
ex t r ac t ed  wi th  50 ml of  b e n z e n e - c h l o r o f o r m  
(1 :3 )  for  I hr  at  50 C fo l lowed by  e x t r a c t i o n  
wi th  50  ml of c h l o r o f o r m - m e t h a n o l  (1 :1 )  at 
50 C. The  c o m b i n e d  ex t rac t s  were t a k e n  to  
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Free Fatty Acids in the Protective Coats of 
Spongilla Wagneri G em rn u l es 

ABSTRACT signif icance is the  ease wi th  which  t he  ou t e r  

A gas c h r o m a t o g r a p h i c  and  mass 
spec t rome t r i c  analysis  of  the  free f a t ty  
acids f o u n d  in the  res i s tan t  coa t  of  
Spongilla wagneri gemmules  was per- 
fo rmed .  The  coats  were f o u n d  to  con ta in  
8 .79% ex t rac tab le  l ipids wi th  18.53% free 
f a t t y  acids, ranging in chain  l eng th  f rom 
C l o  to C24. The u ns a t u r a t ed  acids were 
in relat ively low c o n c e n t r a t i o n s  wi th  the  
p r e p o n d e r a n t  s a tu ra t ed  be ing  pa lmi t i c  
and  behenic .  Dis t inc t  d i f ferences  in distri- 
b u t i o n  were observed  when  c o m p a r e d  to 
the  to ta l  gemmule  f a t t y  acids. 

I t  has  been  r epo r t ed  t ha t  b o t h  silicious 
mar ine  (1)  and f resh-water  sponges of  the  genus 
Spongilla con ta in  s ignif icant  a m o u n t s  of  free 
f a t t y  acids (2).  As par t  of a c o n t i n u i n g  s tudy  of  
the  surface l ipids p resen t  in na tu ra l  res is tant  
s t ruc tu res  (3-5),  we are invest igat ing the  l ipids 
f o u n d  in the  ou t e r  coat  of  the  gemmules  
p r o d u c e d  by  f resh-water  sponges.  These  pro- 
tec t ive  s t ruc tures  enab le  the  sponge to  survive 
adverse e n v i r o n m e n t a l  cond i t ions .  A fea ture  
wh ich  makes  these  gemmules  of  e x p e r i m e n t a l  

p ro t ec t ive  coats can be r emoved  for  s tudy.  Of  
add i t iona l  in teres t  is t h a t  on ly  a small  b o d y  of  
knowledge  exists on  t he  l ipids of  sponges,  while 
n o n e  exists on  the  gemmules  or o t h e r  highly 
a d a p t i v e  s t ruc tures  these  sessile animals  
p roduce .  Spongilla wagneri (6)  was chosen  for  
this  work  since a b u n d a n t  gemmules  were  avail- 
able in local waters  dur ing  the  fall of  1969.  The  
m a t u r e  gemmules  were  careful ly  r emoved  f rom 
the  p a r e n t  s t ruc tu re  and  passed t h r o u g h  a No. 
30 sieve (U.S. s t andard  sieve 595-/~ openings)  
and  t h e n  col lected and  washed  wi th  wa te r  in a 
No. 60 sieve (U.S. s t andard  w i th  250-/2 
openings) .  The  gemmules  were examined  wi th  a 
l ight  microscope  to  es tabl ish  pur i ty  and  the  
t ype  presen t .  Grea t  care was t aken  to ensure  
c o m p l e t e  separa t ion  f r o m  the  pa ren t  b o d y  
mater ia ls .  All samples  were s tored  at 4 C. 

To o b t a i n  the  to ta l  free f a t t y  acids, approxi -  
m a t e l y  5.0 g of  i n t ac t  gemmules  were first 
b r o k e n  by  in tens ive  gr inding in a m o r t a r  wi th  
two  50 ml po r t i ons  of  n - h e p t a n e  at r o o m  tem- 
pe ra tu re .  The  res idual  mater ia l  was t h e n  re- 
ex t r ac t ed  wi th  50 ml of  b e n z e n e - c h l o r o f o r m  
(1 :3 )  for  I hr  at  50 C fo l lowed by  e x t r a c t i o n  
wi th  50  ml of c h l o r o f o r m - m e t h a n o l  (1 :1 )  at 
50 C. The  c o m b i n e d  ex t rac t s  were t a k e n  to  
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TABLE I 

Free Fatty Acid Composition of the 
Outer Protective Coat as Compared to the 

Entire Gemmule of Spongilla wagneri 

Relative percent distribution 

Gemmule 
Fatty acid Entire outer 
Carbon No. gemmule coat 

10:0 Trace a 0.10 
12:0 Trace 0.41 
13:0 Trace 0.36 
14:0 0.90 1.35 
14:1 Trace Trace 
15:0 0.26 1.35 
16:0 10.30 19.20 
16:1 2.25 0.20 
17:0 0.80 2.04 
17:1 0.85 1.04 
18:0 5.68 7.84 
18:1 19.70 1.00 
18:2 7.20 0.50 
18:3 9.02 0.11 
19:0 3.15 1.26 
19:1 0.85 0.30 
20:0 15.45 9.39 
20:1 1.70 1.30 
21:0 0.71 6.80 
21:1 0.57 1.09 
22:0 15.05 23.30 
22:1 2.06 1.49 
23:0 1.70 9.31 
23 : 1 Trace 1.35 
24:0 1.80 5.70 
24:1 Trace 3.16 

aLess than 0.1%. 

dryness  u n d e r  a s t ream of  prepur i f ied  n i t rogen .  
The  residue was t a k e n  up in n - h e p t a n e  and  
t rans fe r red  to  the  t op  of an ac t iva ted  silica gel 
co lumn (1 x 20 cm).  The  silica gel had  been  
p r e c o n d i t i o n e d  by  hea t ing  to  425 C for  10 h r  
fo l lowed by  cool ing and washing wi th  3 vol of  
n -hep tane .  The  various l ipid f rac t ions  were  
e lu ted  w i th  n -hep tane ,  fo l lowed by  b e n z e n e  
and  a f inal  polar  f r ac t ion  was e lu ted  w i t h  100 
ml of  abso lu te  m e t h a n o l .  T he  la t te r  f r ac t ion  
was m e t h y l a t e d  by  add ing  a m i x t u r e  of  b o r o n  
t r i f l uo r ide -me thano l  and  hea t ing  as descr ibed  
by  Morr i son  and  Smi th  (7). F o r  compar i son ,  
esters were also p repa red  b y  use of  a diazo- 
m e t h a n e  reagent .  Our  exper ience  has  b e e n  t h a t  
the  mi lder  m e t h y l a t i o n  agent  will no t  o p e n  the  
epoxide  r ing k n o w n  to  be p resen t  in several 
na tu ra l  l ipid sources.  

Remova l  of  the  gem m ul e  coat  was accom- 
pl ished b y  gent ly  crushing gemmules  in a 
m o r t a r  w i th  a small  a m o u n t  of  wa te r  un t i l  all of  
the  ou te r  coats  were b r o k e n  open .  They  were  
t hen  washed w i t h  water  in a No. 325 sieve (U.S. 
s t andard  sieve wi th  44-/1 open ings )  un t i l  micro-  
scopic e x a m i n a t i o n  did no t  reveal  any  t race  of  
the  inne r  cellular mater ia l .  The  e x t r a c t i o n  and  

isola t ion  of  the  free f a t t y  acids f r o m  the  gem- 
mule  coats  and  s u b s e q u e n t  convers ion  to  the  
co r r e spond ing  esters fo l lowed the  same proce-  
dure  as descr ibed for  the  en t i re  gemmule .  F a t t y  
esters were resolved by  gas c h r o m a t o g r a p h y  on  
a 30 m x 0 .025 cm stainless steel  capil lary 
c o l u m n  coa ted  w i th  Ap iezon-L  (pu rchased  
f rom Appl ied  Science L a b o r a t o r y ,  Inc . )  and  a 
200  m x 0 .067 cm stainless steel  capi l lary 
co lumn  coa ted  w i th  Igepal CO-880 (purchased  
f rom Genera l  Ani l ine  and  F i lm Corp.) .  Details  
of  gas c h r o m a t o g r a p h i c  o p e r a t i o n  were as 
descr ibed previously  (3).  Cha rac t e r i za t ion  of  
indiv idual  c o m p o n e n t s  was carr ied ou t  b y  
a l lowing a p p r o x i m a t e l y  85% of  the  in jec ted  
sample  to  be e lu ted  f r o m  a Pe rk in -E lmer  900  
gas c h r o m a t o g r a p h  in to  a Pe rk in -E lmer  Hi tachi  
RMU-6E single focus ing  mass spec t rome te r .  

On a dry weight  basis the  g e m m u l e  s t ruc tu re  
con ta ins  7 .15% to ta l  ex t r ac t ab l e  l ipids of which  
28 .53% occur  as free acids. By compar i son ,  the  
ou te r  coat  c o n t a i n e d  a to t a l  of  8 .79% lipids 
compr i sed  of  18.53% free f a t t y  acids. The  
ex t rac t s  were a l ight ye l low color  f rom the  
coats  and  a dark  orange  f r o m  the  to ta l  
gemmule .  Th in  layer  c h r o m a t o g r a p h i c  da ta  
ind ica te  t ha t  these  colors o r ig ina ted  f rom 10-12 
ch r oma tog raph i ca l l y  d is t inc t  p igments .  

Tab le  I i l lus t ra tes  the  relat ive d i s t r i bu t ion  of  
free f a t t y  acids f o u n d  in the  o u t e r  coat  as com- 
pared to the  ent i re  gemmule  calcula ted f r o m  
gas c h r o m a t o g r a p h i c  peak  areas. The  b imoda l  
d i s t r ibu t ion  was mos t  a p p a r e n t  in gemmule  
coats  having ma jo r  peaks  at  pa lmi t ic  and  
behen ic  acids represen t ing  19.20% and 23.30%, 
respect ively.  The  en t i re  gemmule ,  wh ich  
includes  f a t t y  acid c o n t r i b u t i o n s  f rom the  ou t e r  
coat ,  d e m o n s t r a t e d  a p re fe rence  for  a pa lmi t ic  
and  an arachidic  acid. The  b i m o d a l  d i s t r i bu t ion  
in f a t t y  acid chain  l eng th  is no t  un ique  to  
gemmules  bu t  has also r ecen t ly  been  observed  
in surface wax of  res i s tan t  u redospores  
p r o d u c e d  by  several rus t  fungi  ( u n p u b l i s h e d  
data ,  J.L. Laseter) .  Over one t h i rd  of  the  free 
f a t ty  acids in the  en t i re  g e m m u l e  be long  to the  
C18 u n s a t u r a t e d  series whereas  the  cont r i -  
b u t i o n  of  these  acids to  the  ou t e r  coat  
r epresen t s  on ly  1.61%. I t  is poss ible  t h a t  the  
synthes is  and  a c c u m u l a t i o n  in the  coat  of  satu- 
ra ted  chains  longer  t h a n  C20 and  the  cor- 
r e spond ing ly  low p o p u l a t i o n  of  u n s a t u r a t e d  
acids may  be a response  to the  needs  of  the  
organism to develop a more  res i s tan t  bar r ie r  to  
the  e n v i r o n m e n t .  

J. L. L A S E T E R  
M. A. P O I R R I E R  
D e p a r t m e n t  of  Biological  Sciences 
Louis iana  State  Univers i ty  at  New Orleans  
New Orleans,  Louis iana  7 0 1 2 2  

LIPIDS, VOL. 5, NO. 8 



724  SHORT COMMUNICATIONS 

ACKNOWLEDGMENTS 

This work was supported in part by a grant from 
The Research Corporation. 

REFERENCES 

1. Bergman, W., and A. Swift, J. Org. Chem. 
16:1206 (1951). 

2. Clarke, H.T., and A. Mazur, J. Biol. Chem. 
141:283 (1941). 

3. Or6, J., J.L. Laseter and D.J. Weber, Science 

154:399 (1966). 
4. Laseter, J.L., W.M. Weete and D.J. Weber, Phyto- 

chemistry 7:1177 (1968). 
5. Laseter, J.L., W.M. Hess, J.D. Weete, D.L. Stocks 

and D.J. Weber, Can. J. Micro. 14:10,1144 
(1968). 

6. Potts, E., Trans. Wagner Free Inst. Sci. 2:5 
(1889). 

7. Morrison, W.R., and L.M. Smith, J. Lipid Res. 
5:600 (1964). 

[ Received March  12, 1970] 

LIPIDS, VOL. 5, NO. 8 



The Incorporation of Phosphorylethanolamine Into the 
Phospholipids of Brain Microsomes in Vitro 
G. PORCELLATI, M. G. BIASlON 1 and G. ARIENTI ,  
Department of Biochemistry, The University of Pavia, Pavia, i taly 

ABSTRACT 

Synthesis of ethanolamine phospho- 
glycerides (EPG) from labeled 14C-phos- 
phorylethanolamine (PE) and cytidine tri- 
phosphate (CTP) has been studied in vitro 
in particles and in soluble fractions of 
chicken brain. The microsomal mem- 
branes can carry out this conversion, but 
supplementing the microsomes with an 
enzymic fraction derived from the 
particle-free supernatant results in a 
noticeable increase of the rate of EPG 
synthesis. Mitochondria are almost in- 
active, in this connection. The conversion 
of PE to lipid is very low, in no case 
exceeding 0.5-0.6%, even in the presence 
of diacyl glycerols or 1-alkenyl 2-acyl 
glycerol. No stimulation occurs by sup- 
plementing the incubation system with 
natural lipid acceptors, intermediates of 
lipid synthesis, energy-producing cofac- 
tors  �9 or monoacyl sn-glycero-3-phos- 
phorylethanolamine (GPE), monoacyl 
s n -g ly  c er o-3-phosphorylcholine (GPC) 
and other lipid material. From these and 
other results, the conclusion is made that 
the PE:CTP cytidylyttransferase (E.C. 
2.7.7.14) must display very low activity 
in vitro, thus limiting the overall rate of 
synthesis from PE. Diacyl GPE is the only 
lipid which has been found labeled after 
incubation with PE of the brain prepara- 
tions. A small synthesis of alkenyl acyl 
GPE takes place, only when PE is incu- 
bated with suitable concentrations of a 
plasmalogenic diglyceride. 

INTRODUCTION 

In the last few years a series of contributions 
have appeared concerning the synthesis of 
ethanolamine phosphoglycerides (EPG) in brain 
tissue in vitro (1-4), and the role played by the 
cytidine coenzymes in this metabolic process 
(1-7). Only a few studies have examined the in 
vitro incorporation of labeled precursors into 
EPG by isolated brain microsomes (3,8), 
although results obtained both in vitro (3,8) 

Ipresent address: Ospedale Civile di Como, Como, 
Italy. 

and in vivo (9) pointed to the microsomal frac- 
tion of brain tissue as the main site for this 
process. 

The purpose of the present contribution is 
to investigate further the synthesis of EPG from 
l a b e l e d  phosphorylethanolamine (PE) by 
particulate fractions of avian brain in vitro, and 
to obtain more information on the properties 
of the synthetic pathway. 

EXPERIMENTAL PROCEDURES 

Biological Materials 

Procedures for the Isolation o f  Subcellular 
Fractions. Chickens, six weeks old, all females 
were obtained from the same source. The brains 
of two chickens were weighed, suspended in 7 
vol of ice-cold 0.32 M sucrose solution (in 5 
mM phosphate buffer, pH 7.6) and homo- 
genized in a Potter homogenizer with six 
excursions of the teflon pestle for 40 sec. The 
clearance of the glass homogenizer was about 
0.15 mm and the average speed 1300 rev/min. 
The homogenate was centrifuged at 1500 g for 
10 min, and 80% of the supernatant fraction 
(S 1) carefully separated from the precipitate of 
large myelin, nuclei and cell debris. Mito- 
chondria were sedimented by centrifuging S 1 at 
7000 g for 10 rain, its supernatant fraction 
being recentrifuged at 18,000 g for an addi- 
tional 10 rain. The supernatant ($2)was saved, 
and the combined precipitates, referred to 
respectively as mitochondrial and submito- 
chondrial crude preparations, were further 
separated into fractions containing myelin, 
nerve endings and purified mitochondria (10). 
The purified mitochondrial fraction was washed 
with 0.32 M sucrose, in about one fourth of the 
volume of the original homogenate, to remove 
the Ficoll, and centrifuged at 18,000 g for 15 
rain (M1). The supernatant S 2 was then centri- 
fuged for 60 min at 105,000 g to bring down 
the microsomal fraction and to obtain a 
particle-free supernatant ($3). Microsomal 
pellets were washed once, in about one fifth of 
the volume of the original homogenate, in the 
above mentioned 0.32 M sucrose and recentri- 
fuged for 60 min at 105,000 g (M2). The super- 
natant fraction was combined with the corre- 
sponding original supernatant ($3) and pro- 
cessed as described later. Each of the M 1 or M 2 
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fractions was taken up in small volumes of 0.32 
M sucrose and stored at 0 C for a few minutes, 
if not  immediately used. 

The M 1 and M 2 were analyzed for the 
presence of enzymic markers. No evident cyto- 
~hrome oxidase (11) and succinic oxidase (12) 
activities [(ferro cytochrome c:O 2 oxidore- 
ductase, E.C. 1.9.3.1 and succinate: (acceptor) 
o x i d o r e d u c t a s e ,  E.C. 1.3.99.1 activities, 
respectively)] were present in the microsomal 
particles. A glucose-6-phosphate phosphohydro-  
lase (E.C. 3.1.3.9) activity has been predomi- 
nantly found in the microsomes (80% of the 
activity of the whole homogenate),  by 
analyzing the release of inorganic phosphate 
(Pi) according to Harper (13) and Ellingson and 
Lands (14). It is not known whether this 
activity represents a specific enzyme or an 
unspecific enzyme with low substrate specifi- 
city. As reported previously (15,16), the micro- 
somal NADH:cytochrome c oxidoreductase 
(E.C. 1.6.99.1) activity is insensitive to anti- 
mycin A, whereas the mitochondrial  enzyme is 
inhibited; the results obtained here have con- 
firmed this finding, indicating that contami- 
nation of microsomes with mitochondria had 
occurred only to the extent  of about 5%. 

In some instances membrane components 
were separated from ribosomes and vesicular 
content ,  and in others microsomal RNA was 
removed from original microsomes. In the first 
case, microsomes (about 0.8 mg of protein N 
per milliliter of 0.32 M sucrose) were treated 
with 0.25% sodium deoxycholate  and the sus- 
pension centrifuged for 3 hr at 105,000 g. 
Tightly packed pellets of ribosomes and mem- 
branes, and supernatant fraction constituting 
microsomal contents and the solubilized part of 
the membranes, were thus separated, the pellets 
rinsed two times with 0.32 M sucrose, and both 
fractions made up to known volumes with ice- 
cold 0.32 M sucrose. In the second instance, the 
isolated microsomes were suspended in 0.25 M 
sucrose containing sodium pyrophosphate (0.05 
M), pH 7.5 (17), reisolated by centrifugation 
and resuspended in 0.32 M sucrose, as above. 
Determination of the RNA (18) and protein 
content (19) showed that at least 80% of the 
total  microsomal RNA (27 /~g P/mg protein + 
2.8) had been removed by this treatment,  
whereas the protein content (0.70-0.75 mg/100 
mg of fresh brain tissue) had only slightly 
decreased. 

Preparation of  the Supernatant Fraction. 
The original S 3 (about 45-50 mg protein) was 
further treated with ammonium sulfate. Before 
fractionation it was passed through a column 
(1.8 x 22 cm) of Sephadex G-25, particle size 
30-70 /~, and eluted with phosphate buffer 

(0.01 M), pH 7.6 (20). The protein-containing 
fractions (about 6-7 ml) were pooled and pre- 
c ip i t a ted  at 0-4 C by adding saturated 
ammonium sulfate solution; the active fraction, 
precipitating between 25% and 38% of satu- 
ration, was collected by centrifugation at 9000 
g for 15 rain, taken up in 1 ml of cold 0.32 M 
sucrose, dialyzed against tris-hydrochloric acid 
buffer (0.1 M), pH 7.4, for 2 hr at +2 C, and 
used for incubation without  further treatment.  

Chemicals and Labeled Substrates 

Materials. Cytochrome c (Fe, 0.33%), 
NADH, NAD, sodium phosphoenolpyruvate 
(PEP) and sodium 3-phosphoglycerate (PGA) 
were from Biochemica Boehringer (Milan, 
Italy). Sodium malate, AMP, ATP, cytidine-5'- 
tr iphosphate (CTP), cytidine-5"-monophosphate 
(CMP) and antimycin A were from Sigma 
Chemical Co. (St. Louis, Mo.). Phospholipase C 
(E.C. 3.1.4.3) from Clostridium perfrigens was 
donated by R. E. McCaman, Duarte, Calif. 
Activated charcoal was prepared according to 
Threlfall (21). 

Almost pure diacyl sn-glycero-3-phosphoryl- 
ethanolamine (GPE) was obtained by silicic 
acid chromatography of egg lipids, which 
rendered the lipid free from small amounts of 
other GPE lipids. Synthetic 1,2-dipalmitoyl 
GPE and 1,2-distearoyl GPE, from Applied 
Sciences Labs. (State College, Pa.), were puri- 
fied on a silicic acid column by elution with 
chloroform-methanol (4:1). A preparation of 
acyl alkenyl GPE was obtained from brain EPG 
lipids by selective alkaline deacylation pro- 
cedures (22). The plasmalogen was freed from 
small unexpected amounts of diacyl sn-glycero- 
3-phosphorylcholine (GPC) by chromatography 
on alumina column (23). The final product  still 
contained a small amount of diacyl GPE, as a 
minor entity,  and possessed a P-ethanolamine- 
a c y l  e s t e r - v i n y l  ether molar ratio of 
1.02:1:0.98:1. 

1,2-Diacyl glycerols were prepared from 
yeast, egg and soybean lecithins by the action 
of phospholipase C (24). After  hydrolysis any 
unreacted lecithin was removed by adsorption 
on silicic acid, while the diglycerides were 
eluted from the same columns with 20% ether 
in n-hexane. The purity of the diglycerides was 
checked by thin layer chromatography (TLC) 
of alternate fractions in a diethyl  ether-chloro- 
form-n-hexane-acetic acid solvent (55:5:40:0.2 
v/v/v/v); single spots with Rf identical to those 
of synthetic diglycerides were obtained. The 
fractions were pooled,  evaporated to dryness 
and stored at -10 C in known volumes of 
diethyl ether. DL-1,2-diolein, D-1,2-dimyristin, 
D-1,2-dipalmitin and D-1,2-distearin were either 
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gifts of E. Baer (Toronto,  Canada) or products 
of Sigma. Measured aliquots of the natural and 
synthetic diglycerides were freed from the ether 
by gentle evaporation under nitrogen and resus- 
pended, at 40 mM and 20 mM concentration, 
respectively, in water containing bovine plasma 
albumin (0.05%) and Tween 20 (0.1%). Stable 
solutions were obtained when kept  in the refrig- 
erator. 

The 1-alkenyl 2-acyl glycerol (plasmalogenic 
diglyceride) was prepared by reaction of phos- 
pholipase C with a beef heart lecithin fraction 
(25), as reported by McMurray (26), followed 
by silicic acid chromatography in a benzene- 
chloroform gradient (25). Emulsions were pre- 
pared as above. 

Labeled Compounds. 1,2 -14C-Ethanolamine 
hydrochloride (S. A. of 9.8 mc/mmole)  were 
purchased from International Chemical and 
Nuclear Corp. (City of Industry,  Calif.). 
Labeled PE was prepared, as described else- 
where (27). Its puri ty was checked by paper 
chromatography,  followed by radioautography 
( 2 7 ) .  Uniformly-labeled 14C_diacyl GPE, 
obtained from Applied Sciences Labs., was 
purified by chromatography on a short DEAE 
cellulose column, before using as a reference 
standard. The lysoderivatives of the 14C.labele d 
diacyl GPE, as well as that of unlabeled diacyl 
GPC and diacyl GPE, were obtained by the 
method of Long and Penny (28), with a phos- 
pholipase A 2 preparation. Scintillation chemi- 

t t  . 

cals were products of Packard S.A. (Zurich, 
Switzerland). 

Incubation 

Experiments were carried out in heavy wall 
pointed tubes with a standard incubation mix- 
ture, as follows: diglyceride (2 mM), dissolved 
in Tween-20 (0.005-0.01% final concentration) 
and albumin (0.005%); phosphate buffer, pH 
7.50 (50 mM); ATP (6 raM); CTP (4 mM); 
cysteine (12 mM); labeled PE (2 mM), at the 
specific activity (SA) of 400/ lc /mmole ;  micro- 
s o m e s  (mi tochondr i a ) ,  corresponding to 
0.15-0.20 mg of protein N (about 120-150 mg 
of original fresh tissue); magnesium chloride 
(20 mM). Enzymes and other components  were 
added at +4 C at the indicated order. The total  
volume was 0.7 ml, and the pH (measured at 
the end of the incubation period) was 7.4-7.5. 
The purified preparations of diacyl GPC, diacyl 
GPE, 1-acyl GPC and 1-acyl GPE were added 
either as emulsions or in micellar form, exactly 
as described by Fiscus and Schneider (29). The 
tubes were stoppered and shaken at about 80 
strokes/min in a water bath at 37 C, for 30 min. 
The reaction was then stopped,  and the mixture 
treated as described in the following section. 

Isolation and Assay 

Total Lipid. After  incubation the reaction 
mixture was inactivated by adding ice cold 50% 
trichloroacetic acid (TCA) to give a final con- 
centration of 5%. Af ter  10 rain at 2 C the sus- 
pension was centrifuged, the supernatant 
removed and the precipitated material washed 
twice with a few milliliters of  unlabeled, ice 
cold PE (2 mM), and three times with ice cold 
H20.  The lipid material was dispersed in water 
to a volume of 0.5 ml, mixed briefly at room 
temperature with 18 ml of chloroform- 
methanol  (2:1 v/v), extracted and washed 
(30,31). The last lower phase was dried under 
nitrogen and dissolved in a known volume of 
chloroform-methanol (2:1 v/v). (No serious loss 
of the vinyl ether linkage of plasmalogen 
occurred following this t reatment,  provided 
that  ice cold diluted TCA was used and long 
contact with the precipitated material was 
avoided). The lipid P was determined after 
digestion according to Ernster et al. (32). A 
known port ion of the radioactive lipid solution 
was dried directly in the counting vial before 
the addition of 10 ml of  the scintillation liquid 
(3,16), and then counted. Eighty-four per cent 
efficiency was obtained. 

Hydrolytic Procedures. Hydrolyt ic  pro- 
cedures (33), modified for plasmalogen deter- 
mination (9), were carried out  on the lipid 
extract  of incubations performed on twice the 
scale indicated (see Incubation).  Small port ions 
of the first and second upper phases were taken 
for determination of P (32) and of total  radio- 
activity, and the remainder was used in dupli- 
cate for radioactivity assay and P determinat ion 
(34) of the separated water-soluble com- 
ponents. For  radioactivity measurements, the 
spots were removed, cut into small pieces into 
the counting vials and dissolved in 0.35 ml of 
water plus 10 ml of Buhler's scintillation 
solution (35). Recovery was 75-80%. Counting 
efficiency was over 80%, as checked with cali- 
brat ion curves. Radioactivity counts and P 
determinations on the last lower phase (33,36) 
were carried out  on the whole dried residue, as 
described previously (see Total  Lipid). 

Separation of Phospholipids. Phospholipid 
classes were separated, in duplicate, from the 
lipid solution (about 1.3 /.tmoles of lipid P), 
according to Horrocks procedure (37). The thin 
layer chromatograms were used for P deter- 
mination (34) and for radioautography.  The 
radioactive spots of the radioautogram were 
then assayed for 14 C content  (3,16). Recovery 
was 90-95%. 

Analytical Methods. Vinyl ether groups in 
the total  lipid extract were determined 
according to Rapport  and Norton (38). Car- 
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TABLE I 

The Transfer of Radioactivity From 14C-Labeled 
Phosphorylethanolamine to the Ethanolamine 

Phosphoglycerides of Chicken Brain 
Particulate Fractions in Vitro a 

Tissue fraction Activity b 

Mitochondria ( 5 
Mitochondria + supernatant ~ 5 
Microsomes 15 
Microsomes + supernatant c 121 
Microsomes + supernatant 93 
Microsomes d + supernatant 107 
Microsomes e + supernatant 22 
Microsomes + supernatant e 91 
Microsomes + supernatant f 116 
Supernatant 0 
Supernatant c 13 

aMicrosomes (0.8-1.1 mg protein), mitochondria 
(1.2 mg protein) and supernatant fraction ($3), pre- 
cipitated at 25-38% of ammonium sulfate saturation 
(0.38 mg protein), were incubated for 30 rain at 37 C 
in the standard incubation mixture described in the 
text. The diglyceride was DL-1,2-diolein. After incu- 
bation, radioactivity into the total lipid was estimated 
as described in the text. 

bActivity expressed as /d//moles of labeled phos- 
pholipid per milligram protein per minute. 

CUnfractionated supernatant fraction ($3):2.5 mg 
protein. 

dStored at -20 C for 4 hr. 
eStored at 0-4 C for 24 hr. 
fStored at 0-4 C for 96 hr. 

boxy l  esters were de t e rmined  according to 
Stern and Shapiro (39).  Prote in  of  the  mem-  
branous  s t ructures  was assayed according to  
Lowry  et al. (19) af ter  d~oxychola te  t r e a t m e n t  
(40). 

RESULTS 

Intracellular Distribution 

The results  tabula ted  in Table I show tha t  
the  enzymic  sys tem which  converts  PE into  
EPG is present  in the  microsomal  f rac t ion  of  
chicken brain  and requires  the  addi t ion  of  the  
superna tan t  for  maximal  activity.  In some 
exper imen t s ,  however ,  mic rosomes  alone had 
the  same or higher act ivi ty than  mic rosomes  
plus the  superna tan t ;  th is  d iscrepancy was 
observed only  when  syn the t i c  diglycerides were 
used,  and was no t  seen w h e n  natura l  digly- 
cerides were used. Mi tochondr ia  are inactive,  
e i ther  alone or supp l emen ted  wi th  the  super- 
n a t a n t  pro te in .  The original superna tan t  
material  ($3) possesses very low activi ty,  bu t  
significant incorpora t ion  of  label in to  the  lipid 
can still be obta inable  wi th  this f ract ion.  

The overall results  may be expla ined  by  the  
fact  tha t  the  PE:CTP cyt idyly l t ransferase  

TABLE II 

The Effect of Adding Different Diglycerides on the 
Synthesis of Ethanolamine Phosphoglycerides 

From Labeled Phosphorylethanolamine a 

Final 
concentration 

Diglyceride (mM) Activity b 

DL- 1,2-Diolein 2 101 
6 70 

10 106 

D- 1,2-Dimyristin 2 57 
4 69 

10 96 

D- 1,2-Distearin 4 93 
10 102 

From yeast lecithin 2 138 
4 140 

From soybean lecithin 2 162 
10 198 

From egg lecithin 2 151 

aMicrosomal protein (1.15 mg), supplemented with 
the fractionated supernatant fraction described in 
Table I (0.40 mg protein), was incubated in the 
medium reported in the text. Incubations were carried 
out at 37 C for 30 min, and the lipids extracted, as 
described in the text. 

bActivity expressed as /2//moles of labeled lipid per 
milligram protein per minute. 

activity (E.C. 2.7.7.14) is partially released by  
the mic rosomes  into the  superna tan t  f ract ion,  
when  homogena t e s  are prepared  in 0.32 M 
sucrose or in o ther  h y p e r t o n i c  media (3,41-43),  
whereas  the  PE:diacyl  glycerol  phospho t rans -  
ferase (E.C. 2.7.8.2) is a microsomal  en zy me  
(3,8,42).  

A slight loss of  act ivi ty occurs during the  
prepara t ion  of  an active f rac t ion of  the  super- 
na tant  by  a m m o n i u m  sulfate prec ip i ta t ion  at 
25-38% of  sa tura t ion (Table I). While storage of  
the mic rosomes  at -20 C for  a few hours  does  
no t  alter the  incorpora t ion  rate,  incorpora t ion  
markedly  decreases af ter  24 hr at 0-4 C. To the  
cont rary ,  s torage o f  the  superna tan t  up to four  
days at 0-4 C does no t  lead to  decreased incor-  
pora t ion  rates.  These results  suggest tha t  the  
phospho t rans fe rase ,  a microsomal  enzyme  
(3,8,42),  has a labile p ro te in  c o m p o n e n t .  

When memb ran e  c o m p o n e n t s  of  microsomes  
are separa ted  f rom their  con ten t  by deoxy-  
cholate  t r e a tmen t ,  no act ivi ty is found  ei ther  in 
the m e m b r a n e  and r i b o s o me  pellets or in the  
solubil ized part  of  the  membranes  present  in 
the  superna tan t  f rac t ion ,  p robab ly  because of  
inact ivat ion p roduced  by  the deoxycho la t e  
t r ea tmen t .  Removal  of  RNA was wi thou t  ef fect  
on the  rate  o f  PE inco rpo ra t ion  into lipid. 

F r o m  the  results  r ep o r t ed  in this sect ion it 
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FIG. 1. The effect of the time of incubation on the 
synthesis of ethanolamine phosphoglycerides from 
labeled phosphorylethanolamine by chicken brain 
microsomes, supplemented by the supernatant frac- 
tion. Incubation with 10 mM diglyceride from soy- 
bean lecithin was carried out as reported in Table II. 
Activity expressed in mbtrnoles labeled lipid per milli- 
gram protein. 

appears that the rate of PE incorporation into 
lipid by the microsomal fraction supplemented 
with its supernatant results in only 0.25% 
incorporation after 30 min of incubation, and 
that incorporation displayed by microsomes 
alone is very feeble (0.03-0.05%). These results 
are comparable to previous data obtained with 
brain homogenates and slices (2,7,44,45) and 
with particulate brain fractions (3). 

Properties of the Enzymic System 

Similar enzymic activities are obtained when 
different diglyceride preparations are tested at 
various concentrations (Table II). Diglycerides 
prepared from natural sources are more active. 
Increased concentrations of 1,2-diacyl glycerol 
greater than 2 mM do not result in an increased 
formation of lipid. 

The reaction proceeds linearly with time up 
to 20-30 min of incubation at 37 C (Fig. 1), 
either with microsomes alone or with micro- 
somes supplemented with the fractionated 
supernatant material. Synthesis of lipid is pro- 
portional to the amount of enzymic protein up 
to about 1.6 mg of microsomal protein per 
milliliter, when microsomes alone are used (Fig. 
2). By using microsomes supplemented with the 
fractionated supernatant, and by concurrently 
increasing their concentrations, a good corre- 
lation is apparently evident only up to 50 mg of 
correspondent fresh brain tissue, i.e., up to 
0.5-0.6 nag of microsomal protein per milliliter 
and up to 0.20 mg of supernatant protein per 
milliliter. Increasing the concentration of 

200 

150 

100 

50 

, , , , , , , , r , , , , , , 
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FIG. 2. The effect of protein concentration on the 
enzymic conversion of phosphorylethanolamine to 
ethanolamine phosphoglycerides by chicken brain 
particles in vitro. Incubation with 6 mM diglyceride 
from yeast lecithin was carried out for 30 min at 37 C, 
as described in the text. Fractionated supernatant frac- 
tion and pure microsomal pellets were used. Total 
lipid was extracted and counted as described in the 
text. Activity expressed in/#anoles labeled phospho- 
lipid per minute, o-c-o-o-, microsomes only; e.e-e-e-, 
microsomes supplemented with the fractionated super- 
natant protein (1 mg of microsomal protein per milli- 
liter equals to 0.35 mg of fractionated supernatant 
protein per milliliter; ~-A-A-~-A-A-, increasing con- 
centrations of the microsomal protein. Fractionated 
supernatant protein corresponded to 0.6 nag protein 
per milliliter of the incubation mixture. 

microsomal protein, without varying the 
amounts of the added supernatant fraction, 
does not result in linear increase of activity 
(Fig. 2). The incorporation rate is satisfactorily 
proportional to the amounts of the supernatant 
protein, when the concentration of microsomes 
is kept constant (not shown in the Figure). 

Better correlation between enzyme concen- 
tration and activity has been consistently found 
when natural diglycerides are used in place of 
the synthetic acceptors. 

It has been impossible to calculate Michaelis 
constant for PE or CTP, or both, since the 
incorporation of PE into EPG results from the 
combined action of two activities both present 
in the enzymic system. However, though 
keeping in mind these limitations, it is possible 
to obtain values of increased incorporation of 
PE into EPG at increasing concentrations of PE, 
by using a high concentration of CTP (4 mM), 
and an initial level of 0.57 mM PE (CTP/PE 
ratio of 7:1); under these conditions, the 
apparent K m of PE with the use of microsomes 
and supernatant fraction is 8 x 10 -4 M. 

The yield of PE incorporation into EPG 
increases slightly if the levels of CTP are raised 
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TABLE III 

The Effect of Adding Various Concentrations of 
CTP and PE on the Rate of Conversion of PE t o  

Ethanolamine Phosphoglycerides by 
Brain Tissue in Vitro a 

Ratio of Per cent of activity a 

CTP to PE b c 

1 0  1 1 0 7  6 6  
5 1 101 88 
3 1 130 120 
2 1 1 0 0  1 0 0  
1 1 8 0  7 6  
1 2 . 5  3 2  0 
1 6 17 0 

2 d 0 0 

alncubation was carried out for 30 min at 37 C as 
described in the text, by using soybean diglyceride (6 
mM), as lipid acceptor. Lipids were extracted and 
counted as reported in the text. The per cent of 
activity is referred to values obtained with the stand- 
ard incubation mixture (PE, 2 raM; CTP, 4 mM). 

blncubation with microsomes + fractionated super- 
natant protein. 

CIncubation with microsomes only. 
dMillimolar concentration of PE. 

(Table III). By decreasing the molar ratio of 
CTP/PE from 1:1 to 1:2.5 or less, the con- 
version of PE to EPG drops to lower values, and 
no longer takes place when only microsomes 
are used. The best CTP/PE ratio to obtain maxi- 
mal values of PE incorporation into EPG is 
apparently 3:1, but in no case does the con- 
version of PE to EPG appear to be higher than 
0.32-0.33% with the combined microsomal and 
supernatant enzymic system. The incorporation 
into EPG decreases by 40-50% by incubating 
CTP and PE (3:1) in the presence of unlabeled 
PC, this reduction probably being due to the 
removal of CTP. 

A broad optimum pH, lying between 6.5 and 
7.8, has been found for the conversion of PE to 
EPG. Very low or undetectable conversion 
occurs at lower and higher pH values. 

No incorporation of PE into EPG occurs in 
the absence of magnesium chloride; the 
optimum concentration of the Mg 2+ is 20 mM. 
Mn 2+ can replace Mg 2+, although less effi- 
ciently at all concentrations. When Mn 2+ is 
added to a Mg 2+ -containing incubation mix- 
ture, a slight inhibition (20-30%) occurs. Cal- 
cium ions (0.5 mM), incubated with a tris- 
hydrochloric acid buffer (30 mM), pH 7.5, 
exerts a noticeable inhibitory effect (80% of 
inhibition), also in the presence of magnesium 
ions. Incubating with tris buffer (30 mM), in 
place of  the phosphate solution, is without 
effect upon the enzymic conversion, as well as 
adding EDTA (from 0.5 to 3 mM) or sodium 

fluoride (up to 20 mM). 
The effect of omitting from the incubation 

mixture various components related to the PE- 
dependent EPG synthesis gave the following 
results: (a) diglyceride, reduction by 30-40%; 
(b) ATP, no variations up to 30 min of incu- 
bation, with depression of rate of synthesis 
after that t ime; (c) CTP, complete reduction 
( T a b l e  I I I ) ;  (d)  cysteine, no change. 
Supplementing, either separately or together, 
the standard incubation system with 2 to 10 
mM PEP, sodium malate (2 mM), NAD (0.5 
mM), cytochrome c (10 gM), AMP (2 mM) and 
CMP (from 1 to 3 mM) does not increase the 
enzymic activity. By replacing PEP with PGA 
(16 mM), a higher activity occurs in the 
presence of suitable concentrations of CTP, PE 
and ATP, but in no case does this activity con- 
vert PE to EPG in amounts greater than 0.35%. 
Cytidine 5'-diphosphate choline (0.3 to 1 mM) 
produces a 25% inhibition. 

Identification of the Labeled Lipid 

Determinations have been made of the EPG 
which occur in isolated mitochondrial and 
microsomal fractions of the six weeks old 
chicken brain. It was impossible to directly 
measure the amounts of the separated glyceryl 
ether form of ethanolamine lipid (alkyl acyl 
GPE), owing to the very low content of this 
lipid, but quantitative evidence for the presence 
of this lipid in the brain particles was obtained 
by determining the total P content of the last 
lower phase lipids after alkaline and acid hydro- 
lysis (33,36), and by subtracting from this value 
the sphingomyelin P (determined by analysis of 
the intact phospholipid classes). The corrected 
levels of the glyceryl ether P, which is almost 
totally representative in brain of alkyl acyl GPE 
(36,46), are reported in Table IV, together with 
the levels of diacyl GPE and alkenyl acyl GPE. 
The absolute amounts of each EPG agree with 
those reported elsewhere (9,47). 

When microsomal EPG were analyzed after a 
standard incubation with labeled PE (Table V), 
nearly 85% of the total radioactivity of the 
lipid extract was shown to possess an Rf value 
identical to authentic diacyl GPE. Treatment of 
such extract with methanolic potassium 
hydroxide (33,36) rendered water-soluble more 
than 95% of this radioactivity. Small amounts 
of labeled monoacyl-GPE were often detected 
after incubation. This lipid was identified by 
use of chromatography and cochromatography 
with labeled and unlabeled marker; a spot, of 
Rf value of 0.31, identical with that of the 
reference sample, was found in a chloroform- 
methanol-15 N ammonia (100:50:12 v/v/v) 
solvent. 
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TABLE IV 

The Distribution of Ethanolamine Phosphoglycerides in Microsomal and 
Mitochondrial Fractions of Six Weeks Old Chicken Brains a 

731 

Lipid Mitochondria Microsomes 

Diacyl GPE 0.17 + 0.05 (7) 0.20 - 0.06 (7) 
Alkenyl acyl GPE 0.13 -1"0.04 (7) 0.25 -+0.10 (7), 0.28 b (6) 
Alkyl acyl GPE c 0.022 (4) 0.030 (4) 
Total EPG 0.32 0.48 

aValues are reported as/2moles P/150 mg of original brain wet weight + S.D. The protein 
content of the correspondent mitochondrial and microsomal fractions is 1.1-1.2 and 1.0-l.1 
mg/150 mg original fresh tissue, respectively. Number of experiments in brackets. 

bSpectrophotometric iodine addition method (41,42). 
CThe value of the alkyl acyl GPE content may not be accurate (see text). Owing to the 

small number of estimations carried out, no standard deviation values are reported. 

No labeled alkenyl  acyl GPE is f o rmed  in 
brain mic rosomes  u p o n  incuba t ion  in the  s tand-  
ard incuba t ion  mix ture  (Table V). However ,  
w h e n  the  enzymic  sources were incuba ted  in 
the  presence  of  suitable amoun t s  of  1-alkenyl 
2-acyl glycerol,  an addi t ional  labeled faint  spot ,  
separated f rom tha t  o f  diacyl  GPE (37), was 
observed.  Rf values o f  0.30 and 0.38,  ident ical  
wi th  those  o f  re ference  markers ,  were ob ta ined  
respect ively wi th  the  solvent sys tems chloro-  
fo rm-methano l -15  N ammonia  (100 :50 :12  
v/v/v) and ch lo ro fo rm-methano l -15  N ammonia  
(130 :5 :8  v/v/v).  By adding 2 gmoles  of  cold 
e thano lamine  plasmalogen,  pr ior  to  the  TLC, 
and by processing the  sample as usual (37),  the  
SA of  the  isolated plasmalogen spot  decreased 
to  less than  0.01 m/amoles/gg of  P. Fo l lowing  
mild acid hydrolys is  wi th  TCA-mercur ic  

chloride so lu t ion  (33,36) ,  a feeble  bu t  def in i te  
spot  was d e t ec t ed  fol lowing rad ioau tography ,  
which  had similar ch roma tograph ic  proper t ies  
to  tha t  o f  au then t i c  GPE. The labeled spot  
might  the re fo re  be tha t  o f  e thano lamine  
plasmalogen,  which  is f o rmed  fol lowing incu- 
ba t ion  of  the  brain mic rosomes  wi th  labeled 
PE, if the  p rope r  diglyceride is added.  The 
radioact ivi ty  of  the  plasmalogen is roughly  one  
sixth of  tha t  o f  the  diacyl  GPE (Table V),  
e i ther  in the  presence  or in the  absence of  
DL-1,2-diolein.  Conversely,  the  same radio- 
activity is p resen t  in the  diacyl GPE,  in the  
presence  or in the  absence of  the  plasmalogenic  
diglyceride.  

Labeling has never  been  observed in the  
acid-stable f rac t ion  of  the  lipid ex t rac t ,  a f ter  
incuba t ion  of  mic rosomes  wi th  PE. 

TABLE V 

The Distribution of Radioactivity Into Ethanolamine Lipids of 
Hen Brain Microsomes After Incubation With Labeled 14C-PE in Vitro a 

Lipid m#moles/mg protein m~moles/~tg P 

Total lipid 3.24 --- 
Diacyl GPE b 2.76 0.24 
Monoacyl GPEb, c 0.36 --- 
Diacyl GPE d 3.10 0.25 
Alkenyl acyl GPE b 0 --- 
Alkenyl acyl GPEb, e 0.48 0.04 
Alkenyl acyl GPEb,f, e 0.45 --- 
Diacyl GPEb, e 2.94 0.24 
Alkyl acyl GPEg 0 --- 

aMicrosomes (2.05 mg protein) were incubated for 30 min in the presence ot the frac- 
tionated supernatant (0.75 mg protein) in the standard incubation system reported in the 
text and in Table I. DL-1,2-diolein (2 mM) was used as diglyceride. 

bLabeling was determined following separation of the intact lipid classes. 
CNot consistently found. The radioactivity assay is only indicative. 
dLabeling was determined after hydrolytic procedures. 
eAddition has been made to the incubation mixture of 1-alkenyl 2-acyl glycerol (2 raM). 
fDL-! ,2-diolein omitted. 
gSee text and Table IV. 
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Studies on the Activation of the Enzymic System 

Experiments have been performed in order 
to find out whether the small production of 
EPG from PE could be stimulated by adding 
separately to the standard incubation system 
the following materials: a preincubated and 
boiled (02,  37 C, from 1 to 8 hr) brain micro- 
somal or mitochondrial suspension, a similarly 
treated supernatant fraction, and various pre- 
parations of diacyl GPC, monoacyl GPC and 
monoacyl GPE. In no case has activation been 
observed. On the contrary, the addition of a 
pre incubated  mitochondrial fraction con- 
sistently lowers the rate of the incorporation of 
PE into EPG by the combined microsomal frac- 
tion. The addition of diacyl GPE (from 0.02 to 
0.20 ~moles P) also results in decreased incor- 
poration rates. 

DISCUSSION 

The main purpose of the present contri- 
bution was to find out whether brain particles 
or particle-free supernatant fractions might 
carry out efficient synthesis of EPG directly 
from PE, when supplemented with the appro- 
priate cofactors and lipid acceptors. The micro- 
somal membranes of chicken brain can carry 
out this synthesis, although at an extremely low 
rate (0.03-0.05% based on PE). Supplementing 
the microsomes with an enzymic fraction 
derived from a fractionated supernatant results 
in an increased rate of synthesis, which under 
standard conditions is however still low (0.25% 
conversion). When these results are compared 
with the high yield of EPG formed from 
cytidlne-5'-diphosphate ethanolamine (CDPE) 
and lipid acceptors by brain and liver tissues in 
vitro (8,44,48,49), it appears that the PE/CTP 
cytidylyltransferase, which converts PE to its 
cytidine derivative, must display a very low 
activity in vitro, thus limiting the overall rate of 
synthesis of EPG from PE. Low incorporation 
of PE into EPG has also been found in experi- 
ments with brain homogenates and slices 
(2,7,44,45). 

This reaction, which appears to be rate 
limiting, may control the biosynthetic pathway 
in vivo, since the great potentiality of the next 
successive step, catalyzed by the PE:diacyl 
glycerol phosphotransferase which transfers the 
CDPE to the lipid acceptor, cannot be 
expressed. These conditions are supported by 
the findings of the present contribution. Thus, 
no increase occurs in the rate of EPG synthesis, 
if the concentration of the diglyceride is 
increased up to fivefold in the standard incu- 
bation mixture, or if use is made of natural 
diglycerides, which are known to be better 

acceptors of the cytidine derivatives than the 
synthetic analogues (49,50). Clearly the lack of 
exogenous diglycerides to increase the rate of 
synthesis of EPG from PE is due to poor for- 
mation of CDPE. Similarly, supplementing the 
incubation mixture with cofactors known to 
constitute an external energy-producing system 
( o x i d a t i v e  or glycolytic phosphorylation 
reactions), or with intermediates of lipid 
synthesis, is without effect in stimulating the 
overall rate of synthesis. The demonstration 
first made by Fiscus and Schneider (29) on the 
activation of CDPC synthesis by phospholipid 
does not  apply to the CDPE synthesis by brain 
microsomes. This result contrasts with the 
known stimulation which operates on the 
CTP/PC cytidylyttransferase and which pre- 
sumably may influence and control the ulti- 
mate formation of lecithin. A detailed study of 
the possible stimulation and regulation of the 
synthesis of CDPE from PE seems therefore an 
important problem to investigate, in relation to 
the overall rate of synthesis of EPG. 
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The Labeling of Brain Ethanolamine Phosphoglycerides 
From Cytidine Diphosphate Ethanolamine in Vitro 
G. PORCELLATI ,  M. G. BIASION 1 and M. PIROTTA,  
Department of Biological Chemistry, The University of Pavia, Italy 

ABSTRACT 

Chicken brain microsomes convert 
1 4C_ethanolamine_labele d cytidine di- 
phosphate  ethanolamine (CDPE) to 
ethanolamine lipids (EPG) at a measur- 
able rate. Mitochondria and particle-free 
supernatant fractions are almost inactive. 
On adding saturating amounts of diacyl 
glycerol to the microsomes, formation of 
EPG increases 10-fold, and is almost 
totally confined to the diacyl sn-glycero- 
3-phosphorylethanolamine (GPE), whose 
synthesis increases 20-fold (from 13.1 to 
249 m/amoles/mg protein/hr). The 
addition of the 1-alkenyl 2-acyl glycerol 
also produces a noticeable increase in the 
rate of EPG labeling, which is almost 
exclusively confined to the alkenyl acyl 
GPE, whose synthesis is stimulated 
30-fold (from 3.1 to 90 m~moles/mg pro- 
tein/hr). Synthesis of alkyl acyl GPE 
from CDPE was not detected in the brain 
microsomes. Synthesis of EPG from 
CDPE by chicken brain homogenates has 
also been examined and results similar to 
those reported for the brain microsomes 
were obtained.  In addition, small 
amounts of labeled alkyl acyl GPE are 
produced from CDPE in the homo- 
genates, but in no case does this synthesis 
increase on adding various lipid acceptors 
to the incubation system. Various proper- 
ties of the phosphorylethanolamine- 
diacyl glycerol phosphotransferase (E.C. 
2.7.8.1) of brain microsomes were 
examined. It is concluded that the 
enzymic activities which convert CDPE to 
diacyl GPE and alkenyl acyl GPE, 
respectively, are similar. 

INTRODUCTION 

It is known that following the intracerebral 
injection of 14C-ethanolamine into rats, the 
base is rapidly converted to phosphorylethanol- 
amine (PE), transformed into cytidine 5'-di- 
phosphate ethanolamine (CDPE), and then 

1present address: Ospedale Civile di Como, Como, 
Italy. 

incorporated into the ethanolamine phospho- 
glycerides (EPG) of all subcellular fractions (1). 
This mechanism operates in vitro, both in liver 
(2) ant, brain (3-5), being presumably involved 
for the production of both diacyl sn-glycero-3- 
phosphorylethanolamine (GPE) and alkenyl 
acyl GPE (1,3,5). While the precursor-product 
relationship of CDPE and diacyl GPE has been 
demonstrated (3,5), the exact nature of the 
immediate precursor of alkenyl acyl GPE is not 
known (6,7). 

It is the purpose of the present investigation 
to produce experimental evidence on the 
enzymic reaction which transfers labeled CDPE 
to lipid acceptors in brain, to examine the pos- 
sible relationships among the syntheses of dif- 
ferent EPG, and the subcellular distribution of 
the transferase enzyme. Preliminary data have 
been provided recently regarding this last 
problem (8). 

EXPERIMENTAL PROCEDURES 

Biological Materials 

The preparation of purified mitochondria 
and microsomes from chicken brain, the 
separation of the microsomal components and 
of ribosome-free microsomes, and the analyses 
performed on some enzymic markers were 
carried out as described in the previous work 
(9). 

Chemicals and Labeled Substrates 

Materials. 1,2-Diacyl glycerols and 1-alkenyl 
2-acyl glycerol were prepared and successively 
emulsified, as described elsewhere (9). The 
1-alkenyl 2-acyl glycerol was assayed for the 
aldehyde-ester ratio (9), which was shown to be 
0.85. No attempt was made to calculate its 
fatty acid composition. Synthetic glyceryl 
diether compounds (~x,~-dihexadecyl glycerol 
and c~,/3-dioctadecyl glycerol) were prepared 
according to Kates et al. (10). Very unstable 
preparations were obtained on shaking these 
compounds, at the liquid state, with Tween-20 
(0.1%). However, more stable preparations were 
attained, immediately before addition to the 
incubation mixture, when the diethers were 
emulsified in Tween-20 and bovine plasma 
albumin (0.05%), and stirred at top speed for 1 
min in a VirTis microhomogenizer. 
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The samples of  diacyl GPE, 1-acyl GPE, 
1-acyl sn-glycero-3-phosphorylcholine (GPC) 
and alkenyl acyl GPE were obtained as 
described elsewhere (9). Unlabeled CDPE was a 
product  of Sigma Chemical Co. (St. Louis, Mo), 
and aluminum oxide of British Drug Houses, 
Ltd. (Poole, Dorset, England). 

Labeled Substrates. 1,2 -14C-Ethanolamine- 
labeled-CDPE was prepared enzymically from 
labeled PE (9) and suitable amounts of  cyti- 
dine-5'- tr iphosphate (CTP) (11), separated and 
purified by chromatography on Dowex-1 
(formate) column. No labeled free ethanol- 
amine or PE were found in the radioactive 
p r o d u c t .  1,2 -1 4 C-Et  h a n o l a  min  e-labeled- 
d e o x y  c y t i d i n e  diphosphate ethanolamine 
(dCDPE) specific activity (SA) between 50 and 
80 ktc/mmole was chemically synthesized (2); 
the yield was of  12%. Other radioactive com- 
pounds were prepared as reported previously 
(9). 

Incubation 

For  investigation of the PE-diacyl glycerol 
phospho t rans fe rase  (E.C.2.7.8.1), standard 
incubation mixtures normally contained the 
following components,  at the indicated final 
concentrations: diacyl glycerol (12 mM), dis- 
solved in Tween-20 (0.01%) and bovine plasma 
albumin (0.005%); tris-hydrochloric acid buffer 
(50 mM), pH 7.90; cysteine (12 mM); CDPE 
(1.0 mM) of SA between 180 and 240 
btc/mmole; brain microsomes (mitochondria),  
corresponding to 0.15-0.20 mg of protein N 
(about 120-150 mg of original fresh tissue); 
magnesium chloride (12 mM). The final volume 
was 0.8 ml and the pH (calculated at the end of 
the incubation) was 7.8-7.9. Operations were 
carried out at +4 C, enzymes and other com- 
ponents being added at the indicated order. 
When specified, 1-alkenyl 2-acyl glycerol or 
glycerol diethers were used in place of  the 
diacyl glycerols. The incubation mixtures were 
shaken into heavy wall pointed and stoppered 
tubes for 30 min at 38 C in a thermo-regulated 
water bath,  at about  80 strokes per minute. The 
reaction was then stopped (9), and the mixture 
treated as described in the sections which 
follow. 

Analytical Methods 

Total Lipid. Radioactivity and P content of  
the total  lipid fraction was determined as 
reported elsewhere (9). 

Phospholipid Analyses. Hydrolyt ic  pro- 
cedures were carried out,  as described elsewhere 
(9), on the lipid extract  of the incubation mix- 
ture performed on twice the scale previously 
indicated. 

Phospholipid classes were analyzed as pre- 
viously described (9,12); both  acid-labile and 
acid-stable EPG were found to occur in brain 
mitochondria and microsomes (9). Free GPE 
was never detected following the thin layer 
chromatography (TLC) procedure (12), indi- 
cating that  no dialk-l-enyl  GPE presumably 
occurs in the brain particles. 

Alkyl  acyl GPE was quantitatively deter- 
mined by two procedures. In the first case, 
radioactivity counts and P detetminations were 
carried out on the last lower phase lipids 
obtained after alkaline and acid hydrolyses, as 
explained previously (9). From the P content of 
this phase, sphingomyelin P (determined by 
analysis of the intact phospholipid classes) was 
subtracted,  in order to have the corrected 
values of the glyceryl ether P content.  No radio- 
activity was found in this sphingomyelin frac- 
t ion (Alternatively the alkyl acyl GPE content 
was determined by treating the mild acid- and 
alkali-stable lipids with water-free methanolic 
2 N hydrochloric acid for 4 hr at 100 C (13), 
and by determining the P and the radioactivity 
in the purified, glyceryl ether-containing ether 
extract (13). Comparable results were obtained 
with this procedure).  In the second instance, 
alkyl acyl GPE was determined following sepa- 
ration of the phospholipid classes (9), as sug- 
gested by Horrocks (12,14). More precisely, the 
original lipid extract (about 2.5/~moles of lipid 
P) was chromatographed in duplicate using 
about  1 btmole of lipid P for each assay; the 
labeled areas of acid-stable EPG and acid-labile 
EPG were then scraped off from the plates, 
saponified with a mild alkaline hydrolysis pro- 
cedure (13) and equilibrated with Dawson's sol- 
vent (15). The lower phase was then assayed for 
radioactivity and P content.  The acid-labile 
EPG spots were found to be fully saponified, 
indicating the absence of alkenyl alkyl GPE 
lipids in the brain particles. 

Column Chromatography. As an alternate 
way to identify and isolate EPG from the incu- 
bat ion mixture, a column chromatographic 
method was adopted.  After  incubation carried 
out on three times the scale previously indi- 
cated, the lipid extract  (about 4/.tmoles of P) 
was dissolved in chloroform-methanol  (1 : 1 v/v), 
and applied to a small column (0.8 x 5.0 cm) of 
aluminum oxide. The EPG were separated from 
the bulk of the other  lipids with chloroform- 
methanol (1 : 1 v/v), containing increasing 
amounts of water (16). Radioactive EPG were 
eluted between 7% and 13% of water, and 
found free from other lipids, as judged by the 
TLC of the fractions. Only small amounts of 
u n l a b e l e d  inositol-containing lipids were 
occasionally present. The SA of  the various 
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TABLE I 

The PE Diglyceride Phosphotransferase Activity in Subcellular Fractions of Chicken Brain a 

Activity 
Protein, 

Fraction mg/g b c d 

Homogenate 87 449 5.2 (1.00) 
Mitochondrial 9.0 17 1.9 0.37 
Microsomal 8.0 251 31.3 6.02 
Microsomal e 7.8 22 2.8 --- 
Supernatant 19 34 1.8 0.34 
Microsomal f 8.0 267 33.4 6.42 
Microsomalg 8.0 40 5.0 --- 
Microsomal h 6.5 214 32.0 6.15 
Soluble microsomal supernatant i 3.1 0 . . . . . .  
Insoluble microsomal pellets I 5.2 21 4.0 - - -  

aMicrosomes (0.9-1.2 mg protein), mitochondria (1.0-1.4 mg protein) and supernatant (3.0 mg 
protein) were incubated for 30 rain at 38 C in the standard incubation mixture described in the text. 
Lipid acceptors were omitted. After incubation, radioactivity into the total lipid fraction was esti- 
mated as described in the text. 

bM/.tmoles of labeled phospholipid]gram fresh tissue weight/hour. 
CM/Jmoles/milligram protein/hour. 
dSA of each fraction relative to the SA of the original homogenate. 
edCDPE (1.0 mM), SA of 67 /dc/mmole, was incubated in place of CDPE. 
fStored at -20 C for 4 hr. 
gStored at 0-4 C for 24 hr. 
hTreated with 0.05 M sodium pyrophosphate. For details, see Reference 9. 
iTreated with 0.26% sodium deoxycholate. For details, see Reference 9. 

EPG was t h e n  d i rec t ly  d e t e r m i n e d  b y  the  pro-  
cedures  r e p o r t e d  previously.  No o t h e r  phos-  
p h o r o u s  con ta in ing  c o m p o n e n t  was p resen t  
a m o n g  the  d i f f e ren t  types  o f  EPG.  

RESULTS 

Intracellular Distribution 

The  d e t e r m i n a t i o n  of  the  PE-diacyl  g lycerol  
p h o s p h o t r a n s f e r a s e  act ivi ty  has  been  carr ied 
ou t  in  the  m i t o c h o n d r i a l ,  m i c r o s o m a l  and  
soluble  f r ac t ions  of  ch icken  b ra in  (Tab le  I). 
Microsomes  c o n t a i n e d  b y  far  the  h ighes t  
p o r t i o n  of  the  enzym i c  ac t iv i ty  of  the  h o m o -  
gena te  ( a b o u t  55%) ,  b o t h  in t e rms  of  f resh  
t issue and  p ro t e in  c o n t e n t ,  whereas  on ly  a b o u t  
4% was de t ec t ed  in t he  m i t o c h o n d r i a .  The  
soluble  f rac t ion  also c o n t a i n e d  some act ivi ty .  In  
t e r m s  of  SA, the  mic rosomes  d isp layed  a six- 
fold increase  of  ac t iv i ty  as c o m p a r e d  to  t h a t  of  
the  or iginal  h o m o g e n a t e ,  whereas  values of  0 .37  
and  0 .34  were o b t a i n e d  for  m i t o c h o n d r i a l  and  
soluble  f rac t ions ,  respect ively .  A b o u t  30% of  
the  or iginal  ac t iv i ty  was n o t  a c c o u n t e d  for ,  
fo l lowing  f r ac t i ona t i on .  This  m a y  be  due  to  
res idual  ac t iv i ty  o f  tne  nuc lear ,  s y n a p t o s o m a l  
and  mye l in  f rac t ions ,  w h i c h  have no t  b e e n  con-  
s idered in th is  s tudy .  

As s h o w n  in Table  I, s torage of  the  micro-  
somes  at -20 C for  a few hour s  d id  no t  change  

the  enzymic  ac t iv i ty ,  w h i c h  near ly  disappears  
(16% of  the  or iginal  ac t iv i ty  r e t a ined)  a f te r  24  
h r  at  0-4 C. R e m o v a l  of  R N A  f r o m  the  isola ted 
f r ac t ion  (9)  was w i t h o u t  e f fec t  on  the  ra te  of  
CDPE i n c o r p o r a t i o n  in to  l ipid,  whereas  t r ea t ing  
wi th  d e o x y c h o l a t e  (9) ,  for  separa t ion  of  t he  
m e m b r a n e  c o m p o n e n t s ,  r esu l ted  in decreased 
enzymic  act ivi t ies  b o t h  in t he  m e m b r a n e  and  
r i b o s o m e  pel le ts  and  in the  solubi l ized par t  of  
t he  m e m b r a n e s .  When the  mic rosomes  were 
i n c u b a t e d  wi th  dCDPE in place of  CDPE, m u c h  
lower  convers ion  of  this  nuc leo t ide  in to  to ta l  
l ipid occurred .  This  last  resu l t  conf i rms  pre- 
vious f indings  (17 ,18) .  

Comparative Incorporation of PE and CDPE 
Into Microsomal Lipid 

The  pe rcen tage  of  convers ion  of  PE in to  
m i c r o s o m a l  EPG is small  (9) ,  w h e n  c o m p a r e d  
to  t h a t  of  CDPE ( this  s tudy) .  U n d e r  op t ima l  
cond i t ions ,  i.e., w i th  n a t u r a l  l ipid accep tors  
added  to  the  i n c u b a t i o n  sys tem,  a m a x i m u m  of  
0 .40-0 .45% of PE is i n c o r p o r a t e d  in to  the  
m i c r o s o m a l  EPG of  100 m g  o f  b ra in  t issue per  
hour ,  whereas  a b o u t  3% of  t he  CDPE is incor-  
p o r a t e d  i n to  t he  same a m o u n t  o f  mic rosoma l  
E P G / h r ,  w i t h o u t  the  a d d i t i o n  of  exogenous  
diacyl  glycerols.  When expressed  in t e rms  of  
un i t a ry  figures,  i.e., as # m o l e s  EPG/mic ro -  
somes /g ram wet  w e i g h t / h o u r ,  these  percen tages  
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become 0.06% and 0.25%, respectively. If the 
brain microsomes are incubated with CDPE in 
the presence of suitable concentrations of 
diacyl glycerols, these differences become even 
larger, as reported in the following sections. 

Identification of the Labeled Lipids 

Identification has been made of the lipids of 
brain homogenates and microsomes, which 
became labeled in vitro from CDPE without the 
addition of lipid acceptors. 

Table II shows that lipid labeling from CDPE 
in brain microsomes is not restricted to diacyl 
GPE and that in the absence of exogenous lipid 
acceptors labeling of alkenyl acyl GPE also 
takes place. More precisely, about 40-42% of 
the incorporated radioactivity (4% of the label 
of CDPE) was in the diacyl GPE, 10% in the 
alkenyl acyl GPE and about 3% in the lyso- 
derivative of diacyl GPE. This last lipid was 
identified by use of chromatography and co- 
chromatography with labeled and unlabeled 
marker, as reported elsewhere (9). No radio- 
activity was detected in the alkyl acyl GPE. No 
microsomal lipids other than EPG were found 
labeled after incubation with CDPE. 

Incorporation of CDPE into individual EPG 
has been followed in brain homogenates (80 mg 
wet weight) incubated for 30 rain in the 
absence of lipid acceptors (Table Ill,b). About 
5-6% of the radioactivity was incorporated into 
the phospholipid of 100 mg tissue (45 
m/~moles/100 mg tissue/hour). Of this radio- 
activity, 45% (21 mpmoles) was in the diacyl 
GPE, 31% (14 m/~moles) in the alkenyl acyl 
GPE, 9% (4 m/amoles) in the lysoderivative 
form of EPG, and about 4% (2 m/amoles) in the 
alkyl acyl GPE. These results confirm previous 
data (5,19), but are at variance with others (3). 
Identification of the alkyl acyl GPE, in the 
experiments carried out with the brain homo- 
genates, has been obtained by means of 
reported procedures (12,14). More precisely, 
the lower phase, obtained after the saponifi- 
cation of the separated acid-stable and acid- 
labile EPG, was analyzed for P and radio- 
activity; a total amount of about 1.1 /~mole P 
and of about 600 cpm was found. In another 
experiment the total P content and radio- 
activity of the last lower phase lipids were 
determined after alkaline and acid hydrolyses 
(13,15), and the sphingomyelin P value sub- 
tracted (see Phospholipid Analyses); levels of 
0.96 /amole and 641 cpm were found for the 
alkyl acyl P fraction. By adding to the incu- 
bation mixture 5 gmoles of cold 1-hexadecyl 
2-stearoyI GPE, prior to the TLC procedure, 
and by processing the sample as usual (12,14), 
the SA of the alkyl acyl GPE dropped from a 

TABLE II 

The Distribution of Radioactivity Into the  
Ethanolamine Lipids of Hen Brain Microsomes 
Following Incubation With Labeled Cytidine 

Diphosphate Ethanolamine in Vitro a 

m~tmoles/mg m~moles/#g 
Lipid protein P 

Total lipid 30.9 --- 
Diacyl GPE b 13.1 1.08 
Monoacyl GPE ~ 1 --- 
Diacyl GPE c 12.2 0.96 
Alkenyl acyl GPE 3.1 0.20 
Alkyl acyl GPE 0 --- 

aMicrosomes (about 2.0 mg protein), cor- 
responding to about 230-240 mg of original fresh tis- 
sue, were incubated for 30 rain at 38 C in the standard 
incubation mixture reported in the text. Lipid 
acceptors were omitted. After incubation, the l ipid 
classes were separated, identified and determined, as 
explained in a previous work (9), and in the  text. 

bLabeling of this lipid was determined following 
separation of the intact lipid classes (9). 

CLabeling of this lipid was determined after hydro- 
lytic procedures (9). 

value of 0.32 /~c/mmole to about 0.05. From 
these results it is concluded that the acid-stable 
and alkali-stable lipid, labeled in the brain 
homogenate from CDPE, is probably alkyl acyl 
GPE. It is not excluded, however, that a dialkyl 
form could also become labeled in these condi- 
tions. No labeling in alkenyl alkyl forms of EPG 
was detected (see Experimental Procedures). 

The Incorporation of CDPE Into the Lipid of Brain 
Homogenates in the Presence of Lipid Acceptors 

Experiments have been performed to 
examine in brain homogenates what the quanti- 
tative and qualitative labeling of EPG would be 
in the presence of different acyl glycerols. 
Table III shows that CDPE incorporation is 
stimulated fivefold by the addition of 12 mM 
diacyI glycerol (diacyl GPC, diacyl 3-glycero- 
phosphate, triacyl glycerol, Tween-20 and 
octanol cannot be substituted for the diacyl 
glycerol in this action; in addition, these com- 
pounds were unable to increase the activity of 
the enzyme in the presence of diacyl glycerol); 
and about threefold by the addition of 12 mM 
1-alkenyl 2-acyl glycerol, whereas it is 
unaffected by adding synthetic glyceryl 
diethers. The stimulation produced by the 
diacyl glycerol is confined to diacyl GPE, 
whose synthesis is stimulated about eightfold 
(78% of the incorporated radioactivity). Con- 
versely, the addition of the 1-alkenyl 2-acyl 
glycerol brings about a sixfold stimulation only 
of the ethanolamine plasmalogen synthesis 
(68% of the incorporated radioactivity). Under 
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TABLE III 

The Effect of Adding Diglycerides on Enzyme Activity of Chicken Brain Homogenates a 

Lipid acceptor added 
Synthesized 

lipid b c d 

Total EPG lipid 45 220 130 48 
Diacyl GPE 21 (45) 171 (78) 26 23 
AlkenylacylGPE 14 (31) 16 (7) 88 (68) 15 
Alkyl acyl GPE 2 (4) 2 (1) 2 2 2 f 
Monoacyl GPE 4 (9) 12 (6) 6 (5) 3 

aBrain homogenates (80 mg wet weight) were incubated for 30 rain at 38 C in the standard 
incubation mixture reported in the text (see Incubation). Lipid acceptors were added, as indicated. 
After incubation, the lipid classes were separated, identified and determined, as reported in Table II. 
Values are reported as mb~'noles lipid/lO0 mg wet weight tissue/hour. Per cent of the total radio- 
activity incorporated is shown in brackets. 

bNo lipid acceptor added. 
CDiacyl glycerol (12 mM) from soybean lecithin, dissolved in Tween-20 and bovine serum albumin, 

was added to the incubation mixture. 
dl-Alkenyl 2-acyl glycerol (12 mM) from beef heart lecithin was added, as above. 
eSynthetic 0t,/~dioctadecyl glycerol (4 mM) added. 
fSynthetic 0t,/~dihexadecyl glycerol (3 raM) added. 

optimal diglyceride concentrations, the ratio of 
synthesized diacyl GPE to alkenyl acyl GPE is 
2:1 (Table III). No increase of alkyl acyl GPE 
synthesis takes place on adding synthetic 
glyceryl diethers. 

The Incorporation of CDPE Into the Lipid of 
Brain Subcellular Fractions in the Presence of 
Lipid Acceptors 

The effect of adding saturating concen- 
trations of diacyl glycerols has been examined 
in brain subcellular fractions and particle-free 
supernatant (Table IV), in order to compare the 
results with those obtained in the absence of 
lipid acceptors (Tables I and II). Activity 
increases considerably in the whole homogenate 
(Table III), with a parallel fivefold increase in 
the mitochondrial fraction (from 1.9 m/~moles 
to  9 .2  m/~moles/milligram protein/hour. 
Activity of the supernatant fraction is un- 
changed. The greatest increase is shown by the 
microsomes. Labeling in the total lipid fraction 
(306 m/.Lmoles/milligram protein/hour) is in 
fact 10-fold increased from the basal value of 
31.3 mgmoles (Table I). 

The increase of  labeling of the microsomal 
lipid is confined chiefly to diacyl GPE, whose 
synthesis reaches a 20-fold stimulation on 
adding the diacyl glycerol (from 13.1 to 249 
mgmoles/milligram protein/hour),  whereas the 
rate of synthesis of the ethanolamine plasma- 
logen is not changed (Tables II and IV). For- 
mation of the alkyl acyl GPE does not occur in 
the microsomes, either in the presence or in the 
absence of lipid acceptors (Tables II and IV). 

When CDPE is substituted by equal amounts 

of the dCDPE, little labeling of the total lipid 
occurs, even in the presence of added diglycer- 
ides. 

Natural diglycerides, such as those prepared 
from yeast or soybean lecithins, are the most 
suitable acceptors for diacyl GPE synthesis, 
when compared with the synthetic diglycerides 
(Table IV). 

When the brain particles and supernatant 
fraction were incubated in the presence of 12 
mM 1-alkenyl 2-acyl glycerol, the distribution 
of activity was comparable to the results 
obtained when diacyl glycerol was added (Table 
V). Again the microsomes showed a large 
increase in the rate of lipid labeling, as com- 
pared to other fractions. The increase was con- 
fined to the plasmalogen, while incorporation 
into diacyl GPE did not increase. The for- 
mation of the alkenyl acyl GPE in the micro- 
somes raised in fact from values of 3.1 (Table 
II) to 90 m/~moles/milligram protein/hour (5.5 
m/~moles//ag P), with a 30-fold increase. 
Labeling of alkyl acyl GPE did not occur in 
these conditions. 

Therefore, under optimal diglyceride con- 
centrations, the ratio of synthesized diacyl GPE 
to alkenyl acyl GPE within microsomes reaches 
a value of 249:90, i.e., of about 3:1, whereas in 
the absence of exogenous acceptors, this ratio is 
of 13.1:3.1 (Table II), i.e., of about 4:1. 

To test whether synthesis of the alkyl acyl 
GPE would occur in the brain microsomes in 
the presence of other suitable lipid acceptors, 
incubation has been carried out of these par- 
ticles with 2.0-8.0 mM of the synthetic glyceryl 
diethers. EPG were separated on the alumina 
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TABLE IV 

The Effect of Adding Diacyl Glycerol on Enzyme Activity of Chicken Brain Subcellular Fractions a 

739  

Activity 

Fraction Lipid b c d e 

Homogenate Total lipid 2,120 25.2 (1.00) --- 
Mitochondrial Total lipid 84 9.2 0.36 --- 
Microsomal Total lipid 2,480 306 12.1 =- 
Supernatant Total lipid 42 2.2 0.09 --- 
Microsomal Diacyl GPE 2,079 249 --- 20.7 
Microsomal Alkenyl acyl GPE 31 3.7 --- 0.23 
Microsomal Alkyl acyl GPE 0 . . . . . . . . .  
Microsomal f Diacyl GPE 1,791 224 --- 18.1 
Microsomalg Diacyt GPE 821 101 --- 8.0 
Microsomal h Diacyl GPE 613 76 --- 6.0 
Microsomal I Diacyl GPE 660 82 --- 6.5 
MicrosomalJ Total lipid 301 35.8 . . . . . .  

aMicrosomes (0.8-1.2 mg protein), mitochondria (1.0-1.4 mg) and supernatant (3.0 mg protein) 
were incubated for 30 min at 38 C in the standard incubation mixture, supplemented with diacyl 
glycerol of soybean lecithin (12 mM), added as reported in Table III. After incubation, total lipid or 
lipid classes were determined as described in text and in Table II. 

bM/Amoles of labeled phospholipid/gram fresh weight tissue/hour. 
cM/dmoles/milligram protein/hour.  
dSA of each fraction relative to the SA of the original homogenate (1.00). 
eM/2moles//Ag of  P. 
fDiacyl glycerol from yeast lecithin (10 mM). 
gDL-1,2-diolein (12 mM). 
hD-1,2-dimyristin (12 mM). 
iD-1,2-distearin (12 raM). 
JdCDPE (1.0 mM), SA of 67/ /c/mmole,  was incubated in place of CDPE. 

c o l u m n s  and  h y d r o l y t i c  p r o c e d u r e s  a n d  T L C  
were  carr ied  o u t  o n  the  p o o l e d  peaks .  I n  n o  
case was  s y n t h e s i s  o f  th i s  l ipid ev iden t ,  ever~ at 
h ighe r  c o n c e n t r a t i o n s  o f  t he  d ie thers .  

Characteristics of the Lipid Labeling 

T h e  rad ioac t iv i ty  o f  a n y  labeled E P G  was  
f o u n d  a l m o s t  c o m p l e t e l y  in t he  base  m o i e t y  o f  

t he  p h o s p h o l i p i d ,  a f t e r  20-30 m i n  o f  incu-  
ba t i o n .  By h y d r o l y z i n g  the  t o t a l  w a s h e d  lipid 
e x t r a c t  in 6 N h y d r o c h l o r i c  acid fo r  3 h r  at 
105 C and  b y  ana lyz ing  th i s  e x t r a c t  b y  ch ro -  
m a t o g r a p h y  on  a c o l u m n  o f  D o w e x  l x 8  (OH-)  
( 1 0 0 - 2 0 0  m e s h ) ,  ne a r l y  90% o f  t he  lipid rad io-  
ac t iv i ty  was  r e c o v e r e d  in t he  a q u e o u s  e f f l uen t  
o f  t he  c o l u m n .  

TABLE V 

The Effect of Adding 1-Alkenyl 2-Acyl Glycerol on Enzyme 
Activity of Chicken Brain Subcellular Fractions a 

Activity 

Fraction Lipid b c d 

Homogenate Total lipid 11.4 (1.00) --- 
Mitochondrial Total lipid 4.5 0.39 --- 
Microsomal Total lipid 136.0 11.9 --- 
Supernat ant Total lipid 1.9 0.17 --- 
Microsomal Diacyl GPE 14.2 --- I. 12 
Microsomal Alkenyl acyl GPE 90.0 --- 5.5 
Microsomal Alkyl acyl GPE 0 . . . . . .  

aConditions were similar to those reported in Table IV, except that 1-alkenyl 2-acyl 
glycerol (12 mM) was incubated at 38 C for 30 min in the standard incubation mixture, in 
place of diacyl glycerol. 

bM/dmoles/milligram protein/hour.  
CSA of each fraction relative to the SA of the original homogenate (1.00). 
dM/Amoles//dg of P. 
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FIG. 1. The effect of the time of incubation on the 
synthesis of diacyl GPE from labeled cytidine diphos- 
phate ethanolamine by chicken brain microsomes. 
Incubation was carried out at 38 C with the standard 
incubation mixture (see Incubation) at 12 mM diacyl 
glycerol (prepared from yeast lecithin) concentration, 
and with purified brain microsomes (1.07 mg of pro- 
tein). The time of incubation was varied as shown. 
Activity expressed as //moles diacyl GPE/milligram 
protein. 
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FIG. 2. The effect of protein concentrations on the 
enzymic conversion of cytidine diphosphate ethanol- 
amine to diacyl GPE and alkenyl acyl GPE by chicken 
brain microsomes in vitro. Incubation was carried out 
for 30 min at 38 C with the standard incubation mix- 
ture (see incubation) at 12 mM diacyl glycerol (pre- 
pared from yeast lecithin) concentration or at 8 mM 
alkenyl acyl glycerol concentration, and with micro- 
somal protein, as indicated. Activity expressed as 
/lmoles diacyl GPE/30 min or as//moles alkenyl acyl 
GPE/30 min. -o-o-o-c~ incubation with diacyl glycerol; 
-@~-$- incubation with 1-alkenyl 2-acyl glycerol. 

Properties of the Microsomal Activity 

Increasing the concentration of diacyl 
glycerol (prepared from soybean lecithin) and 
alkenyl acyl glycerol in the incubation mixture 
results in an increased formation of their 
respective lipids, maximum reaction rates being 
reached at saturating concentrations of 12 mM 
and 8 mM, respectively. The apparent K m 
values for this type of diacyl glycerol and for 
the 1-alkenyl 2-acyl glycerol, with the use of 
microsomes, were very similar, i.e., 2.1 x 10 -3 
M and 2.4 x 10 -3 M, respectively. Values of K m 
were not different with the use of diacyl 
glycerol from yeast or soybean lecithins. 

Synthesis of diacyl GPE from CDPE in brain 
microsomes was proportional to time only 
during the first 20 min of incubation (Fig. 1), 
when assayed with a protein concentration of 
about 1 mg/0.8 ml of final volume. During that 
period, formation of the product was pro- 
portional to the amount of microsomal protein 
over the range from 0.2 to 2.0 mg/ml, when 
assayed in the presence of saturating concen- 
trations of CDPE and diacyl glycerol (Fig. 2). 
Comparable results were obtained by replacing 
diacyl glycerol with 1-alkenyl 2-acyl glycerol 
(Fig. 2). 

When the concentration of CDPE was varied 
over more than a 10-fold range, the enzymic 
system for the microsomal synthesis of the 
diacyl GPE was found to be saturated at about 
0.9 mM of CDPE, while concentrations of 

about 2.1 x 10 -4 M led to synthesis of the lipid 
at half the maximal rate (Fig. 3). Slightly dif- 
ferent values were obtained when synthesis of 
ethanolamine plasmalogen was studied in 
similar experimental conditions. 

The optimum pH was a broad region 
between 7.6 and 8.3, and was similar for both 
diacyl and 1-alkenyl 2-acyl glycerol. The 
activity fell off rapidly at pH values below 7 
and above 8.6. 

No activity was detected in the absence of 
Mg 2+. The optimum concentration of the Mg 2+ 
was 18-20 mM, with no other changes at higher 
values. Mn 2+ were also effective, though less 
efficiently. Ca 2+ inhibited the transferase 
activity by nearly 100% at 1 mM, and by 
60-70% at 0.4 mM, even in the presence of 12 
mM Mg2 +. 

The omission of cysteine from the incu- 
bation system did not change the standard 
reaction rates. Similar effect had the addition 
of ATP (from 1 to 4 mM), NAD (2 mM), PE (1 
mM), cytidine-5'-monophosphate (CMP) (2 
mM) and CTP (2 mM). Adding cytidine diphos- 
phate choline (CDPC) (1 mM) produced a con- 
sistent 25-30% inhibition. 

DISCUSSION 

The results of the present contribution show 
that synthesis of lipid in brain particles from 
CDPE is much more efficient than from labeled 
PE (9). The same difference between synthesis 
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of choline phosphoglycerides (CPG) from phos- 
phorylcholine (PC) or directly from CDPC has 
been reported (2,18,21), for brain and liver 
tissues. Probably the enzymic conversion of PE 
to CDPE by the PE/CTP cytidylyltransferase 
activity (E.C.2.7.7.14) represents a limiting step 
throughout  the overall synthesis of  EPG in 
animal tissues. 

The high conversion of cytidine-derivatives 
to lipid in vitro (2,3,5,17-19,21,22) has been 
confirmed. The considerable per cent of con- 
version of CDPE to EPG by brain homogenates, 
which takes place in the absence of  added digly- 
cerides, and which has been reported to range 
between 20-30% (5,18,19), is only apparently 
higher than that reported in this paper (about 
6%), because in our experiments saturating 
CDPE concentrations have been used. Con- 
versely, higher absolute levels of synthesized 
lipid have been obtained at saturating CDPE 
c o n c e n t r a t i o n s  (45  m/ . tmoles /100  mg 
tissue/hour) as compared to values of 10-23 
mgmoles (3,5,11,18,19,21). 

The pattern of labeling of the various EPG 
from CDPE in brain homogenates is similar to 
previous data (5,19), but  is at variance from 
others reported by McMurray (3), who found a 
large conversion of  CDPE into alkyl acyl GPE 
(but see 7). No other lipid was found labeled 
from the EPG, thus suggesting that  the ethanol- 
amine moiety does not find a way to enter in 
other lipid moieties, at least after 30 min of 
incubation. 

The rate of synthesis of EPG from CDPE 
increases fivefold in the brain homogenates 
(30% of  conversion) on adding opt imum con- 
centrations of diacyl glycerols (Table III). Only 
diacyl GPE synthesis is increased (eightfold 
stimulation). It is worth mentioning that 
synthesis of diacyl GPC in brain homogenate is 
much more stimulated by adding diacyl 
glycerol, reaching values of about 1,300-1,400 
m/~moles/100 mg wet weight tissue/hour (22) 
from starting levels of 50 m/~moles (3,22). 
Therefore, under both  opt imal  diacyl glycerol 
concentrations, maximal synthesis of diacyl 
GPE and diacyl GPC is given by 2.2 and 14.0 
/~moles/gram/hour, respectively. 

When 1-alkenyl 2-acyl glycerol is added to 
brain homogenates, in place of the diacyl 
glycerol, synthesis of  EPG is threefo ld  stimu- 
lated (Table III), the increase being confined 
only to the alkenyl acyl GPE (sixfold stimu- 
lation). Previous authors have found a twofold 
(3) and sevenfold (8) stimulation, under similar 
conditions. 

Therefore, under both optimal diglyceride 
concentrations,  the synthesis of diacyl GPE and 

a l k e n y l  acyl GPE in brain homogenates reaches 
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FIG. 3. The effect of cytidine diphosphate ethanol- 
amine concentration on the synthesis of diacyl GPE 
by chicken brain microsomes in vitro. Each tube con- 
tained 40/~noles of tris-hydroehloric acid buffer, pH 
7.90, 9.6 /.anoles of magnesium chloride, 9.6/Janoles 
of diacyl glycerol (from soybean lecithin), 0.08 mg of 
Tween-20, 9.6 kanoles of cysteine and 1.04 mg of 
microsomal protein; final volume of 0.8 ml. The con- 
centration of the cytidine diphosphate ethanolamine 
(232/2c/mmole) was varied as shown. The tubes were 
incubated for 30 min'at 38 C. The activity is expressed 
as mbanoles/milligram protein/30 min. [S] = //moles 
of substrate added per 0.8 ml of reaction mixture. 

SA values of 7.7 and 1.8 mgmoles//~g P, 
respectively (calculated from Table III). These 
apparently large differences become smaller, in 
terms of  total  radioactivity,  if we consider that 
the amount  of ethanolamine plasmalogen is, at 
least in rat brain, approximately 2.5 times that  
of diacyl GPE (1,5). 

The subcellular distr ibution of  the enzymic 
activity, tested in the absence of added digly- 
ceride, is rather similar to that r e p o r t e d  by 
Schneider (23), and that examined after the 
addit ion of  diglyceride also is similar to pre- 
vious data (8,22,23). In our experiments the 
incorporat ion of  CDPE into total  EPG of brain 
microsomes increases about 10-fold on adding 
the diacyl glycerols. Although levels of incorpo- 
rations of CDPE into microsomal diacyl GPE 
and alkenyl acyl GPE in the absence of  added 
diglycerides were higher than others (8), they 
became strictly comparable after the addit ion 
of the diglycerides. Thus, the incorporat ion of 
CDPE into microsomal diacyl GPE and alkenyl 
acyl GPE is st imulated 20- and 30-fold, 
respectively, by the addit ion of  the lipid 
acceptors, reaching values of  249 and 90 
m/.tmoles/milligram protein]hour,  which com- 
pare well with the levels of 269 and 70, respect- 
ively, repor ted elsewhere (8). Under optimal 
conditions, the original microsomal amounts of 
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diacyl  GPE (9)  can  t h e r e f o r e  be  more  t h a n  
d o u b l e d  a f t e r  1 h r  of  i n c u b a t i o n  ( f rom 160 to  
410  m # m o l e s / m i l l i g r a m  p ro t e in ) ,  and  those  of  
a lkenyl  acyl  GPE (9)  can be  increased by  45% 
( f r o m  215 to  305 m/. tmoles/mil l igram pro te in ) .  

The  e n z y m i c  act iv i ty  wh ich  t ransfers  t he  PE 
f rom CDPE to  the  p lasmalogen ic  diglycer ide  
seems to  possess the  same p roper t i e s  of  t h a t  
wh ich  cata lyzes  the  t r ans fe r  to  the  diacyl  
glycerol .  Thus ,  b o t h  have similar  d i s t r i bu t i on  
p a t t e r n s  in the  subcel lu lar  f rac t ions ,  e i the r  in  
the  p resence  or  in t he  absence  of  the  l ipid 
acceptors .  In  add i t ion ,  t he  t w o  act ivi t ies  possess  
similar K m and  pH o p t i m u m  values. The  t rans-  
fer may  t h e r e f o r e  p r o b a b l y  be  ca ta lyzed  b y  t he  
same e n z y m e  p ro t e in ,  w i th  a d i f f e ren t  degree of  
specif ic i ty  t owards  the  two  diglycerides.  I t  
fo l lows t h a t  p r o b a b l y  the  f ac to r  wh ich  regu- 
la tes  the  overal l  ra te  of  syn thes i s  of  each  EPG 
in vivo migh t  be  the  cellular c o n c e n t r a t i o n  of  
the  e n d o g e n o u s  diglycer ide  acceptors .  U n f o r -  
t una t e ly ,  an  insuf f ic ien t  n u m b e r  of  s tudies  have 
b e e n  carr ied ou t  conce rn ing  t he  cellular distri-  
b u t i o n  of  the  na tu ra l  diglycerides ,  and  no  
p lasmalogenic  diglycer ide  has,  as yet ,  b e e n  
de t ec t ed  in bra in .  The  absence  of  an  increase  in 
the  synthes i s  of  a lkenyl  acyl  GPE on  add ing  the  
diacyl  glycerol  (Tables  II and  IV),  and  vice 
versa (see t ex t ) ,  also ind ica tes  t h a t  a p lasma-  
logenic  diglycer ide  c a n n o t  be  conve r t ed  i n to  a 
diacyl  glycerol  fo rm,  and  vice versa at  least  in 
vi t ro.  

The  p a t h w a y  for  the  synthes i s  of  the  a lkenyl  
acyl  l ipids is still u n d e r  inves t iga t ion  (24) .  
Acco rd ing  to  Kiyasu  and  K e n n e d y  (25)  t he  
e n z y m e  wh ich  cata lyzes  the  synthes is  of  diacyl  
GPC f r o m  the  diglycer ide in t he  liver m ay  also 
act  o n  t he  p lasmalogen ic  diglyceride,  as we have 
suggested for  b ra in  t issue. There fo re ,  the  con-  
vers ion  of  CDPE to  acyl  a lkenyl  GPE in v i t ro  
t h r o u g h  the  pa r t i c ipa t ion  of  the  p lasmalogenic  
diglycer ide migh t  no t  be  opera t ive  in vivo, and  
m a y  r ep re sen t  on ly  the  resu l t  of  i n t e r ac t i ons  
a m o n g  the  ex te rna l ly  a d d e d  p lasmalogenic  
diglyceride,  the  CDPE and  t he  suf f ic ien t ly  
unspec i f ic  ac t ion  of  the  e n z y m e  which  conver t s  
CDPE to  l ipid mater ia l .  Synthes i s  of  a lkenyl  
acyl  GPE p r o b a b l y  has  to  occur  b y  o t h e r  
mechan i sms .  

The  resul t s  of  the  p resen t  work  show t h a t  
l i t t le  label ing occurs  in  the  a lkyl  acyl GPE u p o n  
i n c u b a t i o n  of  b ra in  h o m o g e n a t e s  w i th  CDPE 
( a b o u t  2 m g m o l e s / 1 0 0  mg t i s sue /hour ) ,  and  
t h a t  syn thes i s  does  n o t  increase  u p o n  a d d i t i o n  
of  e i the r  a f l - d i o c t a d e c y l  or  c t f l -d ihexadecyl  
glycerols,  t hus  con f i rming  prev ious  f indings  (3) .  
F u r t h e r ,  b ra in  m i c r o s o m e s  do  n o t  seem to  
cata lyze  the  t r ans fe r  of  PE f r o m  CDPE to  a lkyl  
acyl  GPE,  even in t he  p resence  of  cons iderab le  

a m o u n t s  of  the  above  m e n t i o n e d  c o m p o u n d s .  
T he  fai lure  of  b ra in  t issue and  bra in  micro-  
somes  to  ut i l ize t he  d i e the r  c o m p o u n d s  for  t he  
synthes is  of  t he  glyceryl  e the r  f o rm of  EPG 
opens  the  q u e s t i o n  as to  h o w  th is  l ipid can be  
syn thes ized .  The  very r ecen t  f ind ing  (26)  of  a 
new me tabo l i c  p a t h w a y  for  b iosyn thes i s  of  
alkyl  e the r  b o n d s  f rom g lycera ldehyde-3-phos-  
p h a t e  and  f a t t y  a lcohols  b y  mic rosomal  
enzymes  could  be  of  in te res t ,  in this  con-  
nec t ion .  
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Fatty Acid Composition of Human and Rat Adrenal Lipids" 
Occurrence of co6 Docosatrienoic Acid in Human Adrenal 
Cholesterol Ester 

KEN TAKAYASU 1, KUNI HI KO OKUDA and IWAO YOSHI KAWA, 
The First Department of Internal Medicine, 
Faculty of Medicine, Osaka University, Osaka, Japan 

ABSTRACT 

Fatty acids in human and rat adrenal 
l i p ids  were analyzed by A~NO a- 
impregnated silica gel, thin layer 
chromatography and gas liquid chro- 
matography (GLC). In human adrenal 
cholesterol ester, 26 kinds of fatty acids 
were estimated. The percentage of 18:1 
was highest, and 20:3606 and 22:4606 
represented high percentages in polyenoic 
acids. Docosatrienoate was found in all 
the five men, representing from 1.0% to 
2.8%. Its retention time on GLC was dif- 
ferent from that of 22 :3~9  found in the 
adrenal cholesterol ester of fat deficient 
rats. The methyl esters of dicarboxylic 
acids produced by KMnO4-oxidation of 
the docosatrienoate had a chain of 10 
carbon atoms. These results elucidate that 
the docosatrienoate from human adrenal 
cholesterol ester belongs to the linoleate 
family. In the adrenal cholesterol ester of 
10-week fat free rats, the percentages of 
22:4w6 and 22:56o6 did not decrease, 
compared with control rats, though 
arachidonate apparently decreased. The 
adrenal phospholipid contained about 
20% of arachidonate in four of five men 
and about 40% of arachidonate in rats. 
Much more polyenoic acids were found in 
the triglyceride of an adrenal adenoma of 
primary aldosteronism than in the 
adjacent adrenal tissue, whereas the fatty 
acid compositions of phospholipid and 
c h o l e s t e r o l  ester in the adenoma 
resembled those in the adjacent tissue. 

INTRODUCTION 

It is well known that the adrenal cortex is 
rich in cholesterol, especially cholesterol ester 
(1), and that the content of cholesterol easily 
varies by stress. 111 rats, adrenal cholesterol 
d e c r e a s e s  by injection of ACTH (2-4), injury 

Ipresent Address: The First Department of 
Internal Medicine, Osaka University Hospital, 1,3 
Chome, Dojima-dori, Fukushima-ku, Osaka, Japan 
553. 

(5) and infection (3,6), and also in humans, it 
presumably decreases owing to severe infection 
(7) or administration of ACTH (8). The experi- 
ments in vivo (9,10) and in vitro (11,12) 
showed that adrenal cholesterol could serve as a 
precursor of adrenal steroid hormones in 
various animals. The adrenocortical hormones 
may be also synthesized from cholesterol esters 
in the adrenal gland (13). The reiationship 
between the fatty acid composition in adrenal 
cholesterol esters and the synthesis of adreno- 
cortical hormones has been examined but it is 
not yet clarified. Essential fatty acid deficiency 
appears to involve the function of adrenal gland 
(14-16). It was reported that cholesteryl 
arachidonate decreased in concentration more 
than any other ester in rat adrenal gland after 
unilateral adrenalectomy (17). 

Many kinds of long chain polyenoic fatty 
acids were found in adrenal cholesterol esters 
and phospholipids of various animals. It was 
reported that 20:3 (number of carbon atoms: 
number of double bonds), 20:4 and 22:4 of the 
linoleate family and 20:5 and 22:5 of the lin- 
olenate family were found in bovine adrenal 
glycerophosphatides (18), and that 20:3, 20:4 
and 22:4 of the linoleate family were identified 
in canine adrenal lipids (19). In rat adrenal cho- 
lesterol ester, 20:4 and 22:4 of the linoleate 
family represented the major part (20-22), and 
when given a fat free diet, 20:3 and 22:3 of the 
oleate family increased in proportion to the 
decrease of fatty acids of the linoleate family 
(23). 

Since the fatty acid composition of human 
adrenal lipids has not been precisely clarified, it 
was analyzed by argentation thin layer chro- 
matography (TLC) and gas liquid chromato- 
graphy (GLC), and was compared with that in 
rat adrenal lipids, in the present report. 

MATERIALS AND METHODS 

Human adrenal glands from four cases were 
obtained at autopsy and that of one case during 
an operation for an adrenal adenoma. Until 
autopsies were performed, the bodies had been 
kept at a temperature of about 10 C for 3-7 hr. 
I.T., a 69-year-old man, was a slightly obese 
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FIG. 1. Fractionation of the methylated fatty acids 
in the adrenal cholesterol ester of 14-week fat free rats 
according to the degree of unsaturation by AgNO 3- 
impregnated silicic acid TLC. The plate of the~chro - 
matogram was sprayed with 15% H2SO 4 and charred 
at 140 C for 1 hr. The Roman numerals at the right 
side agree with those in Figure 2. 

patient having diabetes mellitus, disturbance of 
renal function and hyertension. He died of 
acute heart failure. K.S., a 50-year-old man, 
died of cachexia due to hepatoma. T.H., a 
23-year-old man, died of acute myelitis. K.M., a 
39-year-old man, died of renal failure due to 
chronic nephritis and gout. Y.S., a 25-year-old 
man, was a case of primary aldosteronism with 
symptoms of hypertension, periodic paralysis 
and hypokalemia. A globular adenoma of about 
1 cm diameter was found in the left adrenal 
gland at operation. The adenoma and the left 
adrenal gland were removed. Histologically the 
adenoma was a typical one like Zona reticularis 
of adrenal cortex, and the left adrenal tissue 
was normal. The symptoms diminished com- 
pletely after the operation. 

Five male albino rats of 150 g body weight 
were given a fat free diet, consisting mainly of 
70% sucrose and 20% vitamin free casein, for 
10 weeks before being killed. Another five rats 
were fed on a commercial solid diet as controls. 
Six other rats were given a fat free diet for 15 
weeks and three of them were given the same 
diet plus 40 mg methyl linoleate per day for 
one more week. Adrenal glands were removed 
from all the rats and were pooled separately in 
each group. 

Periadrenal adipose and connective tissues 
were removed as much as possible. Since no 
attempt was made to separate the medulla and 
cortex, all the analyses refer to the whole gland. 
Fatty acids of periadrenal adipose triglyceride 
were analyzed in two cases by the same method 
as for adrenal glands. 

Adrena l  glands were homogenized in 

Tota l  

20:1 

20:2 I~ 

18:2 ~ 22:2 

OL"---JL-.S x 4 

20:3 22 :3  [ ]  
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20:4to6 

/ /22:4~6 

22:5~6 
20:5 ~~ /~ 22:6 to3 

-..-~ X 4 

FIG. 2. Gas liquid chromatograms of the total 
methylated fatty acids and of each fraction on the 
argentation thin layer chromatogram of the adrenal 
cholesterol ester of 14-week fat free rats shown in 
Figure 1. Pentadecylic acid was added for an internal 
standard. 

methanol as quickly as possible, and their lipids 
were extracted by Folch's method (24) and 
were fractionated into major classes by TLC on 
silicic acid impregnated with Rhodamin 6G. 
The developing solvent was petroleum ether- 
diethyl ether-glacial acetic acid (85:14:1). The 
bands of cholesterol ester and of triglyceride 
were scraped off and eluted with diethyl ether. 
The phospholipid fraction was eluted with 
methanol. Each fraction was transmethylated 
with dry methanol containing 5% HC1 for 3 hr 
at 65 C. The petroleum ether extracts, the 
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ADRENAL FATTY ACIDS 

TABLE I 

Lipid Contents in the Adrenal Glands of Five Men 
(mg/g, Adrenal Wet Weight) 

745 

Y.S. 

Lipid I.T. K.S. T.H. K.M. Y.S. Adenoma 

Total cholesterol 59.0 4.0 14.5 37.6 39.4 86.4 
Phospholipid 52.0 33.9 27.4 23.3 17.7 16.4 
Triglyceride N.D. a 29.8 13.7 13.7 29.5 12.2 

aNot determined. 

me thy l  esters of f a t t y  acids, were separated by 
silicic acid TLC using to luene  as the  developing 
solvent .  A por t ion  of  the  me thy l a t ed  fa t ty  acids 
was analyzed by GLC, and the remaining 4 mg 
to  5 mg was f rac t iona ted  according to  the 
n u m b e r  of  double  bonds  in a f a t ty  acid by 
argenta t ion  TLC (25).  The ch roma tog raphy  was 
carried out  on a 23 x 8 cm glass plate coated 
wi th  Silica Gel G (E. Merck Ltd.)  impregna ted  
wi th  25% AgNO 3 (26),  300 /am in thickness ,  
wi th  ch lo ro fo rm-methano l  (95:5)  as solvent,  
for  45 min at r o o m  t empera tu r e  o f  about  20 C. 
Frac t ions  Were visualized under  the  f luor lamp 
by  spraying wi th  dichlorofluoxescein.  To each 
f rac t ion ,  20 In/ of  d ie thyl  e ther  and the  same 

volume of  15% me thano l  in distilled water  were 
added,  and the  mix ture  was shaken vigorously.  
The ex t rac t ion  was repea ted  once more .  Af te r  
t h e  d i e t h y l  e ther  was evapora ted ,  the  
me thy l a t ed  fa t ty  acids were eluted wi th  ace- 
t one  and analyzed by GLC wi th  100 #g of  
me th y l  pentadecyl ic  acid as an internal  
s tandard .  The recovery rate  of  f a t ty  acids 
th rough  the  argenta t ion  TLC was f rom 95% to 
100%, and no di f ference  was found  b e t w een  
the  recovery rate of  sa tura ted  acids and tha t  of  
unsa tu ra ted  ones.  

All these procedures  were carried out  under  
n i t rogen  gas as much  as possible.  Fo r  example ,  
solvents  were evaporated under  n i t rogen gas 

TABLE II 

Fatty Acid Composition of Cholesterol Ester in Human Adrenal Glands 

Average of five men Adenoma a 
Fatty acids Retention time (%) (%) 

14:0 0.39 b 0.7 ( 0.0- 1.2) 0.8 
16:0 0.62 6.7 ( 5.0- 8.8) 7.2 
16:1 0.73 4.2 ( 3 . 1 -  6.7) 3.3 
18:0 1.00 2.7 ( 1 . 6 -  4.1) 3.1 
18:1 1.17 37.6 (33.1-41.6) 40.6 
18:2 1.45 7.0 ( 5 . 6 -  7.9) 10.5 
18:3t.06 1.72 0.3 ( 0 . 1 -  0.4) 0.5 
18:3(.O3 1.92 0.1 ( 0 . 0 -  0.3) 0.2 
20:0 1.64 0.2 ( 0 . 1 -  0.3) 0.3 
20:1G.)9 1.90 3.0 ( 2.7- 3.5) 2.3 
20:2G,g) 2.28 1.5 ( 0 , 9 -  2.2) 1.3 
20:2G-~6 2.36 1.1 ( 1.0- 1.4) 1.6 
20:3GY) 2.58 0.3 ( 0 . 3 -  0.4) -- 
20:3036 2.83 8.3 ( 4.4 - 10.0) 9.9 
20:4G.)6 3.20 4.7 ( 3.2- 5.5) 3.4 
20:5(,03 4.27 0.8 ( 0.3- 1.3) 0.6 
22:0 2.70 0.1 ( 0 . 0 -  0.3) 0.2 
22:1(,.09 3.13 1.6 ( 1 . 2 -  2.1) 1.3 
22:2(,09 3.73 0.2 ( 0 . 0 -  0.8) --- 
22:3636 4.65 1.8 ( 1.0- 2.8) 2.0 
22:4636 5.42 7.5 ( 7 . 1 -  8.1) 3.8 
22:5636 6.26 1.2 ( 0.7- 1.9) 0.6 
22:56.73 7.16 2.3 ( 1 . 3 -  3.9) 1.5 
22:6(.,03 8.26 4.3 ( 2.9- 7.1) 3.3 
24:0 4.59 0.2 (0 .0 -  0.8) 0.2 
24:1G,)9 5.22 1.7 ( 1 . 1 -  3.2) 1.5 

aFrom a patient with primary aldosteronism. 
bRetention time on the gaschromatogram (that of stearate = 1.00). 
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TABLE III 

Fatty Acid Composition of 
Phospholipid in Human Adrenal Glands 

Average of five men Adenoma a 
Fatty acids (%) (%) 

14:0 0.5 ( 0.0- 
16:0 18.1 (15.8- 
16:1 2.5 ( 2.3- 
18:0 16.2 (12.0 - 
18:1 22.3 (17.7- 
18:2 7.3 ( 5.5- 
18:3036 0.1 ( 0.0- 
18:30)3 0.0 ( 0.0- 
20:0 0.1 ( 0.0- 
20:1669 0.9 ( 0.7- 
20:2(.D9 0.2 ( 0.0- 
20:20.36 0.6 ( 0.2- 
20:3039 0.2 ( 0.0- 
20:3036 2.9 ( 1.6- 
20:4036 20.1 ( 9.5- 
20:5663 0.2 ( 0.0- 
22:0 0.3 ( 0 . 0 -  
22:1669 0.1 ( 0.0- 
22:4r 2.3 ( 1.3 
22:5666 0.1 ( 0.0 
22:5663 0.9 ( 0.5 
22:6663 2.1 ( 0.7 
24:0 0.5 ( 0.3 
24:1 1.5 ( 0.3 

1.8) --- 
21.3) 22.9 

2.8) 2.4 
23.4) 24.6 
28.3) 17.4 
lo.o) 8.7 
0.2) o.1 
0.1) 0.1 
0.3) o.s 
1.2) 0.8 
0.4) - - -  

0.9) 0.8 
0.3) --- 
4.1) 3.1 

25.8) 9.8 
0.7) 0.7 
0.8) 1.2 
0.2) 0.6 
3.8) 0.7 
0.3) --- 
1.5) 0.4 
4.2) 0.7 
0.8) 1.4 
2.5) 2.8 

aFrom a patient with primary aldosteronism. 

and methylated fatty acids in dry benzol were 
preserved in ampoules filled with nitrogen gas 
until the next procedure. The analyses 
employing a large quantity of 2,6-ditert-p-butyl 
cresol (BHT) in solvents as an anti-oxidant (27) 
were not significantly different from the 
analyses without BHT. 

GLC was performed on the Yanagimoto Gas- 
chromatograph, model 550F, equipped with a 
220 cm glass column packed with 20% diethyl- 
erie glycol-succinate on celite, and a hydrogen 
flame detector. Analyses were carried out at a 
column temperature of 206 C, an injection 
temperature of 240 C and a nitrogen flow of 20 
ml/min. The peak areas were calculated by a 
triangulation method. As the peaks of fatty 
acids not separated on gas liquid chromato- 
gram, such as 20:3606 (number of carbon atoms 
from the methyl end to the double bond) and 
22:0, could be separated by the argentation 
chromatography, their areas were calculated 
from their ratios to the area of internal 
standard in each fraction. Technical error (co- 
efficient of variation) for fatty acid compo- 
sition through all the procedures mentioned 
above was less than 5% for a major component 
(5% or more of total fatty acids) and was less 
than 10% for a minor component (from 1% to 
5% of total fatty acids). 

Fatty acids were identified by their 

retention time on gas liquid chromatograms 
(28) and by the fractionation on argentation 
chromatograms (Fig. 1 and Fig. 2). Fatty acids 
used as standards in the both methods were as 
follows: 16:0 (the purity, 98%), 18:0 (99%), 
20:0 (96%), 22:0 (95%), 18:16o9, 18:2666 
(99%), 18:36o6 (95%), 18:3663 (95%), 20:3606 
(96%) and 20:4606 (95%) (obtained from 
Nakarai Chemicals Co. Ltd. and Ono Pharma- 
ceutical Co. Ltd.). Though fatty acids having 
less than two double bonds were not 
partitioned clearly in Figure 1, argentation 
chromatography with petroleum ether-diethyl 
ether (75:25) could easily fractionate them into 
three bands: saturated acids, 24:1, and the 
other monoenoic acids. 

Some of the fatty acids separated by 
argentation chromatography were oxidized 
w i t h  p o t a s s i u m  permanganate (KMnO4) 
according to the methods of Tinoco (29). The 
methyl esters of dicarboxylic acids and of 
monocarboxylic acids obtained as oxidation 
products were analyzed by GLC at a column 
temperature of 184 C and 98 C, respectively. 
Dimethylated acids of 6,8,9 and 10 carbon 
atoms and monomethylated acids of 6,8 and 10 
carbon atoms (obtained from K&K Labora- 
tories Inc. and Nakarai Chemicals Co. Ltd.) 
were used as the standard substances for identi- 
fication. The recovery rate of dimethylated 
acids was about 90% and that of mono- 
methylated acids was more than 70%, if the 
pentadecylic acid recovery was assumed to be 
100%. 

From the adrenal lipid extracted by Folch's 
method, the triglyceride (30), phospholipid 
(31) and cholesterol (32) contents were 
measured by the methods of previous reports. 

RESULTS 

Fatty Acid Composition of Human Adrenal Lipids 

Lipid contents of the adrenal glands from 
five patients are shown in Table I. Total choles- 
terol concentration was low in K.S. and T.H., 
who died of liver cancer and of acute infection, 
respectively, and was highest in the adrenal 
adenoma of Y.S. 

Twenty six fatty acids were estimated in the 
adrenal cholesterol esters (Table II). The per- 
centage of 18:1 was highest. The existence of 
monoenoic acids having carbon numbers of 20, 
22 and 24 were characteristic. The monoenoic 
acid of 24 carbon atoms could be isolated by 
argentation chromatography and was identified 
to be 24:1669 by the KMn04-oxidation 
method, since the monomethylated acid 
produced had a chain of nine carbon atoms. 
E i c o s a t r i e n o a t e  and docosa t e t r aenoa t e  
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T A B L E  IV 

F a t t y  Acid  Compos i t i on  o f  Tr ig lycer ide  in Adrena l  Glands  
and Per i toneal  Fat  of  H u m a n s  
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T.H.  Y.S. Y.S. 

Adrenal  Adipose  Adrena l  Adipose  A d e n o m a  a 
Fatty acids (%) (%) (%) (%) (%) 

14:0  1.6 2.4 1.2 0.9 0.4 
16:0 19.7 20.3 20 .0  19.4 23 .4  
16:1 7.4 7.0 4.7 4.5 4 .0  
18:0  3.4 3.2 6.8 6.5 9.4 
18:1 43 .7  43 .3  42.5 40.5 22.3 
18:2 15.5 15.5 15.3 20.5 10.3 
18:3(O6 0.1 0.1 Trace  Trace  0.1 
18:3(03 0.3 0.2 0.7 1.2 0.1 
20 :0  Trace  Trace  0.3 0.3 0.1 
20:1 2.7 3.4 1.7 3.0 1.6 
20:2029 0.3 0.3 Trace  Trace  0.4 
20:2(,06 0.4 0.3 0.6 0.2 1.2 
20:30,26 0.5 0.2 1.4 0.2 8.1 
20:4026 0.9 0.5 1.3 0.3 6.3 
20:5503 Trace  0.1 Trace  Trace  2.2 
22:10.,  x ) 1.0 1.4 1.0 1.6 0.6 
22:4(,06 0.5 0.2 0.6 Trace  1.8 
22 : 5(,06 Trace Trace  Trace  Trace  2.0 
22 :5 (03  0.6 0.5 0.7 Trace  1.2 
22 :6 (03  1.4 1.1 1.2 1.1 2.6 
24 :0  . . . . . . . . . . . .  0 .8 
24:1509 . . . . . . . . . . . .  1.1 

a F r o m  a pa t i en t  (Y.S.) wi th  p r i m a r y  a ldos te ron i sm.  

represented a relatively large percentage. The 
percentages of polyunsaturated acids of the 
linolenate family varied in each of the five 
cases. Docosatrienoate was found in all cases. 

In the phospholipid fraction of adrenal 
g l a n d s  (Tab le  III), 18:1 and 20:4606 
represented about 20% or more except the 
arachidonate in Y.S. 

Fat ty acid composition of the adrenal trigly- 
ceride was similar to that of the adipose trigly- 
ceride in two cases (Table IV), but the adrenal 
triglyceride was somewhat richer in the long 
chain polyenoic acids than the adipose trigly- 
ceride. 

The fatty acid composition in an adenoma 
of primary aldosteronism is shown in Tables 
II-IV. The percentages of 22:4 and 22:5 in cho- 
lesterol esters were lower in the adenoma than 
in the adjacent adrenal tissue of Y.S. However, 
there was little difference in the percentages of 
other fatty acids in cholesterol ester and in the 
fatty acid composition in phospholipid between 
the two types of tissues. Eicosatrienoate and 
20:4 were found more in the triglyceride of the 
adenoma than in that of the adjacent adrenal 
t issue.  

Docosatrienoic Acid in Adrenal Cholesterol Ester 

In the adrenal cholesterol ester of fat 
deficient rats, docosatrienoate appeared as in 

previous reports (23). An apparent difference 
was found in the retention time on GLC under 
the same conditions between the docosa- 
trienoate obtained from fat deficient rats and 
the docosatrienoate, at least its major portion, 
obtained from humans. Ratios of the retention 
times of both docosatrienoates to that of 
stearate (1.00) were 4.81 (from rats) and 5.18 
( f r o m  h u m a n s ) .  The  KMnO4-oxidation 
products of the trienoates from a human were 
methylated and analyzed by GLC as described. 
The analysis of monomethylated acids showed 
a major component of 6 carbon atoms and a 
minor component of 9 carbon atoms. The 
dimethylated acids consisted of one large com- 
ponent  and some small components (Fig. 3). 
The retention time of peaks A,D,E and G in 
Figure 3 agreed with that of the standard 
dimethylated acids with chains of 6,8,9 and 10 
carbon atoms, respectively. Peak B was 
probably the dimethylated acid with a chain of 
7 carbon atoms, while peaks C and F did not 
correspond to any dimethylated acid. The 
ratios of peak areas of A, B and G to that of D 
(D=100.0) in Figure 3 nearly agreed with the 
ratios of peak areas of 18:3, 22:3(09 (?) and 
22:3606 (?) to that of 20:3606 (20:36o6=100.0) 
in the original trienoates (Table V). 

Furthermore, about half of 606 (?) docosa- 
trienoate could be separated from the other 
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A C 

G 

FIG. 3. Gas chromatogram of the methyl esters of 
dicarboxylic acids produced by KMnO4-oxidation of 
trienoic fatty acids from human adrenal cholesterol 
ester (column temperature, 184 C, 20% DEGS on 
celite). See text and Table V. 

acids by repeating argentation TLC. The 
dimethylated acids produced by KMnO4-oxi- 
dation of the isolated docosatrienoate, at least 
most of them, had a chain of 10 carbon atoms 
(Fig. 4). 

These results showed that the major portion 
of docosatrienoate from human adrenal choles- 
terol ester is that of the linoleate family, 
22:3A10,13,16. 

Fatty Acid Composition of the Adrenal Lipids of Rats 

Fatty acids of the adrenal lipids of fat 
deficient rats and of control rats were analyzed 
in the same manner as the human adrenal lipids 
(Table VI). Arachidonate and 22:4606 repre- 
sented the major cholesterol ester fatty acids, 
and arachidonate represented more than 40% of 
phospholipid fatty acids in the control rats. In 
the cholesterol ester of fat deficient rats eicosa- 
and docosa-trienoate of the oleate family 
increased, and linoleate and arachidonate 
decreased, but the percentages of 22:4 and 
22:5 of the linoleate family were unchanged, in 
comparison with those of the control rats. 

In a separate examination, rats given a fat 
free diet for 15 weeks and rats given 40 mg of 
methyl linoleate per day for one more week 
after the fat free diet were compared. In the 
adrenal cholesterol esters, 20:4606 and 22:4606 
represented 3.9% and 7.2%, respectively, in the 
fat free rats, and increased to 8.1% and 10.7%, 
respectively, after linoleate-feeding. Eicosa- 
trienoate (609) and 22:3609 represented 15.6% 
and 24.3%, respectively, in the fat free rats and 
decreased to 11.6% and 16.5%, respectively, 
after linoleate-feeding. 

These results suggested that the percentage 
of arachidonate fell faster than that of 22:4606 
when rats were fed on a fat free diet and that 

I 
18,0 

22:3 
,.06? 

=6 

FIG. 4. (I) Gas chromat_ogram of 606 (?) docosa- 
trienoate isolated by repeating argentation TLC 
(column temperature, 206 C). Methyl stearate was 
added as a standard. (II and III) Gas chromatograms 
of dimethylated acid produced by KMnO4-oxidation 
of the docosatfienoate (!!) and stand~ddLm_ethylated 
acids having chains of 6,8,9 and 10 carbon atoms (II1) 
(column temperature, 184 C). Peaks C, E and G cor- 
respond to those in Figure 3. 

the percentages of both 20:4606 and 22:4606 
increased simultaneously when rats were given 
linoleate after the fat free diet. 

DISCUSSION 

Since most of the fatty acids were sharply 
fractionated according to the degree of unsatu- 
ration, they were easily identified by their 
retention time on GLC. However fatty acids 
with short retention times, such as 20:2609 and 
20:2606, might not be accurately identified. 
Autoxidation of unsaturated fatty acids is 
thought to be negligible even if it could occur, 
for the following reasons: firstly, the proce- 
dures and the storage were carried out under 
nitrogen gas as much as possible; secondly, the 
results in which BHT was used for all the sol- 
vents were not significantly different from 
those without BHT; and thirdly, no significant 
variation of the fatty acid pattern was shown 
after repeating any step of TLC. However it was 
not evident whether or not human adrenal 
lipids deteriorated during the period from death 
till autopsy. 
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TABLE V 

Composit ion of Dimethylatcd Acids Produced by KMnO 4 - Oxidat ion of 
Trienoates From Human Adrenal Cholesterol  Ester and Comparison With 

the Composi t ion of the Original Trienoates 

1 2 3 4 5 

R e t e n t i o n  t i m e  rat ios  
on  gas chromatograms a 

Standard d imethyl  1.00 (C6) b 1.82 (C8) 2.45 (C9) 3.29 (CI0)  
Peak in Figure 3 1.00 (A) 1.34 (B) 1.82 (D) 2.42 (E) 3.27 (G) 

Peak area ratios c 

Ratio involved C6/1 g:3636 C7/22:36392 C8/20:3636 C10/22:36367 
Ratio expected 2.7 7.4 100.0 17.1 
Ratio from Figure 3 2.4 9.0 100.0 4.1 22.6 

aRatios (C6 = 1.00). When the standard dimethyl  ester of dicarboxylic acid having 6 carbon atoms 
was added into the sample shown in Figure 3, the retent ion t ime of the standard acid agreed with that  
o f  Peak A.  

bNumber of carbon atoms in the carbon chain of d imethyla ted  acid. 
CRatios (area of C8 dimethyl  and of 20:3636 = 100.0). 

I n  h u m a n  a d r e n a l  c h o l e s t e r o l  e s t e r ,  

m o n o e n o i c  a c i d s  (639) w e r e  p r e d o m i n a n t ,  a n d  
2 0 : 3  a n d  2 0 : 4  o f  t h e  l i n o l e a t e  f a m i l y  r e p r e -  
s e n t e d  r e l a t i v e l y  h i g h  p e r c e n t a g e s ,  s i m i l a r  t o  t h e  

p a s t  r e p o r t  (8) .  T h e  p r e s e n t  r e p o r t  s h o w s  t h e  

e x i s t e n c e  o f  2 2 : 1 6 3 9  a n d  2 4 : 1 6 3 9  a n d  a h i g h  

p e r c e n t a g e  o f  2 2 : 4 6 3 6  in  c h o l e s t e r o l  e s t e r .  I n  

t h e  p h o s p h o l i p i d  f r a c t i o n ,  a r a c h i d o n a t e  r ep re -  

s e n t e d  a h i g h  p e r c e n t a g e  in  f o u r  cases  o u t  o f  

f ive.  H u m a n  a d r e n a l  g l a n d s  s e e m e d  t o  r e q u i r e  

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

t h e  l i n o l e a t e  f a m i l y .  

TABLE VI 

Fat ty  Acid Composit ion of Adrenal Lipids From Rats Given Fat Free Diet 
for 10 Weeks and Rats Given Commercial  Solid Diet (Control)  

Fat free diet a Control  a 

CE PL TG CE PL TG 
Fatty acids (%) (%) (%) (%) (%) (%) 

14:0 Trace Trace 1.8 b Trace b 
16:0 10.5 8.7 25.7 10.5 6.9 25.6 
16:1 4.5 0.5 9.3 2.0 0.1 5.2 
18:0 2.9 28.9 6.2 2.6 31.9 7.4 
18:1 19.7 17.2 54.9 11.9 8.3 37.8 
18:2 1.2 0.5 0.4 4.5 4.7 19.1 
18: 3636 Trace . . . . . .  0.2 Trace Trace 
18: 3(,03 0.1 . . . . . .  0.2 Trace 0.3 
20:0 2.2 0.3 Trace 0.9 0.3 0.1 
20:1 5.9 0.8 0.5 2.5 0.5 1.2 
20:2639 1.2 --- 0.1 . . . . . . . . .  
20:2636 Trace . . . . . .  0.7 0.3 0.1 
20:3639 6.0 3.0 0.3 Trace 0.1 Trace 
20:3636 0.7 0.2 --- 2.2 0.4 0.1 
20:4C06 6.3 36.7 0.4 16.2 42.6 1.4 
20:5633 Trace . . . . . . .  1.6 Trace 0.1 
22:0 0.4 0.3 --- 0.8 0.2 --- 
22:1O.g) 2.4 . . . . . .  1.4 . . . . . .  
2 2 : 3 ~ 9  8.8 . . . . . . . . . . . . . . .  
22:4036 20.0 2.1 0.3 21.5 1.8 0.6 
22:5636 3.3 . . . . . .  1.7 Trace Trace 
22:5(x73 0.6 . . . . . .  5.0 0.3 0.3 
22:60.)3 1.8 . . . . . .  12.3 0.8 0.7 
24:0 Trace 0.4 --- Trace 0.5 --- 
24:1(.09 1.5 0.4 --- 1.3 0.3 --- 

aCE, cholesterol ester; PL, phospholipid,  TG, triglyceride. 

bNot calculated because BHT was used. 
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Docosa t r ienoic  acid was found  in the adrenal  
choles terol  esters of  all five cases. Since fa t ty  
acids could no t  be singly isolated except  24:1 
by argenta t ion  ch roma tography ,  the  KMnO 4- 
ox ida t ion  p roduc t s  of  t h e m  conta ined  various 
componen t s .  However  r epea ted  argenta t ion  
ch roma tog raphy  could separate a major  po r t i on  
o f  the  docosa t r i enoa te  f rom the  o the r  
t r ienoates  of  h u m a n  adrenal  choles terol  ester.  
The d ime thy la t ed  acid wi th  a chain of  10 
carbon a toms p roduced  by KMnO4-ox ida t ion  
showed that  the  docosa t r i enoa te  belongs to  the  
l inoleate  family.  This f a t ty  acid could no t  be 
found  in any lipid f rac t ion of  h u m a n  plasma by  
similar m e t h o d s  in our l abora to ry  and also in 
the  precise analysis of Phillips (33). It was no t  
found  in the  liver, plasma and adrenal  gland of  
tat .  In the  past repor t s  on rat liver (34,35) ,  
h u m a n  plasma (36) and h u m a n  red cell (27),  
docosa t r ienoic  acid was s ta ted to  be of  the  
oleate family.  

In the  chain elongat ion reac t ion  of  fa t ty  acid 
in vitro wi th  rat liver microsomes ,  a small 
a m o u n t  of  22:3606 was synthes ized  f rom 
18:3606 (37) and 20:3606 (38). Because of  the  
high percentages  of  20:3666 in h u m a n  adrenal 
glands, a por t ion  of  the acid may  be conver ted  
in to  22:3606, but  it is not  obvious whe the r  the  
22:3606 could be conver ted  in to  22:4666. 

The fact  tha t  20:46o6 and 22:4666 were rich 
in rat adrenal  cholesterol  ester  and tha t  20:3669 
and 22:3609 increased in fat def ic ient  rats 
agrees wi th  the  previous r epor t s  (16,23).  The 
percentages  of  22:46o6 and 22:56o6 in the  
10-week fat  free rats were re ta ined  on the  same 
level as those  of  cont ro l  rats,  and when  a small 
a m o u n t  of  l inoleate  was given to  the  15-week 
fat free rats for  one  week, 20:4666 and 22:46o6 
increased in the  similar degree. This suggests 
that  the  metabol ic  turnover  ra tes  of  choles terol  
esters wi th  22:46o6 and 22:5666 were  s lower 
than  those  of  o the r  choles terol  esters in rat  
adrenal gland. It seems to  agree wi th  the experi-  
men t  of  Gidez and Feller (17),  in which cho- 
testeryl  a rachidonate  decreased in concen-  
t ra t ion  more  than  any o ther  esters,  fo l lowed by  
the  esters wi th  l inoleate and oleate,  in the  
adrenal  gland of  unilaterally ad rena lec tomized  
rats.  

It should  be considered tha t  small amoun t s  
of  periadrenal  adipose tissues might  be mixed  in 
adrenal  lipids. However  the  d i f fe rence  of  fa t ty  
acid compos i t ion  of  t r iglyceride be tween  
adenoma  and normal  adrenal  t issue was too  
large to be ascribed to  the  mix tu re  of  adipose 
tr iglyceride.  It might  be due to  the  histological  
d i f ference  be tw een  the adrenocor t ica l  adenoma  
and the  whole  adrenal gland, m o r e  than  to  dif- 
ferences  in their  lipid metabol i sm.  
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ABSTRACT 

Five ganglioside fractions from bovine 
adrenal medulla were analyzed with 
respect to their fatty acid and long chain 
base compositions. The five fractions 
included two hematosides and three 
hexosamine-containing species, the latter 
having chromatographic properties com- 
parable to the major gangliosides of brain. 
The fatty acid compositions of all five 
were similar: 22:0 was the most 
abundant,  but significant amounts of 
16:0, 18:0, 24:0 and 24:1 were also 
present. No hydroxy fatty acids were 
detected. The principal long chain base in 
each fraction was 4-sphingenine (sphingo- 
sine), with lesser amounts of the C 16 and 
C17 homologues. Minor quantities of the 
corresponding saturated bases were also 
detected. These were identified by two 
gas liquid chromatography methods: (a) 
trimethylsilyl ether derivatives, (b) alde- 
hydes formed by periodate oxidation of 
the long chain bases. No 4-eicosa- 
sphingenine (C20-sphingosine), character- 
istic of brain gangliosides, was found in 
any of the fractions. The results demon- 
strate that gangliosides of the adrenal 
medulla show tissue specificity in fatty 
acid and long chain base composition 
which is independent of carbohydrate 
structure. 

INTRODUCTION 

Gangliosides were recently shown to be 
present in one component of the autonomic 
nervous system, the adrenal medulla (1). The 
total level of ganglioside in this tissue was sur- 
prisingly high, amounting to slightly over 50% 
of the level in brain gray matter when expressed 
as /amoles of ganglioside per weight of fresh 
tissue. That study also demonstrated the 
presence of two categories of ganglioside in the 
same tissue: (a) hematosides, consisting of 
ceramide-lactoside attached to one sialic acid, 
and (b) hexosamine-containing gangliosides, 
which resembled the major gangliosides of brain 
in their slower migration on thin layer 
chromatography (TLC) and in their more 

complex oligosaccharide structures. However, 
the latter category comprised less than 10% of 
total ganglioside, which is contrary to the distri- 
bution observed in brain tissue (2). 

Both of the major fractions were shown to 
be hematosides which differed from each other 
in the type of sialic acid; the slower migrating 
fraction (AG 5) contained N-glycolylneuraminic 
acid (NGNA) while the faster (AG6) had N- 
acetylneuraminic acid (NANA). The three 
hexosamine-containing fractions possessed two 
or more sialic acid units, with both types of 
sialic acid appearing in the same structure in 
two of the fractions. The present study was 
undertaken to determine the nature of the fatty 
acids and long chain bases (LCBs) associated 
with each of the five ganglioside fractions from 
bovine adrenal medulla. It was of particular 
interest to ascertain whether the hexos- 
amine-containing species, similar to brain 
gangliosides in several aspects of carbohydrate 
structure, also resembled the latter in regard to 
lipophilic constituents. 

MATERIALS 

Fatty acid standards and boron trifluoride- 
methanol (14% by weight) were obtained from 
Applied Science Laboratories, Inc., State 
Col lege ,  Pa. Rac-4-sphingenine and rac- 
sphinganine were purchased from Miles Labora- 
tories, Inc., Elkhart, Ind. Several other LCBs 
employed as standards included rac-threo-4- 
h ept  ad e c asphingenine,  rac-threo-heptadeca- 
sphinganine, rac-threo-4-nonadecasphingenine, 
rac-threo-nonadecasphinganine, rac-threo-hen- 
eicosasphinganine and rac-threo-tricosasphinga- 
nine. Four LCBs were prepared (as a mixture) 
from brain gangliosides: 4-sphingenine, sphinga- 
nine, 4-eicosasphingenine and eicosasphinga- 
nine. Standard aldehydes containing two car- 
bons less than the respective LCBs were pre- 
pared by periodate oxidation of the above 
bases. Myristic aldehyde was synthesized by 
controlled oxidation of myristic alcohol with 
CrO 3 in pyridine. Hexane and dichloromethane 
were Matheson, Coleman and Bell spectro- 
quality solvents and were used without further 
purification. Chloroform and methanol, Merck 
reagent grade, were distilled prior to use. Silica 
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Gel HR (without binder) from E. Merck, A.G., 
Darmstadt, Germany, was used for TLC purifi- 
cation of fatty acids, while Silica Gel G from 
the same source was employed for TLC of 
gangliosides. 

METHODS 

Gas Liquid Chromatography 

Gas liquid chromatography (GLC) analyses 
were carried out using an F & M model 1609 
gas chromatograph equipped with a flame ioni- 
zation detector. The columns were stainless 
steel coils, 6 ft long and 1/4 in. i.d. Two types 
of packing were employed: 15% EGSS-X 
(polar) on Gas-Chrom P and 6% JXR (silicone) 
on Gas-Chrom Q. These materials were 
obtained from Applied Science Laboratories, 
Inc. Helium was used as the carrier gas at a flow 
rate of 55 ml/min. Peak areas were determined 
with a Disc integrator and also from the 
product of peak height by width at half height. 
Data are presented as weight percentages and 
each value is an average of at least three GLC 
determinations. 

Sample Preparations 

Gangliosides were isolated from bovine 
adrenal medulla and resolved into five fractions 
according to methods previously described (1). 
The conditions for methanolysis were very 
similar to those described by Gaver and 
Sweeley (3) in which a small amount of water is 
added to the methanolic-HC1 in order to reduce 
the quantity of methylated sphingosine side 
products. Approximately 0.4/~mole ganglioside 
was dissolved in 2 ml methanol-HCl-water 
(82:8.6:9.4) in a small tube with teflon lined 
screw-cap and the mixture heated under nitro- 
gen at 70 C for 23 hr. Four extractions with 2.5 
ml hexane removed the fatty acids which were 
set aside for subsequent analysis. The remaining 
methanolic solution was evaporated to half its 
original volume with a stream of nitrogen and 
made basic with approximately 2 ml of 1 N 
(aq) sodium hydroxide. Two milliliters of 
chloroform were added, the mixture shaken 
well and the aqueous upper phase discarded. 
The chloroform phase was washed twice with 
dilute aqueous ammonia, once with water and 
finally evaporated to dryness. The residue, con- 
sisting of LCB mixture, was dissolved in dry 
chloroform for analysis. 

Analysis of Long Chain Bases 

The chloroform solution of LCBs was 
divided into two equal portions and analyzed 
by two GLC methods: 

Trimethylsilyl (TMS) Derivatives. This 
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procedure was patterned after that of Gaver 
and Sweeley (3), the TMS derivatives being pre- 
pared by the method of Carter and Gaver (4). 
Following reaction, the pyridine solution was 
evaporated to dryness with a stream of dry 
nitrogen and the TMS derivatives were then dis- 
solved in hexane, filtered and evaporated to a 
small volume for GLC injection. The JXR 
column was employed at two isothermal tem- 
peratures: 195 C and 215 C. Peaks were identi- 
fied by comparison with standards and from 
graphs of carbon number versus log retention 
time. For the latter method, portions of each 
sample were chromatographed together with a 
mixture of several TMS standards. 

Periodate Oxiclation of LCBs to Aldehydes. 
This procedure was patterned after that of 
Swee ley  a nd  Moscatelli (5). Following 
periodate oxidation of the LCB mixture in 2 ml 
methanol solution, 1 ml of water was added 
and the aldehydes removed by three extractions 
with 2 ml portions of hexane. The combined 
hexane extracts were carefully evaporated to a 
small volume with a stream of dry nitrogen, 
care being taken to maintain reduced tempera- 
ture to avoid loss of the more volatile alde- 
hydes. GLC analysis of the aldehyde mixture 
was accomplished with the JXR column, peaks 
being identified by comparison with standards 
and from graphs of carbon number versus log 
retention time. 

A portion of each fraction was hydrogenated 
over platinum oxide catalyst and then subjected 
to GLC analysis by the above procedures. Com- 
parison with the corresponding unhydrogenated 
samples assisted in establishing LCB identities. 

Analysis of Fatty Acids 

The hexane extracts obtained following 
methanolysis (vide supra) consisted of mixtures 
of methyl esters and free fatty acids due to the 
water present. To convert the acids to esters, 
the hexane solutions were evaporated to 
dryness and the residues heated briefly with 
boron trifluoride-methanol. Extraction with 
hexane removed the methyl esters which were 
washed once with water, evaporated to a small 
volume with nitrogen and purified by TLC on a 
plate coated with Silica Gel HR. Standards of 
methyl stearate and methyl-2-hydroxystearate 
were spotted adjacent to the samples and the 
plate was developed in heptane-ether (2"'1). 
Water spray revealed a clear band parallel to 
methyl stearate which was scraped from the 
plate. The band parallel to methyl 2-hydroxy- 
stearate was also scraped, even though the spray 
revealed no visible material in this region. Both 
fractions were eluted from the silica gel with 
dichloromethane, and after evaporation of the 
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FIG. 1. Thin layer chromatogram of gangliosides from adrenal medulla and brain. Plate: 20 x 20 
cm, coated with 250 At of Silica Gel G. Solvent: chloroform-methanol-2.5 N ammonia (60:40:9), two 
ascending runs. Spray: resorcinol-all visible bands are purple. (a) Adrenal medulla, Folch upper phase; 
(b) adrenal medulla, Folch lower phase; (c) Tay-Sachs ganglioside; (d) beef brain ganglioside mixture. 

solvent the normal fatty acid ester fraction was 
taken up in a small volume of hexane for GLC 
injection. The samples from the zone parallel to 
hydroxy fatty acid esters was first treated with 
trimethylchlorosilane and hexamethyldisilizane 
to form TMS derivatives of any hydroxy fatty 
acid esters which might be present. Both the 
JXR and EGSS-X columns were used for identi- 
fication and the latter column for quantitative 
analysis. 

RESULTS A N D  DISCUSSION 

The TLC pattern of bovine adrenal medulla 
gangliosides is shown in Figure 1. As reported 
previously (1), the two major components are 
hematosides (AG 5 and AG6) , while the slower 
bands are hexosamine-containing gangliosides. 
A sixth fraction (AG4) was faintly visible on 
the plate but could not be obtained in suf- 
ficient quantity for analysis. The five fractions 
were isolated by preparative TLC as previously 
described (I).  

The results of LCB analysis are summarized 
in Table I. The major component of each 

ganglioside was 4-sphingenine (sphingosine), 
while the dihydro derivative (sphinganine = di- 
hydrosphingosine) was present in varying 
amounts ranging from 2% to 8%. Also present 
in each fraction were small amounts of the C 16 
and C17 homologues, with the unsaturated 
fo rm s  p redomina t ing .  The GLC peaks 
representing these six LCBs (as TMS deriva- 
tives), as well as the aldehydes derived by 
periodate oxidation, were identified in most 
instances by comparison with standards. 
Although no standard was available for 4-hexa- 
decasphingenine (C16-sphingosine), this LCB 
was identified by hydrogenation and oxidation 
with periodate to myristic aldehyde, for which 
a standard was available. The original base (as 
TMS derivative) and the unsaturated aldehyde 
from periodate oxidation both fit well on their 
respective semilog plots obtained from mixtures 
of samples and standards. 

Identification of 4-heptadecasphingenine 
(C17-sphingosine) and its dihydro derivative 
were also based on the semilog plot, as well as 
on comparison with standards. For the latter 
we were obliged to employ the threo 
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TABLEI 

LongChain BaseCompositionofAdrenalMedulla Gangliosides a 

LCB AG 1 AG2 AG3 AG5 AG6 

16:0 Trace 5.9 2.1 1.4 0.8 
t 6:1 3.3 2.6 3.5 6.4 3.9 
17 : 0 2.3 Trace Trace Trace 0.9 
17:1 9.5 2.8 2.4 6.7 4.0 
18:0 7.5 2.6 7.7 2.4 3.1 
18:1 77.4 86.1 84.3 83.0 87.4 

aBases were converted to aldehydes with periodate and analyzed by GLC on the JXR 
column. Quantification was achieved with a Disc integrator and by multiplying peak height 
by width at half-height. Data are presented as weight percentages and each value is an 
average of at least three determinations. 

diastereomers because of their availability, 
although we recognized that the naturally 
occurring LCBs probably have the erythro con- 
figuration. [In all cases studied to date 
naturally occurring LCBs have been found to 
possess the D-erythro configuration. However, 
since the analytical methods employed here do 
not differentiate between erythro and threo iso- 
mers, the configuration of carbons 2 and 3 of 
t h e s e  LCBs have not been rigorously 
established. It may be noted that the two 
stereoisomers can be distinguished by GLC 
analysis of the TMS derivatives of the N-acetyl- 
ated bases (4).] This substitution appears legit- 
imate in view of the observation (3) that the 
TMS derivatives of erythro and threo-4-sphinge- 
nine do not separate on an SE-30 column. We 
found the same two substances to be insepa- 
rable on the JXR column employed in this 
study, and we have made the reasonable 
assumption that the same relationship applies 
to the stereoisomers of lower and higher homo- 
logues. Aldehydes derived from these LCBs by 
periodate oxidation present no stereochemical 
problem since the asymmetric centers of the 
original bases are destroyed. 

Some differences were noted in the results 
obtained by the two GLC procedures. The mix- 
ture of TMS derivatives gave a number of 
additional small peaks which were subsequently 
shown to be artifacts, whereas the periodate 
procedure gave very few false peaks. A small 
peak which appeared to represent O-methylated 
sphingenine was detected with both methods, 
despite addition of water to the methanolysis 
medium (vide supra); this was absent when 
hydrogenated samples were analyzed. Blank 
runs starting at the methanolysis stage gave very 
few false peaks with the periodate method but 
a considerable number with the TMS proce- 
dure. The former method was therefore used 
for quantification, while qualitative identifi- 
cations were established with both procedures. 

The small peak representing O-methyl deriva- 
tive was disregarded in quantitative calcu- 
lations. 

To our knowledge, C16 and C17 homo- 
logues of sphingosine or sphinganine have not 
previously been reported in gangliosides. How- 
ever, these bases have been observed as minor 
constituents of other sphingolipids, such as 
sphingomyelin from human plasma (3,6) and 
bovine heart (7). 4-Hexadecasphingenine was 
found in trace amounts in rat brain but in much 
higher levels in brains of lower species (8). 4- 
Eicosasphingenine (C2o-sphingosine), a major 
LCB of gangliosides from mature brain (9), was 
not found in any of the gangliosides of bovine 
adrenal medulla. The three hexosamine-con- 
taining species in the present study had 
essentially the same LCB composition as the 
two hematosides. 

The results of fatty acid analysis are shown 
in Table II. Behenic acid (22:0) was the most 
abundant in each fraction but significant 
amounts of 16:0, 18:0, 24:0 and 24:1 were 
also present. The constituents listed were 
identified on both the polar and nonpolar 
columns with the aid of standards and semilog 
plots, while quantification was carried out with 
the EGSS-X column alone (vide infra). All the 
gangliosides had generally similar compositions 
with the possible exception of AG 1 which had 
somewhat more 22:0 and slightly less 18:0, 
24:0 and 24:1 than the others. 

Hydroxy fatty acids were not detected in 
any of the fractions, which is consistent with 
the findings for most gangliosides to date. An 
exception appears to be a minor fraction from 
brain containing both hydroxy and unsubsti- 
tuted fatty acids, and possessing galactose and 
NANA as the only carbohydrates (10). 

An important consideration in GLC analysis, 
particularly of small samples, is the possibility 
of artifacts arising from solvent impurities. In 
some instances false peaks of this type were 
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Fatty 
acid AG 1 AG 2 AG 3 AG 5 AG6 

14:0 2.5 Trace 2.6 0.4 --- 
14:1 0.3 --- 0.3 . . . . . .  
15 : 0 1.8 Trace 1.8 0.2 0.7 
16:0 15.8 10.4 14.3 16.1 14.4 
16:1 5.3 Trace 1.9 1.1 2.3 
17:0 . . . . . . . . .  0.5 --- 
18:0 8.4 16.8 15.9 12.3 15.9 
18:1 6.7 0.9 4.1 2.3 2.4 
19: 0 . . . . . . . . .  0.4 Trace 
20:0 0.7 3.0 2.7 3.3 4.4 
20:1 Trace . . . . . .  0.5 --- 
21:0 . . . . . . . . .  0.4 --- 
22:0 44.3 24.9 21.6 22.6 28.9 
22 : 1 Trace Trace --- Trace --- 
23:0 2.2 6.9 5.2 9.5 5.6 
23:1 --- Trace Trace . . . . . .  
24:0 7.9 23.9 18.6 14.6 12.8 
24:1 4.1 13.3 11.1 15.6 12.0 

aAcids were analyzed as the methyl esters on EGSS-X column. Quantification was 
achieved with a Disc integrator and by multiplying peak height by width at half-height. Data 
are presented as weight percentages and each value is an average of at least three deter- 
minations. 

observed which  had the  same re t en t ion  t imes as 
fa t ty  acid me thy l  esters (18,19) .  

We encoun te red  the same prob lem in the  
present  s tudy  but  found  tha t  the  appearance  of  
such ar t i facts  depended  greatly on the type  of  
column.  Thus,  when  quant i t ies  of hexane  and 
d i ch lo rome thane  cor responding  to the amoun t s  
employed  for  fa t ty  acid isolat ion were evapo- 
rated d o w n  and the residues (in a small volume 
of  hexane)  were injected o n t o  the JXR column,  
a n u m b e r  of  m ed ium sized peaks were 
observed.  Three of  these had re ten t ion  t imes 
which co r responded  closely to  those  of  19:0,  
20:0 and 22:0 (me thy l  esters).  However ,  when  
the  same sample was ch roma tographed  on the  
polar EGSS-X column no peaks were de tec ted .  

In ano the r  set o f  expe r imen t s  to test  for  arti- 
facts,  b lank runs were s tar ted at the me thano ly -  
sis stage and carried th rough  all subsequent  
steps em p loyed  for  isolat ion of  f a t ty  acid 
esters. The final residue,  dissolved in a small 
volume of  hexane,  showed  a n u m b e r  of  small 
and medium-s ized  peaks when  in jec ted  o n t o  the 
JXR co lumn,  and many  of  these had r e t en t ion  
t imes similar to some of the  fa t ty  acids present  
in the  gangliosides. The EGSS-X column,  on the  
o ther  hand ,  showed only a few such false peaks 
and these were generally t oo  small to  of fe r  
serious in ter ference .  Accordingly ,  we emp loyed  
the la t ter  co lumn only for  quant i f ica t ion  of  
fa t ty  acids. 

As wi th  the  LCBs, fa t ty  acids of  the  hexos- 
amine-conta in ing  gangliosides (AG1, AG2,  

AG3) were  generally similar to  those  of  the  
hematos ides .  This c o m m o n  pa t t e rn ,  however ,  
was quite  d i f ferent  f rom the major  gangliosides 
of  brain which  conta in  75% or more  of  18:0 
and only  minor  amo u n t s  of  16:0, 24:0 and 
24:1 (11-13).  Hematos ide  f rom brain partially 
resembled  the  two  hematos ides  of  this s tudy  in 
conta ining more  16:0 and 18:1 along wi th  less 
18:0 in compar i son  to  the  o the r  brain ganglio- 
sides (13,14).  On the  o the r  hand ,  its con ten t  of  
22:0 was negligible. Hematos ide  f rom horse  
e ry th rocy tes  was repor ted  to  conta in  p redomi-  
nant ly  24:0  (15),  while tha t  f rom h u m a n  
e ry th rocy tes  conta ined  the  same major  fa t ty  
acid along wi th  substantial  amoun t s  of  16:0,  
18:0 and 22:0 (16). Hematos ides  f rom canine 
e ry th rocy tes  was unique  in conta in ing  b o t h  
24:0 and 24:1 as major  f a t t y  acids wi th  the  
unsa tura ted  p redomina t ing  (17). It is evident  
that  fa t ty  acid compos i t ion  is a highly variable 
factor ,  de t e rmined  at least in part  by the  
species and tissue f rom which  the  hematos ide  is 
isolated.  

In summary ,  the five ganglioside f rac t ions  
f rom bovine adrenal  medul la  all lack the  
character is t ic  features of  brain gangliosides, i.e., 
a p r eponde rance  of  s tearate  and the  presence  of  
4 -e icosasph ingen ine  (C2o-sphingosine) .  The 
h e x o s a m i n e - c o n t a i n i n g  f r a c t i o n s ,  while 
resembling the  major  gangliosides of  brain in 
several aspects  of  c a rbohydra t e  s t ructure ,  bear  
little resemblance  to these in l ipophil ic  compo-  
sit ion. The fact  that  all five f rac t ions  show 
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similar  f a t t y  acid and  LCB p a t t e r n s  ind ica t e s  
t issue spec i f ic i ty  fo r  t he se  u n i t s  w h i c h  is 
i n d e p e n d e n t  o f  c a r b o h y d r a t e  s t r u c t u r e .  
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Blood (~-Tocopherol" Erythrocyte and Plasma Relationships 
in Vitro and in Vivo 
R.K.H. POUKKA 1 and J.G. BIERI,  Laboratory of Nutrition and Endocrinology, 
National Institute of Arthritis and Metabolic Diseases, National Institutes of Health, 
Bethesda, Maryland 20014 

ABSTRACT 

When rat plasma labeled with 3H-0t- 
tocopherol was incubated with toco- 
pherol-deficient red cells, uptake of radio- 
activity by cells was rapid with a maxi- 
mum being reached in 6-8 hr. The equili- 
brium ratio of red cell-plasma 0t-toco- 
pherol, from 0.3-0.6, was independent of 
the initial plasma concentration. When 
labeled red ceils were incubated with 
tocopherol-deficient plasma, radioactivity 
in plasma became maximal in 11.5 hr. 
When both plasma and cells had normal 
a-tocopherol concentrations initially, the 
rate of exchange was similar in either 
direction with equilibrium of specific 
activity being attained in 6 hr. After a 
single oral dose of 3H-a-tocopherol the 
activity in both plasma and cells reached 
a maximum in 8 hr and then fell rapidly 
during the next four days. The ratio of 
red  cell-plasma radioactivity at all 
intervals after 8 hr was 0.5. 

INTRODUCTI  ON 

Evaluation of nutritional status with respect 
to vitamin E is often determined by the 
susceptibility of red cells to peroxidative 
hemolysis in vitro. Although plasma a-toco- 
pherol concentrations have been related to in 
vitro hemolysis, only recently has an attempt 
been made to relate hemolysis to the red cell 
content of t~-tocopherol. Very little infor- 
mation exists on the red cell content of a-toco- 
pherol or on the relationship between a-toco- 
pherol in the red cell and plasma. In previous 
studies in which we analyzed rat erythrocytes 
as well as plasma for a-tocopherol (1,2), it was 
found that red cells always contained lower 
concentrations than plasma. The ratio of red 
cell-plasma a-tocopherol was generally 0.4-0.5. 
The present experiments were intended to pro- 
vide more detailed information on the uptake 
and release of 0l-tocopherol by erythrocytes 
both in vitro and in vivo. 

Visiting scientist from the Department of Bio- 
chemistry, Veterinary Medical College, Helsinki, Fin- 
land. 

EXPERIMENTAL PROCEDURES 

Animals 

Male weanling rats of the Sprague-Dawley 
strain were caged individually and fed a purified 
diet deficient in tocopherols (3). After five 
weeks, red cell and plasma t~-tocopherol levels 
were below 70 lag~ 100 ml and the animals were 
considered to be sufficiently depleted. Supple- 
ments of a-tocopherol were either fed daffy in 
the diet or were administered by stomach tube. 
Rats were fasted overnight and blood was 
drawn with a heparinized syringe from the 
abdominal aorta while the animal was under 
ether anesthesia. Red cells were separated at 
1000 x g at 4 C for 15 min and washed three 
times with 2 vol of 0.85% saline. In one experi- 
ment (Fig. 3 and 4) the cells were washed only 
once. Analyses made on red cells from normal 
stock rats revealed that the t~-tocopherol con- 
tent of unwashed cells was not signifcantly dif- 
ferent from that of cells washed once or three 
times. 

O~-Tocopherol 

T r i t i a t e d  5-methyl-d,~-tocopherol was 
synthesized (1) by a minor modification of the 
procedure of Green et al. (4). The specific 
activity was 2.28 x 108 disintegrations/min per 
mg. Unlabeled d,a-tocopherol was obtained 
f rom Eastman Organic Chemicals, Rochester, 
N.Y. When fed, the compounds in 0.5 ml 
ethanol were mixed daffy with 14 g of diet, an 
amount slightly less than the animals were 
normally consuming. For stomach tubing, the 
compounds were prepared in an aqueous dis- 
persion containing 10% ethanol and 5% Tween 
80. 

Incubation and Analysis of Blood 

Equal volumes of plasma and red cells were 
incubated in 15 ml beakers covered with paraf- 
fin film in a Dubnoff shaking incubator at 37 C. 
Aliquots were removed at intervals, using 
siliconized pipets, and centrifuged as described 
above. The washed ceils were hemolyzed with 
an equal volume of water for 5 min. 

A lipid extract of plasma or hemolyzed red 
cells was made by adding 3 vol of methanol 
cooled to -20 C slowly while mixing, followed 
by three extractions with hexane. The extracts 
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FIG. 1. Uptake by deficient red cells of ~-toco- 
pherol from labeled plasma. A tocopherol deficient rat 
was fed daily for four days 5 mg d,~-tocopherol con- 
taining 855,000 counts/min. Plasma from this rat was 
incubated in air at 37 C with an equal volume of 
washed cells from a tocopherol-depleted rat. Glucose, 
2 mg/ml, was added to the mixture. 

were evaporated, Liquifluor (New England 
Nuclear, Boston, Mass.) was added, and the 
samples were counted in a Packard Model 3003 
scintillation counter with an efficiency of 35% 
for tritium. Determinations of unlabeled 
ot-tocopherol were made by a combined thin 
layer and gas chromatographic procedure pre- 
viously described (1). 

RESULTS 

In Vitro Studies 

Figure 1 shows the uptake by tocopherol 
deficient red cells of radioactive ot-tocopherol 
from plasma. The uptake was rapid and 
essentially linear for the first 2-3 hr, then began 
to plateau with equilibration being reached in 
about 6-8 hr. The ratio of red cell-plasma a- 
tocopherol at equilibrium was 0.54. The reverse 
experiment, in which red cells containing radio- 
active ~-tocopherol were incubated with toco- 
pherol-deficient plasma, is shown in Figure 2. 
Release of 0~-tocopherol by the cells was rapid 
and essentially linear for 4-6 hr, then fell off 
between 6-9.5 hr. Equilibrium between cells 
and plasma was approached at about 11.5 hr, 
the last sampling period. At this time, the ratio 
of red cell-plasma ot-tocopherol was 0.57. 

The effect of varying plasma concentration 
of ot-tocopherol on the red cell uptake of 
3H-a-tocopherol at equilibrium is given in Table 
I. The initial plasma concentrations varied four 
fold with the highest level being about two to 
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FIG. 2. Release of radioactive fftocopherol from 
red cells to tocopherol deficient plasma. Source of red 
ceils and plasma and incubation conditions were the 
same as in Figure I. 

three times that normally found in rats with 
adequate dietary a-tocopherol. As can be seen 
from the last column, the equilibrium ratio of 
red cell-plasma ~-tocopherol was essentially the 
same regardless of initial plasma concentration. 
The average ratio of 0.3 is lower than that in 
Figures 1 and 2 and suggests that equilibrium 
may not have been reached by 6 hr. In analyses 
of a large number of rats, howe~,er, occasional 
ratios as low as 0.3 were found (1). 

The exchange of 3H-a-tocopherol between 
erythrocytes and plasma when both had 
equilibrium concentrations of ~-tocopherol at 
the beginning of incubation is shown in Figures 
3 and 4. For these experiments, two vitamin E 
depleted rats with the same weight were fed 10 
mg d,a-tocopherol daily for four days. The 
tocopherol fed to one rat was unlabeled while 
the other rat received aH-~-tocopherol. Plasma 
and red cells from the two rats had relatively 
high concentrations of a-tocopherol as deter- 
mined by gas chromatography (1) for the un- 
labeled blood or by counting of the labeled 
blood. It was not possible to analyze either 
plasma or cells for their total c~-tocopherol con- 
tent after incubation, since the procedure for 
the gas chromatographic determination of a- 
tocopherol utilized the isotope dilution tech- 
nique. Consequently, it was assumed that the 
concentration in each compartment remained 
constant throughout the incubation. 

When labeled plasma was incubated with un- 
labeled cells (Fig. 3), constant specific activity 
in both compartments was reached in 6 hr. 
When labeled red cells were incubated with un- 
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FIG. 3. Exchange in vitro of 3H-o~-tocopherol (156 
counts/min per b/g) between plasma and red cells con- 
taining equilibrium concentrations of o~-tocopherol. 
Plasma containing 16.5 ~ of labeled ~-tocopherol/ml 
was incubated with an equal volume of unlabeled red 
cells containing 5.9 pg ~-tocopherol/ml and the radio- 
activity determined at intervals as indicated. Cells were 
washed once before extracting. Incubation conditions 
as in Figure 1. 

labeled plasma (Fig. 4), constant specific 
activity in both compartments was again 
attained in 6 hr. The release of a-tocopherol by 
erythrocytes under these conditions was slow 
during the first 2 hr so that the rate was almost 
linear for 4 hr. This may have been due to the 
relatively high initial concentration of a-toco- 
pherol in these cells (ratio of red cells-plasma 
was 0.7). There would be a net loss of a-toco- 
pherol to the plasma during the first few hours 
and the red cell specific activity would not 
change rapidly. 

In V ivo  Studies 

The equilibration between plasma and ery- 
throcytes in vivo and the rate of loss of a-toco- 
pherol from the two blood compartments is 
shown in Figure 5. Four hours after dosing, a 
marked increase in blood level was found which 
peaked at 8 hr and fell sharply over the next 
four days. Between 11 and 18 days there was 
essentially no change in the very low activity 
retained by both cells and plasma which was 
about 8% of the maximum present at the 8 hr 
interval. The ratio of radioactivity between the 
compartments at 4 hr was low, 0.21, but by 8 
hr an equilibrium value of about 0.5 was 
reached which was maintained at all subsequent 
periods. 
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FIG. 4. Exchange in vitro o f  3H-a-tocopherol (156 
counts / ra in  per/.tg) between red cells and plasma con- 
talning equilibrium concentrat ions o f  ~ tocophero l .  
Red cells containing 8.5 tzg o f  labeled o~-tocopherol/ml 
were incubated with an equal volume of  unlabeled 
plasma containing 12.0 pg a- tocopherol /ml  and the 
radioactivity determined at intervals as indicated. Ceils 
were washed once before extracting. Incubat ion con- 
ditions as in Figure 1. 

D I S C U S S I O N  

These experiments show that the exchange 
of ~-tocopherol between erythrocytes and 
plasma is rapid with equilibration being reached 
in about 6-8 hr. Since the completion of these 
studies, a report by Silber et al. (5) of similar in 
vitro and in vivo experiments has appeared. 
These workers did not determine the actual red 
cell concentrations of a-tocopherol, however, 
and thus did not show that constant specific 
activity was reached in both plasma and red 
cells at equilibrium. One other difference in the 
two studies was that Silber et al. used dl-a-toco- 
pherol whereas we used d-a-tocopherol. It has 
been shown that the absorption and elimination 
of the 1-isomer is faster than that of the 
naturally occurring d-isomer (6). 

In spite of these differences, results from the 
two studies are remarkably similar. Both found 
that when labeled a-tocopherol was transferred 
from plasma or serum to cells containing 
u n l a b e l e d  a-tocopherol, equilibrium was 
reached in about 6 hr. Calculation of the time 
required for 50% equilibration (T1/2) of the 
data in Figure 1, as described by Silber et al. (5) 
gave a value of 1.6 hr. They reported a T 1/2 of 
1.8 hr for the transfer of a-tocopherol from red 
cells to serum, whereas we found a TI/2 of 2.5 
hr in a comparable experiment. These differ- 
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ences are probably not significant. 
The finding that constant specific activity in 

both cells and plasma was obtained after 6 hr 
indicates that all of the a-tocopherol in both 
compartments is exchangeable. Thus, there 
does not appear to be any fixed a-tocopherol 
which does not enter into the general blood 
pool. 

There is a slight discrepancy in the time 
required for equilibration when a-tocopherol 
was transferred from red cells to plasma, 
depending on the initial plasma content of a- 
tocopherol (Fig. 2 and 4). As mentioned above, 
this may have been due to a net transfer of 
labeled a-tocopherol from the cells to plasma 
(Fig. 4), so that specific activity would have 
been reached quicker than if the amount of 
a - t o c o p h e r o l  in each compartment had 
remained constant. 

The time of 1.4 hr for 50% equilibration of 
a-tocopherol, calculated for the data in Figure 
3, is similar to the time of 1 hr found by Hager- 
man and Gould (7) for 50% equilibration of 
cholesterol between dog plasma and erythro- 
cytes. Since Reed (8) found that the exchange 
of phospholipids between red cells and plasma 
was considerably slower, it would appear that 
similar factors may be operative in the 
exchange of both a-tocopherol and cholesterol. 

As noted in Table I, the recovery of radio- 
activity was frequently less than 100%, usually 
about 85-90%. Losses of this nature were 
reported earlier in the development of an 
analytical method for a-tocopherol in red cells 
(1), and is considered to be due to oxidative 
destruction of tocopherol, probably coupled to 
heine-catalyzed oxidation of the polyunsatu- 
rated fatty acids of the cell membrane. The 
a-tocopherol oxidation products are primarily 
a-tocopheryl quinone but a significant fraction 
is so extensively oxidized that it is no longer 
soluble in hexane. 

In previous analyses of rat blood for a-toco- 
pherol (1,2) we found that over a wide range of  
plasma concentrations the ratio of red cell- 
plasma was 0.4-0.5. This in vivo ratio was also 
obtained in the present in vitro studies. When 
the data shown in Figures 1 and 2 were plotted 
as the reciprocal of the concentration vs. the 
reciprocal of  time, the intercept on the ordinate 
gave the red cell or plasma concentration at 
infinite time. For the experiment in Figure 1, 
the values for red cell and plasma were 256 and 
409 /ag a-tocopherol/100 ml, respectively 
(ratio, 0.63), while for Figure 2 the values were 
185 and 400 /ag/100 ml, respectively (ratio, 
0.46). This provides further evidence that a 

ratio of about 0.5 represents equilibrium con- 
ditions. 

The rate of appearance of a-tocopherol in 
the blood after an oral dose, and its relatively 
rapid in vivo decay is similar to that found by 
Silber et al. (5). Almost identical uptake and 
decay curves have been reported for chickens 
(9,10), and peak absorption of labeled a-toco- 
pherol in 4-6 hr in man was found by Biota- 
strand and Forsgren (11). It thus appears that 
in several species the absorption of a-toco- 
pherol is relatively rapid but the compound is 
removed from the blood quickly if tissues 
stores are not adequate. 

In contrast to the ratio of red cell-plasma 
t~-tocopherol of about 0.5 found in rat blood, 
this ratio in human blood is considerably lower, 
about 0.27 (1). An interesting exception to this 
ratio, however, was found in several patients 
with a-betalipoproteinemia who had been 
treated with a-tocopherol (12). The ratio in 
these patients was approximately 1.0, with the 
red cells having a normal concentration while 
the plasma level was about one fourth of 
normal. These observations suggest that the 
affinity of the human red cell for a-tocopherol 
is different from that of the rat red cell. Also 
the equilibrium relationships demonstrated for 
rat blood may not be valid for human blood 
when low plasma concentrations are maintained 
over a long period. Further studies with human 
blood and other tissues will be required to 
clarify how blood tocopherol concentration 
reflects the general body status of  the vitamin. 
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Biosynthesis of Triglycerides From Triose Phosphates by 
Microsomes of Intestinal Mucosa 
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ABSTRACT 

Microsomes of hamster intestinal 
mucosa synthesize triglycerides from di- 
hydroxyacetone phosphate or DL-glycer- 
aldehyde 3-phosphate in the presence of 
palmitate, ATP, CoASH and NADPH or 
NADH but in the absence of soluble 
enzymes. An inhibitor of triose phos- 
phate isomerase, 1-hydroxy-3-chloro-2- 
p r o p a n o n e  p h o s p h a t e ,  completely 
inhibits glyceride synthesis from glycer- 
aldehyde 3-phosphate. This compound 
does not inhibit glyceride synthesis from 
d i h y d r o x y a c e t o n e  phosphate. These 
reactions confirm the conversion of 
g l y c e r a l d e h y d e  3-phosphate to di- 
hydroxyacetone phosphate prior to 
glyceride synthesis. 

INTRODUCTION 

Results of recent studies have shown that 
phosphatidate may be synthesized from 
dihydroxyacetone phosphate (DHAP) by the 
combined action of the mitochondria and 
microsomes of guinea pig liver (1) and from 
DHAP or DL-glyceraldehyde 3-phosphate 
(GAP) by rat liver microsomes (2). Also, GAP 
has been observed to be the glyceride-glycerol 
precursor for alkyl glyceryl ether synthesis by 
the microsomes from preputial gland tumors 
(3), digestive glands and gonads (4). Subsequent 
studies with microsomes from mouse brain, pre- 
putial gland tumors or rat liver as well as with 
mitochondria from guinea pig liver have demon- 
strated that DHAP produced from GAP by the 
action of the particulate triose phosphate iso- 
merase is the glyceryl precursor in the biosyn- 
thesis of alkyl glyceryl ether and phosphatidate 
(5-7). 

These studies with DHAP as an acyl acceptor 
led us to investigate the possible utilization of 
this intermediate in the intestinal mucosa as an 
alternative to monoglyceride (MG) or glycerol 
3-phosphate (GP). The results herein presented 
demonstrate that the microsomes of the 
intestinal mucosa are indeed capable of trigly- 
ceride (TG) synthesis from triose phosphates 
without their prior conversion to GP by the 
soluble enzymes. 

MATERIALS AND METHODS 

Diethyl acetal of GAP and dimethyl ketal of 
DHAP cyclohexylamine salt were purchased 
from Sigma Chemical Company and before use 
were regenerated as the K + salts according to 
the instructions supplied by Sigma. Glyceral- 
dehyde 3-phosphate dehydrogenase and triose 
phosphate isomerase were obtained from Cal- 
biochem. 1-14C-palmitate from Volk Radio- 
chemical Company was used after purification 
(>99%) by thin layer chromatography (TLC). 
The isolation of microsomes from hamster 
intestinal mucosa was accomplished as pre- 
viously described (8). They were washed by 
resuspension in 0.01 M Tris-maleate, pH 7.0, 
containing 0.278 M mannitol with the volume 
corresponding to that of the original homo- 
genate and recentrifugation at 104,000 x g for 
1 hr. The conditions of incubation a r e  

described in Table I. The reaction was termi- 
nated by the addition of 5 ml chloroform- 
methanol (2:1, v/v). After acidification with 
0.2 ml of 2N HC1 the lipids were extracted and 
the neutral glycerides and phosphoglycerides 
were separated and quantitatively determined 
by previously published methods (9). Protein 
was estimated by the method of Lowry et al. 
(10). Glycerol 3-phosphate dehydrogenase and 
triose phosphate isomerase were assayed as 
described by Biesenherz et al. (11) and 
Biesenherz (12), respectively. 

RESULTS AND DISCUSSION 

The capacity of microsomes from the 
intestinal mucosa to convert DHAP to TG in 
the presence of palmitate, ATP, CoASH and 
NADPH is shown in Table I (Flask 1). In this 
conversion NADH is only half as active as 
NADPH (Flask 2) while in the rat liver micro- 
somal system NADPH is half as active as NADH 
(2). Phosphatidate synthesis by the action of 
mitochondria and microsomes from guinea pig 
liver was observed earlier in the presence of 
NADPH but the substitution of NADH for 
NADPH in this process was not reported (1). 
Phosphatidate and higher glycerides are also 
synthesized from GAP by microsomes of the 
intestinal mucosa (Flasks 3-4). As with DHAP, 
NADPH is more effective than NADH. GP is 
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TRIGLYCERIDE SYNTHESIS 

TABLE I 

Conversion of Triose Phosphate to Triglycerides 1 

763 

Phosphatidate 1,2-DG TG 

Flask Additions Total esters m/2moles 

1 DHAP + NADPH 205 13 8 33 
2 DHAP + NADH 120 7 5 15 
3 GAP + NADPH 175 17 8 21 
4 GAP + NADH 110 6 3 10 
5 GP 220 12 8 39 
6 DHAP 95 1 3 2 
7 GAP 80 2 2 2 
8 NADPH 80 1 3 2 
9 NADH 80 1 3 2 

10 None 55 --- 3 2 

llncubation mixture contained ATP (2 //moles), CoASH (0.1 /dmole), GSH (5//moles), 
KF (12.5 /2moles), MgCI 2 (5 /2moles), potassium 1-14C-palmitate (0.5 //mole), potassium 
phosphate buffer pH 7.4 (200/./moles), crystalline bovine serum albumin (3 rag) and washed 
microsomes (800 /2g protein) from hamster intestinal mucosa. NADPH (2 //moles), NADH 
(2 /d.moles), DHAP (4 /2moles), DL-GAP (6 /2moles), DL-GP (5 /2moles) were included as 
indicated in the Table. Incubations were carried out for 30 rain at 37 C in a Dubnoff shaker. 
Phosphatidate, 1,2-DG and TG were determined from the m/Jxnoles of 1-14C-palmitate 
incorporated into these fractions. Recovery of 1-14C-palmitate in the total lipids was 
97-100%. 

converted to TG even in the absence of  reduced 
pyridine nucleot ides  (Flask 5). The dependency 
of  glyceride synthesis on the presence of  triose 
phosphates  and reduced pyridine nucleot ides  or 
on GP is shown by the results in the control  
flasks (Flasks 6-10). When triose phosphates  are 
included in the absence of  NADH or NADPH, 
(Flasks 6-7), palmita te  incorpora t ion  and 
glycefide synthesis is minimal.  However ,  
appreciable synthesis of  pa lmi toy l  d ihydroxy-  
acetone (30-35 mpmoles  compared  to 10 
re#moles in the control  flasks) is observed in 
these flasks. This ester migrates be tween  MG 
and DG on thin layer chromatographs,  co-chro- 
matographing with authent ic  pa lmi toyl  di- 
hydroxyace tone ,  and yields MG upon NaBH 4 
reduct ion.  This lipid may have been produced 
by dephosphory la t ion  of  pa lmi toyl  DHAP. No 
appreciable synthesis of  pa lmi toyl -DHAP is 
observed in the  absence of  reduced pyridine 
nucleot ides and since the incorpora t ion  of  
palmitate  into phosphat ida te  is s t imulated by 
the presence of NADPH or NADH,  it would  
appear that  in the intestinal  mucosa as in rat 
fiver (15), esterif ication of  DHAP is s t imulated 
only under condi t ions  which favor the 
reduct ion  of  acyl-DHAP to lysophosphat idate  
and subsequent  acylation.  

When the react ion mixture  contains nei ther  
triose phosphates  (Flasks 8-9) nor  reduced 
pyridine nucleot ides  (Flask 10), the incorpo-  
rat ion of  pa lmi ta te  into phosphat ida te  and 
higher glycerides is meager. The labeled 
palmitate  incorpora ted  is pr imari ly associated 
with  the phosphat idylchol ine ,  phosphat idyl-  

e thanolamine  and cholesterol  ester fractions.  
The synthesis of these lipids is also observed in 
all the  flasks and may be due to the acylat ion 
of  endogenous precursors.  

Earlier observations on glyceride synthesis 
by microsomes f rom intestinal mucosa by the 
GP pathway showed phosphat ida te  to di- and 
tr iglyceride ratios of  1:0.06 to 1:0.15. These 
ratios increased to 1:0.5 to 1:1.5 only in the 
presence of  appreciable amounts  of  particle-free 
supernatant  which contained a phosphat ida te  
phosphohydrolase  (9,13). However ,  in our  
studies of  the conversion of  triose phosphates  
or GP to TG, these ratios varied f rom 1:2 to 
1:4 demonst ra t ing  the hydrolysis  of  the major  
por t ion  of  the phosphat idate  to 1,2-DG which 
in tu rn  is acylated to TG. This may be explained 
by the fact that  when small amounts  of  micro- 
somes are used for glyceride synthesis, high 
phosphate  buffer  (pH 7 . 4 ) c o n c e n t r a t i o n  (133 
x 10-3M) gives opt imal  microsomal  phospha- 
t idate phosphohydrolase  activity (14). Fur ther -  
more ,  under  similar condi t ions  the addi t ion of  
bovine serum albumin stimulates DG-acyltrans- 
ferase activity (unpublished).  

Since washed microsomes are used in these 
studies, the par t ic ipat ion of  the soluble 
enzymes  for the conversion of  triose phos- 
phates to L-GP need not  be considered. As 
observed in preputial  gland tumors  (6) and rat 
liver (2), the microsomes of  the  intestinal  
mucosa  are devoid of  glycerol  3-phosphate de- 
hydrogenase but do conta in  triose phosphate  
isomerase act ivi ty which is not  dissociated by 
the washing procedures.  In the presence of  GAP 
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and  GP dehydrogenase  238 m/ lmoles  of  NADH 
are ox id ized  per  m i n u t e  per  mil l igram of  micro-  
somal  p ro t e in  f r o m  the  in tes t ina l  mucosa .  The  
r e q u i r e m e n t  for  this  par t i cu la te  t r iose  phos-  
p h a t e  i somerase  in the  convers ion  of  GAP to  
g l y c e r i d e s  is con f i rmed  by  expe r i m en t s  
ana logous  to  t hose  r epo r t ed  earl ier  in the  
synthes is  of  glyceryl  alkyl  e the r  by  p repu t ia l  
gland t u m o r  mic rosomes  (6)  and  in t he  syn the-  
sis of  p h o s p h a t i d a t e  by  rat  liver mic rosomes  
(7).  When an irreversible i n h i b i t o r  of  th is  
e n z y m e  (1 -hyd roxy -3 -ch lo ro -2 -p ropanone  phos-  
pha te ,  3 x 10-4M) is used in trials similar to  
those  r epo r t ed  in Table  I, the  syn thes i s  of  phos-  
p h a t i d a t e  and  higher  glycerides f r o m  DHAP or 
GP is no t  af fec ted ,  whereas  t ha t  f r om DL-GAP 
is comple te ly  inh ib i t ed .  

The  p resen ted  data  d e m o n s t r a t e  t h a t  micro-  
somes of  in tes t ina l  mucosa  can syn thes ize  tri- 
glycerides  f rom t r iose  p h o s p h a t e s  w i t h o u t  the  
aid of  the  soluble  enzymes .  In the  mucosa l  cell, 
however ,  glyceride synthes i s  also occurs  by  the  
MG pa thway  and,  fo l lowing the  convers ion  of  
t r iose phospha t e s  to  GP, by  the  GP pa thway .  
Hence ,  this  t issue is un ique  in t h a t  it possesses 
all the  three  rou tes  for  TG synthes is  and  it is 
l ikely t ha t  the  var ious  enzym es  involved are 
associated as a mu l t i - enzyme  complex .  A 
par t ia l ly  pur i f ied e n z y m e  p r epa r a t i on  capable  
of  conver t ing  MG to TG has been  r e p o r t e d  (8). 
I t  r emains  to  be d e t e r m i n e d  w h e t h e r  th is  
e n z y m e  can also conver t  GP or DHAP to 
glycerides.  

It  is k n o w n  tha t  TG synthes is  by  the  2-MG 
p a t h w a y  does  n o t  exh ib i t  acyl specif ic i ty  ( t 6 ) ;  
f u r t h e r m o r e ,  the  i n t e rmed i a t e  1,2-DG p r o d u c e d  
does no t  equi l ib ra te  w i th  t ha t  of  the  GP path-  
way even w h e n  the  two  p a t h w a y s  proceed  
t oge the r  in an in vi t ro  milieu.  Only  t he  DG of  
the  GP pa thway  fo rms  p h o s p h a t i d y l c h o l i n e  
a l t h o u g h  DG f rom b o t h  pa thways  fo rm TG 
(17 ,18) .  E n z y m e  p repa ra t ions  f rom liver have 
been  s h o w n  to  possess a degree of  specif ici ty  
for  the  acy la t ion  of  the  2-C of  GP (19 ,20)  and  
the  1-C of  DHAP (1)  by  uns a t u r a t ed  and  satu- 
r a t e d  f a t t y  ac ids ,  respect ively.  Similar 
p h e n o m e n a  in the  in tes t ina l  m u c o s a  could 

expla in  the  observed  di f ferences  in the  f a t t y  
acid d i s t r ibu t ion  of  the  TG and  phospha t idy l -  
cho l ine  f rac t ions  of  tho rac ic  l y m p h  dur ing  fat  
abso rp t ion .  
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Effect of Bound Gossypol in Cottonseed Meal on 
Enzym ic Degradation 
CARL M. CATER,Oilseed Products Research Center and Department of Biochemistry 
and Biophysics, Texas A&M University, College Station, Texas 77843 and 
CARL M. LYMAN 1, Department of Biochemistry and Biophysics, 
Texas A&M University, College Station, Texas 77843 

ABSTRACT 

The nutritive value of cottonseed pro- 
tein is lowered by the presence of bound 
gossypol. Samples of cottonseed protein 
containing from 0.003% to 1.03% bound 
gossypol were hydrolyzed enzymically 
and the amounts of free amino acids 
released were determined. The amounts 
of amino acids contained in peptides not 
precipitated by 1% picric acid were also 
determined. The proport ionate reduction 
in the release of free and peptide amino 
acids in the presence of bound gossypol 
was noted. Although the amount of  
lysine released is reduced in the presence 
of bound gossypol as expected, there is a 
markedly larger reduction in the release 
of a number of other amino acids. 

INTRODUCTION 

Under the processing conditions normally 
used in the extraction of oil from cottonseed, 
the pigment glands of the seed are ruptured by 
a combination of heat and moisture and the 
major pigment, gossypol, is bound to the sur- 
rounding protein (1). The principal binding site 
is thought to be the free epsilon-amino group of 
lysine (2-4). The detrimental  effect of bound 
gossypol on the digestibility of cottonseed pro- 
tein (approximately 83% digested) has been 
demonstrated by in vitro studies of the action 
of pepsin and trypsin on complexes of gossypol 
with cottonseed globulin (5) and purified 
cottonseed protein (4). In vivo studies with 
sheep fed soybean protein which had been 
heated with gossypol (6) also demonstrated a 
reduction in digestibility. This lowered digesti- 
bility presumably results from blocking of the 
action of proteolytic  enzymes by the presence 
of gossypol in combination with the epsilon- 
amino group of lysine. 

Lyman et al. (4), found that addit ion of 
1.38% bound gossypol to purified cottonseed 
protein caused a 37% reduction in peptic 
digestion and a 58% reduction in t rypt ic  
digestion. This amount of reduction is far 

IDeceased, March 9, 1969. 

greater than the amount of lysine (3%) which is 
present in the protein and, therefore, must 
reflect the influence of bound gossypol on 
enzymic hydrolysis of bonds involving many 
amino acids other than lysine itself. A series of 
experiments was designed to evaluate the 
extent of the influence of bound gossypol on 
enzymic hydrolysis of cottonseed protein and 
the identi ty of the amino acids whose avail- 
ability was decreased as a result of this 
influence. 

EXPERIMENTAL PROCEDURES 

Methods and Materials 

Free gossypol was determined by the 
method of Pons and Guthrie (7) with the 
exception that 80% 2-propanol (2-PrOH:H20 , 
80:20, v/v) was used as the diluting solvent 
instead of 95% ethanol. Total gossypol deter- 
minations were made by the method of Pons et 
al. (8). 

Quantitative determination of amino acid 
composition was performed by the method of 
Spackman, et al. (9), using Beckman amino acid 
analyzers. The results were not  adjusted for 
destruction of amino acids during acid 
hydrolysis. 

Crude trypsin (1-100-Matheson, Coleman 
and Bell, Lot No. 1, and crystalline trypsin (Ix 
crystallized from 50% MgSO4) from bovine 
pancreas, B Grade, Calbiochem. Lot No. 32054, 
were used in tryptic digests. Pepsin (3x crystal- 
lized), Pentex, Inc., Lot No. C3708, provided 
the material for peptic digestion. 

Preparation of Cottonseed Protein Samples 

Low-gossypol cottonseed meal was prepared 
from glanded cottonseed flakes by successive 
extractions with hexane, 2-butanone, acetone 
and ether at room temperature.  Gossypol was 
added back to this product  and converted to 
the bound form by suspending 10 g of the meal 
in 100 ml of anhydrous methanol containing 
100 mg of pure gossypol and stirring in the 
dark at room temperature for 15 hr. The 
methanol was removed by filtration and the 
product  was washed three times with 25 vol of 
anhydrous ether to remove any free gossypol. A 
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TABLE I 

Gossypol Content of Gossypol-Protein Complexes 

Free Total 
gossypol, gossypol, 

Sample description % % 

Low-gossypol 
cottonseed meal 0.01 0.32 

Low-gossypol 
cottonseed meal 
with gossypol added 0.04 0.86 

Glandless cottonseed 
meal 0.01 0.01 

(O.005)a (O.008)a 

High-gossypol 
cottonseed meal 
extracted with 2-propanol 0.05 1.08 

a(Actual calculated values). 

quantity of expeller-processed cottonseed meal, 
known to contain a high level of bound gossy- 
pol, was extracted with 10 vol (10 ml/g) of 
2-propanol during four successive 9 hr periods 
at room temperature to remove free gossypol. 
A quantity of glandless cottonseed meal was 
prepared by hexane extraction at room temper- 
ature of glandless cottonseed which had been 
decorticated and flaked. These meals were all 
air-desolventized at room temperature and 
ground in a Wiley mill to pass through a 40 
mesh sieve. Nitrogen and free and total gossy- 
pol determinations were made on all four 
samples. 

Enzymic Hydrolysis of Samples 

One gram samples of low gossypol cotton- 
seed meal and low gossypol cottonseed meal 
with gossypol added were incubated with 250 
mg of crude trypsin in 100 ml of 0.067 M 
K2HPO 4 buffer, pH 7.6, containing 0.005 M 
calcium chloride and 0.002% merthiolate at 
37 C for 0, 2, 4, 8, 16 and 24 hr. At the end of 
the hydrolysis periods, 10 ml aliquots from 
each sample were placed in 250 ml centrifuge 
bottles containing 50 ml of 1% picric acid for 
de-proteinization by the method of Hamilton 
and Van Slyke (10). These solutions were 
centrifuged at about 60 x g for 10 rain and the 
excess picric acid removed by passing 50 ml 
aliquots through a 2 x 8 cm column of Dowex 
2-X10 ion-exchange resifi (chloride form) in the 
manner of Moore and Stein (11). The samples 
were reduced in volume on a rotary evaporator, 
diluted to a known volume with deionized 
water, and analyzed for amino acid content. 

One half gram samples of high-gossypol 
cottonseed meal and glandless cottonseed meal 

were weighed into 250 ml erlenmeyer flasks 
containing 15 glass beads. Twenty-five milli- 
liters of 0.03 M phosphate-0.015 M citrate 
buffer, pH 3.0, was added to each flask along 
with 0.05 ml of phenol and 2.5 ml of pepsin (1 
mg/ml). The stoppered flasks were incubated at 
37 C for 12 hr, at which time a second 2.5 ml 
of pepsin was added and the incubation 
continued. After 24 hr of peptic digestion, 1.05 
ml of 1 N NaOH and 25 ml of 0.03 M 
Na2HPO 4 buffer, pH 7.4, was added along with 
2.5 ml of trypsin (1 mg/ml) and incubation was 
continued. A second, increment of 2.5 ml of 
trypsin was added 12 hr later and digestion 
continued for another 12 hr. At the end of 48 
hr of combined peptic and tryptic hydrolysis, 
the digestion mixtures were removed from the 
incubator and 20 ml aliquots were transferred 
to centrifuge bottles for de-proteinization as 
previously described. The effluent from the 
Dowex column was reduced to dryness with a 
rotary evaporator and re-dissolved in 10 ml of 
0.1 N HC1. A 5 ml aliquot was taken for the 
determination of free amino acids and the 
remaining 5 ml was subjected to hydrolysis 
with 6 N HC1 for the determination of total 
amino acid content of the de-proteinized 
sample. 

Estimation of Number of Amino Acid Residues in 
Peptides not Precipitated by 1% Picric Acid 

Solutions of insulin (51 residues), insulin 
A-chain (21 residues), insulin B-chain (30 
residues) and glutathione (3 residues) were 
made with the concentration approximating 
that of the supernatant solutions. A propor- 
tionate amount of 1% picric acid was added and 
the results observed. 

RESULTS AND DISCUSSION 

The content of free and total gossypol in the 
four samples of cottonseed meal prepared is 
listed in Table I, showing a range of total 
gossypol from 0.01% in the glandless meal to 
1.08% in the high-gossypol 2-propanol-ex- 
tracted cottonseed meal. The free gossypol con- 
tent was sufficiently low as to have a negligible 
effect on the experiments. The effect of a 
0.51% increase in bound gossypol on enzymic 
digestion by crude trypsin is tabulated in Table 
II. When low-gossypol cottonseed meal and 
low-gossypol cottonseed meal with gossypol 
added were incubated with crude trypsin, a 
progressive release of amino acids was noted 
with increase in time in each instance. However, 
in the case of the sample to which gossypol was 
added, there was a reduction in the amount of 
amino acids released. This was expected in view 
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TABLE II 

Effect of Bound Gossypol on the Liberation of Amino Acids 
From Cottonseed Meal by a Crude Preparation of Trypsin a 
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Amino acids 

A B 
Cottonseed meal Cottonseed meal Reduction in 
containing 0 . 3 2 %  containing 0.86~ amino acid 
bound gossypol, bound gossypol ~ liberation, 

% % % 

Lysine 4.41 3.70 16.1 
Histidine 2.46 1.99 19.1 
Arginine 11.02 10.74 2.5 
Aspartic acid 2.05 0.79 61.5 
Threonine 2.84 1.73 39.1 
Serine 7.98 5.35 33.0 
Glutamic acid 5.69 2.89 49.2 
Proline 1.80 1.01 44.0 
Glycine 1.99 1.16 41.7 
Alanine 3.89 2.61 32.9 
Valine 4.88 3.23 33.8 
Methionine 1.75 1.28 26.9 
Isoleucine 3.53 2.57 27.2 
Leucine 6.48 5.60 13.6 
Tyrosine 4.00 3.32 17.0 
Phenylalanine 5.41 4.06 13.9 

Total 70.18 52.04 

aExpressed as percent of protein, duplicate analyses. 
bMeal A after reaction with gossypol. 

of the known reaction of gossypol with the 
epsilon-amino group of lysine and the con- 
sequent blocking effect on the action of 
trypsin whose specificity requires either lysine 
or arginine, with unsubstituted side chains, as 
substrates. 

Since crude trypsin contains chymotrypsin, 
which cleaves bonds involving the carboxyl 
groups of tyrosine and phenylalanine, and car- 
boxypeptidase, which removes the carboxyl- 
terminal residues from peptides, the total 
amino acids released by its action were greater 
than would have been expected if a pure 
preparation of trypsin had been used. However, 
even in the presence of these additional 
enzymes, there was a proportionally greater 
reduction in the release of a number of other 
amino acids as compared with lysine. Two 
factors may be involved here: (a) When the 
epsilon-amino group of lysine is blocked, with 
gossypol in this instance, the peptide chain is 
not cleaved at that point by trypsin and longer 
peptides result with fewer amino acids being 
released. (b) When gossypol is bound to a pro- 
tein molecule, due to the coiling of the peptide 
chain and the size of the gossypol molecule, 
proteolytic enzymes may be sterically hindered 
from attacking certain segments of the protein 
molecule. It would be expected that those 
amino acids which showed the greatest 
reduction were contained within these longer 
peptides in association with the lysine-gossypol 

or possibly other amino acid-gossypol com- 
plexes. 

The action of pepsin, although relatively 
nonspecific, is favored by the presence of an 
aromatic ring in the side chain of the amino 
acid on either side of the peptide bond. Pepsin 
is specific in that it hydrolyzes only peptide 
bonds and not amides or esters. Trypsin, on the 
other hand, hydrolyzes peptide, amide and 
ester bonds involving the carboxyl groups of 
lysine and arginine. In the absence of exo- 
peptidases or dipeptidases, the action of 
crystalline pepsin and trypsin on protein would 
be expected to produce a small amount of free 
amino acids and a large quantity of peptides of 
various lengths. The number and length of the 
peptides produced would be affected by 
gossypol bound to the protein molecule. 

The results of the sequential digestion of 
glandless cottonseed meal and high-gossypol 
2-propanol-extracted cottonseed meal with 
crystalline pepsin and trypsin are shown in 
Table III. Amino acid analysis of the super- 
natant solution after picric acid treatment 
produced a number of peaks on the chromato- 
gram in addition to the normal peaks for the 
individual amino acids. It was assumed that 
peptides which had not been precipitated by 
picric acid were responsible for these peaks and 
aliquots of the supernatant solutions were 
hydrolyzed with 6 N HC1 and analyzed for 
amino acid content. The increased amounts of 
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amino  acids p resen t  in the  ac id -hydro lyzed  
s u p e r n a t a n t  so lu t ions  con f i rmed  the  assumed 
presence  of pept ides .  

In the  p rocedu re  used to es t imate  the  size of  
pep t ides  which  are p rec ip i t a t ed  by  1% picric  
acid,  it was f o u n d  t ha t  insul in  and  the  B chain  
of  insul in  p rec ip i t a ted  i m m ed i a t e l y  u p o n  the  
add i t i on  of picr ic  acid. However ,  the  insul in  A 
chain  p rec ip i t a t ed  very slowly, wi th  the  t o t a l  
p rec ip i t a te  appear ing  to be less t h a n  the  original  
solute ,  and  the  g lu t a th ione  r ema ined  in 
so lu t ion .  F r o m  this  evidence,  it is p roposed  t h a t  
u n d e r  the  cond i t ions  used in this  p rocedure ,  
and  depend ing  on  the i r  amino  acid compo-  
s i t ion,  pep t ides  con ta in ing  fewer  t h a n  15 to  20 
residues are no t  p rec ip i t a t ed  by  1% picric acid. 

Compar i son  of the  to ta l  a m i n o  acids 
l ibera ted  f rom glandless c o t t o n s e e d  meal  and  
high-gossypol  2 -p ropano l -ex t r ac t ed  c o t t o n s e e d  
meal  revealed t h a t  amino  acids make  up  a larger 
pe rcen tage  of  the  p ro t e in  (Kje ldahl  n i t rogen  x 
6 .25)  in the  2 -p ropano l -ex t r ac t ed  mater ia l  t h a n  
in the  glandless meal .  E x t r a c t i o n  of  n o n - p r o t e i n  
n i t rogen  by  2 -p ropano l  p r o b a b l y  accoun t s  for  
this  in  view of  the  f indings of  Harris and  Hay- 
ward (12) ,  who  showed  t h a t  2 -p ropano l  
e x t r a c t s  p igmen t s ,  phosphol ip ids ,  carbo-  
hyd ra t e s  and  smaller  a m o u n t s  of  s terols  f rom 
c o t t o n s e e d  meats .  

The  use of  crystal l ine peps in  and  t ryps in  
p r o d u c e d  the  an t i c ipa t ed  results ,  in  t ha t  a small  
a m o u n t  of  free amino  acids were released b y  
the i r  ac t ion ,  w i th  m u c h  larger a m o u n t s  of  
amino  acids be ing  c o n t a i n e d  in small  pep t ides  
wh ich  were no t  p rec ip i t a t ed  by  1% picric acid.  
In  the  digestive t rac t  of  an  animal ,  t he  presence  
of  o t h e r  endopep t idases ,  exopep t idases  and  
d ipept idases  would  u n d o u b t e d l y  degrade m a n y  
of  these  small  pep t ides  to  the i r  c o m p o n e n t  
amino  acids. However  the  b lock ing  ef fec t  of  
b o u n d  gossypol  on  the  ac t ion  of  these  two  

enzymes  is ind ica t ive  of  i ts  ac t ion  in t he  
digestive t rac t .  F u r t h e r  s tudies ,  us ing the  com- 
ple te  spec t rum of  digestive e n z y m e s  shou ld  
help  to more  clearly i den t i fy  t hose  amino  acids 
r ende red  unavai lable  by  the  presence  of  b o u n d  
gossypol  in  c o t t o n s e e d  p ro t e in  and  aid in  
p rope r  s u p p l e m e n t a t i o n  of  r a t ions  con ta in ing  
this  mater ia l .  
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Triose Phosphates as Precursors of Glyceride Biosynthesis 
by Rat Liver Microsomes 1 
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ABSTRACT 

Washed rat liver microsomes synthe- 
size phosphatidate and di- and trigly- 
cerides from dihydroxyacetone phos- 
phate (DHAP) or DL-glyceraldehyde 
3-phosphate (DL-GAP) and fat ty  acids. 
The cofactors required in either case are 
ATP, CoASH, Mg +§ and either NADH or 
NADPH. NADH is twice as active as 
NADPH. In the presence of 3~-32P-ATP, 
1-14C-palmitate, CoASH and NADH, the 
combined actions of glycerol kinase 
(ATP-glycerol  phosphotransferase EC 
2.7.1.30), and microsomes convert di- 
hydroxyacetone to phosphatidate with 
the molar ratio of 14C:32p approxi- 
mately 2:1. Since glycerol 3-phosphate 
dehydrogenase (L-glycerol 3-phosphate: 
NAD oxidoreductase EC 1.1.1.8) is not 
present in microsomes, the synthesis of 
glycerides from either DHAP or GAP 
need not occur via their conversion to 
glycerol 3-phosphate (GP). However, the 
presence of triose phosphate isomerase 
(D-glyceraldehyde 3-phosphate :ketol-iso- 
merase EC 5.3.1.1) in microsomes, sug- 
gests the conversion of GAP to DHAP 
during glyceride synthesis. The require- 
ment for this conversion was confirmed 
by the use of 1-hydroxy-3-chloro-2- 
p r o p a n o n e  p h o s p h a t e  (HCPP), an 
irreversible inhibitor of triose phosphate 
isomerase. The synthesis of glycerides 
from DL-GAP was completely inhibited 
by HCPP, whereas that from DHAP was 
not. 

INTRODUCTION 

The biosynthesis of glycerides has been 
known to occur by the glycerol 3-phosphate 
pathway in several mammalian tissues. The 
reduction of DHAP by the action of cyto- 
plasmic glycerol 3-phosphate dehydrogenase 
and NADH, or the phosphorylat ion of glycerol 
by glycerol kinase and ATP, yielded GP for 
glyceride synthesis. Recently Hajra has reported 

Ipresented in part at the AOCS Meeting, Min- 
neapolis, October 1969. 

the conversion of DHAP to phosphatidate by 
the combined action of the mitochondria and 
microsomes of guinea pig liver (1). Snyder and 
co-workers (2,3) and Hajra (4) have also shown 
triose phosphates to be precursors of alkyl 
ethers. Preliminary studies in this laboratory 
have suggested that DHAP and GAP may act as 
acyl acceptors and that their conversion to GP 
may not be necessary (5,6). However, a demon- 
stration of this process required several detailed 
studies, the results of which are presented in 
this paper. These results demonstrate that in 
the absence of either the particle free super- 
natant or an appreciable amount of mito- 
chondrial protein, rat liver microsomes can 
utilize either DHAP or GAP as precursors for 
glyceride synthesis. 

MATERIALS AND METHODS 

The dimethyl ketal of dihydroxyacetone 
phosphate, the dimethyl  acetal of DL-glycer- 
aldehyde 3-phosphate and dihydroxyacetone 
(DHA) were purchased from Sigma Chemical 
Co. The free carbonyl compounds were 
r e g e n e r a t e d  by hydrolysis with Dowex 
50-X4,H +, and converted to their potassium 
salts using KHCO 3. Glycerol 3-phosphate 
dehydrogenase and triose phosphate isomerase 
were obtained from Calbiochem. Glycerol 
k i n a s e  was o b t a i n e d  from Boehringer 
Mannhe im Corp. Glycerol dehydrogenase 
(glycerol:NAD oxidoreductase, EC 1.1.1.6) was 
purchased from Worthington Biochemical Corp. 
1-14C-Palmitate from Volk Radiochemical Co. 
was used after purification (>99%) by thin 
layer chromatography (TLC). 7-32P-ATP was 
purchased from Amersham Searle Corp. Mono- 
palmitoyl  dihydroxyacetone was prepared by 
the method of Hajra and Agranoff (7). Purified 
palmitic acid was purchased from the Hormel 
Institute. Phosphatidic acid used as standard 
was obtained from Pierce Chemical Co. 

ENZYME ASSAYS 

S u c c i n a t e  d e h y d r o g e n a s e  (succinate: 
phenazine methosulfate oxidoreductase EC 
1.3.99.1) activity was measured as described by 
Arrigoni and Singer (8). The method of Cooper- 
stein and Lazarow (9) was used to assay cyto- 
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GLYCERIDES FROM TRIOSE PHOSPHATES 

TABLE I 

Conversion of Triose Phosphates Into Phosphatidate and Neutral Glycerides a 
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Phosphatidate 1,2-DG TG 
Flask Additions m/dmoles mb/moles m/Amoles 

1 None 28 2 7 
2 NADH 19 3 6 
3 NADPH 34 6 6 
4 DHAP 32 3 6 
5 DL-GAP 38 3 12 
6 DHAP + NADH 256 27 19 
7 DL-GAP + NADH 192 18 26 
8 DHAP + NADPH 148 22 20 
9 DL-GAP + NADPH 82 11 20 

alncubation mixture contained ATP (2.5 /2moles), CoASH (0.1 /2mole), GSH (12.5 
/./moles), KF (12.5 /Jmoles), MgCI 2 (5/2moles), potassium 1-14C-palmitate (1 /./mole), potas- 
sium phosphate buffer pH 7.4 (200//anoles) and washed rat liver microsomes (4 mg protein) 
in a total volume of 1.5 ml. DHAP (5/-tmoles), DL-GAP (10/2moles) and NADH or NADPH 
(2 p.moles) were added as shown in the Table. Incubations were carried out at 37 C in a 
Dubnoff shaker for 30 min. The amount of glyceride synthesis was calculated from the 
m/Jmoles of 1-14C-palmitate incorporated in each lipid class. The phosphatidate synthesized 
was calculated from the 1-14C-palmitate incorporated in that lipid fraction as well as that in 
the 1,2 di- and triglycerides (1,2-DG, TG) formed from phosphatidate. 

ch rome  oxidase  ( c y t o c h r o m e  C:O 2 ox idore-  
duc tase  EC 1.9.3.1).  The  p rocedu re  descr ibed  
b y  Be izenherz  et  al. (10)  and  Beisenherz  (11)  
was e m p l o y e d  to d e t e r m i n e  glycerol  3-phos-  
p h a t e  dehydrogenase  and  t r iose  p h o s p h a t e  iso- 
merase activit ies,  respect ively.  Glucose  6-phos-  
pha tase  (D-glucose 6 - p h o s p h a t e : p h o s p h o h y d r o -  
lase EC 3.1 .3 .9)  was measu red  as descr ibed  b y  
Swanson  (12) .  Glycero l  d e h y d r o g e n a s e  was 
assayed accord ing  to B u r t o n  (13) .  P ro te in  
d e t e r m i n a t i o n s  were carr ied ou t  by  the  m e t h o d  
of  Lowry  et al. (14) .  

PREPARATION OF MICROSOMES 

Rat  livers were r e m o v e d  i m m e d i a t e l y  a f te r  
kil l ing t he  animals ,  and  washed  in ice cold 0.25 
M sucrose.  All s u b s e q u e n t  ope ra t i ons  were  
carr ied ou t  at 0-5 C. Liver h o m o g e n a t e s  were 
p repa red  in 2 vol of  0.25 M sucrose us ing a 
loose f i t t ing  P o t t e r  E lvehjem homogen ize r .  The  
h o m o g e n a t e  was cen t r i fuged  at 1,000 x g for  15 
min  and  the  pellet  of  whole  cells, nucle i  and  
cell debr is  was discarded.  The  s u p e r n a t a n t  was 
cen t r i fuged  at 8 ,000  x g for  10 min  to  isola te  
the  m i t o c h o n d r i a  when  th i s  organel le  was 
requi red .  The  m i t o c h o n d r i a  were washed  b y  
resuspens ion  in 0.25 M sucrose and  cent r i fuga-  
t ion  be fo re  use as an e n z y m e  source.  

To prepare  the  mic rosomes  t he  1 ,000 x g 
s u p e r n a t a n t  was cen t r i fuged  at 15 ,000 x g for  
15 min  to  remove  the  m i t o c h o n d r i a  and  lyso- 
somes.  The  s u p e r n a t a n t  was s iphoned  careful ly  
so as n o t  to  d i s turb  t he  pellet ,  leaving 2-3 ml 
s u p e r n a t a n t  above  it. The  s u p e r n a t a n t  was t h e n  
cen t r i fuged  at 104 ,000  x g for  an  hour .  The  
mic rosoma l  pel let  was suspended  in 0 .25 M 

sucrose  in a vo lume co r r e spond ing  to t h a t  of 
the  original  h o m o g e n a t e  and  cen t r i fuged  at 
104 ,000  x g for one  hour .  In  some expe r imen t s  
this  washing  p r o c e d u r e  was r epea t ed  once  
more .  Washed m i c r o s o m e s  were suspended  in a 
volume of  0.25 M sucrose  co r r e spond ing  to 
one-ha l f  the  vo lume  of  the  or iginal  h o m o g e n a t e  
and  a l iquots  con ta in ing  3-4 mg p ro t e in  were 
used in the  expe r imen t s .  

I n c u b a t i o n s  were carr ied ou t  as descr ibed  in 
the  tables  and  t e r m i n a t e d  by  add ing  5 ml 
c h l o r o f o r m - m e t h a n o l  (2: 1, v/v).  Af te r  acidifica- 
t ion  w i th  0.2 ml 2N HC1, glycerides  and  phos-  
phoglycer ides  were i so la ted  and  ana lyzed  by  
p rocedures  descr ibed  by  J o h n s t o n  et al. (15) .  

RESULTS A N D  DISCUSSION 

Conversion of  Triose Phosphates to Glyeer- 
ides. In o rder  to  d e t e r m i n e  the  abi l i ty  of  micro-  
somal  enzymes  to  conver t  DHAP and  GAP to  
glycerides w i t h o u t  t he  pa r t i c ipa t ion  of  the  
soluble  enzymes ,  t he  e x p e r i m e n t s  r e p o r t e d  in 
Table  I were p e r f o r m e d .  When  the  r eac t ion  
m i x tu r e  was devoid  of  t r iose  p h o s p h a t e s  (Flask 
1), or  c o n t a i n e d  N A D H  (Flask  2) or  N A D P H  
(Flask 3), a min ima l  syn thes i s  of  p h o s p h a t i d a t e  
and  higher  glycerides  occur red .  Ne i the r  the  
r e a c t i o n s  nor  the  e n d o g e n o u s  subs t ra t e s  
respons ib le  for  th i s  synthes is  are k n o w n .  When  
DHAP or DL-GAP was inc luded  and  r educed  
pyr id ine  nuc leo t ides  were  exc luded ,  glycer ide 
synthes is  was also min ima l  (Flasks 4,5) .  How- 
ever, w h e n  the  i n c u b a t i o n  m i x t u r e  c o n t a i n e d  
DHAP or  GAP and  NADH,  p h o s p h a t i d a t e  
synthes is  was s t imu la t ed  severalfold (Flasks  
6,7). N A D P H  was also ef fec t ive  in this  process  
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TABLE II 

32p-Phosphatidate Synthesis From Dihydroxyacetone a 

Glycerol Phosphatidate 
Glycerol 32 p 14 C 

Flask kinase NADH NADPH DHA mb/moles 14C/32p 

1 + + + 58 
2 + + + 2 5  
3 + + 3 
4 + + 3 
5 + + 3 
6 + + + 47.5 85 1.8 

alncubations were carried out for 2 hr at 37 C in the presence of glycerol kinase (40 b/g), 
')'-32p-ATP (2 ]3anoles, 0.5 b/c), MgCI 2 (0.4 ]dmole), triethanolamine-HCl buffer pH 7.4 (4 
b/moles) and DHA (3 /2rnoles) in a total volume of 0.5 ml. Incubation was continued for 30 
min after the addition of CoASH (0.1 ~mole), GSH (12.5 //moles), KF (12.5 /2moles), 
MgC12 (5 /./moles), ATP (2.5 b/moles), potassium palmitate (0.5//mole), NADH or NADPH 
(2 /2moles) and microsomes (4 mg protein)in a total volume of 1.5 rnl. In Flask 6, preincu- 
bation with glycerol kinase was avoided. Instead, a single incubation in the presence of 
DHA ')'-32p-ATP, CoASH, GSH NADH, glycerol kinase and microsornes was carried out for 
30 min.The unlabeled palmitate was replaced by 1-14C-palmitate (0.5//mole). 

although not as active as NADH (Flasks 8,9). 
P r e v i o u s  studies had demonstrated the 
activation of the microsomal phosphatidate 
phosphohydrolase (EC 3.1.3.4) by a high con- 
centration of buffer in the incubation medium 
(16). This' can explain the increase in di- and 
triglyceride synthesis that occurred with 
increased phosphatidate synthesis (Flasks 6-9). 
Maximal synthesis of higher glycerides requires 
the participation of the soluble fraction con- 
taining a phosphatidate phosphohydrolase 
which acts specifically on membrane bound 
biosynthesized phosphatidate (15,17). How- 
ever, this fraction was not used since it contains 
enzymes that convert DHAP and GAP to GP 
under these experimental conditions. ATP and 
CoASH are needed for the activation of 
palmitate and hence when either of these were 
not included in Flasks 6-9, phosphatidate 
synthesis was found to be meager. Further- 
more, Mg ++ was included in the reaction mix- 
ture since this cation stimulated the 1-14C-pal- 
mitate incorporation into phosphatidate two- 
to threefold. The appreciable synthesis of  phos- 
phatidate that occurred in the absence of Mg ++ 
may be due to the presence of this cation in the 
microsomal protein. 

Recovery of 14C activity of palmitate 
obtained in the tipids isolated subsequent to 
incubation was 97-100% demonstrating no loss 
of any specific lipid during the isolation proce- 
dures. Unlike the direct measure of labeled 
glycerides, the oxidation of reduced pyridine 
nucleotide was an inconclusive assay for the 
conversion of triose phosphates to glycerides. 
In the absence of triose phosphates, 133 
m/.tmole NADH/min (Flask 2) and 71 mpmoles 
NADPH/min (Flask 3) were oxidized. Signifi- 

cantly higher rates of oxidation, 171 m/~moles 
NADH/min (Flask 6) and 95 mgmoles 
NADPH/min (Flask 8) were obtained in the 
presence of DHAP. Microsomal desaturase as 
well as enzymes not related to glyceride synthe- 
sis may be responsible for the oxidation of 
pyridine nucleotides in the absence of DHAP. 
The oxidation observed in the presence of 
DHAP may be due to the synthesis of phospha- 
tidate along with oxidation from DHAP 
independent reactions. 

A p p r e c i a b l e  incorporat ion of 1-14C - 
palmitate (125-175 m/amoles) into phospha- 
t idylchol ine and phosphatidylethanolamine 
fractions was also observed in these studies. 
However, the 14C incorporation was of the 
same order of magnitude in all the flasks and 
hence did not depend on the presence of either 
triose phosphates or reduced pyridine nucleo- 
tides. These phosphoglycerides may have been 
produced either by the acylation of endogenous 
lysophosphoglycerides (18,19) or by the trans- 
esterification reactions catalyzed by phospho- 
lipases (20). 

Acylation of DHAP by either the mito- 
chondria or microsomes from guinea pig liver to 
yield acyl-DHAP has been described by Hajra 
(21). In our studies, in the absence of NADH or 
NADPH, significant conversion of DHAP to 
1-14C-palmitoyl-DHAP was not observed, 
although a small amount of palmitoyl-DHA was 
synthesized. It appears that the palmitoyl- 
DHAP is hydrolyzed to palmitoyl-DHA by a 
phosphohydrolase present in rat liver micro- 
somes. Chemically synthesized palmitoyl-DHA 
and 1-14C-palmitoyl-DHA from the lipid mix- 
ture isolated following incubation had Rf values 
of 0.3 on TLC using silica gel G plates with a 
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solvent system consisting of n-hexane-diethyl 
ether, methanol-acetic acid (90:22:3:2,  v/v) 
and 0.2 on Adsorbosil-5 plates with a solvent 
system consisting of petroleum ether (b.p. 
30-60 C)-diethyl ether-acetic acid (70:30:1.5, 
v/v). The identity of this 14C-palmitoyl-DHA 
was further confirmed by the association of the 
radioactivity with monoglycerides following 
reduction with NaBH 4. The presence of NADH 
or NADPH enhances the fatty acid incorpo- 
ration severalfold indicating that in rat liver 
microsomes, acylation of DHAP is coupled to 
and dependent on the reduction of acyl-DHAP 
to lysophosphatidate and further conversion to 
phosphatidate. 

Employing approximately equal amounts of 
microsomal and mitochondrial proteins from 
guinea pig liver, and utilizing NADPH as the 
cofactor for reduction, conversion of DHAP to 
phosphatidate has been reported recently (1). 
Although either of these organelles catalyzed 
the synthesis of acyl-DHAP (21), only mito- 
chondria was shown to be capable of reducing 
this derivative to lysophosphatidate and only 
NADPH was active in the reaction (22). 

Our attempts to study the enzymic 
reduction of acyl-DHAP and to compare the 
effectiveness of NADH or NADPH in this 
process have not been successful. Oxidation of 
NADH or NADPH by rat liver microsomes 
dependent on the presence of palmitoyl-DHAP 
was not observed. It is likely that the micro- 
somal dehydrogenase acts on the biosynthe- 
sized acyl derivative rather than on the added 
lipid substrate. The lipids isolated after incu- 
bating palmitoyl-DHAP in the presence of 
reduced pyridine nucleotides and microsomes 
contained palmitoyl-DHA and palmitate but no 
lysophosphatidate. Furthermore, addition of 
glycerol 3-phosphate dehydrogenase to the pro- 
tein free supernatant of such incubation 
resulted in the oxidation of NADH. The lack of 
activity of this enzyme on acyl-DHAP suggested 
the presence of DHAP in such incubations. 
These observations demonstrate that the micro- 
somal deacylases and phosphohydrolases are 
able to cleave palrnitoyl-DHAP to palmitate, 
palmitoyl-DHA and DHAP. Om studies of 
glyceride synthesis by rat liver microsomes 
show that this organelle has all the enzymes 
necessary for the conversion of DHAP to 
phosphatidate and that NADH is more active as 
a hydrogen donor than NADPH. The con- 
tamination of the microsomes by mitochondrial 
fragments was found to be not more than 12% 
based on succinic dehydrogenase and cyto- 
chrome oxidase activities. Furthermore, when 
the conditions for the conversion of triose 
phosphates to phosphatidate given in Table I 

TRIOSE PHOSPHATES 

TABLE III 

Effect of HCPP a on Phosphatidate 
Synthesis From Triose Phosphates 

773 

Phosphatidate 
Flask Triose phosphate H C P P  (m/Imoles) 

1 DHAP 136 
2 DHAP + 118 
3 DL-GAP 95 
4 DL-GAP + 2 

al-hydroxy-3-chioro-2-propanone phosphate. Incu- 
bation conditions are the same as those given in Table 
I except that HCPP (0.4 //mole) was also included in 
Flasks 2 and 4. The phosphatidate synthesized was 
calculated as indicated in Table I. 

were extended to mitochondria, phosphatidate 
synthesis was found to be 20-30% of that 
observed with microsomes. The mitochondrial 
protein may have contained 20% microsomes as 
indicated by the glucose-6-phosphatase activity. 
Thus the observed phosphatadiate synthesis by 
mitochondria may have been due to the micro- 
somal enzymes present. 

3 2p.Phosphatidat e Synthesis From Di- 
hydroxyacetone. In order to confirm the con- 
version of DHAP to phosphatidate by rat liver 
microsomes, experiments reported in Table II 
were carried out. Since glycerol kinase catalyzes 
the phosphorylation of DHA (23-25), its incu- 
bation with 7-32P-ATP should produce 32p_ 
labeled DHAP. This was confirmed by the 
observation of the oxidation of NADH spectro- 
photometrically in the presence of crystalline 
glycerol 3-phosphate dehydrogenase and by the 
association of 32p with DHAP subsequent to 
paper chromatography or high voltage electro- 
phoresis separations (7). a2p-labeled DHAP is 
then converted to 32P-phosphatidate by the 
microsomal enzymes in the presence of NADH, 
fatty acids and the cofactors necessary for fatty 
acid activation. As was observed in Table I, 
either NADH or NADPH are active although 
the former is twice as active as the latter (Flasks 
1,2). When reduced pyridine nucleotides were 
excluded from the second incubation, phospha- 
tidate synthesis was meager (Flask 3) which 
confirms the absence of 32P-Gp in the reaction 
mixture. Furthermore, the dependency on the 
presence of glycerol kinase or on DHA is shown 
by the minimal synthesis observed in Flasks 4 
and 5, respectively. Although preincubation 
with glycerol kinase, DHA and ATP was carried 
out to assure the synthesis of DHAP, several 
experiments showed that the simultaneous 
action of glycerol kinase and microsomes on 
DHA, fatty acids, ATP, CoASH and NADH also 
produces phosphatidate. Thus in Flasks 6, 
3 "-32P-ATP and 1-14C-palmitate were included 
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and as expected, phosphatidate had a molar 
ratio of 14C:32p of approximately 2:1. Since 
neither oxidation of NADH in the presence of 
DHA nor the reduction of NAD in the presence 
of glycerol was observed, it can be concluded 
that glycerol dehydrogenase is not present in 
the microsomes. Hence, phosphatidate synthe- 
sis by the combined action of glycerol kinase 
and microsomes occurred via the conversion of 
DHA to DAHP and not the reduction of DHA 
to glycerol and the subsequent phosphorylation 
to GP. 

Absence o f  Glycerol 3-Phosphate Dehydro- 
genase and Presence o f  Triose Phosphate Iso- 
merase in Microsomes. The participation of 
triose phosphates as glyceride-glycerol pre- 
cursors has been generally considered to occur 
via their conversion to GP by the action of 
soluble triose phosphate isomerase and glycerol 
3-phosphate dehydrogenase. In the presented 
studies, washed microsomes were used for the 
conversion of triose phosphates to glycerides 
and hence the involvement of the soluble 
enzymes was avoided. However, if these 
enzymes are also present in the microsomes, a 
direct conversion of triose phosphates to gly- 
cerides without the intermediate production of 
GP would be doubtful. 

Several experiments were performed to test 
the presence of glycerol 3-phosphate dehydro- 
genase in washed microsomes. Oxidation of 
NADH or NADPH by microsomes (10-100 pg 
protein) dependent on the presence of DHAP 
does not occur. Also, NAD is not reduced by 
microsomes in the presence of GP. The absence 
of glycerol 3-phosphate dehydrogenase as sug- 
gested by these assay procedures is not due to 
an inhibition by the microsomes since the 
enzymatic activity of crystalline glycerol 
3-phosphate dehydrogenase is not hampered by 
the presence of this organelle. We also carried 
out incubations using 10 times the microsomal 
protein NADH and DHAP of Flask 6 in Table I, 
in the absence of palmitate and cofactors for its 
activation. Following incubation, the procedure 
for isolation of 14C-GP described by Hajra (21) 
showed no GP as measured by the reduction of 
NAD in the presence of added glycerol 3-phos- 
phate dehydrogenase. From these studies it can 
be concluded that microsomes do not contain 
glycerol 3-phosphate dehydrogenase and that 
the conversion of DHAP to glycerides occurs 
without its prior conversion to GP. The absence 
of this dehydrogenase in the microsomes iso- 
lated from preputial gland tumors has also been 
observed by Wykle and Snyder during their 
investigations of the biosynthesis of alkyl 
glyceryl ethers from DHAP (3). 

When washed rat liver microsomes were 

incubated in the presence of DL-GAP, glycerol 
3 - p h o s p h a t e  dehydrogenase and NADH, 
appreciable oxidation of NADH was observed 
(350 mpmoles NADH oxidized/min/mg micro- 
somal protein). In spite of washing the micro- 
somes twice, the specific activity of this 
enzyme was not decreased appreciably (320 
mpmoles NADH oxidized/min/mg protein). 
Hence it can be concluded that triose phos- 
phate isomerase is closely associated with the 
microsomes. Recent studies on alkyl ether 
synthesis have resulted in similar conclusions 
regarding the presence of this isomerase in 
microsomes from preputial gland tumors (3). 
The presence of this enzyme in rat liver micro- 
somes raises the question as to whether GAP 
must be converted to DHAP for glyceride 
synthesi s. Recent investigations by Wykle and 
Snyder (3) and Hajra (4) demonstrate that 
indeed this conversion occurs in the synthesis 
of alkyl glyceryl ethers from GAP. Wykle and 
Snyder used 1-hydroxy-3-chloro-2-propanone 
phosphate (HCPP), an irreversible inhibitor of 
triose phosphate isomerase, to demonstrate that 
the conversion of GAP to DHAP is necessary 
(3). We have also used this inhibitor to deter- 
mine whether similar triose phosphate con- 
version is needed for phosphatidate synthesis 
from GAP by rat liver microsomes. The results 
of these studies are given in Table III. While the 
phosphatidate synthesis from DHAP was not 
affected appreciably, that from DL-GAP was 
completely inhibited by HCPP. It can be con- 
cluded from these observations that GAP has to 
be converted to DHAP by the microsomal 
triose phosphate isomerase prior to its utiliza- 
tion for glyceride synthesis. 

Investigations reported in this paper and 
those that have been reported recently (1-4) 
demonstrate that triose phosphates may be con- 
verted to glycerides without the participation 
of the enzymes in the cytosol. The extent of 
reactions as related to their conversion to GP 
by the soluble enzymes in the overall process of 
glyceride synthesis awaits further investigation. 
Although these reactions have been demon- 
strated using enzyme preparations from rat, 
guinea pig livers or preputial gland tumors, it is 
likely that they are of a ~ener~l na t u~  ~,~ may 
occur in all species and in several hssues. It has 
been reported that tumor cells are either devoid 
of or deficient in glycerol 3-phosphate dehydro- 
genase (26). In these cells, the production of 
GP from DHAP or GAP will not occur or will 
occur to a limited extent. An extension of the 
presented studies to cancer cells will be 
necessary to determine whether glyceride syn- 
thesis occurs in them preferentially by the uti- 
lization of triose phosphates rather than of GP. 
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Tumor Lipids: Carbon Number Distribution of 
Triglycerides and Glyceryl Ether Diesters 
RANDALL WOOD 1 and R.D. HARLOW,Medical Division 2, 
Oak Ridge Associated Universities, Oak Ridge, Tennessee 37830 

ABSTRACT 

T r i g l y c e r i d e s  and glyceryl ether 
diesters were isolated from a number of 
transplantable rat and mouse tumors and 
analyzed intact by gas liquid chromato- 
graphy (GLC). The carbon number distri- 
butions of the triglycerides were dis- 
t inctly different from those of the 
glyceryl ether diesters. Both glyceride 
c l a s ses  con ta ined  abnormally high 
molecular weight species. The data 
support earlier evidence that indicated 
diglycerides used for the biosynthesis of 
phosphatides are also precursors of trigly- 
cerides in neoplasms. Glycerides isolated 
from three centrifuged fractions of 
Ehrlich ascites cells exhibited similar 
carbon number distributions. The results 
indicate a random distribution of trigly- 
c e r i d e  and  glyceryl  ether diester 
m o l e c u l a r  s p e c i e s  among cellular 
organeiles. Triglycerides, glyceryl ether 
diesters and neutral plasmalogens of the 
same carbon number were partially 
resolved by GLC. 

INTRODUCTI ON 

The occurrence of an unidentified neutral 
lipid in tumor tissue was first reported by 
Bollinger (1) and Cheng et al. (2) and later con- 
firmed (3,4). The lipid, isolated from Ehrlich 
ascites cells, was subsequently identified as a 
glyceryl ether diester (GEDE) (5). Reduction of 
total  neutral lipids from several transplantable 
rat and mouse tumors with l i thium aluminum 
hydride (6) has revealed relatively high levels of 
alkyl ethers of glycerol in these neoplasms (7). 
However, free alkyl glyceryl ethers and alkyl 
acyl glycerides (8), in addition to GEDE, con- 
tribute to the total  percentage of glyceryl 
ethers obtained from the neutral lipids by 
hydrogenolysis. Thin layer chromatography 
(TLC) of the neutral lipids of the rat and mouse 
tumors indicated the presence of  GEDE (7), 
but class identi ty and purity of GEDE, and 
even triglycerides, are difficult to establish by 

1 Present address: Neuropsyehiatrie Research 
Laboratory, V.A. Hospital, Hines, I!1. 60141. 

2Under contract with the U.S. Atomic Energy 
Commission.  

adsorption TLC. Baumann et al. (9) have 
demonstrated the similarities in the TLC Rf 
values of diacyl and alkyl acyl glycerides of 
diols (ethane and propane) and that of GEDE 
and triglycerides. The occurrence of diol lipids 
is covered in a review by Bergelson (10). 

The use of high temperature gas liquid chro- 
matography (GLC) to identify and quantify 
intact GEDE, triglycerides, alkyl acyl, diacyl 
and dialkyl glycerides has been well established 
(5,8,11). This report  describes the GLC analysis 
and comparison of carbon numbers of triglycer- 
ides and GEDE isolated from several trans- 
plantable rat and mouse tumors. 

EXPERIMENTAL PROCEDURES 

Lipid Material 

Transplantable rat and mouse tumors were 
grown and harvested as described previously 
(7). A non-transplantable fibroadenoma that 
occurs in rats approximately one year after 
exposure to 800 R total body irradiation was 
also examined. Ehrlich ascites cells were dis- 
rupted in a French pressure cell and separated 
into three fractions [ 15,000 g(10 min), 34,000 
g(3 hr), and supernate] by centrifugation. The 
term fraction is used instead of names of 
specific organeiles usually sedimented at these 
centrifugation forces because of considerable 
contamination from other cell organelles and 
cell fragments. However, the impure nature of 
these fractions does not affect the validity of 
the data. The total  lipids were extracted 
according to the Folch et al. procedure (12). 
Neutral lipids were separated from the phos- 
pholipids by silicic acid chromatography (13), 
and the triglycerides and GEDE were isolated 
by preparative TLC (5,8). Both lipid classes 
were purified by rechromatography in a 
hexane-diethyl ether 90:10 v/v solvent system. 
Quantification was carried out on hydrogenated 
samples (14), which prevented peak broadening 
caused by highly unsaturated glyceride species. 

Gas Liquid Chromatography 

The satisfactory and reliable high tempera- 
ture chromatographic system used for the 
quantitative GLC analysis of intact triglycerides 
and related high molecular weight compounds 
was constructed from an Aerograph Model 204 
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MIXTURE OF GLYCERYL ETHER DIESTERS AND TRIGLYCERIDES 
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FIG. 1. A chromatogram tracing depicting the partial resolution of triglycerides from glyceryl ether 
diesters of the same carbon number. Analysis was carried out on a 70 cm x 4 mm O.D. (2.5 mm I.D.) 
Pyrex column packed with 1% OV-1 and manually temperature-programmed from 200-350 C. The 
large solvent peak was due to a large amount of benzene solvent. 

chromatograph. The modified chromatograph 
has been used to analyze a number of high 
molecular weight lipids (8,11,14-16), but the 
m o d i f i c a t i o n s  necessary for quantitative 
analysis have not been described. 

The column inlet, flash heater and column 
exit were modified to accept a 4 mm O.D. (2.5 
mm I.D.) glass column (70 cm), fitted with 
3/16 in. Kovar Pyrex to metal seals described 
by Radin (17) and Litchfield et al. (18). 
Extension of the column through the flash 
heater to the injection septum allows on- 
column sample injection without exposure to 
metal  surfaces. Unpacked columns were 
installed while being heated to the softening 
point to allow tightening of the Swagelock 
fittings without breaking the column. Gas pres- 
sure was used to pack and unpack the installed 
column. The column was packed with either 1% 
OV-1 or 1% OV-17 coated on 100-120 mesh 
Gas Chrom Q. The temperature was manually 
programmed from approximately 200-335 C at 
approximately 5 C/min. 

Detector sensitivity and stability was 
improved by the following modifications: (a) 
installation of a ceramic flame tip (0.03 in. 
I.D.); (b) the use of oxygen instead of air; (c) 
installation of oxygen and hydrogen gas pre- 
heaters (20 ft x 1/16 in., 0.04 in. I.D., stainless 
steel tubing) and pressure regulators (Brook 
Model 8743); and (d) grounding the positive 
electrode to the flame tip. Spurious peaks and 
excessive baseline drift were eliminated by pre- 
conditioning septums at 300 C under vacuum 
for 4 hr. Temperatures of the flash heater and 

detector were maintained at 325 C and 350 C. 
Helium carrier gas, hydrogen and oxygen flow 
rates  were I00, 50 and 300 ml/min, 
respectively. 

Peak areas were measured by the triangula- 
tion method (mean of three measurements) or 
with a Datex Model DIR-1 digital integrator. A 
standard triglyceride mixture (trilaurin, tri- 
myristin, tripalmitin, tristearin, triarachidin and 
tribehenin) was used to calibrate the instrument 
daily and the mole percentage given has been 
corrected for slight losses of the high molecular 
glycerides unless noted otherwise. 

Materials 

Purified triglycerides were purchased from 
The Hormel Institute, Austin, Minn. Glass-dis- 
tilled solvents were purchased from Burdick 
and Jackson Laboratories, Inc., Muskegon, 
Mich. Other chemicals were reagent grade or 
better and were used without further purifi- 
cation. 

RESULTS A N D  DISCUSSION 

Resolution of Triglycerides, GEDE 
and Neutral Plasmalogens by GLC 

The large quantity of triglycerides relative to 
the quantity of GEDE and the marginal TLC 
resolution of GEDE and the neutral plasma- 
logens enhanced the possibility of cross con- 
tamination between these lipid classes. There- 
fore, before quantitative analyses of the trigly- 
cerides and GEDE could be carried out, we had 
to demonstrate that such class contamination 
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FIG. 2. Chromatogram tracings that illustrate the 
elution order of neutral plasmalogens relative to the 
elution order of a triglyceride and glyceryl ether 
diester of the same carbon number. The ehromato- 
grants represent A, neutral plasmalogens isolated from 
ratfish liver oil (18); B, neutral plasmalogens spiked 
with a standard carbon number 54 glyceryl ether 
diester; C, neutral plasmalogens co-ehromatographed 
with carbon number 54 glyceryl ether diester and tri- 
stearin; and D, hydrogenated neutral plasmalogen 
sample spiked with standard glyceryl ether diester. 
Chromatographic conditions were the same as noted in 
Figure 1. 
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FIG. 3. Representative chromatogram showing the 

carbon number distribution of triglycerides and 
glyceryl ether diesters isolated from several trans- 
plantable rat and mouse tumors. These chromatograms 
are of glycerides isolated from Friend virus leukemia 
mouse tumors. Chromatographic conditions were the 
same as indicated in Figure 1 except that the liquid 
phase was OV-17, instead of OV-1. 

could be detected. Figure 1 shows the partial 
resolution of a mixture of triglycerides and 
GEDE. The GEDE were eluted immediately 
ahead of the corresponding carbon number, 
instead of directly between triglyceride carbon 
numbers as might have been expected, since 
they differed in molecular weight by only 14. 
The OV-17 liquid phase gave slightly improved 
resolution of the mixture of triglycerides and 
GEDE, but the slight retarded elution of the 
GEDE relative to the corresponding triglyceride 
was still observed. Complete resolution of tri- 
glycerides and GEDE was not obtained on 
either liquid phase but was sufficient to enable 
detection of triglycerides contaminating GEDE 
and vice versa. 

The chromatograms shown in Figure 2 illus- 
trate the elution order of neutral plasmalogens 
relative to standard GEDE and triglycerides. 
Although the alk-l-enyl ether bond of the 
neutral plasmalogen is generally considered very 
labile, the neutral plasmalogens were able to 
withstand the high GLC temperatures without 
any apparent degradation (Fig. 2A). The 
neutral plasmalogens were eluted ahead of 
GEDE of the same carbon number (Fig. 2B). 

Triglycerides and neutral plasmalogens of two 
higher carbon numbers were eluted as a single 
peak (Fig. 2C). Figure 2D shows that upon 
hydrogenation neutral plasmalogens give rise to 
GEDE. The early elution of the neutral plasma- 
logens relative to the GEDE of the same carbon 
number enable contamination from this class to 
be detected by GLC analysis of the GEDE frac- 
tion before hydrogenation. Triglyceride and 
GEDE samples that showed any contamination 
with the analogues were repurified by TLC. 

Despite the slight difference between the tri- 
glyceride, GEDE and neutral plasmalogen 
structures, they can be resolved by adsorption 
chromatography (I 9). The present data demon- 
strate that the effect of the alkyl and alk-l-enyl 
ether bonds permit GLC to partially resolve tri- 
glycerides, GEDE and neutral plasmalogens of 
the same carbon number. 

Triglycerides and GEDE Isolated 
From Various Tumors 

The lipids of each neoplasm examined con- 
tained glyceryl ether diesters. Only triglycerides 
and GEDE were found in the respective frac- 
tions, as determined by the absence of other 
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TABLE I 

Rat and Mouse Tumor Triglycerides and Glyceryl Ether Diesters 

779 

Per cent carbon number  (mole) c 
Tumor a Lipid b 
tissue class 46 48 50 52 54 56 58 60 62 64 

T G  ---  
W a l k e r  256 GEDE --- 

TG --- R-3259 GEDE --- 

TG 1.6 TBI GEDE 0.4 

TG 0.4 EAC 
GEDE 0.8 

TLT TG --- 
GEDE 0.7 

FVL TG --- 
GEDE --- 

S-180 TG --- 
GEDE --- 

T-241 TG --- 
GEDE --- 

TG --- B-16 
GEDE 1.9 

TG --- 
E-0771 GEDE --- 

1.1 7.0 20.6 29.1 20.2 4.2 5.3 1.6 0.7 
0.6 4.3 15.2 25.9 29.9 6.4 4.7 2.1 0.9 

2.5 18.2 42.6 
0.7 10.7 24.9 

4.6 16.5 30.6 
4.4 23.0 40.4 

1.3 6.9 21.7 
6.3 18.2 24.4 

0.9 12.6 42.4 
4.1 16.3 31.5 

0.8 8.5 30.6 
0.8 6.4 17.6 

31.8 3.3 0.9 0.5 . . . . . .  
24.8 24.5 11.9 2.3 0.4 Trace 

24.6 13.0 5.0 1.5 0.7 --- 
14.3 11.1 4.9 1.3 0.2 --- 

32.4 19.1 3.2 3.8 1.1 --- 
20.1 17.6 9.2 2.5 1.1 --- 

41.0 2.0 0.8 0.4 0.1 --- 
23.5 13.4 7.4 2.3 0.7 0.2 

28.8 15.3 8.9 3.3 1.7 1.3 
21.8 25.2 17.4 6.6 3.4 0.7 

1.1 11.1 37.9 45.0 3.0 1.3 0.6 . . . . . .  
1.8 12.2 32.4 20.9 17.5 11.4 2.6 0.8 0.4 

0.3 5.7 38.1 53.1 2.0 0.5 0.2 . . . . . .  
2.0 11.0 26.1 22.1 21.3 13.5 3.0 0.7 0.2 

0.7 13.1 43.6 39.5 2.6 0.4 0.1 . . . . . .  
8.3 22.0 29.5 18.1 13.3 5.5 1.1 0.2 --- 

1.8 19.8 42.1 34.5 1.4 0.4 . . . . . . . . .  
2.0 14.0 26.0 22.5 23.1 10.1 1.7 0.4 --- 

aThe tumor abbreviations are Walker 256, Walker carcinosarcoma 256 (rat); R-3259, R3259/96A sarcoma 
(rat); TBI, non-transplantable fibroadenoma occurring in rats approximately one year after 800R total body 
irradiation; EAC, Ehrlich ascites carcinoma cells (mouse); TLT, taper liver tumor (mouse); FVL, Friend virus 
leukemia (mouse).; S-180, sarcoma 180 (mouse); T-241, sarcoma T241 (mouse); B-16, melanoma B16 (mouse); 
and E-0771, adenocarcinoma E0771 (mouse). 

bTG, triglyceride; GEDE, glyceryl ether diester. 
Cpercentages represent the mean of duplicate analyses of two samples. Agreement between percentage of 

major components  was + 5% and for minor components -+ 10%. 

peaks  f r o m  the  c h r o m a t o g r a m s ,  i nd ica t ing  the  
absence  o f  diol  l ipids (20 )  in t he se  f r ac t ions .  
T h e  c a r b o n  n u m b e r  d i s t r i b u t i o n  o f  b o t h  t r igly-  
cerides and  G E D E  s h o w e d  very  h igh  m o l e c u l a r  
we igh t  spec ies  fo r  each  lipid class o f  each  neo -  
p l a s m  (Tab le  I). Typ ica l  c h r o m a t o g r a m s  s h o w n  
in F igure  3 i l lus t ra te  t he  r e s o l u t i o n  and  wide  
c a r b o n  n u m b e r  d i s t r i b u t i o n  o f  t he  t u m o r  t r igly-  
cerides and  G E D E .  C a r b o n  n u m b e r  p e r c e n t a g e s  
o f  t r ig lycer ides  and  G E D E  obtained f o r  t en  
t u m o r s  are given in Table  I. C a r b o n  n u m b e r  
p e r c e n t a g e  ( m o l e )  o f  t r ig lycer ides  d i f f e r ed  
grea t ly  f r o m  the  G E D E  pe rcen t ages ,  b u t  u sua l ly  
the  range  o f  c a r b o n  n u m b e r s  was  s imi lar  fo r  
b o t h  lipid classes der ived f r o m  the  s ame  neo-  
p lasm.  C a r b o n  n u m b e r  52 and  54 w e r e  the  
m a j o r  t r ig lycer ide  species,  w h e r e a s  a m a j o r  per-  
cen tage  o f  t h e  G E D E  species  was  d i s t r i b u t e d  
m o r e  even ly  f r o m  c a r b o n  n u m b e r  50 to  58 

(Table  I). T h e  d i ss imi la r i ty  o f  c a r b o n  n u m b e r s  
b e t w e e n  t he se  t w o  l ipid classes s u p p o r t s  t he  
p a t h w a y s  p r o p o s e d  earl ier  (8 )  w h i c h  sugges ted  
i n d e p e n d e n t  r o u t e s  o f  b i o s y n t h e s i s .  Genera l ly  
the  c a r b o n  n u m b e r  p e r c e n t a g e s  o f  the  G E D E  
f r o m  the  va r i ous  t u m o r s  s h o w e d  a c loser  agree-  
m e n t  t h a n  t h e  a g r e e m e n t  b e t w e e n  t r ig lycer ide  
pe rcen tages .  T h e  c a r b o n  n u m b e r  p e r c e n t a g e s  o f  
t r ig lycer ides  f r o m  s o m e  o f  t he  n e o p l a s m s  
agreed r a t h e r  c losely .  A d e n o c a r c i n o m a  E 0 7 7 1 ,  
R 3 2 5 9 / 9 6 A  s a r c o m a ,  m e l a n o m a  B16,  s a r c o m a  
180 and  t a p e r  liver t u m o r  t r ig lycer ide  per-  
cen tages  were  r e a s o n a b l y  close.  T h e  t r ig lycer ide  
p e r c e n t a g e s  o f  Walker  c a r c i n o s a r c o m a  256  and  
Ehr l i ch  asc i tes  c a r c i n o m a  were  s imilar .  The  
G E D E  p e r c e n t a g e s  o f  R 3 2 5 9 / 9 6 A  s a r c o m a ,  
a d e n o c a r c i n o m a  E 0 7 7 1 ,  s a r c o m a  180 and  
s a r c o m a  T241 agreed,  as did Eh r l i c h  asci tes  
c a r c i n o m a ,  m e l a n o m a  B16 and  t a p e r  liver 
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TABLE II 

Comparison of Triglyceride and Glyceryl Ether Diester Dis tr ibut ion  
According to Carbon Number in Various Ehrlich Ascites Cell Fractions 

Per cent carbon number (weight) a 
Glyceride 

Fraction type 48 50 52 54 56 58 60 62 

TG Trace 1.2 19.9 41.8 21.4 14.1 1.3 0.2 
Homogenate GEDE 0.8 11.4 21.4 24.4 26.3 13.5 2.0 0.2 

15,000 x g TG Trace 1.0 21.9 42.9 19.5 12.5 1.0 0.1 
(10 min) GEDE 1.0 11.9 22.8 24.1 23.9 12.5 1.7 0.2 

34,000 x g TG Trace 1.2 23.1 45.0 19.5 10.4 0.8 0.1 
(3 hr) GEDE 1.4 14.8 24.3 24.1 23.8 10.4 0.9 Trace 

TG Trace 1.9 24.5 42.1 19.0 11.7 0.8 Trace 
Supernate GEDE 0.4 8.0 23.7 25.9 26.2 11.6 1.3 Trace 

aThe percentages represent the mean of duplicate analyses on three separate samples and 
have not  been  corrected for slight losses of the higher molecular weights. 

t umor  percentages of  GEDE.  
Detai led analyses of  tr iglycerides and gly- 

ceryl e ther  diesters of  Ehrlich ascites cells 
earlier revealed that  bo th  lipid classes exhibi ted  
a 1-random-2-random-3-random distr ibut ion,  
and that  1,2-diacyl and 1,2-alkyl acyl glycerides 
derived f rom phosphat idylchol ine  were similar 
to the corresponding glycerides derived f rom 
triglycerides and GEDE (8). These observations 
suggested that  the selectivity of  diglycerides for 
the biosynthesis  of tr iglycerides and phospha-  
t idylchol ine  that  occurs  in normal  tissue was 
absent in Ehrl ich ascites cells, moreover  the 
absence of  diglyceride selectivity might  be 
c o m m o n  to o ther  neoplasms. The  high 
molecular  weight species of  tr iglycerides found 
in the neoplasms of  the present s tudy indicated 
that  the lack of diglyceride selectivity in trigly- 
ceride biosynthesis  may represent  a significant 
difference be tween  the lipid metabol i sm of  
normal  and neoplastic tissue. Carbon numbers  
of  tr iglycerides of  most  mammal ian  tissues 
analyzed thus far have not  contained significant 
quanti t ies  of  tr iglyceride species longer  than 
carbon number  54 (21-23). However ,  high 
molecular  weight triglycerides are not  restr icted 
to neoplasms. Marine oil tr iglycerides have been 
shown to exhibi t  a wide carbon number  distri- 
bu t ion  (18,23). 

Glyceryl  ether  diesters of  neoplasms were 
first ident i f ied in Ehrl ich ascites cells (5). The 
present data demonst ra tes  the occurrence  of  
GEDE in eight addi t ional  t ransplantable rat and 
mouse tumors ,  impl icated earlier by indirect  
evidence (7). The significance of  glyceryl  ether  
diesters in neoplast ic  tissue is not  known,  but  
they may occur  as a result of  increased concen-  
t rat ions of  alkyl glyceryl  ether  precursors in the 
neoplast ic  cell. Glyceryl  ether  diesters have 
been isolated f rom human perinephric  fat  (24), 

beef heart  lipids (25), and indirect  evidence sug- 
gests that  they occur  in most  mammal ian  
tissues (6,26). 

Carbon Number Distribution of Triglycerides 
and GEDE From Ehrlich Ascites Cell Fractions 

The carbon number  percentages (weight)  of  
the homogena te  tr iglycerides and GEDE 
s h o w e d  small deviat ions f rom the cor- 
responding Ehrlich ascites cells values given in 
Table I. The differences are probably due to 
different  cell harvesting t imes after t umor  trans- 
plantat ion.  The values in Table I were obta ined 
f rom seven day cells, whereas the percentages in 
Table II were obtained f rom cells harvested five 
days after t ransplantat ion.  

The fractions obta ined  f rom the disrupted 
Ehrl ich ascites cells by centr i fugat ion contained 
different  quanti t ies of GEDE as est imated f rom 
the quant i t ies  isolated by TLC. The 15,000 g 
f ract ion contained approx imate ly  three t imes 
the quant i ty  of  GEDE as the 34,000 g and 
supernate fractions.  Table II gives the carbon 
number  percentages of  tr iglycerides and GEDE 
derived f rom the various fractions. As expected,  
based upon prior analyses, the carbon number  
dis t r ibut ion of  the GEDE of each fract ion was 
dis t inct ly  different  f rom the tr iglyceride distri- 
but ion.  More impor tan t ly ,  the carbon number  
percentages of  the tr iglycerides and GEDE of 
one fract ion were not  significantly different  
f rom the  corresponding percentages o f  the 
o ther  fractions.  This similari ty be tween  the 
carbon number  percentages of  the fract ions for 
bo th  lipid classes suggests a random distr ibut ion 
of  tr iglycerides and G E D E  molecular  species 
among cellular componen t s ,  a l though the 
cellular components  may differ  significantly in 
the percentage of  each lipid class present.  
Similar carbon number  distr ibutions in the 
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v a r i o u s  cell f r ac t ions  could  have  resu l ted  f r o m  
r a n d o m  d i s t r ibu t ion  of  p r e f o r m e d  glycer ides  or  
b io syn thes i s  of  the  glycer ides  in the  com-  
p o n e n t s  of  t h e  cell f r ac t ions  f r o m  a c o m m o n  
source  of  precursors .  Bar t ley (27)  has  r epo r t ed  
t ha t  lipids of  var ious  cell organel les  ob t a ined  
f rom the  same  t issue have a p p r o x i m a t e l y  the  
same f a t t y  acid c o m p o s i t i o n .  Our  resul ts ,  wh i ch  
go a s tep fu r t h e r ,  ind ica te  a r a n d o m  distri-  
b u t i o n  of  t r ig lycer ide  and  GEDE molecu la r  
species a m o n g  the  cellular c o m p o n e n t s .  Such  a 
d i s t r ibu t ion  of  p h o s p h o g l y c e r i d e  mo lecu la r  
species m a y  also occur  in n o r m a l  and  neop las t i c  
t issue.  
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A Simple Preparative Procedure for the Rapid Isolation of 
Phytosphingosine From the Yeast Hansenula ciferrii 
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ABSTRACT 

P h y t o s p h i n g o s i n e  and  dihydro- 
sphingosine were isolated as a mixture of 
their N-acetyl derivatives from the cells of 
the  yeast Hansenula ciferrii. After 
alkaline hydrolysis of the N-acetyl com- 
pounds, the free base mixture was reacted 
with either acetone or p-nitrobenzalde- 
hyde. The reaction products consisting of 
the  carbonyl  derivative of phyto- 
sphingosine and free dihydrosphingosine 
were separated on an acetyl cellulose 
column. The acetone or p-nitrobenzalde- 
hyde derivative of phytosphingosine 
recovered from the benzene eluate con- 
tained no dibydrosphingosine as deter- 
mined by thin layer and gas liquid chro- 
matography. The operating time from 
preparation of the derivative through 
column purification was less than 3 hrs. 
Mass spectrometry of the acetone and 
p-nitrobenzaldehyde derivatives disclosed 
in each case that ring closure with the 
carbonyl reagent involved the amino and 
primary hydroxyl groups to give D-ribo- 
2 - d i m e t h y 1- 4-( 2,3-dihy dro xyhexade cyl) 
oxazolidine and D-ribo-2-p-nitrophenyl- 
4-(2,3-dihydroxyhexadecyl) oxazolidene, 
respectively. 

INTRODUCTION AND 
DISCUSSION 

The yeast Hansenula ciferrii produces 
partially (1) and fully acetylated derivatives of 
p h y t o s p h i n g o s i n e  and dihydrosphingosine 
(2,3). The fully acetylated bases, after isolation 
from the culture medium, were separated by 
counter-current distribution (4). Recently, the 
free bases were resolved on a Silica Gel S 
c o l u m n  by treatment with chloroform- 
methanol (9: 1) followed by two successive con- 
tinuous gradients containing varying pro- 
portions of chloroform-methanol-2M NH4OH 
(5). Since these methods involve considerable 
time, manipulations and analyses, we sought an 
easy chemical procedure for the resolution of 
these compounds. Accordingly, a procedure for 
the rapid separation of phytosphingosine, via its 
acetone or p-nitrobenzaldehyde derivative, 

from dihydrosphingosine obtained from the 
cells of I1. ciferrii is now described. In addition, 
proof of the structure of the acetone and p- 
nitrobenzaldehyde derivatives of phytosphingo- 
sine is presented. In this study cells were 
employed as the source material because they 
contained about nine times more base than that 
present in the extracellular medium. 

It was found that phytosphingosine forms a 
complex with acetone (6,7). Use of this 
reaction, it was reasoned, could be made in the 
separation of phytosphingosine from dihydro- 
sphingosine. We observed, however, that the 
complex was of limited stability under the 
initial conditions studied. A more stable deriva- 
tive of phytosphingosine was formed with p- 
nitrobenzaldehyde; dihydrosphingosine was 
unreactive under the same circumstances. The 
p-n i t robenzaldehyde  derivative of phyto- 
sphingosine was separated quantitatively within 
2 hr from dihydrosphingosine on an acetyl 
cellulose column by development with benzene; 
no dihydrosphingosine was present in the 
product obtained from the benzene eluate as 
determined by thin layer chromatography 
(TLC) and gas liquid chromatography (GLC). 
Similarly, the acetone derivative of phyto- 
sphingosine was separated from dihydro- 
sphingosine. The phytosphingosine obtained 
from the column could be stored until  needed 
as the carbonyl derivative or as the sulfate salt 
which was formed by regeneration of the base 
from the derivative by treatment with dilute 
sulfuric acid. 

Although analytical values were presented 
for the product formed from the reaction of 
acetone with phytosphingosine, no structural 
determinat ions were reported (6,7). We 
observed that the acetone derivative showed no 
UV absorption at 247 m/a for an azomethine 
linkage. The acetone and p-nitrobenzaldehyde 
derivatives gave negative ninhydrin reactions, 
had similar IR spectra with no absorption near 
1600 cm-1 for a free amino group, and could be 
crystallized from various nonaqueous solvents. 
These observations, along with data from 
elementary and active hydrogen analyses, indi- 
cated that amino and hydroxyl groups were 
involved in ring formation with the carbonyl 
reagent. Attempts to ascertain which of the 
three hydroxyl groups participated in ring 
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closure by permethylation of the p-nitrobenz- 
aldehyde derivative followed by ring cleavage 
and periodate oxidation were unsuccessful. The 
p-nitrobenzaldehyde derivative was recovered 
unchanged after treatment with sodium 
periodate in 90% aqueous methanol. Mass 
spectrometry of the acetone and p-nitrobenz- 
aldehyde derivatives disclosed in each case that 
ring closure with the carbonyl reagent involved 
the amino and primary hydroxyl groups to give 
D-ri b o -2-dimethyl-4-( 2,3-dihydro xyhe xadecyl ) 
oxazolidine and D-ribo-2-p-nitrophenyl-4-(2,3- 
dihydroxyhexadecyl) oxazolidine, respectively. 

EXPERIMENTAL PROCEDURES 

Materials and Methods. Hansenula ciferrii, 
mating type F-60-10, strain NRRL-Y-1031 was 
provided by L.J. Wickerham. Silicic acid, acetyl 
cellulose and Adsorbosil-1 were products of 
Mallinkrodt, Woelm and Applied Science Lab, 
respectively. The silicic acid was washed with 
chloroform:methanol (2:1) and activated by 
heating 24 hr at 120 C. All solvents were dis- 
tilled. TLC was conducted as previously 
described (8) on plates coated with Adsorbo- 
sil-1 and developed with chloroform-methanol 
(95:5) or chloroform-methanol-2M NH4OH 
(40:10:1) (9). Bands were detected by 
exposure to iodine vapor. The trimethylsilyl 
derivatives of the bases were analyzed by GLC 
(10) on 2.5% SE-30 on Gas Chrom Q, mesh 
100/200. The column, injector and detector 
temperatures were maintained at 210 C, 270 C 
and 240 C, respectively. IR spectra were 
obtained on KBr discs with a Perkin Elmer IR 
Spectrophotometer.  High resolution mass 
spectrometry  was performed by Gollob 
Analytical Service. 

Isolation of  N-Acetyl Bases. Each of ten 1 
liter Erlenmeyer flasks containing 500 ml of 
medium (2) was inoculated with the growth 
from a single slant and grown 72 hr at room 
temperature under vigorous aeration. The cells 
were collected by centrifugation and washed 
once with 300 ml of cold isotonic saline. To the 
cells suspended in methanol, 25 g]100 ml, was 
added 1 ml of 10 N KOH per 100 ml of sus- 
pension which was stirred magnetically 4 hr at 
room temperature. After standing overnight, 
the suspension was centrifuged and the precipi- 
tate was washed by centrifugation three times 
with 200 ml portions of methanol. The com- 
bined supernatant solutions, after addition of 
several drops of Dow antifoam A, were con- 
centrated below 55 C, on a water pump to 
approximately 150 ml. An equal volume of 
water was added and the solution was treated 
three times with 200 ml portions of ether. The 

combined ether extracts were washed with 
water until neutral and the residue, after ether 
removal, was dried over P2Os and crystallized 
from 35 ml of acetonitrile; yield of crude N- 
acetyl bases from 52 g of dry cells, 780 mg 
(range 10 to 22 mg/g of dry cells). TLC showed 
N-acetylphytosphingosine and N-acetyldihydro- 
sphingosine with trace amounts of phyto- 
sphingosine and dihydrosphingosine; less polar 
impurities appeared at the front. 

Purification of  N-Acetyl Bases. A 30 g silicic 
acid column, 2.5 x 50 cm, packed from chloro- 
form, was loaded with 500 mg of crude N- 
acetyl bases in 30 ml of warm chloroform. The 
column was developed with 125 ml each of 
chloroform and methanol. The chloroform 
eluate was discarded and the residue obtained 
from concentration of the methanol eluate was 
crystallized from acetonitrile; yield 360 mg 
(range 67% to 74%). 

Preparation of  Free Bases. Purified N-acetyl 
bases, 720 mg, were refluxed 7 hr in 18 ml of 
ethanol and 2 ml of 2N aqueous KOH. An 
equal volume of water was added and the 
reaction mixture was treated three times with 
30 ml portions of ether. After washing the com- 
bined ether extracts with water, the residue, 
obtained after removal of the solvent, was dried 
and washed by suspension in 35 ml of hot 
petroleum ether. Although further purification 
was unnecessary, they could be purified by 
application in 2% methanol in chloroform to a 
20 g silicic acid column and developed with 125 
ml each of 5% methanol in chloroform and 
methanol. The former eluate was discarded and 
the product was obtained by concentration of 
the methanol eluate; yield 544 mg (range 85% 
to 90%). The base mixture consisted of about 
95% phytosphingosine and 5% dihydro- 
sphingosine as determined by GLC. 

P-Nitrobenzaldehyde Derivative of  Phyto- 
sphingosine. To 318 mg of free bases in 35 ml 
of warm petroleum ether, bp 68-74 C (Skelly- 
solve B), was added 164 mg of p-nitrobenz- 
aldehyde; the reaction mixture was heated until  
a clear solution resulted. After cooling to room 
temperature, the precipitate was collected by 
centrifugation and resuspended in hot petro- 
leum ether. The product obtained from the 
cool reaction mixture was dried, dissolved in 20 
ml of benzene and applied to an 8.0 g acetyl 
cellulose column, 1.5 x 50 cm, which was 
packed in benzene and washed successively 
with 3 column volumes each of ethanol and 
benzene. After development with 125 ml of 
benzene the residue, obtained from concen- 
tration of the eluate, was dried and resuspended 
in hot petroleum ether. The cool suspension 
was centrifuged and the precipitate dried;yield 
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FIG. 1. The mass spectra of the p-nitrobenzaldehyde (A) and acetone (B) derivatives of phyto- 

sphingosine showed major peaks at m/e 193 and 100, respectively, which indicated participation of 
the amino and primary hydroxyl groups with the carbonyl reagent to give a substituted oxazolidine. 
See text for details. 

356 mg (range 82% to 86%); mp 99-101 C. TLC 
revealed only one component,  R F 0.9; GLC 
showed no dihydrosphingosine. 

Analysis. Calculated for C25 H42 O5 N2 
(450.3): C, 66.61; H, 9.40; O, 17.76; N, 6.22; 
Active H, 0.67. Found: C, 66.70; H, 9.50: O, 
18.01 ; N, 6.26; Active H, 0.64. 

Acetone Derivative of Phytosphingosine. 
Free bases, 318 mg, in 10 ml of acetone was 
heated to reflux, after cooling to room temper- 
ature, the acetone was removed under a stream 
of N 2 below 30 C. The dried residue was 
applied in 20 ml of hot benzene to an 8.0 g 
acetyl cellulose column. After washing the 
product into the column with several hot 15 ml 
portions of benzene, the column was developed 
with another 100 ml of benzene. The eluate 
was concentrated to dryness and the dried 
residue was crystallized from petroleum ether; 
yield 242 mg (range 70% to 74%); mp 
102-104 C. TLC and GLC disclosed only one 
component.  

Analysis .  Calculated for C21H43NO 3 
(357.3); C, 70.53; H, 12.12; O, 13.43; Active 
H, 0.84. Found: C, 70.08; H, 12.00; O, 13.66; 
Active H, 0.79. The acetone derivative of 
phytosphingosine obtained from a chilled 
acetone solution of the mixed bases melted at 
105-107 C in agreement with that reported 
previously (7). 

Regeneration of Phytosphingosine as Sulfate 
Salt. The p-nitrobenzaldehyde derivative, 180 
rag, in 9.0 ml of 90% methanol and 1.0 ml of 
0.5N aqueous sulfuric acid was heated to 
reflux. After cooling to room temperature, 10 

ml of acetonitrile were added and the reaction 
mixture was centrifuged. The precipitate was 
washed successively by centrifugation with 3 ml 
portions of acetonitrile, two times, and once 
with ethanol. After drying, the precipitate was 
washed with 10 ml of hot petroleum ether; 
yield 127 mg (range 85% to 89%). GLC of the 
trimethylsilyl derivative formed directly from 
the sulfate salt showed only phytosphingosine, 
retention time 39 min. 

Analysis. Calculated for C36Hs0N2Olo S 
(732.6); C, 58.96; H, 11.00; N, 3.82;O, 21.83; 
S, 4.37. Found: C, 58.52; H, 10.83; N, 4.02; O, 
21.68; S, 4.34. The acetone derivative was 
treated in the same manner to yield the base 
sulfate. 

Structure Proof of Derivatives of Phyto- 
sphingosine. Mass spectrometric analysis of the 
p-nitrobenzaldehyde derivative showed a major 
peak at m/e 193 which is the mass of a 5- 
membered ring (Fig. 1,A); this eliminated the 
hydroxyl on carbon atom 4 as a participant 
which would yield a 6-membered ring. If the 
hydroxyl on carbon atom 3 were involved, the 
ring mass would be 192 and the expected major 
peak would be at m/e 223 with smaller peaks at 
m/e 192 and 253. Since the fragment ion at 
m/e 193 was the largest with 223 and 253 
progressively smaller, it was c ncluded that the 
terminal hydroxyl partici!,ated in ring 
formation. Similarly, the largest peak at m/e 
100 corresponded to a 5-membered ring which 
involved the primary hydroxyl group of the 
acetone derivative (Fig. 1,B) with smaller peaks 
at m/e 130 and 160. 
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ABSTRACT 

The  alga Seenedesmus obliquus 
cultured in deuterated water, synthesized 
fully deuterated saturated and unsatu- 
rated long chain fatty acids. Their methyl 
esters were purified and their equivalent 
chain lengths were determined by gas 
liquid chromatography (GLC). They were 
characterized by mass spectroscopy, IR 
and near-IR spectroscopy, and NMR 
spectroscopy. Hexadeca-3,6-dienoic acid 
was identified. The fatty acid compo- 
sitions of the total lipid and of individual 
lipid classes were measured. The melting 
p o i n t  of m e t h y l  perdeuteriohexa- 
dec'anoate was lower than that of its 
hydrogen counterpart. Methyl esters of 
perdeuterio fatty acids had shorter 
retention times in GLC chromatography 
on polar and nonpolar phases. 

INTRODUCTI ON 

For biochemical and analytical studies of 
saturated and unsaturated fatty acids, it was 
necessary to prepare fully deuterated fatty 
acids. Perdeuterio saturated fatty acids have 
been synthesized by Dinh-Nguyen (1), but 
chemical methods for preparation of per- 
deuterio unsaturated fatty acids have not been 
developed. Algae have been cultured in D20 of 
high purity for preparation of perdeuterio pro- 
teins and other metabolites (2). The lipids from 
such cultures should be a good source of a 
variety of fatty acids in perdeuterio form. 
Therefore, a preparation of lipids from 
Scenedesmus obliquus, cultured in D20 , was 
converted to methyl esters, which were 
separated and more thoroughly characterized 
individually. The IR spectrum of the methyl 
esters of mixed fatty acids isolated from this 
species has been reported previously (3). 

Ipresented before ISF-AOCS Congress, Chicago, 
September 1970. 

EXPERIMENTAL PROCEDURES 

Culture Conditions 

Cultures of S. obliquus adapted to 99.7% 
D20 were grown in a medium of 99.7% D20 
containing the following inorganic salts (gm/1): 
NH4NO 3 2.00, KHCO 3 0.20, Ca(NO3)2"4H20 
0.03, NaC1 0.02, MgSO 4 0.50, FeSO4.7 H20 
0.045, Na2HPO 4 0.75. The cultures were main- 
tained in 2 liter Erlenmeyer flasks under an 
atmosphere of 5% CO 2 in air, illuminated by 
circular fluorescent lights below and around 
each flask, and stirred magnetically. Cultures 
were harvested at intervals of 10-14 days by 
centrifugation of the medium at 2000 rpm. The 
cell walls were ruptured by boiling in D 2 O, and 
the insoluble material was collected by centri- 
fugation and extracted with chloroform- 
methanol (2:1). 

Analysis of Fatty Acid Composition 

A portion of the total lipid was interesteri- 
fled with 3 ml of boron trifluoride in methanol 
in a closed tube at 80 C for 30 min. After 
methanolysis was complete, 3 ml of distilled 
water was added, and the esters were extracted 
with petroleum ether. The extract was dried 
over sodium sulfate, filtered, concentrated and 
subjected to analytical gas liquid chromato- 
graphy (GLC). The chromatograms for fatty 
acid composition and measurement of equi- 
valent chain lengths (ECL) (4) were obtained 
with an F&M Model 810 gas chromatograph 
with a hydrogen flame detector. The flow rate 
was 75 ml helium per minute, and the injection 
port was kept at 250 C. An aluminum column 
180 x 0.6 cm packed with 20% ethylene glycol 
succinate (EGS) plus 2% phosphoric acid on 
Gas Chrom P, 60-80 mesh was used, and the 
oven temperature was kept at 180C. The 
aluminum column 180 x 0.6 cm packed with 
60-80 mesh Gas Chrom P containing 3% OV-17 
was operated at 200 C. When 1% OV-1 was the 
liquid phase the oven temperature was 180 C. 

The extract was separated into several lipid 
classes by thin layer chromatography (TLC) on 
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Silica Gel H with petroleum ether (30-60 C)- 
diethyl ether-acetic acid (90:10:1, v/v/v) (5). 
The fractions were interesterified with boron 
trifluoride in methanol, and analytical GLC was 
performed on the EGS column. Retention 
times were measured on EGS, OV-1 and OV-17 
phases and compared with authentic saturated 
methyl esters. 

Isolation and Purification 

The chloroform-methanol extract from the 
algae was interesterified using 50 ml of 5% HC1 
in methanol. Chlorophyll, carotenoids and 
unmethylated products were removed by chro- 
matography on Florisil with petroleum ether 
(30-60C): diethyl ether (80:20, v/v). The 
methyl ester fraction was checked for purity by 
TLC. The saturated and unsaturated methyl 
esters were fractionated by argentation TLC on 
0.5 mm Silica Gel H plates impregnated with 
3% silver nitrate, with petroleum ether-diethyl 
ether-acetic acid, 85 : 15: 1 (6). The methyl ester 
fractions having 0, 1, 2 and 3 double bonds 
were scraped off separately, extracted with 
petroleum ether, and the zr-complexes were 
broken by Cl-ions. Each fraction was frac- 
tionated according to chain length by prepara- 
tive GLC (7). 

Physical Characterization 

IR spectra of liquid films were obtained with 
a Perkin Elmer Model 21 spectrometer. Near IR 
spectra were measured on carbon tetrachloride 
solutions with a Beckman DK-2 spectrometer. 
Spectra of the acids were measured on 140 mM 
solutions and of the esters on 150 mM 
solutions. The NMR spectrum of methyl per- 
deuteriohexadecanoate in CDC13 (29 mg/ml) 
was measured with a Varian 220 MHz instru- 
ment with trimethyl silane as internal standard. 
Mass spectra were measured in a Hitachi 
RMU6D mass spectrometer with the liquid 
s ample  i n se r t i on  system, reservoir and 
molecular leak. Spectra were taken at ioni- 
zation potentials of 70 and 15 eV at pressures 
near 1 to 2 x 10 -7 Torr. 

M e t h y l  perdeuter iohexadecanoate  was 
saponified in CH4OD with a slight excess of 
KOD, and the acid was liberated with DC1 in 
D~O. The acid was crystallized four times in 
petroleum ether and the melting point was 
measured with a Kofler hot stage microscope. 

Chemical Characterization 

Ozonolysis of the unsaturated esters was per- 
formed according to the method of Nickell and 
Privett (8). The aid-esters and aldehydes were 
analyzed by GLC on a 180 x 0.6 cm aluminum 
column packed with 20% EGS plus 2% phos- 
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TABLE I1 

Equivalent Chain Lengths of Identified 
Methyl Esters of Fatty Acids as Measured 

on EGS-PO 4 

Methyl e s t e r  
of fatty acid Deuterated Protonated 

16:0 15.93 16.00 
16:1 16.50 16.65 
16:2 17.31 17.42 
16:3 18.30 18.43 
18:0 17.76 18.00 
18:1 18.30 18.48 
18:2 19.20 19.36 
18:3 20.22 20.33 

FIG. 1. The relationship of logarithm of retention 
time to the number of carbon atoms in methyl esters 
of protonated fatty acids, 0 o, and perdeuterio 
fatty acids, H on three liquid phases in gas chro- 
matography. 

phoric acid, kept at 160 C or 180 C depending 
upon the chain length of the ozonized 
products. The EeL  values of the aid-esters and 
aldehydes were compared with those produced 
from authentic methyl octadecenoates (9) of 
several structures. 

M e t h y l  9,10,12,13-tetrahydroperdeuterio- 
octadecanoate was prepared from methyl per- 
deuterio-9,12-octadecadienoate by treatment 
with hydrazine hydrate (10). The mass 
spectrum of this compound was measured as 
described above. 

RESULTS 

Composition 

The fatty acid compositions of the total per- 
deuterio lipids and of the several lipid classes 
are given in Table I. The composition of the 
total fatty acids of S. obliquus cultivated in 
D20  differs somewhat from that of a wild type 
or that of a mutant analyzed by Erwin and 
Bloch (10), who reported only acids with EeL  
value greater than 15.0 

Gas Chromatographic Behavior 

A comparison between the retention times 
of methyl esters of the perdeuterio acids and 
the hydrogen analogs was made on the polar 
phase EGS, a medium polarity phase OV-17, 
and a low polarity phase OV-1. The plots of 
logarithm of retention times vs. chain length are 
shown in Figure 1. On the EGS column, and on 
the OV-1 column, the methyl esters of the per- 
deuterio acids differed from the hydrogen 
analogs only slightly. The plots were parallel 
and the perdeuterio compounds appeared 
earlier than the hydrogen compounds (3). On 

the medium polarity phase the plots were not 
parallel, and the divergence between retention 
of the deutero- and hydrogen analogs increased 
as chain length decreased. The values for satu- 
rated esters converged to the same value near 
18 carbon atoms. The EeL  values of methyl 
esters of identified deuterated and protonated 
acids determined on an EGS column are shown 
in Table II. 

Melting Points 

The melting points of hexadecanoic acid, 
m e t h y l  h e x a d e c a n o a t e ,  perdeuteriohexa- 
decanoic acid and methyl perdeuteriohexa- 
decanoate were found to be 64.0, 30.0, 65.0 
and 25.5-26.0 C, respectively. A mixed melting 
point of methyl hexadecanoate-methyl per- 
deuteriohexadecanoate (50/50) was 26.5 C. 
These results agree in general with those of 
Dinh-Nguyen (11 ). 

Infrared Spectra 

The infrared spectra of the methyl esters of 
the 16-carbon perdeuterio acids are shown in 
Figure 2 with a spectrum of methyl hexadeca- 
noate for comparison. The asymmetric and 
symmetric C-D stretching vibrations of the 
polymethylene chain occur at 2206 and 2107 
cm -1, and a shoulder at 2240 cm-~ due to the 
double bond C-D stretching vibrations appears 
in the unsaturated compounds. The residual 
absorption in the 2800-3000 cm-1 region is 
accounted for largely by the C-H stretching 
vibration of the OCH 3 group. Based on the 
ratio of the intensities at 2206 cm-1 (C-D) and 
2925 cm-1 (C-H), methyl  perdeuteriohexa- 
decanoate (16:1, Fig. 2) is the least contami- 
nated with CH 2 groups, and the vibrations of 
the methoxyl group are best detected in this 
compound. Definite peaks of 2980 and 2940 
cm -1 are attributed to asymmetric vibrations of 
the CH 3 group, and a strong shoulder at 2890 
cm-~ to the corresponding symmetric mode. 
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FIG. 2. IR spectra of thin films of methyl hexa- 
decanoate and methyl esters of perdeuteriohexa- 
decanoic acid 16:0 (d); perdeuteriohexadecenoic acid 
16:1 (d); perdeuteriohexadecadienoic acid 16:2 (d); 
and perdeuteriohexadecatrienoic acid 16:3 (d). 
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These frequencies are lower that  those assigned 
to the OCH 3 groups (3025, 3000 and 2957 
cm-1) of methyl acetate by Wilmshurst (12) 
and of methyl laurate by Jones (13). However, 
the assignments of Wilmshurst and Jones were 
based on bands which disappeared in the 
deuterio methyl esters. In the original com- 
pounds, however, the methoxy vibrations could 
have been influenced by the other CH groups in 
the molecules. In our deuterated compounds, 
the only CH group present in the molecules 
were those of the carbomethoxyl and our 
observed frequencies, therefore, are probably 
more characteristic of the vibrations of this iso- 
lated group than those reported earlier. In this 
region a small shoulder at 2840 cm -1 is 
probably due to contamination with small 
amounts of undeuterated compounds which 
would also contribute slightly to the intensity 
of the 2940 cm -1 OCH 3 peak. 

The ester carbonyt peak remains unaffected 
at 1735 cm-1 but the C=C stretch vibration is 
lowered to 1625 cm -1 in the deuterated unsatu- 
rated compounds. 

In the C-H deformation region, the peak 
resulting from the scissoring vibrations of 
methylene groups is absent and the small 
amount of absorption remaining at 1465 cm-1 
may be attributed to the asymmetric C-H 
vibration of the carbomethoxy group, while the 
sharp peak remaining at 1436 cm-1 is due to 
the symmetric vibration of the same group. 

FIG. 3. Near IR spectra of perdeuteriohexa- 
decanoic acid, methyl perdeuteriohexadecanoate and a 
mixture of methyl esters of perdeuteriohexa- 
decadienoic and octadecadienoic acids compared with 
spectra of hexadecanoic acid and methyl hexadeca- 
noate. 

In an extensive study of the IR spectrum of 
methyl laurate, Jones (13) assigned the three 
bands at 1170, 1195 and 1255 cm -1 , character- 
istic of methyl esters of long chain fatty acids, 
to C-O stretching of C-O-C perturbed by C-H 
twisting, or wagging, or C-C skeletal vibrations. 
By replacing the wCH3, aCH 2 and OCH 3 
groups of methyl laurate with deutero analogs, 
Jones found that a sharp band of medium 
intensity was present at 1088 cm -l only in 
those compounds containing the OCD 3 group. 
Deuteration of the a-methylene group only 
resulted in the disappearance of the 1170 and 
1195 cm -1 peaks, whereas the intensity of the 
1250 cm -1 peak was nearly doubled. All our 
methyl deuterio esters show a band of medium 
intensity near 1085 cm -1 which cannot be due 
to the OCD 3 group. Furthermore, this band 
remains in perdeuteriohexadecanoic acid and in 
perdeuteriohexadecanol and, in our compounds 
it must be aSsigned to the C-D scissoring 
vibrations of the deuterated polymethylene 
chain. Our spectra agree with the view that the 
1170, 1195 and 1250 cm -I bands of methyl 
esters are not due solely to C-O-C vibrations 
since all these peaks are absent from the spectra 
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FIG. 4. Mass spectra of methyl perdeuteriohexadecanoate and methyl perdeuterio-octadeca-9,12- 
dienoate taken at 20 eV. 

of the deuterated compounds. The only peak 
which can be associated with the C-O-C modes 
appears at 1270 cm -1 and probably corresponds. 
to the single peak observed by Jones at 1252 
cm -1 for aCD 2 methyl laurate. The higher 
frequency is undoubtedly due to the effect of 
the rest of the CD 2 chain on the 1250 cm -1 
peak in agreement with the observations of 
Jones (14) who found this member of the 
methyl ester triplet to be more sensitive to the 
nature of the whole fatty acid chain. The 
intensity of the 1270 cm -1 peak is also greatly 
increased and approaches that of the carbonyl 
group. In perdeuteriohexadecanoic acid, this 
peak appears at 1307 cm-1 and it is absent from 
the spectrum of the alcohol. The free acid also 
shows a peak at 1435 cm-1 which, in this case, 
must be assigned to the OH deformation of the 
carboxyl group. 

Absorption at 1170 and 1195 cm-1 may be 
due to normal methyl ester impurities. Peaks at 
1137, 1007, 850 and 815 cm -1 have been 
associated with the structure CD2COOCH 3 and 
peaks at 1115 and 1055 cm-] to the 
asymmetric and symmetric C-D bending of 
6oCD3 (13). A shoulder at 1235 cm-1 and a 
small peak at 904 cm-I which increase in 
intensity with increasing unsaturation are pos- 

sibly associated with unsaturation. In addition, 
a small but sharp peak appears at 1023 cm -1 in 
perdeuteriohexadecatrienoate (16: 3, Fig. 2) but 
not in the spectra of the less unsaturated com- 
pounds. A similar peak was observed in the 
spectrum of methyl perdeuterio-9,12,15-octa- 
decatrienoate but not in that of the cor- 
responding diene or monoene. This small peak, 
therefore, may be associated with the triene 
group. The C-D deformation of -CD=CD - trans 
would be expected near 710 cm-] and may 
account for the very small amount of  
absorption in this region by the three unsatu- 
rated compounds. The corresponding vibration 
for cis unsaturation would be outside of the 
range of these spectra. 

Near Infrared Spectra 

In palmitic acid and methyl palmitate, (Fig. 
3) the two peaks at 1730 and 1765 m/~ result 
from the first overtones and various combi- 
nations of the fundamental C-H stretching 
vibrations of the CH 3 and CH 2 groups at 2920 
and 2850 cm-]. The small peak at 1213 m/a is 
the second overtone of these vibrations. These 
peaks are absent in the spectra of the 
deuterated compounds. 

In the 2200-2400 m# regions the peaks 
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TABLE III 

Structures and Isomeric Compositions of Unsaturated 
Perdeuterio Acids from S. obliquus 
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Per cent of total 
Fatty acid Isomer Per cent of fraction fatty acids 

16:1 A7 64.5 2.9 
A9 35.5 1.6 

16:2 ,~k3,6 50.8 6.2 
A7,10 49.2 6.0 

16:3 A7,10,13 99.0 1.6 
18:1 A9 85.8 7.6 

Al l  14.2 1.2 

18:2 A9,12 99.0 30.7 
18:3 A9,12,15 99.0 1.8 

observed for hexadecanoic acid and methyl 
hexadecanoate are due either to the second 
overtones of the C-H bending deformations at 
1475-1420 cm-I or to a combination of these 
with the fundamental C-H stretching vibrations. 
The relatively high intensity of these peaks 
favors the latter. Absorption at 2260 mp which 
is present only in the methyl esters and persists 
with approximately the same intensity in the 
deuterated esters has been assigned to the 
O-CH 3 group. A similar peak has been reported 
previously in a number of other methyl esters 
(15). The other peaks in this region are much 
attenuated in the deuterated compounds. It 
should be considered that all absorption due to 
CH (other than O-CH3) has disappeared and is 
replaced by the first overtones and com- 
binations of the 2100-2200 cm "1 C-D stretching 
vibrations. The peak at 2280 mp which appears 
in the deuterated methyl esters, however, is not 
present in the deuterated acid, and cannot be 
assigned solely to CD vibrations of the chain. 
Its origin is not clear. 

Only second and third overtones of the C-D 
bending (1085 cm -1) and (CD2)nCO-O-C (1270 
cm-1) vibrations would absorb in the near IR 
regions and their intensity would be too low to 
be detected. 

Mass Spectra 

The mass spectra of all the methyl esters of 
perdeuterio acids isolated from S. obliquus indi- 
cate a high degree of isotopic purity, equal in 
all the compounds. The mass spectra of the 
esters indicate modes of fragmentation, the 
same as observed in the protonated analogs. 
Spectra of a saturated and an unsaturated ester 
are shown in Figure 4. In the perdeuterio com- 
pounds the rearrangement ion of McLafferty 
(16) has been shifted from m/e 74 to 77. The 
tropylium ion in the spectra of  unsaturated 

esters (17) shifted from m/e 91 to 98 in the 
deuterated analogs. The series of hydrocarbon 
fragments had intervals of 16 rather than 14. In 
the methyl perdeuteriohexadecanoate, the ion 
CH3OCO(CD2)6 + appeared as reported by 
Dinh-Nguyen (18). 

Nuclear Magnetic Resonance Spectroscopy 

The NMR spectrum of methyl perdeuterio- 
hexadecanoate showed the anticipated signal 
for the methyl ester CH 3 and several residual 
peaks in the vicinity of the methylene region. 
The total area of these peaks was 0.50 times 
that of the methyl ester peak, indicating a max- 
imum proton content of 4.5%. At least part of 
this hydrogen contribution is due to residual 
hydrocarbon solvent used to purify the sample. 
This is evident in a sharp signal in one of the 
peaks, as opposed to the broad diffuse peak 
resulting from residual hydrogen in the fatty 
acid chain. The deuterium content estimated by 
this method is greater than 97%. 

Ozonolysis 

Ozonolysis of the purified fractions of unsat- 
urated esters indicated the structures and com- 
positions listed in Table III. The retention times 
for aid-esters and aldehydes from the esters of 
perdeuterio acids were the same as those from 
the protonated esters on the EGS-PO4 phase 
used. The mass spectrum of the methyl ester of 
t e t r a h y d r o p e r d e u t  e r i o o c t a d e c a n o i c  acid 
revealed that the hydrogen atoms were in the 
9,10,12,13 positions, thereby confirming that 
the structures deduced by ozonolysis were cor- 
rect and that the parent acid was indeed 
perdeuteriolinoleic acid. 

The  A 3 , 6 - 1 6 : 2  detected among the 
perdeuterio acids is unusual in having an c010 
structure.. Monoenoic acids with A3 double 
bonds have been reported in plants but we are 

LIPIDS, VOL. 5, NO. 9 



792 G. GRAFF, P. SZCZEPANIK, P.D. KLEIN, J.R. CHIPAULT AND R.T. HOLMAN 

unaware  tha t  a A3,6 dienoic acid has been  
found  previously.  Debuch  (19) found  A3-16:1 
to  be present  in fa t ty  acids f rom green algae 
and leaves. In the  algae cul tured in D 2 0  , the  
16:1 was A7 and A9 as expec ted .  It is possible 
tha t  the  D 2 0  caused a shift  in the  compos i t i on  
of  the  C16 fa t ty  acids of  S. ob l iquus .  The 
normal  s t ructures  for  18:1, 18:2 and 18:3 
appeared  in the  fa t ty  acids of  S. ob l iquus  
cul tured in D 2 0  , but  the p ropor t ions  of  these 
acids were d i f ferent  f rom those  r epo r t ed  by  
Erwin and Bloch (I 0). 
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SHORT COMMUNICATION 

Interaction of Detergents With Transfusion Gelatin 

ABSTRACT 

Binding of sodium dodecyl and octyl 
sulphate to transfusion gelatin has been 
studied at pH 7.7 by equilibrium dialysis. 
At lower detergent concentration the 
binding is statistical, whereas at higher 
concentrations the binding increases 
apparently without limit. This may be 
explained by assuming unfolding of the 
protein molecule with formation of deter- 
gent micelles around the binding sites. 

Studies (1-4) have described the results of 
interaction of globular proteins with anionic 
detergents. However, investigation with fibrillar 
proteins have not been made. The present study 
uses a modified equilibrium dialysis method to 
determine binding of some typical anionic 
detergents (sodium dodecyl and octyl sulphate) 
to transfusion gelatin (5-6), a well characterized 
fibrillar protein (mol wt 75,000). 

Sodium dodecyl  sulphate (SDS) and sodium 
octyl sulphate (SOS) were obtained from 
Chemical De Universe, India. They were, 
respectively, 98.6% and 99.1% pure as 
evaluated by the Wickbold method (7). Their 
critical micelle concentration was found to be 

0.0081 and 0.135 Moles/liter, respectively, at 
25 C by conductance measurements. Trans- 
fusion gelatin was obtained from the National 
Chemical Laboratory of India, (N.C.L.) Poona, 
India. Phosphate-NaC1 buffer (8) of pH 7.7 was 
prepared from reagent grade chemicals using 
doubly distilled water. 

A modified equilibrium dialysis method (9) 
was employed in these studies. Aliquots (20.0 
ml) of  protein-detergent mixtures in buffer 
were first stored for at least two days at 25 C. 
They were then dialysed against equal volumes 
of buffer and the amount  of free detergent in 
t h e  d i a l y s a t e  determined spectropboto- 
metrically (10). Visking Nojax sausage casing 
bags (23/32 in. diam) soaked overnight in the 
buffer were used. 

The binding data are presented in Figure 1 
where VM the average number of moles of SDS 
or SOS bound to per mole of protein are 
plot ted against log of unbound detergent con- 
centration (log CF). The binding data with only 
one soap (SDS) are given in Table I. Figure 1 
shows that the mode of binding changes with 
increasing concentration of the detergent; the 
curves can be roughly divided into three regions 
A, B and C. In the lower concentration range 
(Region A) the plot is a straight line. It may be 
concluded, therefore, that in this region the 

T A B L E  I 

Binding of Sodium Dodecyl Sulphate to Transfusion Gelatin a 

Moles of SDS bound 
Concentration of Concentration of Concentration of per mole  of  

detergent bound detergent free detergent transfusion gelatin 

15 13.5 1.5 2.25 
30 26.7 3.3 4.45 
40  35 5 5.8 
50 42 8 7 
80 63 17 10.5 

100 78 22 13 
120 96 24 16 
200 156 44 26 
400  312 88 52 
500 384 116 64 
700 528 172 88 

1000 780 220  130 
1200 930 270 155 
1400 1110 290 185 
2000  1620 380 270  

aConcentrations expressed in units of 1.0"5M. Transfusion gelatin concentration is 6xl0-5M. 

793 



794 SHORT COMMUNICATION 

, ;tSo 

/ . . . . .  , ,  . . . . . . . . .  '11  I 
~ooL ~"=" ' /~  / /,,o 

tO 50 o m ~ ~ m  ~ I~176 - -  50 

0 0.5 I'0 1'5 Z'O 2"5 3"0 
(co6 cF) * s 

FIG. 1. Binding of detergents to transfusion 
gelatin. 

detergent  is distr ibuting itself over  all the  avail- 
able protein molecule  in a more  or  less statisti- 
cal manner .  This can be fur ther  tested by 
plot t ing I /V  M against 1/C F (11), in which case a 
straight line is obta ined  up to certain l imit  (Fig. 
2). The reciprocal of  the intercepts  on the 
ordinate  obtained f rom the ex t rapola t ion  of  the 
straight lines for SDS and SOS are 12 and 20 
VM, respectively.  These values represent  the 
m a x i m u m  of V M up to which statistical binding 
takes place. 

Beyond the Region A, the mode  of binding 
changes and the react ion does no t  appear  to be 
statistical in nature.  We speculate that  after a 
certain number  of  sites have been occupied,  
detergent  ions disrupt the t ight ly  fo lded protein 
molecule  and enter  into combina t ion  with less 
accessible sites. 

In Region C, the values of  V M far exceed the 
number  of  total  cat ionic groups in the  protein.  
Our results agree wi th  Yang and Fos ter ' s  studies 
(8) on the in terac t ion  of  sodium dodecyl-  
benzene sulphonate  wi th  serum albumin.  Such 
extra bound  detergent  ions were also found by 
previous workers (3-4). 

Excessive binding of  detergents  to prote in  
can be explained by assuming that  the binding 
of  one detergent  ion at a site on the prote in  
favors the binding of  addit ional  detergents  in its 
immedia te  vicinity through hydrophob ic  inter- 
actions of the paraffin chains. It  may be con- 
cluded f rom this that  detergent  binding sites 
may act as a nuclei  for the fo rmat ion  of  
micellar  dus te rs  on the prote in  (1). 

Blei (11) reports  that  SDS well be low critical 
micelle concent ra t ion  forms a solubilizing com- 
plex with  bovine serum albumin,  a proper ty  

,o o~f o:z o;3 

0-4 X I o 

v~-M o.3 

<),2 
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FIG. 2. Plot of 1/V M vs. 1/C F showing statistical 
binding of detergents to transfusion gelatin. 

which is shown by surfactants only above 
critical micelle concent ra t ion .  This suggests that  
de tergent  on the prote in  forms a micelle or 
aggregate. A min imum concent ra t ion  of  the 
detergent  is required to form these aggregates 
on the protein,  which may correspond to the 
value of V M at which extensive uncoil ing and 
denatura t ion  of  the protein occurs. This is con- 
sistent wi th  our  results which indicate extensive 
unfolding in the upper  range of  Region B. Such 
micelles on prote in  may fur ther  be stabilized 
through the in teract ion of  paraffin tails wi th  
hyd rophob ic  residues of  amino acids along the 
po lypep t ide  chain. 
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Presence of Antioxidant Materials in Bacteria 

JAMES L. SMITH and JOHN A. ALFORD,  Meat Laboratory, 
Eastern Utilization Research and Development Division, 
ARS, USDA, Beltsville, Maryland 20705 

ABSTRACT 

Fourteen species of gram-positive and 
gram-negative bacteria from nine genera 
were investigated to determine if they 
produced compounds that have antioxi- 
dant activity. Washed bacterial cells were 
extracted with methanol for 24 hr. This 
extract was evaporated to dryness and 
extracted with benzene. The fractions 
were added to lard and incubated at 58 C. 
Antioxidant activity was determined by 
prolongation of the period required for 
the initiation of rancidity as measured by 
changes in peroxide value. The methanol 
soluble-benzene soluble fractions of 
Bacil lus  cereus, Lactobacillus dex- 
tranicum, Micrococcus freudenreichii and 
Sarcina lutea showed considerable anti- 
oxidant activity. Methanol fractions of 
three Pseudomonas species showed con- 
siderable activity that could not be ex- 
tracted with benzene. The possibilities of 
using microbial growth on fats as well as 
extracts of microorganisms added to fats 
as antioxidants are discussed. 

INTRODUCTION 

The number of effective antioxidants that 
can be added to food products is limited and 
new compounds would be very useful. Lea (1), 
in 1938, suggested that because of the reducing 
action of microorganisms, the growth of a 
microbial flora on a fatty medium could lead to 
an inhibition of the oxidation of the fat by 
preventing the formation of peroxides and 
partially or completely destroying preformed 
peroxides. 

In spite of this long-standing suggestion, few 
papers have appeared in which the antioxidant 
activity of microorganisms has been investi- 
gated. An oil soluble fraction of Mycobac- 
terium phlei added to cottonseed oil protected 
it against oxidation (2) with the antioxidant 
activity apparently associated with the lipid 
component of the cell. Tatarenko and co- 
workers (3) were able to prevent rancidity in 
lard and butterfat by adding the nonsaponifi- 
able portion of ether-extracted mycelia of 
Naumoviella oleaginosa to them. The antioxi- 
d a n t ,  2-(hydroxy-2-metho xy-3,4-methylene- 

dioxyphenyl)-benzofuran, isolated from baker's 
and brewer's yeast, was effective in protecting 
fats or food containing fats (4,5), and an oil 
soluble extract of Aspergillus oryzae contained 
a factor that prevented oxidative rancidity (6). 

Recent investigations from our laboratory 
have shown that a large number of microorgan- 
isms have the ability to decompose the per- 
oxides present in fresh and rancid lard (7,8). 
This peroxide-decomposing activity of micro- 
organisms appears to be enzymatic in nature 
(9). 

In attempting to extract the peroxide- 
decomposing material, it became apparent that 
a distinct antioxidant material also was present. 
The present investigation was undertaken to 
examine a wide range of bacteria as potential 
sources of nonenzymatic antioxidant materials. 
The preparation of these materials minimized 
the possibility that the activity was enzymatic. 
Crude extracts were prepared for comparison of 
the relative efficiency of the material from each 
source. 

MATERIALS AND METHODS 

Media for Growth 

The microorganisms studied were representa- 
tive strains from our culture collection and are 
listed in Table I. The media for production of 
cells were: Medium 1, Difco tryptose phosphate 
broth. Medium 2, Difco veal infusion broth. 
Medium 3, BBL APT broth. Medium 4, Case 
peptone, 1.0 g; 1 M phosphate buffer (pH 7, 
equimolar Na:K), 5 ml; distilled water, 94 ml. 
All media were sterilized by autoclaving at 
121Cfo r  15min.  

Purification of Methanol and Benzene 

Although reagent grade chemicals meeting 
American Chemical Society's requirements 
were used, the benzene and methanol contained 
substances that accelerated the oxidation of 
lard. To remove most of these prooxidants, 
benzene was passed through a celite-sulfuric 
acid column (10) and then distilled. Methanol 
was treated by the method of Lund and 
Bjerrum (11). The residue from 100 ml of 
benzene, or 400 ml of methanol, oxidized 15 g 
of lard to a peroxide value (PV) of 15 in 5.3 
days and 2.3 days, respectively, as compared to 
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TABLE I 

Bacterial Species Employed and Methods of Producing 
for Isolation of Ant ioxidant  Activity 

Cells 

Bacteria Medium used a Incubation condit ions 

Staphylococcus  aureus No. 63 and No. 66 
Sarcina lutea No. 112 
Micrococcus cryophilus No. 90 
Micrococcusfreudenreichii  No. 115 
Bacillus cereus No. 283 and No. 284 
Escheriehia coli No. 107 
Serratia marceseens No. 279 
Pedioeoccus cerevisiae No. 270 
Leuconostoc  dextranicum No. 268 
Pseudomonas ovalis No. 36 
Pseudomonas fragi No. 43 
Pseudomonas species No. 92 

1 35 C; 24 hr, shaken b 
1 25 C; 24 hr, shaken b 
1 20 C; 24 hr, shaken b 
1 20 C; 24 hr, static c 
2 25 C; 24 hr, shaken b 
2 25 C; 24 hr, shaken b 
2 25 C; 24 hr, shaken b 
3 25 C; 48 hr, static d 
3 25 C; 48 hr, static d 
4 20 C; 24 hr, shaken b 
4 20 C; 24 hr, shaken b 
4 20 C; 24 hr, shaken b 

aThe composi t ion of each medium is given in the text.  

bTwo hundred milliliters of medium were dispensed into l- l i ter  Erlenmeyer 
inlculation,  the flasks were incubated on a rotary shaker at 200 rpm. 

COne liter of medium was dispensed into 3 liter low form culture flasks. 

dTwo liters of medium were dispensed into 3 liter low form culture flasks. 

flasks; after 

10 days for the control. The purified solvents 
required 8.8 days and 6.7 days, respectively. 

Preparation of Antioxidant Fractions 
and Assay of Antioxidant Activity 

Appropriate media were inoculated with 
18-24 hr cultures of the bacteria and incubated 
as indicated in Table I. Several solvents, 
including hexane, petroleum ether, methanol, 
acetone and benzene were examined for their 
ability to extract an antioxidant material. 
Sonication of the cells before extraction was of 
no value and the following procedure gave the 
best results. The cells were harvested by centri- 
fugation and washed twice with 0.005 M phos- 
phate buffer (pH 7, equimolar Na/K), and the 
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FIG. 1. Antioxidant activity of fractions from 
Staphylococcus aureus No. 63. A, methanol soluble- 
benzene insoluble, 253 mg; B, control; C, methanol 
soluble-benzene soluble, 275 rag. 

cell pellets kept frozen until needed. Approxi- 
mately 250 ml of methanol were added to 
10-50 g wet weight of thawed cells and agitated 
on a magnetic stirrer for 24 hr at room temper- 
ature. The cellular debris was removed by cen- 
trifugation and the methanol removed by 
evaporation from a rotary evaporator at 
50-60 C. Forty milliliters of benzene were 
added to the residue, mixed, and the material 
soluble in benzene removed. Both fractions 
were evaporated to dryness by rotary evapora- 
tion. Thus, a methanol soluble-benzene soluble 
fraction and a methanol soluble-benzene in- 
soluble fraction were obtained. Fifteen grams 
of melted lard were added to a known weight 
of each fraction, the flasks rotated 5 min at 
50-60 C, and the resulting mixtures placed in 
covered jars and incubated at 58 C in the dark. 
At intervals, approximately 200-250 mg of fat 
were removed and the PV determined by the 
iodometric method of Lea (12). 

Mathematical Treatment of Data 

The line of best fit was determined by the 
least squares analysis of regression (13). 

RESULTS 

The extractibility of antioxidant material 
from Bacillus cereus by different solvents is 
summarized in Scheme 1. 
Initial extraction of cells with benzene yielded 
very little activity. When benzene was used to 
extract the methanol-soluble material from the 
P s e u d o m o n a s  species, the extraction was in- 
complete and variable results were obtained. 
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(+) [ 
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hexane and CC14) 
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I 

aApproximate  per  cent  by weight  o f  start ing material. 
bAntioxidant  activity present.  

Insoluble 
, (-) 

Scheme I 

Therefore, only the methanol fraction of these 
three cultures was tested in subsequent experi- 
ments. When cells were ashed, the antioxidant 
activity was destroyed. The supernatant fluid of 
the culture was examined for antioxidant 
activity, but none was detectable, even when an 
entire lot of growth medium was evaporated to 
dryness, extracted and tested. 

In a typical pattern of fat oxidation there is 
an induction period, during which little or no 
change in peroxide value (PV) occurs. This is 
followed by a shorter period in which the rate 
of change in PV rapidly accelerates, reaching a 
high PV a short time after the oxidation begins. 
In Figure 1, a typical experiment with the 
methanol soluble-benzene soluble and methanol 
soluble-benzene insoluble fractions of Staphylo-  
coccus aureus No. 63 shows how these fractions 
affect the induction period. The primary effect 
was typical of known antioxidants in that it 
extended the induction period rather than 
decreasing the rate of oxidation once it had 
begun. All of the other microorganisms tested 
had a pattern similar to that of S. aureus 
although they varied in the time at which the 
upswing of the curve occurred. 

There is no specific PV at which a fat can be 
considered rancid. However, by the time the 
lard in these experiments had reached a PV of 
15, a rancid odor was detectable and the PV 
was increasing rapidly. Since different batches 
of fat will not oxidize at the same rate, the data 
from each experiment were normalized by 
arbitrarily adjusting the control to a PV of 15 
in 10 days and then adjusting the other results 
in the same ratio. Utilizing this procedure, the 
effect of increasing concentrations of the 
methanol soluble-benzene soluble fraction of 
several microorganisms on the onset of  ran- 
cidity was determined. Figure 2 indicates the 
linear responses obtained with three of the 
cultures. A linear response similar to that of B. 
cereus No. 284 was given by B. cereus No. 283, 
Lactobaeillus dextranicum, Micrococcus freud- 

- 40 
(n >- 

30 

2o 
uJ 

10~ 

I 1 I A I 

o C 

I I I 1 I 
50  100 150 2 0 0  2 5 0  

WEIGHT (MG)  

FIG. 2. Effect of varying concentrations of the 
methanol soluble-benzene soluble fraction from dif- 
ferent bacteria on the stability of lard. A, B. cereus 
No. 284; B, S. marcescens ; C, M. cryophilus. 

enreichii, Sarcina lutea and Escherichia coli, 
and the methanol extract of Pseudomonas fragi. 
The two S. aureus strains were similar to Micro- 
coccus cryophilus,  and Pediococcus cerevisiae 
was similar to Serratia rnarcescens. The 
methanol extract of Pseudomonas ovalis and 
Pseudomonas sp. No. 92 gave a consistent 
curvilinear response as is shown in Figure 3. 

The activity of the fractions from the 
various microorganisms is compared at the 100 
mg level in Table II. With the exception of E. 
toll ,  the benzene insoluble fractions had little 
or no activity. Fractions from M. freuden- 
reichii, S. lutea, E. coli, B. cereus No. 283 and 
No. 284, L. dextranicum, P. fragi, P. ovalis and 
Pseudomonas sp. No. 92, which protected lard 
against oxidation for more than 20 days, have 
strong antioxidant activity and warrant further 
investigation. 

Lard reached a PV of 15 in 43.0, 33.5 and 
22.2 days when butylated hydroxyanisole 

4 0  
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WEIGHT (MGI  

FIG. 3. Effect of varying concentrations of the 
methanol soluble material from P. ovalis on the sta- 
bility of lard. 
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TABLE II 

Comparison of the Ability of Fractions a From Microorganisms to Stabilize Lard 

Microorganisms 

Number of days for oxidation of lard b 

Benzene insoluble Benzene soluble Methanol soluble 

Micrococcusfreudenreichii No. 115 
Sarcina lutea No. 112 
Mierocoecus cryophilus No. 90 
Staphylococcus aureus No. 66 
Staphylococcus aureus No. 63 
Eseherichia coli No. 107 
Serratia marcescens No. 279 
Bacillus cereus No. 284 
Bacillus cereus No. 283 
Leuconostoc dextranicum No. 268 
Pedioeoccus cerevisiae No. 270 
Pseuclomonas sp. No. 92 
Pseudomonas ovalis No. 36 
Pseudomonas fragi No. 43 

10.8 23.4 --- 
9.9 21.4 --- 

10.3 19.9 -- 
10.5 18.6 --- 

9.4 15.6 --- 
16.'7 22.9 --- 
10.8 12.0 --- 
10.8 28.4 --- 
10.7 26.4 --- 
11.2 24.4 --- 
11.1 12.8 --- 
. . . . . .  34.0 
. . . . . .  31.2 
. . . . . .  29.7 

al00 mg/15 g lard. 
bTime for PV of lard to reach 15. Data are normalized to a value of 10 days for the controls. 

(BHA), bu ty la ted  h y d r o x y t o l u e n e  (BHT) and 
ot-tocopherol,  respect ively,  were added  at a 
concen t r a t i on  of 0.005 wt.  %; the  con t ro l  value 
wi th  no an t iox idant  was 10.0 days. 

DISCUSSI ON 

Al though  there  are def in i te  d i f fe rences  in 
concen t r a t ion  of an t iox idan t  materials  f o u n d  in 
the  crude ext rac ts  f rom the  various bacteria,  it 
remains  to  be de t e rmined  whe the r  these  dif- 
ferences  were a func t ion  of  concen t r a t ion ,  ease 
of  ex t rac t ion ,  presence  of  p roox idan t s  which 
were s imul taneous ly  ex t rac ted ,  or to  actual 
chemical  d i f ferences  in the  c o m p o u n d s  in- 
volved. On the  basis o f  the  results  r epo r t ed  
here ,  the  ext rac ts  f rom P. ovalis were the  mos t  
active since as little as 25 mg/15 g of  lard 
e x t e n d e d  the  shelf  life b e y o n d  20 days. At  
higher  concen t ra t ions ,  however ,  the  curvilinear 
response  of  this ex t rac t  became a fac tor  and at 
100 mg/15 g P s e u d o m o n a s  sp. No. 92 gave 
be t t e r  p ro tec t ion .  The lack of  any an t iox idan t  
activity in the superna tan t  fluid indicates  tha t  
the  material  is intracellular  and the  cells must  
be harvested and ex t rac ted  to  obta in  it. Since 
the  active material  is des t royed  by ashing, it is 
no t  a s imple inorganic substance;  however ,  the  
harsh  solvent ex t rac t ion  makes it unlikely tha t  
it is enzymat ic .  

The difficult ies in ex t rac t ion  of  an t iox idan t  
materials  were greatest  wi th  the  four  gram-nega- 
tive bacter ia  (E. coli and the th ree  Pseudo-  
m o n a s  species). Whether  or no t  this p rob lem 
was related to the  k n o w n  higher  lipid c o n t e n t  
of  the  cell walls o f  gram-negative bacter ia  (14) 
awaits fur ther  s tudy.  

These  data indicate  tha t  re ta rda t ion  of  oxi- 
da t ion  by  microorganisms actively growing on 
the  fa t ty  medium,  as suggested by  Lea (1), 
would  require extensive g rowth  of  the  culture 
to  have an appreciable  effect .  Such g rowth  
would  likely be undesi rable  because of  o the r  
changes such as lipolysis or proteolys is  tha t  
a ccompany  metabol ism.  However,  on  the  sur- 
face of  some meats ,  such as aged hams (15),  dry 
sausages (16),  and o the r  foods  normal ly  
accompan ied  by extensive microbial  g rowth ,  a 
significant amoun t  of  an t iox idan t  activity 
might  develop.  

On a weight  basis, the  bacterial  f ract ions  
were no t  as active in p ro tec t ing  fats  against 
ox ida t ion  as were BHT, BHA, and a- toco-  
pherol .  However,  the  microbial  f ract ions  were 
crude prepara t ions  and must  be fu r ther  purif ied 
before  a suitable compar i son  can be made.  

The work  r epo r t ed  here  establishes the 
po ten t i a l  of bacter ia  as sources of  an t iox idan t  
mater1 s. The chemical  na ture  of  the  com- 
p o u n d  or c o m p o u n d s  responsible  is being 
actively investigated,  and f rom these studies 
more  def in i te  i n fo rma t ion  on the  economic  
aspects  should be fo r thcoming .  
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A Quantitative Determination of Phosphonate Phosphorus in 
Naturally Occurring Aminophosphonates 
W I L L I A M  R. SNYDER 1 and JOHN H. LAW, 
Department of Biochemistry, University of Chicago, Chicago, Illinois 60637 

A BST R ACT 

A new method is described for the 
quantitative determination of naturally 
occurring aminophosphonates.  Samples 
are treated sequentially with hydrochloric 
acid and alkaline phosphatase to convert 
esters to inorganic phosphate without 
destruction of phosphonates.  The differ- 
ence between inorganic phosphate and 
total  phosphorus is then a measure of 
phosphonate phosphorus. 

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

The discovery of naturally occurring com- 
pounds containing the carbon-phosphorus bond 
(1) has necessitated the development of 
methods for the quantitative measurement of 
phosphonates. Methods previously reported can 
be considered in three categories. The first 
methods (2-4) rely upon the stabili ty of the 
carbon-phosphorus bond to prolonged and 
vigorous acid hydrolysis followed by the sepa- 
ration of organic and inorganic phosphorus by 
ion exchange chromatography. The methods in 
the second category (5,6) again rely upon the 
acid stability of phosphonates,  but  they utilize 
differential analytical methods for the deter- 
mination of total  phosphorus and inorganic 
phosphate in the crude hydrolysate.  All of 
these procedures are time-consuming except for 
the method of Aalbers and Bieber (6) which is 
rapid, but involves the use of very strong acid, 
resulting in some phosphonate destruction. 
Finally, 31p NMR has been used to estimate 
the amount  of phosphonate phosphorus in 
natural samples (7). This method is entirely 
nondestructive, but it has the disadvantage of 
low sensitivity. 

M A T E R I A L S  

E. coli alkahne phosphatase was obtained 
from Worthington Biochemical Corporation. 
Ampules (-2 ml, No. 12012-L)were  purchased 
from Kimble and Silica Gel G analytical thin 
layer plates were a product  of E. Merck (Brink- 

1predoctoral trainee of the U.S. Public Health Ser- 
vice. 

man). O-phosphoethanolamine, DL-O-phospho- 
serine, 2-amino-3-phosphopropionic acid, and 
2-aminoethylphosphonic acid were obtained 
from Calbiochem. DL-serine was purchased 
from Nutrit ional Biochemicals Corporation, 
and phosphocholine chloride from Sigma 
Chemical Company. Azotobacter  phosphatidyl- 
ethanolamine was prepared according to Ess~n 
and Law (9). 

METHODS 

The lipid sample, containing approximately 
1 pmole of P, was placed in a 2 ml ampule and 
the solvent was evaporated with a stream of N 2. 
After the addit ion of 0.1 ml of 6 N HC1 the 
ampule was sealed and heated at 120 C for 2 hr. 
The ampule was cooled, opened, and the HC1 
was evaporated under N 2 in a warm water bath 
(65 C), after which the sample was dried in 
vacuo over NaOH for approximately 1 hr. To. 

FIG. 1. Thin layer chromatogram of standard 
aminophosphates, aminophosphonates and phospho- 
lipid bases. (1) DL-serine; (2) DL-O-phosphoserine; (3) 
2-amino-3-phosphopropionic acid; (4 and 5) mixture 
of the six standards; (6) 2-aminoethylphosphonic acid; 
(7) ethanolamine; (9) O-phosphoethanolamine. The 
chromatogram was developed in the solvent system 
i-propanol-acetic acid-58% ammonium hydroxide- 
water (5:2:4:3) and the spots were visualized with nin- 
hydrin. 
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QUANTITATIVE PHOSPHONATE DETERMINATION 

TABLE I 

Enzymatic Cleavage of Various Phosphate Esters 

801 

Ester Time, min Percentinorganic phos. 

~-Glycerolphosphate 30 96.8 
60 99.4 

120 100 

Phosphoeholine 

Phosphoserine 

Phosphoethanolamine 

2-Aminoethylphosphonat e 

2-Amino- 3-phosphonopropionic acid 

75% Aminoethylphosphonate 
25% Phosphoethanolamine 

30 80.9 
60 87.8 

120 100 

30 97.3 
60 98.1 

120 99.2 

30 89.4 
60 93.8 

120 97.2 

30 0 
60 0 

120 0 

30 0 
60 0 

120 0 

120 23.7 

the  dry sample was added  0.3 ml o f  0.1 M Tris- 
HC1 buffer ,  pH 7.8 and 12/ag of  alkaline phos-  
phatase.  The mix ture  was incuba ted  at 37 C for  
2 hr and al iquots  were taken  for  de t e rmina t i on  
of  inorganic  phospha t e  by the  m e t h o d  of  Chen 
et al. (10) and to ta l  phosphorus  by  the  m e t h o d  
of  Ames  (11).  

Thin  layer  ch romatograph ic  (TLC) separa- 
t ion  of  a m i n o p h o s p h o n a t e s  and their  analogues 

phospho l ip id  bases on Silica Gel G was carried 
out  using the  solvent  sys tem i-propanol-ace-  
tone-58% a m m o n i u m  hydrox ide -wa te r  5 :2 :4 :3  
and the spots  were deve loped  wi th  n inhydr in .  

RESULTS 

We first examined  the  act ion of  alkaline 
phospha tase  on  various phospha te s  and phos-  

TABLE II 

Examples of Determination With Some Natural Products 

Sample 

Per cent of 
total phosphorus 

Treatment Organic a Inorganic b 

Phosphatidylet hanolamine 

Aminoethylphosphonate 

Crude Tetrahymena lipids c 

Phosphonolipid from 
Tetrahymena cilia d 

Complete 0 100 
6N HCI, 4 hr, no enz. 41 59 

Complete 100 0 

Complete 43.6 56.4 

Complete 98 2 

aTotal phosphorus-inorganic phosphate X 100. 
total phosphorus 

blnorganic phosphate XI00. 
total phosphorus 

CThis sample was obtained from Glonek et al. (7) who estimated the phosphonate con- 
tent at 40% by phosphorus NMR. 

dReference 8. 
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phonates to determine appropriate conditions 
for quantitative cleavage of phosphomono- 
esters. Table I shows that 2 hr treatment with 
the enzyme results in complete cleavage of 
several phosphate esters without cleavage of the 
carbon-phosphorus  bond. Only phospho- 
e thanolamine  was not quite completely 
hydrolyzed under these conditions. 

We then applied the sequential treatment 
with 6 N HC1 (to cleave phosphodiesters) 
followed by enzymatic digestion on some 
natural products to test the method. These 
results are reported in Table II. It can be seen 
that the treatment of a natural phosphatidyl- 
ethanolamine for 4 hr with 6 N HC1 at 120 C 
results in only 59% cleavage of phosphate ester 
bonds, while similar treatment for only 2 hr 
followed by enzymatic digestion results in com- 
plete cleavage. No destruction of phosphonate 
was observed by the complete treatment. 
Analysis of a crude phospholipid mixture gave 
results in good agreement with those obtained 
by a nondestructive physical method (NMR). 
This indicates that the presence of phospho- 
hates did not seriously interfere with enzymatic 
hydrolysis of phosphate esters, which is also 
strengthened by the observation that phospho- 
ethanolamine in the presence of a large amount 
of aminoethylphosphonate is hydrolyzed to the 
extent of 94.5% by alkaline phosphatase (Table 
I). 

We have found it convenient to monitor 
h y d r o l y s e s  occasionally by withdrawing 
samples for direct application to silica gel plates 
for TLC. The solvent system, i-propanol-ace- 
tone-5 8% ammonium hydroxide-water 5: 2 :4 :3 ,  
does not separate phosphonates from the 
analogous phosphate esters (Fig. I), but it is 
useful for judging completeness of hydrolysis 
with standard phosphate esters and for quali- 
tative analysis of the components of lipid 
hydrolysates. 

DISCUSSI ON 

The procedure we have described is simple, 
accurate and reasonably rapid. A possible 

source of small error lies in the resistance of 
phosphoethanolamine to complete hydrolysis 
by alkaline phosphatase. However, since a 
natural phosphatidylethanolamine gave a quan- 
titative yield of inorganic phosphate, this is 
probably not important in the analysis of  
natural phospholipid. 

Certain natural products, such as the serine 
ethanolamine phosphodiester (12) would be 
resistant to both acid hydrolysis and alkaline 
phosphatase treatment,  and would be measured 
as phosphonate. There is no evidence that this 
compound occurs in lipids and would cause no 
difficulty if only lipid extracts are examined. 
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Structure Determinations and Synthesis of Pharmacologically 
Active Phospholipids From Kidney and Intestine 

R.A. WILEY, D.D. SUMNER, Department of Medicinal Chemistry, 
The University of Kansas, Lawrence, Kansas 66044, and 
EDWARD J. WALASZEK, Department of Pharmacology, 
The University of Kansas Medical Center, Kansas City, Kansas 

ABSTRACT 

The chemical structures of an acidic 
phospholipid originally isolated from 
equine intestine by Vogt and of  a phos- 
pholipid isolated from rabbit  kidney 
medulla by Walaszek are shown by total  
synthesis to be similar mixtures of 2-alkyl 
( a n d  a l k e n y l ) - 4 - h y  dr  oxymethyl-  1,3- 
dioxolane-dihydrogen phosphate esters. 
In these materials, the alkyl residues 
derive primarily from oleyl, palmityl  and 
linoleyl aldehydes. The smooth muscle 
contracting activity observed in the 
natural substances is shown to reside 
exclusively in the oleyl aldehyde deriva- 
tive. 

I NTRODUCTION 

Vogt reported ( l a )  in 1949 the isolation 
from horse intestine of an acidic phospholipid, 
which he named at that time Darmstoff,  and 
which was capable of effecting smooth muscle 
contraction. It was suggested, mostly on the 
basis of chromatographic evidence, that the 
substance liberated a-glycerophosphate and a 
fat ty  aldehyde upon hydrolysis, and that the 
structure was of the form depicted as I below 
(lb). 

i 
H ON, / H  ~H 2 - O-CH=CH-R 

C 

o / \ .  i.o  -. 
i ~2  - OPO3H2 CH 2 - 0 - P - OCH2CH2NH 2 

I 
OH 

I 1I 

The nature of the aldehyde was never eluci- 
dated, and we were struck by the fact that  Vogt 
had isolated the phospholipid by boiling tissue 
in 0.2 N sodium hydroxide followed by acidifi- 
cation. A similar isolation procedure apparently 
resulted in the plasmalogens (example shown as 
II) being erroneously assigned a cyclic acetal- 
type structure I). It  was shown (2) that 
exposure of plasmalogens to alkali caused 
hydrolysis of the fat ty  acid ester at position 2, 
and that subsequent acid treatment catalyzed 

cyclization of the enol ether-type moiety 
shown in II to the corresponding cyclic acetal. 

Since Vogt's chromatographic evidence for 
the liberation of a-rather than /3-glycerophos- 
phate was conclusive, the alternative dioxane 
formulation III for the acetal was apparently 
excluded, but we desired to check this p o i n t  
also. 

/ / ~ " ~ O P O  3 H  2 

H 

H I  

Dyer and Walaszek (3) have recently 
reported the isolation from rabbit  kidney 
medulla of a phospholipid with pharmacologi- 
cal properties similar to those of Darmstoff.  It 
has been suggested that the observed biological 
properties of Darmstoff and the kidney phos- 
pholipid are due to the presence of trace 
amounts of prostaglandins. This does not  
appear to be the case, since there are prominent  
qualitative differences in relative pharmacologi- 
cal properties. For  example, highly purified 
phospholipid preparations fail to potentiate  the 
action of acetylcholine on intestinal smooth 
muscle, a known effect of the prostaglandins. 
Moreover, Lee et al. (4) in a report  concerning 
identification of prostaglandins from rabbit kid- 
ney, showed the presence of a lipid fraction 
chromatographically similar to the substances 
here under consideration. This material was 
easily differentiable from prostaglandins, but  
was not further characterized by Lee and co- 
workers. 

It was of interest to ascertain the chemical 
structure of Darmstoff  and of the kidney phos- 
pholipid, and to confirm the composit ion of 
these substances by synthesis. In this way, the 
possibility that the biological properties of the 
lipids resulted from the presence of contami- 
nants could be decisively eliminated. 
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FIG. 1. Gas ehromatogram of methyl esters from 
rabbit kidney extract. A, methyl palmitate; B, 
methyl oleate; C, methyl linoleate; D, methyl lin- 
olenate (tentative). 

CHARACTE RI ZAT ION METHODS 

Extraction and Purification 

The initial extraction of Darmstoff was 
accomplished by the procedure of Vogt ( lb) .  
The rabbit kidney lipid was extracted as 
follows. Frozen rabbit kidney medulla (Pel- 
freeze Biologicals, Rogers, Arkansas, 26 g) was 
homogenized in 100 ml water. The solution was 
acidified with 3 N HC1 to pH 1, and twice 
extracted with 250 ml ether. The resulting 
emulsion was broken by centrifugation, and the 
combined ether extracts dried (Na2SO4) and 
evaporated. During the entire extraction pro- 
cess, the temperature was maintained below 
20 C. 

The initial extracts were purified by column 
chromatography on Brinkmann silica gel, 
70-325 mesh. In a typical run, the ether extract 
from 25 g of tissue was placed on a column 
containing 25 g of silica gel. Following elution 
of nonpolar impurities with 100 ml of chloro- 
form, the active materials was eluted with 200 
ml of methanol. This was rechromatographed 
on Florisil as follows. Two grams of Florisil 

I I 
o 4 8 

time, min 

I 

FIG. 2. Gas chromatogram of methyl esters from 
Darmstoff. A, methyl palmitate; B, methyl oleate; C, 
methyl linoleate. 

prepared according to Carroll (5) was added to 
the methanol eluate from the silica gel column, 
from which the methanol was then evaporated 
without the aid of heat. The resulting Florisil 
residue was then placed at the top of a 50 g 
Florisil column, and purified using the stepwise 
gradient elution procedure. Fractions of volume 
equal to that of the column were collected. 
Elution was begun with ethyl acetate, and 
methanol was added in 10% increments. The 
desired material began to be eluted with 40% 
methanol in ethyl acetate. The solvent was 
evaporated without heating, and the residue 
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FIG. 3. Infrared spectrum of phospholipid extract from rabbit kidney. 

suspended in 5 ml methanol and filtered to 
remove residual Florisil, which was then re-ex- 
tracted with 5 ml methanol, the methanol 
solutions combined and evaporated to yield 
about 3 mg of pure lipid. Purity was established 
by determination of biological activity and by 
analytical thin layer chromatography (TLC). 
When chromatographed on thin layer plates 
prepared by dipping microscope slides into a 
suspension of Merck Silica Gel G in chloro- 
form-methanol 9: 1, using as developing solvent 
C H C l a - m e t h a n o l - c o n c e n t r a t e d  NH4OH 
(60:35:5) a reproducible Rf of 0.52 + 0.02 was 
obtained for both extracts. The spot was 
visualized by 12 vapor, the fuchsin aldehyde 
reagent of Skidmore and Enterman (6), the 
phosphate reagent of Hanes and Isherwood (7), 
and phenol red spray in weakly basic solution. 
The material was also homogenous on silica gel 
using several other solvent systems, and on 
Whatman No. 1 paper, using as developing sol- 
vent n-butanol saturated with water and n- 
p r o p a n o l - N H 4 O H - H 2 0  (70:10:20). Both 
Darmstoff and the kidney phospholipid were 
shown to exhibit pKa values near 2.5 and 6.8, 
thus affording additional indication that both 
are phosphatidic acids. For storage, it was 
desirable to convert the extracts to the cor- 
responding sodium salts. This was done by sus- 
pending a large excess of Dowex 50 (Na + form) 
in water, adding the lipid, and stirring for 1 hr. 
The solution was then filtered and lyophilized. 

Identification of Aldehydes 

One milligram of purified extract, 25 ml of 
methanol, and a trace of HC1 were heated at 
reflux for 12 hr. The solvent was evaporated to 
a volume of about 0.5 ml, and the fatty acid 
methyl esters produced by oxidation of the 

aldehyde mixture with 02 and esterification of 
the resulting fatty acids with methanol in the 
presence of acid were identified by comparison 
of their gas chromatographic retention times 
with authentic standards. To confirm the 
identification, authentic samples of methyl 
palmitate, methyl oleate and methyl linoleate 
were used as internal standards. It had been 
previously determined that this procedure 
effected complete conversion of fatty alde- 
hydes to the corresponding fatty acid methyl 
esters. A 1/4 in. o.d. x 4 ft column packed with 
5% LAC-446 on 60-80 mesh Chromosorb P was 
used at 170 C. The carrier gas was He, flowing 
at 80 ml/min. A flame ionization detector was 
employed. Relative amounts of fatty acid esters 
present were estimated by calculating the ratio 
of the area of each peak to the sum of areas of 
peaks identifiable as due to fatty acid esters. 

Observation of Spectra 

NMR spectra were obtained on a Varian 
A60A spectrometer, using a Varian C-1024 
time averaging computer to generate 350 scans. 
IR spectra of the purified extracts were 
obtained on a Beckman IR-10 spectrophoto- 
meter as thin films on NaC1 plates. 

Chemical Properties 

The olefinic linkage in an enol ether such as 
II would be expected to be very susceptible to 
catalytic hydrogenation. The reduction product 
w o u l d  n o t  liberate aldehydes on acid 
hydrolysis. The purified extract was therefore 
hydrogenated in dilute methanol solution over 
50 rag. PtO 2 using 2 atm pressure at 25 C. The 
residue obtained after filtration and evapora- 
tion of the solvent was spotted on paper and 
sprayed with HgC12-containing fuchsin aide- 
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FIG. 4. Infrared spectrum of kidney phospholipid extract following hydrogenation. 

hyde reagent (6). The reduced extract was also 
heated on a steam bath 1 hr with 3 N HC1, and 
the mixture extracted with ether. The IR spec- 
trum of the residue obtained after drying and 
evaporation of the ether solution was observed, 
in order to determine the presence of aldehydes 
by their strong C=O stretching vibration at 
1740 cm-1. 

RESULTS 

The gas chromatograms of fatty acid methyl 
esters obtained from Darmstoff and the rabbit 
kidney phospholipid are shown in Figure 1 and 
2 respectively. Peaks A, B and C in the Darm- 
stoff chromatogram were identified as methyl 
palmitate, methyl oleate and methyl linoleate, 
respectively. Peak D was tentatively identified 
as methyl linolenate based on published reten- 
tion data (8). Peaks A, B and C in Figure 2 were 
identified as due to the same substances as the 
corresponding peaks in Figure 1. A shoulder is 
observable on peak A in each case, which may 
result from the presence of a small amount of 
methyl palmitoleate. Methyl stearate is con- 
spicuously absent, but this was verified several 

TABLE I 

Aldehydes in Lipid Extracts 

Darmstoff, Kidney lipid, 
Aldehyde % % 

Palmitaldehyde (16:0) 17 
Oleyl aldehyde (18:1) 49 
Linoleyl aldehyde 

(18:2) 20 
Linolenyl aldehyde 

(18:3) 14 

32 
55 

13 

times. The relative amount of the aldehydes 
present in the two natural extracts is shown in 
Table I. 

The IR spectra of the two extracts were 
essentially identical, and that of the kidney 
extract is shown in Figure 3. The spectrum is 
characterized by absorption maxima due to 
C - H  stretching of vinylic (3000 cm-l)  and ali- 
phatic (2920, 2840 cm-1) C - H  bonds, P=O 
stretching (1260 cm-l) ,  C - O - C  stretching 
(1100, 1000 cm-1), and C - H  bending for the 
cis-olefinic side chain linkages (685 cm -1). The 
peak at 1740 cm -1 is regularly observed, but its 
widely varying relative intensity indicates that 
it is due to the presence of a varying amount of 
aldehyde (C=O stretch) formed while the spec- 
trum was being run. The peak near 3300 cm -1 
in Figure 3 is apparently due to the presence of 
water. The intense band near 1550 cm "t is diffi- 
cult to assign. The frequency appears to be too 
low even for a conjugated olefinic linkage, but 
the fact that only this band and the 3000 cm -1 
C - H  stretch disappear upon catalytic hydro- 
genation (q.v.) suggests that the 1550 cm-1 
band is due to unsaturation in the fatty chains. 
The band is possibly shifted to this unusual 
location due to interaction between the olefinic 
linkages and the phosphate moiety, such inter- 
actions being known to exert profound effects 
upon electronic spectra of olefins (9a). It is 
noteworthy that bands are absent near 1750, 
1667 and 965 cm-1. If the plasmalogen-type 
structure II obtained, these would be found, 
due to ester carbonyl stretching, C=C stretching 
in enol ether, and C - H  bending for the trans 
olefinic linkage in the enol ether, respectively. 
All the observed bands would be expected if I 
were the best structural representation, and I is 
thus in best agreement with the IR data. 
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FIG. 5. 60 MHz nuclear magnetic resonance spectrum of the purified kidney phospholipid 
extract (3.35 to 5.0 ppm region). Resultant of 350 scans, obtained at -120. 

The spectrum of the kidney extract after 
catalytic hydrogenation is shown in Figure 4. It 
is seen that the 1550 cm -1 band due to side 
chain unsaturation and the 3000 cm -1 vinylic 
C - H  stretching band are absent, but no other 
significant changes are found. The reduced 
material remained labile to acid hydrolysis, in 
which aldehydes were shown to be liberated 
both by the IR and fuchsin spray reagent 
methods described above, which data also mili- 
tate for structure I and against II. 

The NMR spectrum of both extracts was 
identical, and in addition to the expected peaks 
for CH 3 and CH z at 60.9 and 61.35 
respectively, exhibited the following absorp- 
tions: 62.10 (broad), -CH 2 CH--; 62.80 (broad), 
=CHCH2CH=; 63.30-4.20 (multiplet), ring pro- 
tons; 64.75 (broad), -OCH2R-O-; and 65.35 
(triplet),-CH=. All except the 63.30-4.20 multi- 
plet are readily assignable to the fatty aldehyde 
side chains. The 63.30-4.20 region is of con- 
siderable interest, since it had been hoped to 
obtain from the NMR data for these protons 
definitive information concerning ring type and 
stereochemistry. Since only small amounts of 
material were available, it was necessary to scan 
350 times to obtain the usable soectrum for the 

kidney extract shown in Figure 5. The presence 
of an apparent absorption near 64.75 is of 
particular interest. It has been shown (Wiley 
and Sumner, unpublished results) that the 
methine proton at position 2 in the four model 
cyclic acetals formed from butanal and glycerol 
absorbed as follows: cis-dioxolane, 64.77; 
trans-dioxolane, 64.87; cis-dioxane, 64.44; and 
trans-dioxane, 64.34. These model compounds 
are not phosphates but it has been shown (9b) 
that phoryphorylation of alcohols causes only 
very slight (<0.1 ppm) changes in proton chem- 
ical shifts. Thus the presence of absorption in 
the kidney extract below 64.5 clearly identifies 
it as a dioxolane I rather than a dioxane III, and 
is suggestive that it is cis rather than trans sub- 
stituted. Confirmation of this point must await 
additional data. 

The evidence presented indicates that Darm- 
stoff and the Walaszek kidney extract are 
essentially identical, based on chromatographic, 
chemical and spectral behavior, despite the dif- 
ferent isolation procedure. Further, possible 
structures II and III are clearly excluded, and 
both extracts are shown to possess structure I, 
in which R is derived from a mixture of 16- and 
18-carbon aldehydes. These data do not 
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TABLE II 

Microanalytical Data 

Compound 

H 

Formula Calc. Found Calc. Found 

7b 
7c 

la, diphenylester 
la 

C21H4003"C2HsOH 71.46 71.44 11.99 11.77 

C21H3803  74.51 74.78 11.31 11.53 

C31H4706P  68.19 68.43 8.68 8.83 

C19H3906P  57.77 57.60 9.95 9.76 

exclude the possibility that both Darmstoff and 
the Walaszek extract are artifacts arising from 
isolation procedures. 

S Y N T H E T I C  M E T H O D S  

It was necessary to synthesize the individ- 
ual acetal phosphatidic acids which comprise 
the natural extracts; the synthetic route is 
that shown Scheme I. Reduction of the com- 
mercially available acid chlorides 4a and 4b by 
the Rosenmund procedure (10) yielded the 
aldehydes 5a and 5b, which were immediately 
converted to the corresponding acetals 6. IR 
and NMR data confirm that no double bond 
isomerization occurred in compound 6b. The 
Rosenmund procedure did cause reduction of 
unsaturation in 4c, obtained by the procedure 
of Bauer (11). Reduction of 4c using lithium 
tri(t-butoxy)aluminum hydride according to 
Rao et al. (12) proceeded smoothly to yield 
5c, which was immediately converted to the 
dimethylacetal 6c by treatment of the alde- 
hyde in dry methanol with 100 mg of p- 
toluenesulfonic acid. 

Synthesis of the cyclic acetals 7 was 

Synthetic Route a 

0 

I I ~CHO3 Rc.(oc.~)~ R - - C  - - e l  ~ ,~ - ~  

4a--c  5a--c 

Glycerol 
m 

H + 

a, R = ClsH31 

b, R =C17H31 

c, R =C17H29 

CH2- -O~ .  / H  CHz- -O  ~ / H  
I c I c 
C H - - O  / ~ R  - ~  C H - - O  / ~ R  
I I 

CH2OH CH2 -- OPO3H2 

7a - c  l a - c  

Scheme I 

accomplished by the transacetalation proce- 
dure of Piantadosi et al. (11,14) which had 
been determined (13) to yield exclusively the 
dioxolane shown rather than the corre- 
sponding dioxane-type acetals 3 if the reaction 
time were short. NMR spectra of the three 
acetals 7a-c confirm this observation. Micro- 
analytical data for all new compounds pre- 
pared in this study are shown in Table II. All 
dioxolane acetals and phosphates were waxes 
which melted near room temperature. The 
melting range observed was dependent upon 
experimental conditions to such a marked 
degree that these melting points are con- 
s i de r e d  meaningless  and therefore not 
reported. 

Phosphorylation of the pentadecyl dioxo- 
lane 7a was carried out by the procedure of 
Brigl and Mueller (14). This method involves 
the use of diphenylphosphochloridate to form 
the acetal-phosphatidic acid diphenyl ester, 
which could be purified and characterized. 
The diphenyl ester then undergoes hydro- 
genolysis over platinum catalyst to yield the 
desired phosphate in 95% yield. This was 
analytically pure and homogenous to TLC 
analysis. Unfortunately this method could not 
be employed with the other two acetals 7b 
and 7c, since their side chain unsaturation was 
labile to the hydrogenolysis conditions. 

Phosphorylation of the unsaturated deriva- 
tives 7b and 7c was carried out by the 
method of Edgerton and Malkin (15), using 
phosphorous oxychloride in chloroform with a 
stoichiometric amount  of pyridine, followed 
by hydrolysis. The resulting phosphates, like 
the natural extracts but unlike the saturated 
derivative la, were extremely labile toward 
hydrolysis of the acetal linkage, which made 
t h e i r  pur i f ica t ion  a difficult challenge. 
Further, thin layer analysis of the reaction 
mixture according to the methods set forth 
above for the natural extracts revealed, in 
addition to the desired dioxolane phosphate 
(Rf 0.50) a second closely related phosphate 
(Rf 0.35). This was apparently due to the 
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dioxane phosphate analogous to 3. These two 
materials were inseparable by preparative chro- 
matographic methods.  Eventually, the sub- 
stances were separated by manual countercur- 
rent distribution (16) performed on the 
ammonium salts. This procedure yielded small 
quantities of material homogenous to TLC 
analysis, which was, however, too unstable to 
permit elemental microanalysis. The com- 
pounds were identifiable by their behavior on 
thin layer and paper chromatography,  by the 
fact that they reacted with all three spray 
reagents in a manner identical with the natural 
extracts described above, the fact that  the 
starting materials for the phosphorylat ion 
reaction were rigorously characterized and, 
perhaps the ult imate test, that lb ,  but  not  la  
(fully characterized) or l c, displayed full 
biological activity. 

EXPERIMENTAL PROCEDURES 

2-Pentadecyl-4-hy droxymethyl- 1,3-dioxolane, 
Diphenyl Phosphate Ester (la, Diphenylester) 

2 - P e n t  a de cy l -4 -hydroxymethy l - l ,3 -d ioxo-  
lane (3.14 g, 0.01 mole) was dissolved in 15 
ml of anhydrous pyridine. Diphenyl phospho- 
chloridate (3.0 g, 0.011 mole) in 5 ml of 
pyridine was then added dropwise with 
stirring while the mixture was cooled in a 
bath  of ice-salt-water. Atmospheric moisture 
was excluded from the reaction. 

The mixture was stored overnight at 5 C. 
Ice (0.5 g) was added to the cold solution. 
After standing 20 min the mixture was added 
to 200 ml of ice and water. After  neutraliza- 
t ion with 3 N HC1 the aqueous solution was 
extracted with petroleum ether. 

The petroleum ether was dried (MgSO4) 
and evaporated to give crude material. Filtra- 
t ion through Wolem neutral Alumina with the 
aid of petroleum ether afforded 5.25 g (96%) 
of the ester (Table II). 

2-Pentadeeyl-4-hydroxy methyl- 1,3-dioxolane, 
Dihydrogen Phosphate Ester (la) 

The diphenyl phosphate ester (1.0 g, 1.8 
mmole) was reduced in EtOH over 200 mg of 
prereduced PtO2 at 1 atm H 2 pressure at 
room temperature.  The reaction was complete 
after 8 hr, the catalyst was removed by filtra- 
t ion and the EtOH evaporated. The residue 
was washed with a minimum of petroleum 
ether and dried to give 0.715 g (95%+) of the 
phosphate:  IR, 2920, 2860 (C-H) ,  2400 (w) 
(P-OH), 1250 (P=O), 1100, 1000 ( C - O - C ) ,  
715 [-(CH2)4]. (Table II). 

Neutralization equivalent: Calculated for 

197, Found 189. The material was soluble in 
aqueous base and insoluble in aqueous acid. 

2-Cis- A8-Heptadecenyl-4-hydr oxymethyl - 1,3- 
dioxolane Dihydrogen Phosphate Ester (lb), 
and 2-cis, cis-A8,11.Heptadecadienyl.4.hydroxy. 
methyl-l,3-dioxolane Dihydrogen Phosphate Ester 
(lc) 

The phosphorylat ion of the unsaturated 
derivatives was accomplished by the procedure 
of Edgerton and Malkin (15) without modifi- 
cation except that  it  was run under nitrogen 
atmosphere. The isolation procedure was 
adapted for the monophosphate.  After  the 
reaction of POC13 and 700 mg of alcohol was 
complete,  the CHC13 was evaporated, the flask 
cooled and 50 ml of cold H20  added. The 
solution was acidified with 3 N HC1 and 
extracted with 300 ml of E t20 .  To the E t20 ,  
40 ml of concentrated NH4OH was added and 
evaporated to provide the crude NH4 + salt. 

At tempted  recrystallization from MeOH 
and from petroleum ether was unsuccessful 
because of co-precipitation of compound and 
impurities. Countercurrent extract ion of the 
material using MeOH-petroleum ether and 18 
tubes led to purification of the material, 
which was found in tubes 1-3. 

Identification was based on the Rf value on 
silica gel, identical to that  observed for the 
phospholipids isolated from tissue, the fact 
that  the starting material was rigorously 
c h a r a c t e r i z e d ,  and reactions with color 
reagents described above. 

PHARMACOLOGY 

The pharmacological activity of both  the 
natural and synthetic products  was tested on 
strips of  guinea pig ileum. Two strips of ileum 
were suspended in 10 ml of Tyrode solution 
and the contractile activity measured in each. 
Prior to testing, each sample and each concen- 
trat ion a stable dose-response curve to acetyl- 
choline was established. Following pharma- 
cological testing, the solutions used were sub- 
jected to analytical TLC to insure that  no 
decomposit ion had occurred during the testing 
process. In each case, the substances were 
found to be homogenous after testing. 

The natural products produced contractions 
in the guinea pig ileum qualitatively com- 
parable to those produced by acetyl-choline. 
These contractions were characterized by a 
rapid onset of action and prolonged duration. 
The sodium salt of the kidney extract product  
was shown to be active in concentrations of 5 
x 10 -6 g/ml. Concentrations of this order were 
shown to produce contractions of the same 
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FIG. 6. Response of guinea pig ileum to synthetic glyceryl acetal phosphates. Arabic numbers 
indicate concentration of stand~d (acetylcholine) in g/ml x 10 -9, A, palmityl acetal la 5 x 10 -6 
g/rnl_; B, oleyl acetal lb 6 x 10- g/ml; C, oleyl acetal lb 3 x 10 -6 g/~ml; D, oleyl acetal lb 1.5 x 
10-6 g/ml; Ej linoleyl acetal lc 3 x 10 -6 g/ml; F, linoleyl acetal lc 6 x 10-6 g/ml; G, linoleyl acetal 
lc 1.2 x 10-5 g/ml; H, oleyl acetal lb 6 x 10-6 g/ml. 

magnitude as 2 x 10 -8 g/m1 of acetylcholine. 
It should be noted that Vogt reports the 

Darmstoff threshold concentration for con- 
traction in the rabbit duodenum to be 10 -7 
g/ml (17). In the guinea pig ileum the thresh- 
old value has been reported by Gray to be 
10 -6 g/ml (18). This is comparable to the 
values observed with the material isolated in 
this laboratory. 

The phosphorylated glyceryl acetal of 
palmitaldehyde, la, was tested at concentra- 
tions of 5 x 10-5 g/ml, at which there was no 
evidence of contractions. 

The phosphorylated glyceryl acetal of ole- 
aldehyde (16) was found to produce contrac- 
tions identical to those of the natural product. 
When used at 6 x 10 -6 g/ml, this material was 
found to exhibit contractions equal to those 
produced by 2 x 10-8 g/ml of acetylcholine. 
The phosphorylated glyceryl acetal of linole- 
aldehyde, lc,  was found to produce contrac- 
tions qualitatively and quantitatively different 
from those of  the oleyl acetal lb. The onset 
was delayed with respect to that of the latter 
compound and the contractions developed 
slowly. Quantitatively, 1.2 x 10-5 g/ml of the 
linoleyl derivative produced a contraction 
equivalent to 2 x 10-9 g/ml of acetylcholine. 
The tracing obtained from one of the intesti- 
nal strips is shown in Figure 6. 

In an analysis of these data it should be 
remembered that in all three cases the com- 
pounds were present as mixtures of cis and 
trans isomers with respect to substituent 
orientation about the ring. Because of the 
specificity exhibited by the side chain one 
might expect similar results with respect to 
ring stereochemistry and side chain geo- 
metrical isomerism. To determine the effects 

of these variables further study would be 
needed. 

These data indicate that the activity of the 
natural product lies primarily with the oleyl 
glyceryl acetal phosphate. Any contribution 
by the linoleyl glyceryl acetal phosphate is 
minimized by its lower potency and its low 
concentration in the natural product. The 
presence of the palmityl acetal l a in the 
natural product is unexplained. If it were 
present as a synthetic precursor one would 
expect to find stearic acid derivatives as well 
as the others observed. Continuing studies on 
side chain specificity and ring stereochemistry 
are anticipated in this interesting class of com- 
pounds. 
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Cyanol ipids of Cardiospermum halicacabum L. and Other 
Sapindaceous Seed Oils 1 

K.L. MIKOLAJCZAK, C.R. SMITH, JR. and L.W. TJARKS, 
Northern Regional Research Laboratory 2, Peoria, Ininois 61604 

ABSTRACT 

A number of sapindaceous seed oils 
have been investigated with respect to 
their cyanolipid constituents. All but  one 
of the oils have this new class of lipids in 
amounts ranging from 13% to 55%. These 
cyanolipids are of four different types, 
but all consist of long-chain fat ty  acids 
esterified with an unsaturated isoprenoid 
hydroxy-  or dihydroxynitr i le .  The large 
amounts of C2o acids usually found in 
these oils indicate an appreciable cyano- 
lipid content because such acids are 
preferentially incorporated in nitrile-con- 
r a i n i n g  f r a c t i o n s .  Cardiospermurn 
halicacabum L. seed oil was shown to 
contain 49% of  a diester having two fat ty  
acid moieties esterified with 1-cyano-2- 
hydroxymethylprop-2-ene- l -ol  and 6% of 
another diester derived from 1-cyano-2- 
h y  dr  o x y m  e thylprop-l-ene-3-ol.  Treat- 
ment of the latter diester with methanolic 
hydrogen  chloride produces methyl 
4 , 4 - d i m e t h o x y - 3 - ( m e t h o x y m e t h y l )  
b u t y r a t e  from the dihydroxynitr i le  
moiety.  

INTRODUCTION 

Cyanolipids were probably first observed in 
Schleichera trijuga seed oil (1-6), although the 
nature of the nitrile moiety was not  established. 
Seed oils from four different plants have been 
shown (7-11) to contain major amounts 
(30-40%) of cyanolipids, which consist of 18- 
and 20-carbon fat ty  acids esterified with a 
mono- or dihydroxynitr i le  moiety.  One of these 
plants, Cordia verbenacea, is a borage; its 
cyanolipids are diesters (I, Fig. 1) containing 
two fat ty acid moieties esterified with 1-cyano- 
2-hydroxymethylprop-2-ene- l -o l  (7,8). The 
other three plants belong to the Sapindaceae. 
Stocks ia  brahuica (9) and Koelreuteria 
paniculata (10) seed oils contain cyanolipids 
(III) having one long chain fa t ty  acid esterified 
with 1-cyano-2-methylprop-l-ene-3-ol.  D~ester 

1presented at the AOCS-ISF Joint Congress, 
Chicago, September 1970. 

2No. Utiliz. Res. Dev. Div., ARS, USDA. 

cyanolipids (II) having two fat ty acids esterified 
with 1-cyano-2-hydroxymethylprop- 1-ene-3-ol 
are also present in Koelreuteria oil (10). 
Ungnadia speciosa seed oil contains a cyano- 
hydrin ester (IV) composed of a fat ty acid 
esterified with 1-cyano-2-methylprop-2-ene-l-ol 
(11). 

We have now investigated seed oils from 
additional sapindaceous plants with respect to 
their cyanolipid content.  The nitrile-containing 
substances have been isolated and identified by 
comparison of their NMR, IR, UV and thin 
layer chromatographic (TLC) characteristics 
with those of cyanolipids we described pre- 
viously (7-10). Since each cyanolipid fraction is 
a mixture of esters which differ only in fat ty 
acid constituents, each fraction (I-IV, Fig. I) 
has been treated here as though it were homo- 
geneous. 

We also wish to report  that 4,4-dimethoxy- 
3 - ( m e t h o x y m e t h y l ) b u t y r a t e ,  which was 

CH2 
II 

AcyI - -O--CH2--C-CH--C~N 
I 
O--Acyl 

Ill 
CH2--O--Acyl 
I 

AcyI--O--CH 2--C---CH-C--N 

CH3 
I 

Acyl--O-- CH2--C--CH--C--N 

~ H2 

CH3--C--CH--C--N 
I 
O-Acyl  

Acyl-- predominantly octadecenoyl, eicosenoyl 
FIG. 1. Structures of cyanolipid fractions. 
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TABLE I 

Cyanolipid-Containing Seed Oils 

813 

Plant identity 

Cyanolipid Content 

Oil C20 I II III IV 
in seed, % acids, %a in oil, % in oil, % in oil, % in oil, % 

SAPINDACEAE 

A llophyllus edulis St. Hil. 59.7 
Cardiospermum halicacabum L. 18.6 c 
Litchi chinensis Sonner. 1.3 
Nephelium lappaceum L. 34.2 
Paullinia meliaefolia Juss. 54.8 
Sapindus mukorossi Gaertn. 35.4 
Urvillea uniloba Radlk. 46.5 
Koelreuteria paniculata Laxm. d 41.9 
Stocksia brahuica Benth. d 19.4 c 
Ungnadia speciosa Endl. d 63.2 

BORAGINACEAE 

Cordia verbenacea DC. d 38.4 e 

44 30 Trace b . . . . . .  
47 49 6 . . . . . .  

0.4 . . . . . . . . . . . .  
39 --- 21 . . . . . .  
72 53 . . . . . . . . .  
21 --- 13 . . . . . .  
50 19 4 . . . . . .  
46 --- 25 17 --- 
42 --- Trace b 35 --- 
48 --- Trace b Trace b 29 

43 35 

aArea per cent of methyl ester by GLC. 
bBased on TLC analysis; not isolated. 
CSeed plus hull analyzed. 
dlnvestigated previously; see References 7-11. 

ident i f ied  by  Hopk ins  et  al. (12)  in  m e t h y l  
e s t e r s  p r e p a r e d  f r o m  C a r d i o s p e r m u m  
halicacabum seed oil, is der ivable  f rom one  of  
the  cyanol ip ids  p resen t  in this  oil. 

EXPERIMENTAL PROCEDURES 

Spectrometry 

NMR spect ra  were o b t a i n e d  w i th  a Var ian  
HA-100  s p e c t r o m e t e r ;  e i the r  CDC13 or a mix- 
tu re  of CDC13 and  C6D 6 (ca. 10:1)  were the  
solvents  used. Chemica l  shif ts  were  measured  
f rom in te rna l  t e t r a m e t h y l s i l a n e  ( r  10.0).  IR 
analyses were p e r f o r m e d  on  1% solu t ions  in 
CHC13 wi th  a Perk in -Elmer  Model  137 spect ro-  
p h o t o m e t e r ,  and  a B e c k m a n  DK-2A i n s t r u m e n t  
was used to d e t e r m i n e  UV spectra .  

Oil Recovery and Methyl Ester Formation 

Oil was recovered  f rom f inely  g round  seeds 
b y  a 16 hr  e x t r a c t i o n  w i th  p e t r o l e u m  e the r  (bp  
30-60 C) in a Soxh le t  appa ra tu s  or by  a 6 hr  
ex t r ac t i on  in a Bu t t  appara tus .  Methy l  esters  
were p repared  b y  re f lux ing  the  oils 3 hr  wi th  
3% H2SO 4 in m e t h a n o l  and  were recovered  by  
e ther  ex t rac t ion .  Analyses  o f  these  ester  
samples  by  gas l iquid c h r o m a t o g r a p h y  (GLC) 
were p e r f o r m e d  essent ial ly  as descr ibed  by  
Miwa et al. (13) .  

Thin Layer Chromatography 

Analy t ica l  TLC was done  on  0.25 m m  layers 
of  Silica Gel  G wi th  e i the r  b e n z e n e  or e ther-  
h e x a n e  (1 :3 ) ;  choice  of  so lvent  d e p e n d e d  o n  

w h i c h  c o m p o n e n t s  were be ing  separa ted .  Spots  
were visualized in two  ways:  first ,  b y  exposure  
to  iodine  vapor  and  t h e n  by  char r ing  w i th  a 
sulfur ic  ac id -d i ch roma te  spray reagent .  

Silica Gel  G layers,  1 m m  th ick ,  were used 
for  prepara t ive  TLC separat ions .  When  the  seed 
oils were be ing  f r ac t iona ted ,  a b o u t  200  mg of  
oil, as a 50% so lu t ion  in CHC13, was spo t t ed  on  
each 20 x 20 cm plate .  The  so lvents  were 
b e n z e n e  or e the r -hexane  (1 :2) .  Major  bands  
were de t ec t ed  b y  viewing deve loped  plates  over  
an  i ncandescen t  l amp in a d a r k e n e d  room,  and  
m i n o r  c o m p o n e n t s  were de t ec t ed  by  spray ing  
the  plates  w i t h  an a lcohol ic  so lu t ion  of  2 ' ,7 ' -d i -  
ch lo ro f luo resce in  and  viewing t h e m  u n d e r  U V  
light.  Desired c o n s t i t u e n t s  were  recovered  f rom 
the  silica by  s t anda rd  p rocedures  and  the  pur i ty  
of  the  f r ac t ions  was checked  by  ana ly t ica l  TLC. 
A m o u n t s  of  cyanol ip ids  r e p o r t e d  in these  
var ious seed oils are the  ac tual  y ie lds  i so la ted  
b y  prepara t ive  TLC.  

RESULTS AND DISCUSSION 

General 

Table  I lists da ta  on  var ious  sap indaceous  
seed oils. The  last  four  l is ted (one  is a borage)  
were e x a m i n e d  previous ly  (7-11)  and  are 
i nc luded  for  c o m p a r i s o n  purposes .  Oil c o n t e n t  
of  the  seeds (Table  I) is qui te  var iable  and  
ranges f rom 1.3% for  Litchi  to  63 .2% for  
Ungnadia. The  values for  Cardiosperrnum and 
Stocksia are p r o b a b l y  s o m e w h a t  low because  
en t i re  seeds ( inc lud ing  hul ls)  were ana lyzed .  

LIPIDS, VOL. 5, NO. I0 
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Column: 3% 0V-101, 2 ft. • 1/8 in. 
Cyanolipid 1TIll Temp: Start 150~ prog. 4~ 

~1 Detector: Flame 
I Sample: 0.02 pl [NEAT} 

~ 208 222 236 308 316 324 352 
Column Temp., ~ 

FIG. 2. GLC of Koelreuteria paniculata seed oil. 

Triglycerides 

j 
368 

IR spectra of these seed oils generally have 
two, very weak, broad bands in the 1010 and 
920-965 cm-1 regions. These bands are 
probably associated with allylic ester and ter- 
minal methylene groupings in the cyanolipids 
and are weak enough to be overlooked easily. 
Of  the  new  species investigated, only 
Nephelium oil showed a nitrile band (weak) at 
2230 cm-1. 

TLC analysis of the oils was more revealing 
than their IR spectra. Oils that contain cyano- 
lipid fractions I or IV (Fig. l) are best analyzed 
by TLC in benzene. Fraction I has Rf 0.70 and 
IV, Rf 0.77, while the triglycerides and other 
cyanolipids, if present, migrate as an elongated 
spot, Rf 0.53. When the ether-hexane solvent 
system is used, triglycerides along with cyano- 
lipids I and IV form a single spot, Rf 0.91. 
Cyanolipids II and III (Fig. 1) migrate at Rf 
0.70 and 0.58, respectively. 

Under certain conditions (8-10) useful GLC 
data can be obtained by analysis of whole seed 
oils. This statement is exemplified by Figure 2, 
which shows the GLC analysis of Koelreuteria 
seed oil. Cyanolipids II and III, which occur in 
this oil, are widely separated. The three peaks 
observed for each fraction are due to the dif- 
ferent fatty acid residues in the esters. Cyano- 
lipid I would appear in the same region as II, 
and the GLC characteristics of IV have not 
been determined in our Laboratory. 

Partial decomposition of the diester (II) 

under GLC conditions causes the percentage of 
II calculated from Figure 2 to be considerably 
less than is actually present in the oil. GLC 
analysis of this oil with a different instrument, 
but with other variables similar to those shown 
in Figure 2, caused essentially a complete 
breakdown of II. Monoester III appears to be 
more resistant to decomposition. 

An interesting feature of sapindaceous seed 
oils, previously noted by Hopkins and Swingle 
(14), is that most of them contain large 
amounts of C20 fatty acids. Litchi chinensis 
(Table I) is the only exception we found, and, 
significantly, this oil is the only one examined 
that did not contain cyanolipids. It does, how- 
ever, have an unusual fatty acid composition 
resembling that of Euphoria longana seed oil 
(15). Generally the C2o acid mixture is pri- 
marily monoenoic with lesser amounts of the 
C2o saturated (arachidic) ac id-  from 1% in 
Stoeksia to 13% in Cardiospermum. Nephelium 
seed oil, however, has 39% of C2o acids and 
most of this (33%) is arachidic acid. 

The results in Table I reveal that the amount 
of cyanolipid in an oil is often (but not always) 
directly related to the amount of C2o acids. 
Previous work demonstrated that the C2o fatty 
acid content of a cyanolipid fraction is much 
higher than that of the triglyceride fraction 
(8,10) isolated from the same seed oil. Thus it 
may be possible to predict roughly the cyano- 
lipid content of sapindaceous seed oils by deter- 
mining their C20 acid content. 

LIPIDS, VOL. 5, NO. 10 
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FIG. 3. Proposed mechanism for transformation of cyanolipid II to methyl 4,4-dimethoxy-3- 
(methoxymethyl)butyrate 

Cyanolipid Structures 
Previous reports describe in detail the struc- 

ture elucidation of cyanolipids I (7,8), II (10), 
III (9) and IV (11). Therefore, a comparison of 
the IR, TLC and NMR data for the cyanolipids 
isolated in our current study with those 
reported earlier was sufficient for structural 
identification. The IR spectrum of each cyano- 
lipid is distinctive. For example, cyanolipid I 
shows IR maxima (weak, broad bands at 940 
and 1010 cm-1) not found in spectra of 
ordinary triglycerides. In the spectrum of II, 
the 940 cm-1 band is absent and sharp, 
medium-intensity bands are observed at 1600 
and 2230 cm -1 (cyano group). The 1010, 1600 
and 2230 cm -1 bands also appear in the IR 
spectrum of III, but the fourth band is shifted 
slightly to 965 cm -1 . The spectrum of IV shows 
medium-intensity bands at 920 and 1010 cm-1, 
which also contain some fine structure. The 
absence of nitrile absorption (2230 cm -1) in the 
spectra of cyanolipids I and IV is due to the 
quenching effect of the oxygen atom on the 
same carbon as the cyano group (16). 

NMR spectra reported for I (7,8), II (10), III 
(9) and IV (11) provided the most conclusive 
structural evidence for these substances. All the 
cyanolipids isolated from the seven additional 
oils (Table I) were also analyzed by NMR and 
the resulting spectra duplicated those obtained 
earlier with respect to proton counts, chemical 
shifts, multiplicities and coupling constants. Six 
of the seven new species investigated contained 
cyanolipids I or II, or both, in amounts ranging 
from 13% for Sapindus to 55% for Cardio- 
spermum. No cyanolipids were detected in 

Litchi seed oil and cyanolipids III and IV were 
not found in any of the oils. So far, Ungnadia 
speciosa is the only species that contains cyano- 
lipid IV ( 11 ). 

Cardiospermum halicacabum Seed Oil 
Hopkins et al. (12) isolated 0.5% of a low- 

boiling fraction from the methyl esters derived 
by refluxing Cardiospermum seed oil 16 hr with 
HC1 in methanol. They concluded that this 
m a t e r i a l  was m e t h y l  4,4-dimethoxy-3- 
(methoxymethyl)butyrate and presumed that it 
existed in the oil as part of a glyceride or 
glyceryl ether. From considerations of both 
reaction mechanism and yield, we suspected 
that cyanolipid II might be the precursor of 
Hopkins' artifact (IX, Fig. 3). Because of its 
greater abundance in Koelreuteria seed oil (10), 
and since its NMR and IR spectra and its TLC 
characteristics were identical with those of II 
from Cardiospermum, a sample of II from 
Koelreuteria oil was used to test our 
hypothesis. This sample was subjected to acid- 
catalyzed methanolysis and the product mix- 
ture was recovered under conditions described 
by Hopkins et al. (12). 

When the mixture was analyzed on Silica Gel 
G developed with benzene, a small spot 
appeared just above the origin. The mixture was 
separated preparatively and the desired band 
near the origin was recovered as a liquid in 8% 
yield. IR analysis of this material indicated that 
it contained ether functions (1080, 1120 cm-I ), 
an ester carbonyl group (1740 cm-1) and a 
short carbon chain (2970 cm -1); this spectrum 
agrees with that reported (12) for methyl 
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4 , 4 - d i m  e t h o  xy-3-(methoxymethyl)butyrate .  
NMR spectra determined in CDC13 and also in 
benzene-d 6 revealed proton counts, chemical 
shifts, multiplicities and coupling constants in 
accord with those of the artifact reported by 
Hopkins et al. (12). 

These data provide conclusive evidence that 
m e t h y l  4 , 4 - d i m  e t hoxy-3-(methoxymethyl) 
butyrate (IX) isolated from Cardiospermum 
halicacabum methyl esters is actually derived 
from the 6% of cyanolipid II present in the oil. 
The yield we obtained from the pure cyano- 
lipid is equivalent to that isolated by Hopkins. 
A possible mechanism for this conversion is 
depicted in Figure 3. Protonation of the nitrile 
group of cyanolipid II would yield V. Acid- 
catalyzed attack of solvent (methanol) on the 
allylic ester grouping can reasonably be 
expected to yield the methyl ether VI and a 
fatty acid ester. Intermediate VI has an enol 
ester grouping which could collapse to give an 
aldehyde function as shown in VII. Acid- 
catalyzed addition of alcohols to aldehydes is 
well known; the reaction yields an acetal (VIII), 
presumably via an intermediate hemiacetal. 
Conversion of the cyano group of VIII to a 
carbomethoxy group under conditions of 
rigorous acid hydrolysis is expected, and should 
yield IX. The mechanism outlined in Figure 3 is 
merely an attempt to account for the various 
aspects of this remarkable transformation. The 
various chemical events we have portrayed may 
occur in an entirely different sequence or along 
a multiplicity of pathways. 

One observation of Hopkins et al. (12) is not 
explained by our results. They reported that 
their sample of IX was optically active, [a] 2s c D 
+3.3 ~ (in methanol). We did not measure the 
rotation of our product because of insufficient 
sample, but we would not expect an optically 
active transformation product f rom' I I  since it 
has no asymmetric center. 

This discrepancy led us to suspect that per- 
haps IX might also be produced by comparable 
treatment of cyanolipid I, which occurs (49%) 
in Cardiospermum halicacabum seed oil and is 
optically active. Accordingly, cyanolipid I was 
treated with refluxing HCl-methanol for 16 hr 
and the mixture of products was isolated. This 
mixture was separated by preparative TLC into 
an ordinary methyl ester fraction and a more 
polar, crystalline fraction entirely different 
from IX. This fraction will be the subject of a 
future communication. Compound IX, how- 
ever, was not detected in the reaction mixture. 

Additional Considerations 

The presence of large amounts of cyano- 
lipids in seed oils of the Sapindaceae is extra- 

ordinary. With the exception of Cordia 
verbenacea (7,8), a borage, this plant family is 
the only one known to produce seed oils con- 
taining this new class of lipids. 

Significantly, the hydroxy- or dihydroxy- 
nitrile moiety in all four cyanolipids has an iso- 
prenoid skeleton; this permits numerous 
possibilities for its biogenesis. Since other 
natural cyano compounds often seem to be 
derived from amino acids or their precursors 
(17,18), we should note that decarboxylation 
of L-leucine would give the requisite saturated 
carbon and nitrogen skeleton for these nitriles. 

The monoester cyanolipids, III and IV, have 
structures which could be derived by partial 
hydrogenolysis of the diesters II and I, 
respectively. However, the monoester which 
would be produced by hydrogenolysis of the 
cyanohydrin ester grouping of I has not been 
detected in any of these oils. This monoester 
(with its double bond saturated) is the principle 
product obtained by catalytic hydrogenolysis 
of I (8). 

A curious feature of these cyanolipid-con- 
raining seed oils is their high content of C2o 
acids and the preferential incorporation of 
these acids into cyanolipids rather than into the 
accompanying trigiycerides. This preference is 
probably related to the observation that Litchi 
seed oil, which has insignificant amounts of 
C2o acids, also contains no cyanolipids. 
Additional sapindaceous seed oils that are low 
in C2o acids should be examined for con- 
firmation of this hypothesis. 
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Lipids of Human Atheroma Vl. Hydrocarbons of the 
Atheromatous Plaque 
C.J.W. BROOKS, G. STEEL and W.A. HARLAND, Departments of 
Chemistry and Pathology, University of Glasgow, Glasgow, W.2., Scotland 

ABSTRACT 

The higher hydrocarbons of the 
atheromatous plaque have been examined 
and the major compounds present have 
been found to be a series of n-alkanes 
(Cl 7-C31), squalene, cholest-5-ene and a 
cholestadiene. Identification of these 
compounds was based on chromato- 
graphic correlations and mass spectro- 
metry. 

INTRODUCTION 

In the past, hydrocarbons have frequently 
been considered to be without biological signifi- 
cance in human tissues; however, renewed 
interest in the biosynthesis of saturated hydro- 
carbons (1-3) has stimulated recent work on 
hydrocarbons from human sources (4-6). 
Although a large number of sites have been 
examined, only limited consideration has been 
given to the study of hydrocarbons in the 
pathological deposits associated with athero- 
sclerosis. Early work in this field was carried 
out by Blankenhorn et al. (7), who demon- 
strated an increase in the quantity of caro- 
tenoids present in the aorta with an increase in 
the severity of the disease. Other communi- 
cations on the subject relate to the identifi- 
cation of squalene in the aorta (8-10), to the 
characterization of octadecane in femoral 
arterial plaques (11) and to the demonstration 
of the ability of isolated human arterial seg- 
ments to synthesize squalene (12). The present 
communication describes an extension of the 
study of human aortic plaques in which we 
identified squalene (8,9). The availability of gas 
chromatography-mass spectrometry has enabled 
each analytical sequence to be restricted to 
plaque tissue from one aorta. 

MATERIALS AND METHODS 

Isolation of a Hydrocarbon Fraction 

In a typical analytical sequence 1-3 g of 
lipid, obtained as described in a previous com- 
munication (9), was chromatographed on a 
silicic acid column (13) using 1 g of silicic acid 
per 10 mg of lipid. Hydrocarbons were eluted 
using hexane and 1% chloroform in hexane, and 
all fractions eluted before the appearance of 

cholesteryl esters were combined and concen- 
trated to small volume (400-500 gl). 

Separation of Saturated and 
Unsaturated Hydrocarbons 

The total hydrocarbon material obtained as 
described above was chromatographed prepara- 
tively on one 20 x 20 cm thin layer chromato- 
graphic (TLC) plate using an 0.25 mm layer of 
5% w/w AnalaR silver nitrate: MN-Kieselgel 
G-HR (Macherey, Nagel and Co., Duren) and 
hexane-benzene (97:3 v/v) as mobile phase. 

Osmium Tetroxide Oxidation of Olefins (14) 

Olefins (10-100 pg) were dissolved in 

FIG. 1. The right hand margin of a preparative thin 
layer chromatogram of plaque hydrocarbons on silica 
gel impregnated with silver nitrate (5% w/w). Bands I, 
II, III and IV correspond to areas removed from the 
chromatogram. Mobile phase, hexane-benzene (97:3 
v/v); Spray, aqueous sulphuric acid (1:1 v/v). 
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FIG. 2. Gas liquid chromatograms of the hydro- 
carbons in extracts of the four bands isolated-by pre- 
parative silver nitrate thin layer chromatography. (a) 
Band I on 5 ft 1% SE-30 with temperature program- 
ming from 80 C to 225 C at 6 C/min. (b) Bands II, III 
and IV on 5 ft 1% QF-1 at 190 C. 

sodium-dried ether (100 /al) and dry pyridine 
(20/al). This solution was treated with 50/al of 
a solution of osmium tetroxide (5 mg) in dry 
ether (1 ml). The mixture was set aside in a 
stoppered test-tube for three days at room tem- 
perature. The solution was then reduced to 
dryness in a stream of nitrogen and the residue 
dissolved in chloroform (1 ml) and shaken with 
1 ml of an aqueous solution of potassium 
hydroxide (5 mg) and mannitol (5 mg) for 2 hr. 
The chloroform layer was then removed, 
washed with water and dried over anhydrous 
sodium sulphate. 

Epoxiflation and Isomerization of Olefins 

Epoxides were prepared in sodium car- 
bonate-buffered methylene chloride using 
pertrifluoroacetic acid (15). The epoxides thus 
formed were dissolved in benzene and iso- 
merized with two drops of boron trifluoride 
etherate as described by Henbest and Wrigley 
(16). The products were extracted with ether, 
washed successively with 10% sodium bi- 
carbonate solution and water, and dried over 
anhydrous sodium sulphate. Purification was 
accomplished by preparative TLC using 
benzene-ethyl acetate (20:1 v/v) as mobile 
phase. 

Formation of Trimethylsilyl Ethers 

Trimethylsilyl  ethers were formed in 
pyridine solution using a mixture of hexa- 

, . j .QF 1 19G 
A 

A 

methyldis i lazane and trimethylchlorosilane 
(10:1 v/v) at room temperature for 1 hr. 
Reagents were removed in a stream of nitrogen, 
the residue was extracted with ethyl acetate 
and insoluble material was removed by 
filtration or centrifugation. 

Gas Chromatography-Mass Spectrometry (GC-MS) 

Mass spectra were obtained using an LKB 
model 9000 gas chromatograph-mass spectro- 
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TABLE I 

Chromatographic Data for Plaque Hydrocarbons 

Thin layer 
chromatography a Gas liquid chromatography b 

Rf a Rf a I I I 
Compound SiO2/AgNO 3 SiO 2 SE-30 QF-I OV-17 

A 0.48 0.82 2755 2950 2935 
B 0.25 0.75 2790 2995 2984 
C 0.00 0.47 2800 2825 2935 

aAdsorbents: SiO2/AgNO 3, 5% w/w AgNO3/MN-Kieselgel G-HR; SiO2, MN-Kieselgel 
G-HR. Mobile phase: hexane-benzene (97:3 v/v) in both cases. 

bGas liquid chromatography was carried out using a Pye 104 chromatograph and the 
columns were as follows: 5 ft 1% SE-30 on 100-120 mesh Gas Chrom Q (Applied Science 
Laboratories) at 200 C; 5 ft 1% QF-I on 100-120 mesh Gas Chrom Q (Applied Science 
Laboratories) at 190 C; and 5 ft 1% OV-17 on 80-100 mesh Chromosorb G-HP (Supelco 
Inc.) at 210 C. 

meter (LKB-Produkter AB, Stockholm). The 
ionizing voltage was 70 eV, accelerating voltage 
3.1 kV and the helium flow rate 30 ml/min. 

RESULTS 

The saturated and unsaturated hydrocarbons 
were separated using silica gel layers impreg- 
nated with 5% w/w of silver nitrate and 
hexane-benzene (97:3 v/v) as mobile phase. 
After development, four areas, corresponding 
to four bands indicated by analytical silver 
nitrate TLC, were scraped from the chromato- 
gram as is shown in Figure 1: Band I, Rf 
0.68-0.94; Band II, Rf 0.29-0.68; Band III, Rf 
0.11-0.29; Band IV, Rf 0.00-0.11. 

The hydrocarbons isolated in this manner 
were eluted from the adsorbent using hexane- 
chloroform (10:1 v/v). The separated hydro- 
carbons were examined by TLC and GLC under 
a variety of conditions (Fig. 2 and Table I). 

Band I 

Chromatographic evidence suggested that 
Band I contained a complex mixture of straight 
chain and branched chain alkanes. The main 
components of this fraction appear from their 
retention times to be a homologous series of 
n-alkanes between C17 and C31 with no 
particular preference for odd or even carbon 
numbers. The base line hump in this chromato- 
g ram is frequently encountered in the 
examination of saturated hydrocarbons of bio- 
logical origin (17,18) and is thought to be due 
to a complex mixture of unresolved isomeric 
hydrocarbons, some of which form a homo- 
logous series, as can be seen from an 
examination of the small peaks which appear 
between successive n-alkanes of the larger series 
(Fig. 2a). Examination of eluates obtained from 

the silicic acid column before loading with lipid 
have shown that although these appear to con- 
tain alkanes their quantities are insignificant 
when compared with those obtained after 
loading of the column. Alkanes were found to 
be present in plaques in quantities of the order 
of  700-800/Jg/g of total lipid extract. 

Band I V  

TLC evidence suggested that squalene (com- 
pound C in Table I) and a carotene were 
present in Band IV. The identification of 
squalene in plaques was the subject of previous 
communications (8,9) and will not be discussed 
further. The second compound in this fraction 
had TLC mobility, color reaction and UV 
spectrum identical to those of /3-carotene, but 
no further work has been carried out owing to 
its unsatisfactory GLC behavior. 

Bands II and I I I  

Bands II and III each appeared to contain a 
single major component  (designated A and B, 
respectively, in Fig. 2b). Compounds A and B 
were subjected to GC-MS and line diagrams of 
the mass spectra obtained are shown in Figure 
3. The gas chromatographic data for compound 
A closely resembled those of 5a-cholestane: 
however, TLC on layers impregnated with silver 
nitrate had shown that it was unsaturated, 
while its mass spectrum showed a molecular 
weight and fragmentation pattern consistent 
with those of a cholestene. In a similar manner 
compound B was shown to be a cholestadiene. 

Location of the Double Bond in Compound A 

The following approaches were explored in 
an attempt to locate the double bond in the 
extracted cholestene: (a) TLC on silica gel 
impregnated with silver nitrate; (b) GLC on 
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FIG. 3. Mass spectra of hydrocarbons A and B from plaque extracts. 

selective and non-selective liquid phases; (c) 
Mass spectrometry; and (d) Specific reactions 
of the double bond. 

(a) TLC on silica gel using hexane-benzene 
(97:3 v/v) as mobile phase was largely unsuccess- 
ful in separating a selection of reference cho- 
lestenes and consequently was of little use in 
identifying the aortic cholestene. On the other 
hand TLC on silica gel impregnated with silver 
nitrate has given a measure of characterization 
(Fig. 4). The extracted olefin corresponded in 
mobility to authentic cholest-4-ene and cho- 
lest-5-ene, but was markedly different from the 
A8(9)-, &2- and Aa-isomers. (The &a-isomer is 
not shown in Figure 4, but has the same Rf 
value as the A24somer). 

(b) Since no significant separations of the 
five available reference cholestenes could be 
demonstrated by GLC on the non-selective 
liquid phase SE-30, several selective phases, viz, 
QF-1, OV-17 and OV-22 were tested (Table II). 
Of these, OV-17 and OV-22 showed small 
s e p a r a t i o n s  u s e f u l  in characterization. 
Especially important was the separation 
between the A4_ and AS-isomers on these 
phases, since this pair is not adequately dis- 
tinguished by silver nitrate TLC. The data 
recorded for the extracted cholestene were 
identical to those of cholest-5-ene under all of  
these conditions. 

(c) Examination of the mass spectra of the 
authentic cholestenes (Fig. 5) show that most 
of them have distinctive fragmentation patterns 
and that the spectrum of the extracted material 
is closely similar to that of cholest-5-ene, the 

most characteristic ions being at m/e 275 and 
m/e 301. The only other compound examined 
having significant ions at these positions is cho- 
lest-2-ene, which has already been ruled out on 
the basis of evidence from silver nitrate TLC. 
Cholest-4-ene can be eliminated on mass 
spectral considerations (i.e., no ion at m/e 275 
and an extremely small m/e 301). 

The mass spectra of two cholestenes with 
unsaturation in the side chain have been 
examined (19) and have been shown to have 
fragmentation patterns distinct from each other 
and from all of the compounds examined in the 
present study. 

(d) In order to substantiate the tentative 

TABLE II 

Retent ion Index Data for 
Authent ic  Cholestenes a 

Retent ion indices 

A QF-1 0V-17 

2 2960 2930 
3 2965 2940 
4 2940 2915 
5 2950 2935 b 
8(9) 2950 2950 

aGas liquid chromatographic conditions: 5 ft 1% 
QF-I on 100-120 mesh Gas Chrom Q (Applied Science 
Laboratories) at 185 C; 5 ft 1% OV-17 on 80-100 
mesh Chromosorb G-HP (Supelco Inc.) at 210 C. 

bThe data recorded for the extracted cholestene 
were identical to those of cholest-S-ene. The data 
recorded on 1% OV-22 at 200 C were closely similar 
to those shown above for OV-17. 
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FIG. 4. Silver nitrate thin layer chromatography of 
reference hydrocarbons. Adsorbent, 5% w/w AnalaR 
silver nitrate/MN-Kieselgel G-HR. Mobile phase, 
hexane-benzene (97:3 v/v). Spray, aqueous sulphuric 
acid (1:1 v/v). 1, 5C0cholest-2-ene; 2, cholest-4-ene; 3, 
cholest-5-ene; 4, 5ffcholest-8(9)-ene; 5, cholesta-3,5- 
diene; 6, 5~ergost-7-ene; 7, 5tX-ergosta-7,22-diene; 8, 
50yergost-8(14)-ene. 

identification of cholest-5-ene, the extracted 
cholestene and authentic cholest-5-ene were 
b o t h  converted to diols using osmium 
tetroxide. GLC of the trimethylsilyl ethers of 
these diols suggested that both hydrocarbons 
had formed the same compound (5ot-choles- 
tane-5,60t-diol), which on examination by 
GC-MS proved to have formed a mono- rather 
than a bis-trimethylsilyl ether. Line diagrams of 
the mass spectra from both sources are shown 
in Figure 6. Incomplete etherification was not 
unexpected, because earlier work with 5a-cho- 
lestane-3/3,5,6/3-triol (20) demonstrated that the 
5a-hydroxyl group is not trimethylsilylated 
under normal conditions. [Complete ether 
formation can however be accomplished under 
suitable conditions (21)].  This, together with 
the evidence cited above, indicates that the 
extracted olefin is cholest-5-ene. 

A further reaction was carried out to con- 
f i r m  the identification of cholest-5-ene. 
Examination of the compounds obtained by 
isomerization of the epoxide of compound A 
with boron trifluoride etherate by GLC (1% 
SE-30 at 225 C) gave two major peaks of 
retention index 2970 and 3010. These were 
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FIG. 5. High mass regions of the mass spectra of authentic cholestenes. 
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FIG. 6. Mass spectra of trimethylsilyl ethers of the diols produced from the extracted cholestene 
and authentic cholest-5-ene by the action of osmium tetroxide. 

found to  correspond in retent ion time 
respectively to 513- and 5ot-ch61estan-6-one, the 
expected products from the epoxide of cho- 
lest-5-ene (16). The mass spectra of  the two 
products corresponded satisfactorily with those 
of authentic 5~- and 5~J-cholestan-6-one and 
also with published spectra (22). 

The quanti ty of cholest-5-ene in plaque 
extracts was of the order of 30-50/ag/g of lipid. 

Compound B 

The chromatographic data and mass spectra 
recorded for compound B closely matched 
those of cholesta-3,5-diene. The UV spectrum 
of the extracted material [Xma x (ethanol) 228, 
234 and 242-243 rim, e 19,000, 21,000 and 
12,000, respectively] was also in close agree- 
ment with that  of cholesta-3,5-diene as 
recorded by ourselves and others (23). 

DISCUSSION 

Saturated hydrocarbons in atheroma lesions 
are difficult to account for since very little is 
known about their origin or function in human 
tissue. In an investigation of the possible origin 
of n-alkanes in the skin surface, Nicolaides (1) 
fed rats 14C-labeled octadecane and demon- 
strated that  some of this material was excreted 
unchanged to the skin surface via the sebaceous 
glands, but he also found activity in other lipid 
fractions, indicating that the octadecane was 
involved in other metabolic processes. 

Evidence has been obtained that  alkanes 
found in higher plants may arise by two dif- 
ferent routes: via elongation of  common fat ty  
acids, or via condensation of fat ty  acids 

followed by  reduction (24). It is also known 
that  saturated hydrocarbons can be formed 
during the autoxidat ion of unsaturated lipids 
(25); however, these are generally of short 
chain length (C 1 -C s). 

The presence of cholest-5-ene in the plaque 
is unexpected in terms of sterol metabolism. 
This steroidal hydrocarbon has not  previously 
been identified in human tissue, but  has been 
demonstrated in the plant kingdom in the 
leaves of Euphorbia lateriflora (26). The partici.  
pat ion of cholest-5-ene in the biosynthesis of 
cholesterol would necessitate the postulat ion of 
a biogenetic route very different from that  
currently accepted (27). While non-oxidative 
cyclization pathways are known to exist in the 
case of lanosterol and the tr i terpene tetra- 
hymanol  (28,29), it would be difficult to 
account for the removal of the 4,4-dimethyl 
grouping in the absence of an oxygen function 
at C-3. We have found no evidence for the 
presence of lanostadiene in plaques. 

An alternative and more likely explanation is 
that cholest-5-ene is formed reductively from 
oxygenated steroids, possibly by the action of 
infecting micro-organisms. One possible pre- 
cursor might be cholesteryl sulphate which has 
been shown to occur in several human tissues 
and fluids including blood (30). Cholesteryl 
alkyl ethers (31), although not yet  demon- 
strated in human tissue, are another type of 
lipid which might under certain circumstances 
yield cholest-5-ene. 

In an investigation of the hydrocarbons of 
human hypercholesterolemic serum (C.J.W. 
Brooks, A. Morrison and G. Steel, unpublished 
results, 1968) we have again been able to iden- 

LIPIDS, VOL. S, NO. 10 



8 2 4  C. J. W. BROOKS, G. STEEL AND W. A. HARLAND 

t i f y  c h o l e s t - 5 - e n e .  T h i s  r e s u l t  s u g g e s t s  t h e  pos -  
s ib i l i ty  t h a t  c h o l e s t - 5 - e n e  f o u n d  in  t h e  
a t h e r o m a  p l a q u e s  m i g h t  h a v e  b e e n  d e p o s i t e d  in  
t h e  i n t i m a  b y  an  i n f i l t r a t i o n  p r o c e s s .  

T h e  c h o l e s t a d i e n e  c h a r a c t e r i z e d  in t h e  
p l a q u e  in t h e  p r e s e n t  w o r k  a p p e a r s  t o  be  a 
g e n u i n e  c o m p o n e n t :  we  h a v e  n o  e v i d e n c e  o f  i t s  
f o r m a t i o n  as an  a r t e f a c t .  I t  s h o u l d  be  n o t e d ,  
h o w e v e r ,  t h a t  c h o l e s t a - 3 , 5 - d i e n e  i s o l a t e d  b y  
o t h e r  w o r k e r s  in a s t u d y  o f  b r a i n  l ip ids  ( 3 2 )  
w a s  c o n s i d e r e d  to  be  an  a r t e f a c t  d e r i v e d  f r o m  
c h o l e s t e r o l  d u r i n g  t r e a t m e n t  o f  a t o t a l  l ip id  
e x t r a c t  w i t h  b o r o n  t r i f l u o r i d e  in  m e t h a n o l .  
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Application of Negative Ion Mass Spectrometry to the 
Identification of Long Chain Aldehydes and Alcohols 
PETER C. RANKIN, Human Nutrition Research Division, 
ARS, USDA, Beltsville, Maryland 20705 

ABSTRACT 

The negative ion mass spectra of a 
number of long chain aldehydes and alco- 
hols are reported. The small number of 
fragment ions in the mass spectra of these 
compounds was a characteristic feature. 
The prominent P-1 negative ion in the 
mass spectra enabled identification of the 
molecular ions of long chain alcohols and 
aldehydes whose positive ion mass spectra 
have negligible molecular ion intensities. 
The potential of the method for analysis 
of complex mixtures of long chain alde- 
hydes and alcohols has been demon- 
strated with the identification of the 
components of a 14 component mixture. 

INTRODUCTION 

The use of mass spectrometry for the deter- 
mination of molecular weights, atomic compo- 
sitions and molecular structure has become an 
indispensable tool for the chemist. Two major 
problems can be encountered in the use of mass 
spectrometry. These are sample purity and the 
accurate identification of the molecular ion. 
Positive ion mass spectrometry can be 
extremely sensitive but difficulty may be 
experienced in interpreting a mass spectrum 
due to ions from contaminating substances. The 
mass spectrometer does not differentiate from 
which molecules ions arise. Thermal or catalytic 
degradation of the sample can also contaminate 
an otherwise pure compound. The other 
problem of unequivocal identification of the 
molecular ion can sometimes be a difficult one 
in certain classes of compounds such as alcohols 
and aldehydes. Derivatization of these com- 
pounds (if possible) sometimes leads to a more 
intense molecular ion. The molecular ion needs 
to be positively identified before an accurate 
structural analysis can be made on the com- 
pound under study. 

The use of negative ion mass spectrometry is 
a promising approach to both of the above 
problems encountered in mass spectrometric 
analysis. The mechanisms of negative ion for- 
mation as postulated by Melton (1) are as 
follows: (a) AB + e ~ AB-, resonance capture; 
(b) AB + e -+ A + B-, dissociative resonance 
capture; (c) AB + e ~ A + + B- + e, ion-pair 

formation. Process (a) occurs with electron 
energies of < 2 ev. The origin of interacting 
electrons could be either from the electron 
bombardment source common to most mass 
spectrometers or from a fragmentation process 
of another molecule (secondary electrons). 
Process (b) occurs for electron energies of 2-10 
ev, whereas process (c) is in the region of > 10 
ev. All three processes can occur in the mass 
spectrometer source, but because of their dif- 
ferent pressure dependencies the relative 
abundance of ions from each process will also 
vary with sample pressure. Von Ardenne and 
associates (2,3) have worked with experimental 
conditions such that process (a) resulted in the 
major source of ions. Alpin et al. (4) obtained 
negative ion spectra under more conventional 
conditions of 70-90 ev and source pressures of 
10 -6 to 10 -5 torr. Here processes (b) and (c) 
were the main source of ion formation. 

Many of those who have worked with nega- 
tive ion spectra (5) formed the opinion that this 
type of mass spectrometry did not offer a very 
attractive method of obtaining molecular 
weights or for determining molecular structure. 
The sensitivity of negative ion formation and 
detection can be as much as 102 to 104 less 
than that of positive ions (6). Modern instru- 
mentation has improved these detection levels 
considerably. The use of negative ion mass 
spectrometry is enhanced by the relative 
simplicity of negative ion mass spectra, and this 
suggests that the technique might be a useful 
selective detector enabling the identification of 
certain classes of compounds (e.g., alcohols, 
aldehydes) in a system which has not been 
rigorously purified. Under conditions of 
approximately 60 ev and 10-6 and 10 -5 torr 
pressures the most intense ions for alcohols (7) 
and aldehydes occur in the mass range of 12 to 
70 and in the molecular ion region (e.g., P-l, 
P-3). The absence of extensive fragmentation 
ions (cf. field ionization mass spectrometry) 
does not aid structural determination but does 
permit the molecular ion to be determined and 
permits identification of compounds in a mix- 
ture. Several examples have been cited where 
the use of negative ion mass spectrometry has 
enabled the molecular ion of a molecule to be 
determined because in the positive ion mass 
spectrum it was very weak or nonexistent (8,9). 
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FIG. 1. The negative ion mass spectra of some long chain alcohols. Experimental conditions 
described in the text. 

Alcohols and aldehydes are often very diffi- 
cult to characterize from positive ion mass 
spectra because of weak molecular ion inten- 
sities (9,10). The positive molecular ions of 
long chain alcohols and saturated aldehydes 
(11) cannot be detected. A series of long chain 
alcohols and aldehydes, some glycols a n d  a 
number of miscellaneous alcohols and alde- 
hydes were subjected to a negative ion mass spec- 
trometric analysis to determine the feasibility of 
using this technique for their identification. 

EXPERIMENTAL PROCEDURES 

The mass spectrometer used in this study 
was a Perkin Elmer-Hitachi RMU-6E which can 
be converted to negative ion detection simply 
by manipulating two switches. The first reverses 
the polarity of the magnet and the second 
reverses the accelerating voltage to a negative 
potential. The ionizing electron beam was 
operated at 55 ev, with a target current of 
200-350/a. Repeller and lens voltages were not 
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FIG. 2. The negative ion mass spectra of some long chain aldehydes. Experimental conditions 
described in the text. 

the same as those used in the positive ion mode. 
These ion beam focusing voltages were very 
critical to obtain the maximum response pos- 
sible from the electron multiplier detector. An 
accelerating voltage of 2.4 kv was used as this 
enabled a convenient mass range to be scanned 
by changing the magnet current. 

For the determination of the nominal mass 
of ions in the negative ion mass spectrum, 
reference compounds such as perfluorokerosene 
(12), carbon tetrachloride and nitrobenzene 

were used. These three compounds typically 
gave intense negative ion spectra for very small 
sample sizes. For the same chart speed and 
scanning rate, positive ion and negative ion 
mass spectra were superimposable and this 
approach could also be utilized to determine 
the nominal mass of ions in the negative ion 
mass spectrum. 

The samples used were analyzed by gas 
chromatography and found to be better than 
98% pure. Liquids were placed in the mass 
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TABLE I 

Relative Intensities a of Principal Peaks in the Negative Ion Mass Spectra of 
Some Nonaliphatic Alcohols and Aldehydes 

m 2-phenyl- Connam- 3(4-isopropylphenyl)- 
Cyclohexanol Benzyl alcohol propanal aldehyde Benzaldehyde 2-methyl-propanal 

m/e P-= 100 P '= 108 P-= 134 P-= 132 P '=  106 P '=  190 

16 100 100 < 5 < 5 < S < 5 
17 51 12 . . . . . . . . . . . .  
25 53 50 . . . . . .  < 5 --- 
41 17.5 . . . . . . . . . . . . . . .  
43 --- 19 . . . . . . . . .  " 2 -  
45 . . . . . .  100 < 5  
46 8 . . . . . . . . .  ~ ' 5  ~"5 
49 --- 9 . . . . . .  < 5  
5 7  . . . . . . . . . . . .  : -  

5 9  . . . . . .  < 5  
7 7  . . . . . .  - - -  - 

96 S . . . . . . . . . . . . . . .  
99 41 . . . . . . . . . . . . . . .  

105 . . . . . .  26 --- 100 --- 
107 --- 52 . . . . . .  8 --- 
119 . . . . . .  8.5 . . . . . . . . .  
132 . . . . . . . . .  100 -- - - - -  
133 . . . . . .  41 11 --- < 5  
189 . . . . . . . . . . . . . . .  100 
190 . . . . . . . . . . . . . . .  15 

aper cent of base peak. 

s p e c t r o m e t e r  via a h e a t e d  glass in le t  sys tem 
whereas  solids were m a n i p u l a t e d  o n  a d i rec t  
i n se r t ion  solids p robe .  Suff ic ien t  sample  was 
used to  give a source  pressure  of  1.5 x 10-s to  
3.5 x 10 -s torr .  This  h igh  sample  pressure  was 
necessary  because  the  e l ec t ron  mul t ip l i e r  used 
in the  s tudy  only  had  a gain of  a p p r o x i m a t e l y  
2500  (measured  at 2 kv  acce le ra t ing  voltage,  
wi th  posi t ive ions and  relat ive to  t he  Fa r aday  
Cup mode) .  With  a more  sensi t ive e lec t ron  
mul t ip l i e r  m u c h  lower  sample  pressures  would  
be  requi red .  

RESULTS AND DISCUSSION 

Straight Chain Alcohols 

The  negat ive ion mass spect ra  of  the  lower  
a lcohols  have been  r epo r t ed  (7).  They  are 
typ i f i ed  by  a s t rong P-1 ion.  D e u t e r i u m  s tudies  
have ind ica ted  t ha t  the  loss of  a p r o t o n  occurs  
f rom the  h y d r o x y l  group (7).  O t h e r  p redomi -  
nan t  ions  in the  spect ra  of  the  lower  a lcohols  
were P-3, P-5 and  ions at  16, 17, 24,  25 and  41.  

The  negat ive ion spect ra  of  the  series n- 
h e p t a n o l  to  n -dodecano l  were ob t a ined .  F o r  
compar i son ,  hendec -10-en- l -o l ,  2 -oc tanol ,  and  
2-ethyl  h e x a n o l  were also ana lyzed  by  negat ive  
ion mass spec t rome t ry .  F igure  1 i l lus t ra tes  
some of the  typica l  spec t ra  ob t a ined .  All the  
a l iphat ic  a lcohols  were typ i f i ed  b y  ions  at  16, 
17, 25,  46,  57, P-5 (very weak) ,  P-3 and  P-1. 
The  P-1 ion was > 50% of the  base  peak  (16 or 

17) excep t  in the  cases of  n-decanol ,  hendecan-  
1-ol and  n -dodecano l  where  the  P-1 ion was 
i tself  the  base peak.  The  P-3 ion arises f rom the  
loss of  two h y d r o g e n  a toms  on  the  c a r b o n  a t o m  
a to  the  h y d r o x y l  g roup  (6). I t  was o f  greates t  
i n t ens i ty  in the  spec t ra  of  p r imary  alcohols.  
C o m p a r i s o n  of  the  spect ra  of  p r imary  and  
seconda ry  oc tano ls  i nd ica t ed  tha t  negat ive ion 
mass s p e c t r o m e t r y  does  no t  aid in the  d i f ferent -  
i a t ion  of  these  isomers .  The  m/e  57 peak was 
absen t  f rom the  s p e c t r u m  of  the  secondary  
a lcohol  bu t  it is of  such  low in t ens i ty  in the  
s p e c t r u m  of  the  p r ima ry  a lcohol  t h a t  it can 
ha rd ly  be used as a means  of  d is t inguishing 
b e t w e e n  the  two  isomers .  A s tudy  (6)  of the  
negat ive  ion spect ra  of  p r imary ,  secondary  and  
te r t i a ry  bu tano l s  has  ind ica t ed  l i t t le  change in 
the  mass spectra  o t h e r  t h a n  ion in tens i ty  
changes.  This  same s tudy  (6)  and  also the  
spect ra  of  p r imary  and  secondary  oc tanols  
r e p o r t e d  here  ind ica t ed  t ha t  b ranch ing ,  
a l t h o u g h  d imin i sh ing  the  in tens i ty  of  the  P-1 
ion ,  did no t  p reven t  posi t ive  iden t i f i ca t ion  of  
th is  ion.  This is ce r ta in ly  no t  t rue  for  the  
posi t ive ion spectra  of  h ighly  b r a n c h e d  a lcohol  
c o m p o u n d s  (9 ,11) .  The  exact  c o m p o s i t i o n  of  
ions  46 and  57 could  no t  be d e t e r m i n e d  by  
mass measur ing  bu t  the i r  qu i te  s t rong  in ten -  
sities, especially in  the  longer  cha in  l eng th  
a lcohols ,  suggests t h e y  con t a in  t he  oxygen  
a tom,  i.e., C 2 H 6 0  and  C 3 H 5 0 ,  respect ively.  As 
a general  obse rva t ion ,  it was f o u n d  t h a t  the  
longer  chain  l eng th  a lcohols  gave a more  in tense  
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negative ion spectra for the same sample pres- 
sure than did the lower alcohols. 

Stra ight  Chain A ldehydes  

The negative ion mass spectra for the series 
n-heptanal to n-octadecanal were obtained. 
Figure 2 illustrates some typical spectra. The 
spectra are much more simple than those of the 
corresponding alcohols, being dominated by the 
P-1 ion. The spectra indicate the ease with 
which the nominal molecular weight of n-aide- 

hydes can be obtained. Because of the high 
sample pressure, ion-molecule reactions some- 
times resulted in ions with a mass greater than 
that of the P-1 ion. The ions were of low 
intensity (<  1%) and would appear at [(P-l) 
+15] and at [(P-l) +16].  As with the alcohol 
spectra, the intensity of the negative ion spectra 
was greatest for the higher molecular weight 
aldehydes. Also the spectra of the aldehydes 
were more intense than the corresponding alco- 
hol for the same sample pressure. The 
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simplicity of the aldehyde negative ion spectra 
offers an excellent method for identifying com- 
ponents of mixtures of these aldehydes. 

Glycols 

This class of compounds typically has 
molecular ions of negligible intensity in positive 
ion mass spectrometry (9). Figure 3 illustrates 
the spectra of some of the glycols studied. 
Although in several cases the P-1 ion was of low 
intensity (e.g., glycol) it could easily be identi- 
fied and enabled determination of the 
molecular weight of the glycol involved. Other 
ions in the spectra include 16 (O-), 17 (OH-), 
25 (C -- CH-), 43 (C2H30-), 57 (C3H50-), 71 
(C4H70-). 

Miscellaneous Alcohols and Aldehydes 

To test the general applicability of negative 
ion mass spectrometry, a number of nonali- 
phatic alcohols and aldehydes were studied. 
Table I lists some of the results. 2-Phenyl-pro- 
panal, cinnamaldehyde, 3(4-isopropylphenyl)- 
2-methyl-propanal, and benzaldehyde gave the 
uncomplicated negative ion mass spectra which 
are typical of the long chain aldehydes. Except 
in the case of 2-phenyl-propanal, the P-1 ion 
was the base peak for the aldehydes with all 
other ions having an intensity of < 5%. Cylco- 
hexanol and benzyl alcohol had spectra similar 

to n-heptanol in that the P-1 ion was approxi- 
mately 50% of the base ion m/e 16. 

This study of the applicability of negative 
ion mass spectrometric analysis to the identifi- 
cation of alcohols and aldehydes has shown 
that the technique has promise. Although little 
molecular structural information can be 
deduced from negative ion mass spectra because 
of the limited number of fragment ions, the 
technique does enable a positive determination 
of the nominal molecular weight of the alcohol 
or aldehyde. Negative ion mass spectrometry, 
then, complements positive ion mass spectro- 
metry. 

Figure 4 illustrates the negative ion mass 
spectrum of an equi-volume mixture of alcohols 
and aldehydes containing heptanol through to 
dodecanol, heptanal through to dodecanal, 
h e n d e c - 1 0 - e n - l - o l  and hendec-10-en-l-al. 
Because of the simplicity of the negative ion 
mass spectra of these compounds, it is possible 
to identify each compound (except hendec-l-al 
and hendec-10-en-l-ol which have the same 
nominal mass) in the 14 component mixture. 
The ion at 139 indicates the presence of 
hendec-10-en-l-ol (Fig. 1). The positive ion 
mass spectra of long chain aldehydes (10) con- 
tain too many interfering ions from fragmenta- 
tion reactions to permit a similar analysis of a 
14 component mixture. 
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Hydroxystearic Acid Deposition and Metabolism in Rats 
Fed Hydrogenated Castor Oil 1 
R.G. BINDER, A.N. BOOTH, D.J. ROBBINS and G. FULLER, 
Western Regional Research Laboratory 2, Albany, California 94710 

ABSTRACT 

Groups of rats were fed diets con- 
taining corn oil, 1% hydrogenated castor 
oil (principal constituent:  12-hydroxy- 
stearic acid) or 10% hydrogenated castor 
oil. Rats were sacrificed after 4, 8, 12 and 
16 weeks for determination of hydroxy  
fat ty acids in excised abdominal adipose 
tissue or in lipid extracted from lyo- 
philized carcass. Maximum content of  
hydroxystearic  acid was 4.4% in adipose 
tissue of rats four weeks on the 10% 
hydrogenated castor oil diet. When rats 
on hydrogenated castor oil diets were 
switched to the corn oil diet, hydroxy-  
stearic acid was depleted from their 
t i s s u e s .  1 0 - H y d r o x y p a l m i t i c  and 
8-hydroxymyrist ic  acids were character- 
ized as metabolites of 12-hydroxystearic 
acid. No adverse effects of diets were 
observed except reduced growth in rats 
given 10% hydrogenated castor oil diet. 

INTRODUCTION 

Hydrogenated castor oil, a hard waxlike 
solid, mp 87 C, has the potential  of imparting 
good functional properties to food products. It 
and derivatives of hydroxystearic  acid, its 
principal constituent,  are being tested as 
emulsifiers, as thickeners and as antistaling 
agents for baked goods. Determining the effects 
of its ingestion is thus desirable. 

Considering castor oil and hydrogenated 
castor oil as food ingredients may seem strange. 
Yet castor oil has been used in China as a frying 
oil (1) and is occasionally used in India to 
adulterate peanut oil. Small doses of castor oil, 
taken as part of the diet, are usually non- 
cathartic (2,3); for effective purgation it is 
usually taken on an empty  stomach. The 
purgative action apparently depends on the 
accumulation of free ricinoleic acid in the small 
intestine (3,4). Hydrogenated castor oil, with 
ricinoleic acid converted to 12-hydrox~'stearic 
acid, is noncathartic (3). Other foods that  con- 

1presented at the AOCS Meeting, New York, 
October, 1968. 

2Western Utiliz. Res. & Dev. Div., ARS, USDA. 

tain hydroxy  fatty acids are apples (5,6), pears 
(5) gooseberries and blackcurrants (6), milk fat 
of cows, goats, sheep and humans (7), and royal  
jelly (8). 

Most investigations of the effects of ingested 
hydroxy  fat ty acid have utilized ricinoleic acid, 
triricinolein, or castor oil, but  two investi- 
gations involve 12-hydroxystearic acid. Perkins 
et al. (9) found 6.1% hydroxy  fat ty acids in the 
carcass fat ty acids of rats fed 12-hydroxystearic 
acid as 8.4% of their diet and 70% of their fat 
intake for 59 days. Their results also indicated 
that nonhydroxy monoenoic acids might have 
been directly formed from 12-hydroxystearic 
acid. However, Elovson (10) found no evidence 
for a specific dehydration of hydroxystearic 
acid to an unsaturated analog. Labeled, serum- 
b o u n d  hydroxystear ic  acids intravenously 
administered were rapidly broken down and 
nonhydroxy acids were then apparently syn- 
thesized from acetate (10). Perkins had recently 
(1  1) rei terated that hydroxystearic and 
ricinoleic acids are converted to monoenoic 
acids but has yet  to offer substantial evidence 
of this. 

Ingested ricinoleic acid is also rapidly 
metabolized. Stewart and Sinclair (2) fed adult 
rats a diet containing 48% castor oil (about 85% 
ricinoleic acid) for 25 to 40 days and found 
that less than 2% of the absorbed ricinoleic acid 
was deposited in fat. Ricinoleic acid consti tuted 
7% of the fat ty acids of adipose tissue but 
seemed to be absent from phospholipids of the 
small intestine, liver and skeletal muscle. 
Watson and co-workers (I 2,13) found that the 
maximum degree of ricinoleic acid incorpo- 
ration in adipose tissue was about 10%, and 
they state that  none was found in liver, brain or 
phospholipid. Withdrawl of castor oil from the 
diet caused rapid loss of  ricinoleic acid from 
tissues (12). Fur ther  work (4,13) showed that 
humans can absorb castor oil and ricinoleic 
acid. After feeding rats ricinoleic acid or castor 
oil, Uchiyama and co-workers (14,15) isolated 
ricinoleic acid and also hydroxyhexadecenoic,  
hydroxytet radecenoic  and hydroxydodecenoic  
acids from fat tissue. The lat ter  acids were con- 
sidered to be identical with metabolites of 
ricinoleic acid digested by Escherichia coli, one 
of which was characterized as 8-D-(+)-hydroxy- 
cis-5-tetradecenoic acid (16). 8-Hydroxytetra- 
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FIG. 1. Growth of rats on corn oil and hydro- 
genated castor oil diets. 

decenoic and 6-hydroxydodecenoic acids were 
final products of ricinoleic acid metabolism by 
E. coli, but some strains of Candida degraded 
ricinoleic acid completely (17,18). Castor oil- 
fed rats grew at a rate similar to that of rats fed 
corn oil and showed no abnormalities at 
autopsy (3). 

Another oxygenated fatty acid that can be 
deposited in adipose tissue is vernolic acid. Fat 
pads containing 6.1% epoxyoleic acid were 
found in rats fed trivernolin at the 4.8% level in 
the diet for 90 days (19). 

From our experiments we wished to deter- 
mine whether rats on diets containing hydro- 
genated castor oil would absorb hydroxystearic 
acid and incorporate it, whether rats on these 
diets would grow normally, and whether 
deposited hydroxystearic acid would be 
metabolized. 

EXPERIMENTAL PROCEDURE 

Preliminary Feeding Trial 

In a 90 day subacute toxicity feeding trial, 
weanling female rats (three per group) were fed 
diets containing 0%, 5%, 10% and 20% hydro- 
genated castor oil (HCO). The HCO in the form 
of a granulated powder was added at the 
expense of equal amounts of a commercial rat 
diet. Prior to autopsy, blood samples were 
taken for hematological study. At autopsy, 
organ weights were recorded and numerous 
tissues were preserved in 10% formaldehyde for 
microscopic pathological examination. The 
only abnormality noted was a reduced growth 
rate in the rats fed diets containing 10% and 
20% HCO. The HCO is probably poorly 
digested because of its high melting point, so 
poor body weight gains may be due to the 
lower caloric density of the diets containing 
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FIG. 2. GLC analysis of lipid hydroxy acid esters 
from rats fed corn oil and 10% hydrogenated castor oil 
f o r  16 weeks. Nearly equivalent amounts of sample 
were injected. Unmarked peaks represent unidentified 
esters. 

10% or more of this material. As a check on 
this premise, the above trial was repeated but 
the HCO was dissolved in corn oil before being 
added to the diet. The levels of HCO fed were 
0%, 1%, 5% and 10% of the diet, and the 
amounts of corn oil added to each diet were 20, 
19, 15 and 10%, respectively. The rats were 
autopsied after being fed these diets for 90 
days, at which time growth of rats fed 10% 
HCO seemed equivalent to that of rats on other 
diets. Again, no adverse effects were detected as 
indicated by organ weights and results of 
hematological and microscopic pathological 
examinations. 

Animals and Diets 

A total of 90 young albino male rats 
(Slonaker substrain of Wistar strain), ranging in 
weight from 43 g to 83 g, were segregated into 
groups of six to give the same mean weight per 
group. Food and water were supplied ad lib. 
and weekly records of individual body weights 
and food intake by groups were maintained. 

The diet fed contained either 20% corn oil 
(control diet) or 1% hydrogenated castor oil 
and 19% corn oil (1% HCO diet) or 10% HCO 
and 10% corn oil (10% HCO diet). Eighty per 
cent of each diet was Purina Laboratory Chow. 
The HCO was melted and mixed with the corn 
oil, then blended with the chow. After eight 
weeks of feeding, half of the groups of rats on 
HCO diets was given the corn oil diet until  the 
end of the experiment at 16 weeks. 

The fatty acids of our sample of HCO were 
86.5% 12-hydroxystearic acid, 10.3% non- 
oxygenated acids, and 3.2% 12-ketostearic acid 
( f o r m e d  d u r i n g  h y d r o g e n a t i o n  f r o m  
12-hydroxystearic acid). 
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TABLE I 

Mean Hydroxy Fatty Acid Content of Rats (Eight-Week Feeding) a 

Wt per cent of carcass Wt per cent of 
Diet Lipid sample fatty acids b Mg in rats b dry carcass b 

Corn oil Carcass .043 7.4 .0113 
lipids (.020) (3.4) (.0055) 

1% HCO Abdominal fat .34 
Carcass .27 54.6 .082 

lipids (.04) (19.3) (.023) 

10% HCO Abdominal fat 4.03 
Carcass 2.25 314 .52 

lipids (.54) (106) (. 12) 

aThe hydroxy acids considered are only those whose esters have a GLC retention time 
equivalent to hydroxystearate, hydroxypalmitate, hydroxymyristate or hydroxylaurate. 

bStandard deviations are given in parenthesis. 

Preparation and Analysis of Lipid Samples 

Either excised abdominal fat or extracted 
carcass lipid was analyzed. After four weeks, 
three rats on the 1% HCO diet were autopsied 
and their excised abdominal adipose tissue was 
combined. Three rats on the 10% HCO diet 
were treated similarly. At eight weeks and 
twelve weeks, sets of three rats on the corn oil 
diet were also used. At sixteen weeks, adipose 
tissue was not pooled; analyses were made of 
adipose tissue from rats on these diets: corn oil, 
1% HCO, 10% HCO, 1% HCO changed to corn 
oil at eight weeks and 10% HCO changed to 
corn oil at eight weeks. 

Lipids were extracted from three rats on 
each diet after eight, twelve and sixteen weeks. 
After the rats were autopsied, their hair, tails 
and intestinal contents were removed. The 
carcasses were then minced, lyophilized and 
ground. A 10 g portion of each was extracted 
with ether in a Soxhlet extractor. Extractions 
of duplicate samples were reproducible to 
within 4-5%. 

Excised and extracted lipids were saponified 
with potassium hydroxide solution (1/2 g 
potassium hydroxide pellets, 1 ml water and 1 
ml methanol/g of sample) at 60 C for 30 min. 
Nonsaponifiable lipids were extracted with 
ether. Acids were recovered and weighed, then 
esterified with 1% sulfuric acid in methanol 
(sixtyfold molar excess). After removal of most 
of the methanol on a rotary evaporator, the 
mixtures were partitioned between water and 
e t h e r ,  from which methyl esters were 
recovered. 

Esters (2-4 g) were chromatographed on a 
silicic acid column prepared from 50 g dried 
silicic acid, 100 ml benzene and 35 ml of 20% 
methanol in benzene (20). For elution we used 
275 ml of 1% methanol in benzene, 150 ml of 

4% methanol in benzene and 150 ml ether. 
Portions of eluate were combined to form three 
fractions: a fraction of nonoxygenated esters 
(first 200 ml, contains 94-99% of sample), a 
fraction that would contain any methyl keto- 
stearate (next 190 ml) and a fraction containing 
hydroxy esters (remainder of eluate). The 
boundary between the latter fractions was 
usually determined by monitoring separations 
by use of a Silica Gel G thin layer chromato- 
graphic (TLC) strip. A strip was spotted with 3 
/al of eluate from consecutive 10 ml portions, 
sprayed with 20% sulfuric acid solution, heated 
and observed under UV light. Analyses of  
hydroxy ester fractions were performed on a 3 
ft x 1/8 in. diameter column of 10% FFAP 
(Free Fatty Acid Phase-a  reaction product of 
Carbowax 20 M and 2-nitroterephthalic ac id -  
Varian-Aerograph) on 70/80 dimethylchloro- 
silane-treated Chromosorb W programmed at 
7.5 deg/min from 200 to 270 C with helium 
flow 30 ml/min in a F & M Model 720 dual 
column gas chromatograph. Chromatograms 
were obtained that showed relative amounts of 
hydroxy esters. Measured amounts of methyl 
eicosanoate were then added to the hydroxy 
ester fractions and chromatograms were 
obtained that were used to calculate the 
amount of methyl 12-hydroxystearate in the 
fraction. From this, the amounts of methyl 
h y d r o x y p a l m i t a t e ,  hydroxymyristate and 
hydroxylaurate were calculated. 

Characterization of Metabolites of 
12-Hydroxystearic Acid 

Hydroxy ester fractions from rats fed HCO 
were pooled and dissolved in heptane. The 
solution was chilled to below-50 C, then solids 
were filtered from it. Chromatography of the 
solids on a sflicic acid column provided a partial 
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TABLE II 

Mean Hydroxy Fatty Acid Content of Rats (12-Week Feeding) a 

835 

Wt per cent of carcass Wt per cent of 
Diet Lipid sample fatty acids b Mg in rats b dry carcass b 

Corn oil Abdominal fat .027 
Carcass .022 7.5 .0081 

lipids (.003) (3.1) (.0021) 

Abdominal fat .36 1% HCO for 
12 weeks Carcass .29 110.0 .109 

lipids (.08) (49.8) (.037) 

1% HCO for Abdominal fat .087 
8 weeks, then Carcass .079 26.3 .028 
corn oil for lipids (.007) (2.9) (.001) 
4 weeks 

10% HCO for Abdominal fat 2.28 
12 weeks Carcass 1.81 564 .61 

lipids (. 10) (154) (.09) 

10% HCO for Abdominal fat .87 

8 weeks, then Carcass .27 85.3 .09 
corn oil for 
4 weeks lipids (.01) (40.3) (.04) 

aThe hydroxy acids considered are only those whose esters have a GLC retention time equivalent 
to hydroxystearate, hydroxypalmitate, hydroxymyristate or hydroxylaurate. 

bStandard deviations are given in parenthesis. 

separat ion of  12-hydroxystearate  f rom a con- 
centrate  of  hyd roxy  esters wi th  chain lengths 
shorter  than that  of  12-hydroxystearate .  F r o m  
this concent ra te  a c o m p o u n d  wi th  the re ten t ion  
t ime of  methy l  hyd roxypa lmi t a t e  was isolated 
by preparative gas l iquid chromatography  
(GLC) on a 1/4 in. d iameter  d ie thyleneglycol  
succinate column.  This was purified by saponi- 
f icat ion,  reester if icat ion,  preparative TLC and 
t r ea tment  with decolor iz ing carbon whereupon  
it did no t  show an impur i ty  on analysis by GLC 
or TLC. Its mass spec t rum showed that  it was 
me thy l  10-hydroxypalmi ta te  (21) and at least 
99% pure.  The c o m p o u n d  wi th  the re ten t ion  
t ime of  methy l  hyd roxymyr i s t a t e  was also iso- 
lated by  preparative GLC but  was no t  fur ther  
purified.  Its mass spec t rum showed that  it was 
me thy l  8 -hydroxymyr i s ta te  of  85-95% purity.  
No a t t empt  was made to col lect  the c o m p o u n d  
that  is presumably me thy l  6-hydroxylaurate .  

RESULTS AND DISCUSSION 

Live weight data were statistically analyzed 
to indicate  the inf luence of  diet. Differences in 
initial weight were r emoved  in order to com- 
pare live weights on the basis of  the same initial 
weight  for each rat. Weights of all rats living at 
a part icular  t ime were included in calculat ions 
o f  average weight and weight  gain. The n u m b e r  

of  rats on each HCO diet living at 4, 8, 12 and 
16 weeks was 33, 30, 12 and 6 rats. The cor- 
responding number  for rats on the corn oil diet 
are 15, 15, 12 and 6 rats. Figure 1 depicts  the 
growth  of  rats on the corn oil, 1% HCO and 
10% HCO diets. At  four  weeks and at eight 
weeks, live weight differences due to di f ferent  
diets were not  significant at the  95% level. At  
12 weeks, rats given the 10% HCO diet  weighed 
significantly less than rats given ei ther  the  corn 
oil diet  or  1% HCO diet. At  16 weeks,  the 
weight  gain wi th  the corn oil diet was signifi- 
cantly greater than the corresponding gain wi th  
the  10% HCO diet or wi th  the 10% HCO diet 
for  eight weeks changed to  the  corn oil diet for  
eight weeks. There was no statist ically signifi- 
cant difference in weight gain of  rats on the  1% 
HCO diet f rom weight gain of  rats on the corn 
oil diet .  Because of  the  high variabil i ty of  
weight  data for rats in a group and the  small 
size of  our  samples, we are unable to specify 
any o ther  growth trends. 

An explanat ion  for the lesser growth  of  rats 
on the  10% HCO diet is that  the  HCO may have 
been diff icult  to absorb;  bo th  HCO and 
12-hydroxystear ic  acid mel t  above 8 0 C .  In 
a t tempts  to feed rats HCO not  in admixture  
with corn oil, most  o f  the  HCO was no t  
absorbed.  Using the rat caloric availability assay 
as described by Rice et al. (22),  we found  that  
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TABLE III 

Mean Hydroxy Fatty Acid Content of Rats (16-Week Feeding) a 

Wt per cent of carcass Wt per cent of 
Diet Lipid sample fatty acids b Mg in rats b dry carcass b 

Abdominal .020 
Corn oil fat (.002) 

Carcass .023 9.4 .0090 
lipids (.016) (6.1) (.0061) 

Abdominal .33 
1% HCO for fat (.15) 
16 weeks Carcass .28 142.7 .12 

lipids (.02) (16.6) (0) 

1% HCO for Abdominal .048 
fat (.011) 8 weeks, then 

corn oil for 
8 weeks Carcass .042 16.8 .016 

lipids (.038) (16.0) (.014) 

10% HCO for Abdominal 1.67 
fat (.08) 16 weeks Carcass 1.91 666 .68 

lipids (.29) (196) (.I 5) 

10% HCO for Abdominal .12 
8 weeks, then fat (.03) 
corn oil for 
8 weeks Carcass .10 25.3 .028 

lipids (.05) (8.3) (.007) 

aThe hydroxy acids considered are only those whose esters have a GLC retention time equivalent 
to hydroxystearate, hydroxypalmitate, hydroxymyristate or hydroxylaurate. 

bStandard deviations are given in parenthesis. 

only 9-14% of the powdered  HCO was digested 
and, consequent ly ,  the caloric availability value 
was only 18% of  the value for  an equivalent  
amount  of  corn oil. When a HCO-corn  oil b lend 
(1:3)  was fed, the digestibil i ty values ranged 
f rom 27-64%, depending on the level fed. I t  
seems unl ikely that  the  hyd roxy l  func t ion  in 
these compounds  chemical ly  inhibits  g rowth  
because rats fed glycerides o f  r icinoleic acid as 
9-10% of  the diet,  ad lib. or in measured 
amounts ,  gained 0.97 the  weight  of  rats fed 
corn oil (3,9). 

Hydroxys tear ic  acid was deposi ted in 
abdominal  fat and in o ther  body  lipids. In all 
cases it was accompanied  by  its metabol i tes ,  
hyd roxypa lmi t i c  acid, hydroxymyr i s t i c  acid 
and hydroxylaur ic  acid (Fig. 2). In rats four  
weeks on the 1% HCO diet, abdominal  fat  fa t ty  
acids were 0.90% by weight  HCO-derived 
h y d r o x y  acids, but  this p ropor t ion  decreased to  
about  0.35% in the 8-16 week period (Tables 
I-III). Acids obta ined f r o m  carcass lipids 
(carcass fa t ty  acids) conta ined  a smaller pro-  
por t ion  of  HCO-derived h y d r o x y  acids than did 
abdominal  fa t ty  a c i d s - a b o u t  0.28% in the 8-16 
week period.  Therefore ,  i t  appears that  there  is 
a greater concent ra t ion  of  hyd roxy  acid in 

abdominal  fat than in the rest of  the body  
lipids. The greatest  con ten t  of  HCO-derived 
hyd roxy  acids in lipid was 4.4% hydroxy  acids 
in abdominal  fat of  rats four  weeks on the 10% 
HCO diet.  This p ropor t ion  decreased during the 
fol lowing weeks and at 16 weeks was less than 
2% (Table l i D - a p p r o x i m a t e l y  the same as in 
the carcass lipids. H y d r o x y  acids as a per- 
centage of  the  dry carcass weight increased 
during the 8-16 week per iod in rats on bo th  
diets. Using a diet comparable  to our 10% HCO 
diet, Perkins et al. (9) found 6.1 + 3.6% 
h y d r o x y  acids in carcass fa t ty  acids after eight 
weeks. Their  result  is apparent ly  based on the 
acetyl value of  unfrac t ionated  esters. However ,  
we found that  a polar  ester f ract ion f rom rats 
on the corn oil diet,  isolated by chromato-  
graphy on silicic acid, const i tu ted  0.6-2.2% of  
the lipid esters and consisted of  hydroxy la ted  
material ,  as indicated by polar i ty ,  IR spectra 
and hydroxy l  values. Similar material  is part of  
the h y d r o x y  ester f ract ion f rom rats fed HCO 
diets (Fig. 2); therefore ,  use of  acetyl  value 
would  not  measure accurate ly  the conten t  of  
HCO-derived hydroxy  esters in carcass fa t ty  
acid esters. 

Rats on the corn oil  diet  apparent ly con- 
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ta ined  hydToxys tear ic  acid;  a c o m p o n e n t  of  
the i r  h y d r o x y  es ter  f r ac t ion  had  the  GLC 
r e t e n t i o n  t ime  of  h y d r o x y s t e a r a t e  (Fig. 2). I t  
cons t i t u t e s  less t h a n  0 .05% of  the  t o t a l  esters 
(Tab le  I-III). We have no t  t r ied  to  isola te  and  
iden t i fy  i t  bu t  previous  work  suggests several 
possible  ident i t ies .  K i sh imo to  et  al. (23)  f o u n d  
a series of  sa tu ra ted  and  u n s a t u r a t e d  2 - h y d r o x y  
f a t t y  acids in var ious ra t  tissues. Aged  liver 
mic rosomes  can conver t  s tearic  acid to  
18 -hydroxys tea r i c  acid and  17-hydroxys tea r i c  
acid (24) ,  bu t  such  a convers ion  has  n o t  b e e n  
d e m o n s t r a t e d  in the  i n t ac t  rat .  Ra t  l iver h o m o -  
genates  wh ich  c o n v e r t e d  s tear ic  acid to  oleic 
acid conve r t ed  1-2% of  the  stearic  acid to  a 
m i x t u r e  of  h y d r o x y s t e a r i c  acids,  i nc lud ing  
10-hydroxys tea r i c  acid (25) .  The  same acid was 
p r o d u c e d  f rom oleic acid by  some micro-  
organisms (26) .  10-Hydroxys tea r i c  acid is also 
syn thes ized  in the  in te s t ine  and  is f o u n d  in 
h u m a n  (27 ,28) ,  can ine  (29)  and  ra t  (30)  fecal 
lipids. 

When  rats  were changed  f r o m  HCO to the  
co rn  oil diet ,  t h e  a m o u n t  of  HCO-der ived 
h y d r o x y  f a t t y  acids in  the i r  t issues decreased  
rapid ly .  At  eight  weeks,  ra ts  on  the  1% HCO 
diet  had  an average h y d r o x y  f a t t y  acid c o n t e n t  
of  54 .6  mg (Table  I). Af t e r  the  change  to  t he  
co rn  oil diet ,  average h y d r o x y  f a t t y  acid con-  
t e n t  was 26.3 mg at  12 weeks  and  16.8 mg at 
16 weeks.  Loss of h y d r o x y  f a t t y  acid f r o m  ra ts  
on  t he  10% HCO diet  was more  p r o n o u n c e d .  
The  average c o n t e n t  of  314 mg at  e ight  weeks  
d r o p p e d  to  85.3 mg at 12 weeks  (Table  II)  and  
25.3 mg at 16 weeks  (Table  III).  T he  rate  of  
d i sappearance  of  the  h y d r o x y  acids was rough ly  
p r o p o r t i o n a l  to  the  a m o u n t  presen t .  

D e g r a d a t i o n  of  12-hydroxys tea r i c  acid 
occurs  by  successive losses of  t w o - c a r b o n  un i t s  
f r o m  the  ca rboxy l  end  of  the  f a t t y  acid chain.  
We have ident i f ied  t he  me tabo l i t e s  10-hydroxy-  
pa lmi t i c  acid and  8 - h y d r o x y m y r i s t i c  acid by  
t he i r  mass spectra .  Per  cen t  c o m p o s i t i o n  of  the  
HCO-der ived  h y d r o x y  f a t t y  acids in  ra t  l ipids is 
a p p r o x i m a t e l y  81% 12-hydroxys t ea r i c  acid,  
17% 10 -hyd roxypa lmi t i c  acid,  1.6% 8 -hydroxy-  
myr i s t i c  acid and  0.4% 6 -hydroxy lau r i c  acid.  
Our  resul ts  parallel  t hose  o f  U c h i y a m a  et el. 
( 14 ,15 )  who  fed r ic inole ic  acid and  t h e n  f o u n d  
sho r t e r  chain  u n s a t u r a t e d  h y d r o x y  f a t t y  acids 
in  ad ipose  tissue. 

Ke tos tea r ic  acid is a p p a r e n t l y  m e t a b o l i z e d  at 
t he  same rate  as h y d r o x y s t e a r i c  acid.  The  ra t io  
of  12-ketos tear ic  acid to  12 -hydroxys tea r i c  acid 
in the  diet  was 0 .037.  In ra ts  on  the  10% HCO 
die t  for  16 weeks,  th i s  ra t io  was 0 .040 .  
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Fatty Acid Composition of the Living Layer and Stratum 
Corneum Lipids of Human Sole Skin Epidermis 
M.N.A. ANSARI, N. NICOLAIDES and H.C. FU 1, University of Southern California 
School of Medicine, Los Angeles, California 90033 

ABSTRACT 

Lipids from the living layer and 
stratum corneum of human sole epi- 
dermis were extracted, saponified and the 
fatty acids analyzed. The proportion of 
fatty acids to unsaponifiables (mainly 
cholesterol), was higher in the living layer 
than in the stratum corneum. Fatty acids 
of the living layer and stratum corneum 
of human sole epidermis comprise satu- 
ra tes ,  monoenes, dienes, traces of 
polyenes and a-hydroxy fatty acids. 
Homologs of monoenoic and dienoic 
fatty acids for both living layer and 
stratum corneum llpids have a similar dis- 
tribution. C 16 and C 18 were major com- 
ponents for each type of acids. There 
appeared to be two clusters, especially for 
saturates of both living layer and stratum 
corneum acids. One of these clusters 
ranged from C12 to C20 with C16 or C18 
as a maximum and the other ranged from 
C21 to C30 with C24 as a maximum. The 
proportion of saturated acids with chain 
length C20 and above was much higher in 
the stratum corneum than in the living 
layer. Position isomers of the monoenoic 
fatty acids for both the living layer and 
stratum corneum show a predominance 
of 609 acids, due to the overwhelmingly 

1present address: Calbiochem, Inc., 1840 N. Soto 
St., Los Angeles, Calif. 90032 

large amount of oleic acid. Linoleic acid 
was by far the major component of the 
dienoic acids. Homolog distribution of 
a-hydroxy fatty acids for the living layer 
was similar to that of the stratum 
corneum and again two clusters of acids 
below and above C20 with maxima at 
C16 and C24 were noticeable. Com- 
parison of epidermal acids with those of 
sebaceous glands showed that each tissue 
can synthesize the same kind of acids but 
in widely different amounts. Oxidation of 
palmitate and stearate could supply the 
necessary energy for the late stages of 
keratinization. 

INTRODUCTION 

In a process called keratinization, epidermal 
cells of human and animal skin undergo a 
degradation with the concomitant formation of 
a tough, protective protein called keratin. A 
major function of the llpids of these cells is to 
serve as membrane constituents. These lipids 
are synthesized by cells of the inner part of the 
epidermis (living layer), and are probably 
modified as the ceils proceed outward into the 
stratum corneum (dead layer). Ultimately the 
end products of this process contribute to skin 
surface lipids. 

Epidermal cells can also differentiate to 
form sebaceous glands. These glands produce 
sebum, an oily product made up of lipids with 

TABLE I 

Lipid Yield From Parts of Human Sole Epidermis 

Sample a Fraction Living layer Stratum c o r n e u m  

1 Crude lipid b 100% (16 mg) 100% ( 74 mg) 
Recovered lipid c 71% 80.5% 
Fatty acids 50% 33.9% 
Unsaponifiables 50% 66.1% 

2 Crude lipid b 100% (62 mg) 100% (143 mg) 
Recovered lipid c 65.5% 82.6% 
Fatty acids 44.3% 29.2% 
Unsaponifiables 55.7% 70.8% 

aFor identification of samples see Figure 1, footnote a. 
bTotal yield from CHC13/MeOH extracts, see Figure 1, footnote c. 
CTotal weight of fatty acids plus unsaponifiables divided by weight of crude lipid. 
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HUMAN SOLE SKIN FROM 
AN AMPUTATED LIMB a 

NH3 CH~MBERsb ~ DERMI S 

EPI !ERMIS J AR!A b 

PLACED DERMIS SIDE DOWN ON PAPER~MOISTENED WITH TRYPSIN SOLUTION b 

STRATUM CORNEUM ~ ~  ~ - " - ~ L I V I N G  LAYER 

CRUDE LIPIDS c 

1 
SAPONIFIED, d,e ACIDIFIED 1H2SO41 

AND EXTRACTED (ETHER) 

--TOTAL LIPIDS 

CHROMATOGRAM I: ALKALINE SILICIC ACID g 

ELUENTS: I- 3% MeOH IN CHCI3~I~HCO2H/MeOH/CHCI 3 ~1 
10/30/60 PARTS BY VOL. 

COLLECTED 1 
FRACTIONS h: UNSAPONIFIABLES FATTY ACIDS + POLAR MATERIAL 

1 
BF 3 (MeOH) 

METHYL 1 ESTERS 
CHROMATOGRAM I1: SILICIC ACID I 
ELUENTS: I~HEXANE ~ 1 "  30% BENZENE~ I -  CHCI 3 -  - I -  MeOH .I 

COLLECTED 1 IN[ HEXANE [ j 

FRACTIONS : HYDROCARBON UNSUBSTITUTED O~HYDROXY FATTY A C I D  UNIDENTIFIED 
CONTAMINANTS FATTY ACID METHYL ESTERS, ETC. POLAR MATERIAL 

(TRACES) METHYL ESTERS ~. 
I G[C J 

CHROMATOGRAM I I1:  AgNO 3 . SILICIC ACID k 

ELUENTS: I ~  BENZENE IN HEXANE *1- - - C H C I  3 . I  
15% 30% 50% | 

COLLECTED 1 l 1 
FRACTIONS: SATURATES MONOENES DIENES TRIENES AND 

J ~ / POLAR MATERIAL 

PREPARATIVE GLC 1 
ALL GROUPS ANALYZED J 

l 

BY GLC BEFORE AND 
AFTER HYDROGENATION 

OZONOLYSIS OF COLLECTED FRACTIONS 
AS WELL AS TOTAL SAMPLE ALIQUOTS 

ALDEHYDES ALDESTERS 

CRUDE LIPIDS c 

SAPONIFIED ' 
UNSAPONIFIABLES ~ " L  FATTY ACIDS 

BF 3 (MeOH) 

Me ESTERS 

CHROMATOGRAPHED 
AS IN CHROMATOGRAM II, 

ETC. 

FIG. 1. Isolation and analysis of fatty acids from the living layer and stratum corneum of human 
sole epidermis. 

aOne sample (called Sample 1 in the Tables) from a patient with osteosarcoma of the right tibia, 
another (called Sample 2) from a patient with a tumor of the hip. Skin was removed from the bottom 
of the foot with care not to contaminate it with subcutaneous fat from the knife, wrapped in 
aluminum foil, then stored at -20 C until work up. Although the samples were primarily from the sole 
of the foot and are designated as sole skin thr6ughout this paper, the samples included skin from the 
heel as well. 

bSeparation of epidermis from dermis after exposure to NH~ fumes, determination of area, sepa- 
ration of living layer from stratum comeum by exposure of epidermis to trypsin, and extraction of 
lipids with CHC13/MeOH, 2/1 by vol were as previously described (3,4). 

CThe crude lipids were unwashed and therefore contained nonqipid material. Yields are in Table I. 
dSaponifications were as in reference 5. 
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eFor stratum corneum the unsaponifiable matter could not be separated from fatty acids by 
extraction with ether from the alkaline saponification mixture because of excessive emulsions, hence, 
the necessity of Chromatogram I. 

fFor living epidermis the unsaponifiable matter could be separated from fatty acids by ether 
extraction. Fatty acids were extracted after acidification in the normal manner. They contained small 
amounts of polar material removed by subsequent chromatography. 

gas described in references 5 and 6. 
hCompleteness of separation of unsaponifiables from fatty acids verified by TLC. Plates of silica 

gel plain/MgSiO3 9/1 (Ref. 5) spotted then developed to Rf = 0.5 with ether/HA c, 99/1 then dried 10 
min and redeveloped to Rf = 1.0 with hexane/ether 95/5. 

1Column 1 x 14 cm packed with 4.5 g silicic acid (Unisil 100-200 mesh Clarkson Chem. Co., 
Williamsport, Pa.). Loading factor 7 mg (or less) methyl esters per gram of Unisil. 

JBesides TLC data these acids were identified as 0t hydroxy fatty acids by GLC as in reference 7. 
kThe adsorbent was made from 100 g of Unisil (100-200 mesh) added to a beaker containing 7 g 

AgNO 3 (Matheson Coleman and Bell, Rutherford, N.J.), dissolved in 100 ml water. The slurry was 
heated with gentle mixing until it was free flowing then dried in an oven at 115 C for 24 hr, cooled 
and while still warm transferred to a brown bottle and tightly stoppered. Just prior to packing the 
column, 5 g of the adsorbent was deactivated by adding 1 ml of water and mixing thoroughly in a 
small brown bottle. The adsorbent was packed into a column 1 x 14 cm i.d. as a slurry in hexane and 
the column protected against light with aluminum foil. Loading factor was 5 mg (or less) methyl esters 
per gram of adsorbent. 

1As described in references 8 and 9. 
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many unusual features (1). Since the stratum 
comeum normally soaks up sebum, it is diffi- 
cult to obtain epidermis free of sebum. How- 
ever, if the skin sample is taken from either the 
palms or soles where sebaceous glands are 
absent, contamination with sebum is mini- 
mized. To obtain epidermis from skin it must 
first be separated from dermis, and there are a 
number of  techniques for doing this (2). 
Recently a technique has also become available 
for separating the living epidermis from the 
stratum corneum (2,3). Thus, if these sepa- 
rations are applied to sole skin, the lipids 
synthesized by epidermal cells can be studied. 
This may help not only in understanding what 
lipids are contributed to the skin surface film 
by epidermal cells, but may assist us in under- 
standing what role the lipids may have in the 
keratinization process itself. In this paper we 
report the fatty acid composition of the living 
epidermis and the stratum corneum of human 
sole skin with these objectives in mind. 

EXPERIMENTAL PROCEDURES 

Figure 1 shows how we prepared the skin 
samples and obtained and analyzed the fatty 
acids. 

RESULTS A N D  DISCUSSION 

Table I lists the yield of lipid from the two 
samples of  human sole epidermis. Note that the 
weight of fatty acids plus unsaponifiables (i.e., 
recovered lipid) is appreciably less than the 
weight of total crude lipid. It is probable that 
some of this loss represents non-lipid material 
which dissolved in the aqueous phase and some 

the loss of the polar moieties of the polar lipids. 
We do not know how these losses are distri- 
buted. The relatively large amount of unsaponi- 
liable matter, especially in the stratum 
corneum, is noteworthy. Thin layer chromato- 
graphy (TLC) showed that most of this was 
cholesterol. The proportion of fatty acids in the 
stratum corneum is less than that of the living 
layer. Thus, if both fatty acids and unsaponi- 
fiables are synthesized in the lower part of the 
living layer, as appears likely, these data would 
indicate that some of the fatty acids were 
metabolized by the time the cells reached the 
stratum corneum. 

Table II gives the homolog distribution of 
the saturated, monoenoic and dienoic acids 
from the living layer and stratum corneum 
lipids. Although C16 and C18 are major com- 
ponents for each type of acid, there appear to 
be two clusters, especially for the saturates of 
both the living layer and the stratum corneum 
acids. One of these clusters ranges from C 12 to 
C20 with C16 or C18 as maximum and the 
other ranges from C21 to C30 with C24 as 
maximum. These clusters are not unlike those 
found in the fatty acids of brain (11). The rela- 
tive amounts of homologs in each of these 
clusters are totaled at the bot tom of Table II. 
Homologs of the monoenoic and dienoic fatty 
acids of both stratum corneum and living layer 
lipids have a similar distribution, but stratum 
corneum has a much greater proportion of the 
saturated long chain acids than living layer has. 
These data are also consistent with the idea that 
some fatty acids (chiefly 16:0 and 18:0) are 
metabolized as cells pass from the living layer 
to the stratum corneum. 
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TABLE III 
Relative Amounts of the Different Fatty Acids 
Types in Living Layer and Stratum Corneum 

Lipids of Human Sole Epidermis 

Sample 1 b Sample 2 

Stratum Living Stratum 
Fatty Acid corneum, layer, corneum, 

Type a % % % 

Saturated 
straight even 38.4 37.3 35.2 
straight odd 11.4 3.9 10.5 
branched 1.2 .8 1.3 
sub total 51 42 47 

Monoene 
straight even 30.5 39.2 32.9 
straight odd .5 .8 1.1 
branched Trace Trace Trace 
sub total 31 40 34 

Diene 
straight even 18.0 18.0 18.9 
straight odd Trace Trace .1 
sub total 18 18 19 

Total 100 100 100 

aThe values of this Table were computed on the 
basis that the total amounts of saturates, monoenes 
and dienes isolated comprised 100% of the fatty acids, 
the further subdivision into straight even, straight odd 
and branched being calculated from the data of Table 
II. In actuality these fatty acid types represent 
approximately 80% of the total material isolated as 
fatty acids in the separation of saponifiable from un- 
saponifiable matter. Of the remaining 20% we estimate 
about one-fourth to be 0t hydroxy fatty acids. The 
remaining unidentified polar matter could include 
oxidized polyenoic acids. 

bAn unknown portion of the living layer acids of 
this sample was lost. 

Table III summarizes  the  relative amoun t s  of  
the  d i f fe ren t  types  of  f a t t y  acids for  s t ra tum 
co rneum and living layer  lipids. Note  tha t  
s t ra tum corneum has the  greatest  a m o u n t  of  
odd  and b ranched  chain acids. 

Table IV lists the  h o m o l o g  dis t r ibut ion of  
h y d r o x y  fa t ty  acids for  living layer and s t ra tum 
co rneu m lipids. Note  again the two clusters of 
acids above and be low C20 and tha t  the  
s t ra tum co rneum of  each sample  has the  greater  
p r o p o r t i o n  of  acids above C20. 

Table V lists the  pos i t ion  isomers of  the 
fa t ty  acid mo n o en es  of  living layer and s t ra tum 
co rn eu m lipids. Note  tha t  for  16:1 and 18:1 of  
b o t h  the  living layer  and s t ra tum corneum,  the  
A9 pos i t ion  isomer  is by far the major  i somer  
and tha t  there  isvery li t t le d i f ference in the  dis- 
t r ibu t ion  of  posi t ion i somers  for all chain 
lengths of  b o t h  living layer and s t ra tum 
co rneum lipids. Note  also tha t  because of  the 
overwhelmingly  large amo u n t  of  18:1 the  
ex tens ion  pa t te rn ,  as r ep resen ted  by 609, is by 
far the  p redominan t  one.  It thus appears tha t  at 
least a part  (if not  all) o f  the  oleic acid found  in 
h u m a n  skin surface lipid could be derived f rom 
the lipids of  epidermal  cells as earlier antici- 
pa ted  (12). 

Table VI lists the  pos i t ion  isomers of  the  
dienoic  fa t ty  acids 18:2 and 20:2 for  b o t h  
living layer and for  s t r a tum corneum lipids. 
A l tho u g h  linoleic acid (18 :A9,12)  is by far the 
major  c o m p o n e n t  and presumably  derived f rom 

TABLE IV 
~-Hydroxy Fatty Acids of the Living Layer and Stratum Corneum Lipids of Human Sole Epidermis 

Sample 1 Sample 2 
0t-Hydroxy 
fatty acids Living layer, Stratum corneum, Living layer, 

(No. C atoms) % % % 
Stratum corneum, 

% 

14 .1 .2 
15 2.1 2.2 
16 43.2 27.8 
17 8.9 3.2 
18 12.6 10.6 a 
19 1.4 .2 
20 .6 .8 
21 .1 .1 
22 1.7 2.0 
23 3.9 2.9 
24 14.2 23.1 
25 3.4 11.1 
26 7.8 15.8 

Total 100.0 100.0 

C20 and 
below 68.9 45.0 
Above C20 31.1 55.0 

Total 100.0 100.0 

.1 .2 
3.0 6.0 

58.8 44.0 
10.3 7.1 
17.2  18 .4  a 

1.0 1 .2  
.5 1.0 
.1 .1 

1.8 2.3 
1.0 1.7 
4.4 7.0 

.3 3.3 
1.5 6.7 

1 0 0 . 0  1 0 0 . 0  

90.9 78.9 
9.1 21.1 

100.0 100.0 

aIncludes "~ 10% unsaturates. 
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TABLE VI 

Dienoic Fatty Acids of the Living Layer and Stratum Corneum Lipids 
of Human Sole Epidermis a 

Carbon number 

Hydrogenated Original Deduced structures 
Isomer distribution, 

% 
Possible mode 
of formation 

18:00 18.52 18:~6,9 
18:A8,11 
18:A9,12 

20:00 20.50 20:A8,11 
20:Al1,14 

Trace 
Trace 

100 

5 
95 

18:A9-2H ~ 18:A6,9 
18:ml 1-2H "-> 18:A8,11 
Linoleic acid from diet 

18 :A9+c2-2H ~ 20:A8,11 
18:A9,12+C 2 ---~ 20:At 1,14 

aBoth living layer and stratum corneum gave the same values. 

the diet, the other isomers of the Table appear 
to be synthetic products of skin and can be 
explained by known patterns of desaturation 
and chain extension of monoenes. For  living 
layer lipids traces of material were seen which 
corresponded to 18:3 on the basis of gas liquid 
chromatography (GLC) on polyester  phase 
before and after hydrogenation. 

Although Coon et al. have reported (13) that 
fat ty acids between C20 and C30 occur in sig- 
nificant amounts in the free fat ty acid fraction 
of barrier zone lipids of normal and psoriatic 
skin, the pattern of homologs found by them 
does not remotely resemble that  found by us. 
Furthermore,  in a later report  (14) Wheatley et 
al. found, after extensive purification of their 
free fat ty acid fractions, only traces of acids 
with chain lengths longer than C20. They 
at tr ibuted the earlier findings of  long chain 
material to contaminants and methylat ion arti- 
facts. 

In a study of labeled acetate incorporation 
into fat ty acids of isolated epidermal cells 
grown in tissue culture, Wilkinson (15) found  a 
distribution of the even chain homologs 

remarkably similar to that found by .us for 
living layer lipids (Table II). We recalculated his 
results for direct comparison with ours (Table 
VII). These- data suggest that the ceils grown by 
this technique of tissue culture produce lipids 
very similar to those found in living human epi- 
dermis. 

Since the epidermis is an avascular tissue it is 
dependent upon diffusion of nutrients from 
capillaries of the dermis. However, as cells leave 
the basal layer of the living epidermis on their 
way towards keratinization, available nutrients 
d e c r e a s e .  Furthermore,  as keratinization 
proceeds, cell organelles undergo dissolution 
(16). Thus, the fa t ty  acids released from the 
lipids of the membranes of these organelles 
could serve as a source of energy, and, indeed, 
there is other evidence that this does occur 
(17). The persistence of some mitochondria 
even in late stages of keratinization supports 
this concept (18). These mitochondria could 
perform the fat ty  acid oxidation and produce 
ATP necessary for the final stages of  keratin 
synthesis. 

Thus in summary, the data of this paper are 

TABLE VII 

Comparison of the Composition of Fatty Acids From Epidermal Cells Grown in 
Tissue Culture With Those From the Living Layer of Human Sole Epidermis 

Fatty acids of  epidermal cells 
grown in tissue culture a 

Fatty acids of the living la~er 
of human sole epidermis ~ 

Carbon Saturates, Monoenes, Dienes, Saturates, Monoenes, Dienes, 
number % % % % % % 

14 2.4 2.2 .3 
16 45.2 10.2 51.0 6.9 .4 
18 33.6 84.2 98.1 39.4 88.4 96.8 
20 2.6 2.8 1.9 1.3 2.6 2.6 
22 4.4 2.8 2.4 1.0 .1 
24 5.9 2.7 .6 .1 
26 5.9 1.0 .2 

aData from Wilkinson (15). 
bData from Table II, but only the straight even numbers considered for comparison. 
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en t i re ly  cons i s t en t  wi th  the  fo l lowing in terpre-  
t a t ion .  In the  basal  layer ,  b l o o d  glucose pro- 
vides t he  p r imary  source  of energy  and  C 2 un i t s  
for  l ipid syn thes i s  requ i red  for  the  m e m b r a n e s  
of  rap id ly  dividing cells. As ke r a t i n i za t i on  
p roceeds  in the  u p p e r  po r t i on  of  the  living layer  
and  the  cell organel les  are d is rupted ,  the  oxi- 
da t ion  of  pa lmi t a t e  and  s tea ra te  occurs  to  
supply  the  necessary  ATP for the  la te  stages of  
ke ra t in i za t ion .  Hence ,  the  re la t ive  decrease  of  
these  acids in the  s t r a t u m  c o r n e u m  as c o m p a r e d  
to those  of  the  l iving layer.  The  longer  cha in  
f a t t y  acids at  a b o u t  C24,  b o t h  s t ra ight  and  
h y d r o x y  (as r e p o r t e d  here) ,  m ay  t h e n  be  
i n c o r p o r a t e d  i n to  the  sphingol ip ids  which ,  
t oge the r  w i t h  the  free choles te ro l ,  make  a t igh t  
t ype  of  plasma m e m b r a n e  (16).  

Since ep ide rma l  cells have  the  capabi l i ty  of  
e i the r  p r o d u c i n g  ke ra t in  or d i f f e ren t i a t ing  in to  
sebaceous  glands t h a t  p roduce  sebum,  it  was of  
some in te res t  to  see w h e t h e r  the  f a t ty  acids of  
the  living layer  h a d  any  r e semblance  wha t soeve r  
to  those  of  sebum.  S e b u m  has  s ignif icant  
a m o u n t s  of  a var ie ty  of  f a t t y  acids no t  
o rd inar i ly  f o u n d  in mos t  living t issues (19 ,20) ,  
e.g., t hose  w i th  odd  chain  l eng ths  ( '~10%),  
b r a n c h e d  (ma in ly  iso and  ante iso ,  ~ 1 5 % ) ,  and  
especial ly co 10 m o n o e n e s  ( " 4 0 % ) .  Living layer  
p r o d u c e s ' 5 %  o d d , " l %  b ranched ,  and"~40% of  
m o n o e n e s  p r e d o m i n a n t l y  6o9 bu t  having  a smal l  
t race  of  w l 0  (Tab le  III).  Thus ,  in the  main ,  
living layer  and  sebaceous  glands can make  the  
same k inds  of  f a t t y  acids,  a l t h o u g h  t hey  do so 
in widely d i f fe r ing  a m o u n t s .  Also,  the  odd  and  
b r a n c h e d  acids a c c u m u l a t e  in the  s t r a t u m  
c o r n e u m  p re sumab ly  because  of  the  u t i l i za t ion  
of  the  biological ly  more  valuable  C 16 and  C 18 
acids, as n o t e d  above ,  leaving the  less valuable  
odd  and  b r a n c h e d  acids (as is also t rue  in the  
case of  s e b u m )  to  arrive a t  the  surface l ipid 
film. A l t h o u g h  i t  has  no t  ye t  b e e n  proved,  i t  is 
qui te  conce ivab le  t h a t  the  mic ro f lo ra  con-  
t ac t ing  the  skin surface m ay  have greater  diffi- 

cul ty  in me tabo l i z ing  these  acids t h a n  t hey  
would  pa lmi t ic  and  s tear ic  acid. 
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Phospholipid Oxidation in Emulsions 1 ,2 

G.A. CORLISS 3 and L.R. DUGAN, JR., Food Science Department, 
Michigan State University, East Lansing, Michigan 48823 

ABSTRACT 

The autoxidation of purified phospha- 
tidyl ethanolamine (PE) and phosphatidyl 
choline (PC), extracted from egg and soy- 
bean lipids, was followed by oxygen up- 
take measurements in emulsified systems. 
All emulsified phospholipid fractions had 
comparable activation energies. Measure- 
ment by various physico-chemical tests 
was made of specific changes in the phos- 
pholipid molecule during autoxidation. 
PE oxidized more rapidly and absorbed 
more oxygen than PC. Higher 2-thiobarbi- 
turic acid test and diene and triene con- 
jugation absorbance values were observed 
for PE than for PC. Of the two major 
polyunsaturated fatty acids in egg phos- 
pholipids, arachidonic acid disappeared at 
a more rapid rate during oxidation while 
the  concentrat ion of linoleic acid 
decreased to a level that was relatively 
constant. Although typical unsaturated 
fatty acid oxidation appeared to occur in 
all phospholipid fractions, oxidation in 
aqueous emulsions was only partly a 
function of fatty acid composition. The 
nitrogen moieties, ethanolamine and 
choline influenced the induction period 
for the oxidation of PE and PC 
respectively. 

INTRODUCTION 

Phospholipids are among the more labile 
constituents of food and play a role in the oxi- 
dative deterioration which can arise during the 
processing and storage of such food products as 
fish (1), dehydrated eggs (2), poultry (3), and 
dairy products (4). Some of the factors 
influencing the oxidation rate of phospholipids 
have been reported (1-4). 

Since these lipids contain phosphorus, a 
nitrogen containing component such as choline, 
ethanolamine or serine, and unsaturated fatty 
acids, they offer a system far more complicated 

IMichigan Agriculture Experiment Station Journal 
Article No. 4420. 

2presented in part at the AOCS Meeting, Chicago, 
October 1967. 

3present address: Miles Laboratories, 7123 W. 65th 
St., Chicago, Illinois 60638. 

for oxidation than the neutral triglycerides. The 
oxidation of unsaturated lipids can be followed 
in a number of ways. These may include deter- 
mination of lipid peroxides or the total con- 
sumption of oxygen (5). Changes in the concen- 
tration of specific unsaturated fatty acids (3,6) 
and in the free amino group (7) as well as thin 
layer chromatography (TLC) spotting (8,9), are 
other methods which have been successfully 
utilized to measure changes in lipids due to oxi- 
dation. 

A major objective of this study was to 
characterize the role of the nitrogen moiety 
during oxidation in order to learn whether the 
oxidation of PE and PC is related to the degree 
of unsaturation of the fatty acids or to the 
nitrogen containing component. Although 
published reports have indicated that unsatu- 
rated fatty acids and the nitrogen moiety are 
factors affecting the oxidation of phospholipids 
(1,3,4,7), further study was needed to deter- 
mine the relative importance of unsaturation 
and the nitrogen component on phospholipid 
oxidation. The autoxidation of phosphatidyl 
ethanolamine (PE) and phosphatidyl choline 
(PC), emulsified in borate buffer, was followed 
m anometrical ly.  Measurement by various 
physico-chemical tests was made of specific 
changes in the phospholipid molecule. 

EXPERIMENTAL PROCEDURES 

Separation and Purification of Phospholipids 

Phospholipids extracted from egg yolks (10) 
and a commercial soybean phosphatide sample 
(Centrolex P, Central Soya, Chicago) were 
separated into fractions by silicic acid (Mal- 
l i n c k r o d t )  column chromatography (11). 
Resolution of individual phospholipids was 
improved with a five stage multibore column 
(12). 

Nitrogen gas was introduced at the top of the 
column to minimize opportunities for oxi- 
dation during preparative work, and dry ice was 
used to create an inert atmosphere in and 
around the collection tubes or separation was 
achieved with a fraction collector in a cold 
room at 2 C. The space above the solvent in 
each tube was blanketed with nitrogen after 
collection was complete. Screw-on caps were 
fastened and the tubes were stored in the 
freezer at -20 C. 

The purity of individual fractions was as- 
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FIG. 1. The effect of pH on oxygen consumption 
of egg phosphatidyl ethanolamine (PE) and phospha- 
tidyl choline (PC) in 0.1 M borate buffer after 50 hr. 
Temperature of reaction: PE, 25 C, PC, 40 C. 
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~=0~ Re3SPHATIDYL ETHANOLAMINE 

TIM~ ( Hours ) 

FIG. 2. The oxygen consumption of egg and soy- 
bean phospholipids emulsified in 0,1 M borate (pH 
7.0), Tween 20 buffer at 25 C. 

certained by TLC on Silica Gel G (Brinkman 
Instruments Inc., Westbury, N.Y.). Ninhydrin 
(0.2% ninhydrin i n  n-butanol-aqueous acetic 
acid 10%, 95:5 v/v), molybdate reagent (13) 
and sulfuric acid (50%) were used to detect 
components and impurities. The developing sol- 
vent mixture was chloroform-methanol-water 
(65:25:4 v/v/v). 

Preparation of Phospholipid Emulsions 

Phospholipids were emulsified in three ways. 
In the first method, purified PE or PC, dis- 
solved in chloroform-methanol, was pipetted 
into cell homogenizer flasks. After the chloro- 
form-methanol was evaporated from the homo- 
genizer flasks by a stream of nitrogen, 50 ml of 
0.1 M borate (pH 7.0) buffer [Boric acid was 
dissolved in redistilled deionized water and 
adjusted to pH 7.0 with 0.1 N NaOH.] and 0.1 
ml of Tween 20 (polyoxyethylene sorbitan 
monolaurate) were added to the dry residues 
which remained in the flasks. The atmosphere 
within the flasks was purged with nitrogen and 
emulsification was achieved with a Braun Cell 
H o m o g e n i z e r  (Bronwill  Scientific, Inc., 
Rochester, N.Y.) at a speed of 4,000 rpm for 
1-2 min. Carbon dioxide liquified under pres- 
sure was employed to keep the contents of the 
flask below room temperature while the 
emulsion was being formed. A control con- 
sisting of equivalent amounts of borate buffer 
and Tween 20 was prepared in the same 
manner. 

A second method of emulsification was 
adopted for studies of the optimum pH for oxi- 
dation. Because of difficulties in dispersing PE 
over a rather wide range of pH, even with the 
aid of Tween 20, PE and PC, dissolved in 
chloroform-methanol in amounts corresponding 
to 40-50 pg phosphorus (14), were introduced 

directly into respirometer flasks. Solvents were 
removed by nitrogen and 4 ml of 0.1 M borate 
buffer [Boric acid was dissolved in redistilled 
deionized water and adjusted to the desired pH 
with 0.1 N NaOH or 0.1 N HCI.] was added. 

A third technique was necessary because 
Tween 20" contained palmitic, stearic and oleic 
acids in addition to lauric acid which interfered 
with subsequent GLC determinations of the 
changes in the fatty acids of PE and PC during 
oxidation. The addition of 10% PC to PE was 
observed to reduce the time required to dis- 
perse PE. Accordingly, 10% PC was added to 
each preparation of PE utilized in the studies of 
phospholipid change during oxidation. A homo- 
geneous emulsion was needed to minimize 
pipetting errors for physico-chemical deter- 
minations. Egg PC was used With egg PE and 
soybean PC with soybean PE. 

Physieo-Chemieal Tests 

Oxidation of PE and PC was studied by 
measuring oxygen uptake on phospholipid 
emulsions in a Differential Respirometer 
(Model GR 14, Gilson Medical Electronics, 
Middleton, Wis.). Each respirometer flask con- 
tained 0.2 ml of 5% KOH in its center well. A 
minimum of four replicates were run against 
three to four controls containing buffer and 
Tween 20. Experiments were conducted at tem- 
peratures ranging from 15 to 50 C in an atmos- 
phere of air with a shaking rate of 150 oscilla- 
tions per minute. 

Methylation of the fatty acids in the phos- 
pholipids was performed by a low temperature 
method (15) modified by deletion of sulfuric 
acid. This eliminated any problem which might 
arise from dimethyl acetal formation from 
plasmalogens. Gas liquid chromatography was 
accomplished with a Beckman GC-5 equipped 

LIPIDS, VOL. 5, NO. 10 



848 G.A. CORLISS AND L. R. DUGAN, JR. 

TABLE I 

Fatty Acid Composition of Purified Phospholipids 
and Energy of Activation for the Autoxidation of Phospholipids 

Emulsified in 0.1 M Borate (pH 7.0), Tween 20 Buffer 

Egg PC, a, Egg PE b, Soybean PC, Soybean PE, 
Fatty acid % % % % 

C 14 Trace Trace 1.2 4.4 
C16 30.2 19.5 21.7 18.8 
C16:1 1.5 3.6 . . . . . .  
C18 16.4 30.0 4.1 1.9 
C18:1 32.1 16.9 17.0 8.2 
C18:2 16.0 16.6 50.4 56.0 
C 18: 3 Trace Trace 5.7 10.6 
C20:4 3.8 1 3 . 3  . . . . . .  

Polyunsaturates 19.8 29.8 56.1 66.1 

Activation energy 
K cal./mole 12.2 11.7 12.8 11.8 

apc, phosphatidyl choline. 
bpE, Phosphatidyl ethanolamine. 

with a flame ionization detector; 6 ft x 1/8 in. 
(O.D.) stainless steel coiled columns were 
packed with 20% diethylene glycol succinate 
(DEGS) and 1% phosphoric acid on 80-100 
mesh acid-washed chromosorb W. The detector 
was maintained at 250 C while the column tem- 
perature was 184 C. Methyl ester peaks were 
identified by comparison with those from 
standards. 

UV absorbance, 2-thiobarbituric acid (TBA) 
tests and determinations of the free amino 
group were based on aliquots containing 5 ~g 
phosphorus as assayed by the procedure of 
Rouser et al. (14). Malonaldehyde formation 
was measured by a TBA test designed to 
accomodate emulsions of polyunsaturated fatty 
acids (5). Conjugation of oxidized and nonoxi- 
dized PE and PC was determined by diluting 
1.0 ml of emulsified sample with 2 ml of Fisher 
certified American Chemical Society spectrana- 
lyzed methanol. UV absorption spectra were 
recorded with a Beckman model DU spectro- 
photometer  at 232 m/~ and 268 m# against 1.0 
ml of borate buffer similarly diluted with 
methanol. The free amino group of PE was 
quantitated by reaction with trinitrobenzene 
sulfonic acid (16). 

RESULTS AND DISCUSSION 

The Effect of pH on Oxygen Consumption 

Preliminary oxygen uptake measurements on 
phospholipids in organic solvents, in aqueous 
dispersions and in a dry state indicated that the 
rate of oxidation could be most readily deter- 
mined under controlled pH in emulsified 
systems. An additional reason for measuring 
oxidation under these conditions was that any 

changes that occurred would be more typical of 
changes occurring in a number of natural food 
systems. 

Figure 1 illustrates the influence of pH on 
the oxygen consumption of  egg PE and PC. 
Oxygen consumption after 50 hr was greatest 
for PC at pH 7.0 and PE at pH 8.0. Mattsson 
and Swartling (4), working with butter phos- 
pholipids in phosphate buffers, reported that 
PE was reluctant to take up oxygen except at 
pH values in the alkaline range, while PC had a 
maximum probably below pH 2 and reacted 
fairly slowly around pH 7.0 

Subsequent oxygen uptake determinations 
were conducted at pH 7.0 since it represented 
the maximum pH for the less reactive PC, and 
because it approximated the physiological pH 
of many products used for food. Consequently, 
studies on the oxidation of phospholipids could 
possibly provide information on the mode of 
autoxidation of foods during processing and 
storage. 

Activation Energies of PE and PC 

The rates of oxygen uptake at temperatures 
ranging from 15 to 50 C were utilized to deter- 
mine activation energies for the autoxidation of 
PE and PC from egg and soybean. The oxi- 
dation rate for a phospholipid was measured at 
4-5 temperatures and was obtained from the 
straight line portion of the uptake curve after 
the onset of initiation and other early autoxi- 
dation reactions. Thus the rates reflect the oxi- 
dizability of the unsaturated fatty acids of PE 
and PC. The activation energies presented in 
Table I were not grossly different from each 
other, which suggests that the mode of oxida- 
tion, at least during the period of steady state 
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FIG. 3. The oxygen consumption of egg and soy- 
bean phospholipids emulsified in 0.1 M borate (pH 
7.0), Tween 20 buffer at 40 C. 
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FIG. 4. Relationship between the disappearance of 
the two major polyunsaturated fatty acids of egg phos- 
phatidyl choline (PC) emulsified in 0.1 M borate (pH 
7.0) buffer and oxygen uptake at 40 C. 

oxidation, was the same for the egg and soy- 
bean phospholipids utilized in this study. The 
values obtained were approximately one half of 
the values reported for the autoxidation of 
methyl linoleate and linoleic acid emulsions 
(17) indicating a greater reactivity for the phos- 
pholipids. 

Effect of Fatty Acid Unsaturation 
on Phospholipid Oxidation 

The oxidation of both PE and PC was tem- 
perature dependent, increasing with increasing 
temperatures. Egg PC reacted with oxygen to 
the extent of 4 moles 02 per mole PC in 
approximately 45 hr at 25 C (Fig. 2) whereas at 
40 C it required approximately 15 hr (Fig. 3). 
A m01e of soybean PE reacted with 3 moles 02 
in 60 hr (Fig. 2) at 25 C while 4 moles 0 2 were 
consumed in 40 hr at 40 C (Fig. 3). The PE 
from each source reacted much more rapidly 
with oxygen than the PC from the same source 
(Fig. 2,3). These observations are consistent 
with other reports. Lea (2) reported that thin 
films of egg PE oxidized rapidly at 37 C, while 
PC oxidized at a much slower rate. Roubal (1) 
observed that PE from the flesh lipids of cod- 
fish exhibited a high rate of oxidation while PC 
required the addition of hemoglobin to oxidize 
at a rapid rate. 

Var ia t ions  in experimental techniques 
among those studying the oxidation of phos- 
pholipids make it difficult to compare results 
with regard to the relative reactivity of phos- 
pholipids from different sources. When phos- 
pholipids from egg and soybean were compared 
by the same method of oxidation, egg phospho- 
lipids were found to be more reactive. Egg PE 
and PC oxidized more rapidly than did soybean 
PE (Fig. 2), and egg PC oxidized more rapidly 
than soybean PE and PC. 

A partial explanation for the differences in 
oxidation of egg and soybean PE and PC can be 
traced to their fatty acid compositions. Lea (2) 
concluded that a relationship existed between 
the oxidation rate and the degree of unsatu- 
ration of individual phospholipids. Hawke (18) 
reported that egg PE contained a higher per- 
centage of polyunsaturated fatty acids than egg 
PC. The fatty acid composition of the phospho- 
lipids used in this study is presented in Table I. 
The concentration of arachidonic acid is 
markedly higher in egg PE than egg PC while 
the amount of linolenic acid in soybean PE is 
nearly twice the amount present in soybean PC. 

The greater reactivity of egg phospholipids 
compared to soybean phospholipids cannot be 
exp la ined  solely by the percentage of 
polyunsaturated fatty acids since the degree of 
unsaturation is higher for soybean phospho- 
lipids. Of perhaps greater significance is the 
presence of arachidonic acid in egg phospho- 
lipids. Holman and Elmer (19) reported that 
the rate of oxidation of methyl arachidonate is 
about twice that of ethyl linolenate. These 
workers concluded that the introduction of one 
additional double bond into a fatty acid at least 
doubled the oxidation rate. Thus, egg phospho- 
lipids containing arachidonic acid would be 
expected to be more susceptible to oxidation 
t h a n  soybean phospholipids which have 
linolenic acid as the most highly unsaturated 
component.  

Measurement of Phospholipid Autoxidation by 
Physico-Chemical Tests 

Since various products are produced by the 
autoxidation of phospholipids, an attempt was 
made to correlate oxygen absorption with 
specific changes in the phospholipid molecule 
as evaluated by various physico-chemical tests. 
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FIG. 5. Relationship between the disappearance 
the two major polyunsaturated fatty acids of egg phos- 
phatidyl ethanolamine (PE) emulsified in 0.1 M borate 
(pH 7.0) buffer and oxygen uptake at 25 C. 
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of FIG. 7. Alterations of egg phosphatJdyl ethanol- 
amine (PE) emulsified in 0.1 M borate (pH 7.0) buffer 
during oxidation at 25 C as evaluated by various 
physico-chemical tests. 

Figures 4 and 5 illustrate the susceptibility of 
arachidonic and linoleic acids in egg PE and PC 
to oxidative attack. Oxygen uptake and the per- 
centage of each unsatura ted fatty acid 
remaining at various stages of the period of oxi- 
dation are plotted as functions of time. The 
pattern was similar for both phospholipids. The 
arachidonic acid concentration was reduced at a 
more rapid rate and was no longer detected by 
the time the studied period of oxidation 
reached midpoint.  The amount of linoleic acid 
decreased to a minimum level that remained 
relatively constant. During the 45 hr reaction 
period for PC and the 13 hr reaction period for 
PE, the concentration of the other unsaturated 
fatty acids, 16:1 and 18:1 and the saturated 
fatty acids, 16:0 and 18:0 remained fairly con- 
stant relative to each other. They increased in 
amount concurrent with the reduction in the 
percentage concentration of arachidonic and 

6OO <~ TBA TEST 

DIENE CONJUGATION 
~ TRIENE CONJUGATION 

OXYGEN UPTAKE 

TIME (Hours) 

FIG. 6. Alterations of egg phosphatidyl choline 
(PC) emulsified in 0.1 M borate (pH 7.0) buffer during 
oxidation at 40 C as evaluated by various physico- 
chemical tests. 

l inoleic acids. Similar results have been reported 
for the autoxidation of cod PE (1) and human 
red cells (6). 

The arachidonic and linoleic acid curves in 
Figures 4 and 5 support and, in part, explain 
the differences in reactivity for PE and PC. 
Although the arachidonic acid concentration is 
much higher in PE than in PC (Table I), the 
time required for the total disappearance of 
arachidonic acid was approximately 6 hr at 
25 C for PE and about 25 hr at 40 C for PC. 
The  arachidonic acid concentration was 
reduced so rapidly and selectively in PE that 
none was detected after 6 hr, while almost all 
of the linoleic acid was still present. However, 
the reduction of linoleic acid followed more 
closely the decrease of arachidonic acid in PC 
and reached its minimum for the period of oxi- 
dation at about the same time that the per- 
centage of arachidonic acid dropped to zero. 
The difference in the decrease of linoleic acid in 
PC and PE could have resulted because of a 
higher rate of reaction at the higher tempera- 
ture. Also the longer time and higher tempera- 
ture (40 C) that were required to completely 
eliminate arachidonic acid from the PC reaction 
mixture may have allowed products of the oxi- 
dation of arachidonic acid more opportunity to 
catalyze the oxidation of linoleic acid. 

C o n s i d e r a b l e  o x y g e n  was absorbed, 
especially by PE but also by PC, after arachi- 
donic acid was no longer detectable in the 
system and linoleic acid had reached its mini- 
mum level. This probably is related to the 
manner in which lipids oxidize. The primary 
products of the reaction of oxygen with unsatu- 
rated lipids are hydroperoxides, while alcohols, 
aldehydes and ketones are secondary products 
formed by degradation of primary hydroperoxi- 
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TABLE II '~t 

Fatty Acid Composition of Three Egg PC 
Fractions Separated on a Silicic Acid Column 

First Second Third 
Fatty fraction, fraction, fraction, z 

% % % acid 
o 

C14 Trace Trace Trace 
C16 26.5 34.6 34.0 
C16:1 1.4 1.9 3.3 
C18 28.8 16.5 11.3 
C18:1 18.9 28.4 37.7 
C18:2 12.0 14.4 12.4 
C18:3 Trace Trace Trace 
C20:4 12.4 4.2 1.3 

des. The latter compounds, particularly if they 
are unsaturated, are highly susceptible to 
further oxidation (20). Lillard and Day (21) 
have reported that certain unsaturated alde- 
hydes oxidize at a much faster rate than either 
methyl linoleate or linolenate. The degradation 
compounds from the autoxidation of PE and 
PC would be expected to be highly reactive and 
as a consequence capable of increasing the total 
amount of oxygen consumed by the reaction 
mixture. 

The relationship between oxygen uptake and 
the development of alterations in egg PC, egg 
PE and soybean PE as measured by the TBA 
test, UV absorbance of diene and triene con- 
jugation, and changes in the amount of the free 
amino group of ethanolamine are summarized 
in Figures 6-8. The TBA test and development 
of diene and triene conjugation follow a similar 
pattern in egg PC (Fig. 6). These attained maxi- 
mum levels when the rate of oxygen con- 
sumption began to decrease. This resembled the 
observation of Tarladgis and Watts (22) who 
measured malonaldehyde production with the 
TBA test during the oxidation of unsaturated 
fatty acids. They noted that malonaldehyde 
production followed oxygen uptake, reaching a 
peak at the same time that oxygen uptake 
started to decline and they concluded that the 
malonaldehyde precursor was not accumulating 
as a stable end-product since, after reaching the 
peak, more malonaldehyde precursor was 
destroyed than produced. The relationship 
between oxygen uptake and the extent of the 
UV absorption of autoxidized methyl linoleate 
has been shown by Privett and Blank (9). At 
the end of the induction period, the UV absorp- 
tion of methyl linoleate increased sharply with 
the formation of stable (conjugated diene) 
hydroperoxides (9). 

Higher TBA test and diene and triene con- 
jugation values for egg PE (Fig. 7) reflect the 
more vigorous oxidation of PE as compared to 
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FIG. 8. Alterations of soybean phosphatidyl 
ethanolamine (PE) emulsified in 0.1 M borate (pH 7.0) 
buffer during oxidation at 40 C as evaluated by 
various physico-chemical tests. 

PC. These values increased with oxygen uptake 
but then continued to increase even after the 
rate of oxygen consumption had decreased. 
Triene conjugation was slightly higher than 
diene conjugation for egg PE. The greater 
amount of arachidonic acid in PE as compared 
to PC (Table I) probably accounted for the 
higher triene conjugation in the PE. Diene con- 
jugation increased rapidly in oxidizing soybean 
PE (Fig. 8) during the early phase of oxidation 
as measured by oxygen uptake but only a slight 
amount of triene conjugation was observed. 
TBA absorbance reached a maximum soon after 
diene and triene conjugation values were at 
their highest levels. 

The free amino test was performed on PE to 
determine if changes in its concentration might 
be related to the reactivity of PE. [The concen- 
tration of ethanolamine can be obtained from a 
standard curve once the absorbance between 
trinitrobenzene sulfonic acid and PE has been 
determined (16).1 Lea (7) reported that the 
free amino group of PE disappeared during oxi- 
dation approximately proportional to the 
amount of oxygen absorbed. The free amino 
absorbance value of egg PE was significantly 
reduced during the period of oxidation (Fig. 7). 
The disappearance of the free amino group of 
soybean PE (Fig. 8) was not as pronounced as 
that for egg PE, even though both phospho- 
lipids consumed nearly equivalent amounts of 
oxygen. During oxidation, a brownish yellow 
color developed in egg and soybean PE 
emulsions. The development of the dis- 
coloration and the decrease in the concentra- 
tion of the free amino group are evidence for 
the occurrence of Mafllard-type browning 
reactions. Malonaldehyde and other 2-thio- 
barbituric acid-reactive substances, produced 
during the oxidation of polyunsaturated fatty 
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FIG. 9. The effect of arachidonic acid composition 
on the oxygen consumption of egg phospholipids 
emulsified in 0.1 M borate (pH 7.0), Tween 20 buffer 
at 40 C. 

i- ~ r 

ioo% EGG PC 
EGG PC WITH I%pE 
EGG PC WITH 5% PE 

Io 2o 3o 4o 5o 

TIME ( Hours ) 

FIG. 10. The effect of phosphatidyl ethanolamine 
(PE) contamination on the oxygen consumption of 
egg phosphatidyl choline (PC). PC was emulsified in 
0.1 M borate (pH 7.0), Tween 20 buffer and oxidized 
at 40 C. 

acids, can react with amino acids and proteins 
(3). The decrease in the free amino group of PE 
probably resulted from its interaction with 
specific autoxidation products of unsaturated 
fatty acids such as carbonyl compounds (2). 
Hydroperoxides, epoxides and aldehydes have 
also been mentioned as substances which could 
contribute to the disappearance of the free 
amino group of PE (7). 

Effect of the Free Amino Group 
on Phospholipid Oxidation 

Silicic acid column chromatography (24,25) 
and thin layer chromatography (26) have been 
used to obtain natural phosphatidyl choline 
with varying degrees of unsaturation. The 
faster-moving PC subfractions were found to 
have higher proportions of stearic and arachi- 
donic acids than slower moving fractions. The 
fatty acid composition of PC fractions that 
were initially recovered from the column or 
that moved the farthest on TLC resembled the 
fatty acid composition of PE (24,26). When egg 
PC was chromatographed with chloroform- 
methanol (25-35% methanol by volume) on a 
silicic acid column, the first fractions contained 
a higher degree of unsaturated fatty acids, 
particularly arachidonic acid, than did later 
fractions (Table II). In fact, the percentage of 
arachidonic acid in egg PC first recovered from 
the column was almost identical with the per- 
centage of arachidonic acid in egg PE (Table I). 

The oxygen uptake of the PC containing the 
higher arachidonic acid content was compared 
with PC from succeeding fractions and with egg 
PE (Fig. 9). This PC fraction with higher arachi- 
donic acid was more reactive than pure unfrac- 
tionated PC which has approximately 4% of its 
fatty acid composition as arachidonic acid; 

however, it was less reactive than PE. The 
oxygen uptake pattern of the third PC fraction 
is not shown in Figure 9 because its induction 
period was more than double the time scale 
used for the other phospholipid fractions. The 
third PC fraction containing 1.3% arachidonic 
acid did not begin to absorb any measurable 
amount of oxygen at 40 C until 116 hr had 
elapsed. 

The greater reactivity of PE as compared to 
the PC containing the high arachidonic acid 
content was characterized by a shorter 
induction period. The maximum rates of oxi- 
dation for the high arachidonic acid PC and PE 
were found to be almost equal. The similarity 
in rates for the high arachidonic acid PC and PE 
suggest that the straight line portion of the 
oxygen uptake curve (representing the maxi- 
mum rate of oxidation) for a particular phos- 
pholipid is regulated primarily by the com- 
position of unsaturated fatty acids. Since the 
arachidonic acid concentration of the first egg 
PC fraction was almost identical with the 
arachidonic acid concentration of egg PE, an 
additional factor, such as the influence of the 
nitrogen moiety, could explain the different 
induction periods for PE and the PC with the 
high arachidonic acid level. To test this hypo- 
thesis, egg PC was purposely contaminated with 
1% and 5% PE (Fig. 10). The rate of oxidation 
of PC was not altered appreciably by the 
addition of a small amount of PE, which was 
not unexpected in view of the observation that 
the straight line portion of the oxygen uptake 
curve is regulated primarily by the unsaturated 
fatty acid composition. However, there was a 
marked shortening of the induction period with 
the greatest reduction occurring for the PC with 
5% added PE. 
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SHORT COMMUNICATIONS 

In Vitro Studies on Cholesterol Metabolism in the 
Blood Fluke Schistosorna rnansoni 

ABSTRACT 

Adult Schistosoma mansoni were 
axenically maintained in NCTC 109 cul- 
ture media containing 14 C labeled acetate 
or mevalonate. Dibromide derivatives 
prepared from purified blood fluke cho- 
lesterol exhibited a lack of significant 
radioactivity on examination by liquid 
scintillation spectrometry. Autoradio- 
graphic electron microscopy of tissues 
from flukes maintained in the presence 
and absence of labeled acetate and 
especially fixed to retain cholesterol 
revealed a similar random distribution of 
nonspecific grains. However, when par- 
ticulate labeled cholesterol was supplied, 
a count of 6,832 dpm was found in the 
dibromide derivative. Under the above 
maintenance conditions S. mansoni adults 
do not synthesize cholesterol from ace- 
tate or mevalonate but most probably 
obtain this sterol from the host animal. 

INTRODUCTION 

The ability to synthesize sterols from short 
chain carbon compounds is not ubiquitously 

distributed among the animal phyla. Investi- 
gations of sterol synthetic ability among the 
crustaceans revealed that neither of the two 
species investigated could synthesize cholesterol 
(1,2). 

Fagerlund and Idler (3) reported that two 
species of pelecypod molluscs, the clam (Saxi- 
domus giganteus) and the mussel (Mytilus cali- 
fornianus), could incorporate acetate into 
digitonin precipitable material. The gastropod, 
Helix pomatia, apparently has been shown to 
synthesize cholesterol from acetate (4). How- 
ever, the oyster (Ostrea grypha) did not in- 
corporate 2-14C-mevalonate or radioactivity 
from methyl-14C-L-methionine into squalene 
or sterols (5). The sea urchin (Parecentrotus 
lividus) could not incorporate acetate into 
squalene or sterols (5). 

Among the platyhelminth parasites investi- 
gated, neither Spirometra mansonoides (6) nor 
I-Iymenolepis diminuta (7,8) can synthesize 
cholesterol. Rothstein (8) reported that free 
living nematodes could not synthesize choles- 
terol from acetate or mevalonate. 

This paper reports the lack of significant 
incorporation of either mevalonate or acetate 
into cholesterol by axenically maintained adult 
Schistosoma mansoni. 

TABLE I 

Radioactivity in Cholesterol Dibromide From Free Sterol 
of Adult Schistosoma mansoni Maintained in NCTC 109 Containing 

1-14C-Sodium Acetate 

wt. of free 14C as labeled 
No. of flukes sterol, mg acetate/2e/ml Cholesterol dibromide, dpm 

164 pairs 
273 males 0.2 0.05 20 

198 pairs 
195 males 0.3 0.05 0 

138 pairs 
228 males 0.2 0.05 21 

233 pairs 
16 males 1.6 0.15 30 

168 pairs 
68 males 0.9 0.15 25 
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TABLE II 

Radioactivity in Cholesterol Dibromide From Free Sterol 
of Adult Schistosoma mansoni Maintained in NCTC 109 Cortlmining 

2-14C-DL-Mevalonic Acid 

Wt of free 14C as labeled 
No. of flukes sterol, mg acetate/dc/ml Cholesterol dibromide, dpm 

200 pairs 
42 males 0.2 0.05 20 

103 pairs 
186 males 1.0 0.05 142 

260 pairs 
50 males 1.9 0.05 12 

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

Adult flukes obtained by dissection from 
mesenteric venules of experimentally infected 
mice were washed by repeated suspension in 
sterile physiological saline containing anti- 
biotics (penicillin, 500 units]ml, streptomycin 
sulfate, 100 /~g/ml). Schistosomes were then 
maintained for four days in National Cancer 
Institute Tissue Culture Medium 109 (NCTC 
109, Difco Laboratories, Detroit) (9) con- 
taining 0.05/.tc/ml (2 mg/liter) or 0.15/ac/ml (6 
mg/liter) of 1-t 4C-sodium acetate or 0.05/ac/ml 
(2 mg/liter) of 2-14C-DL-mevalonic acid-N,N' 
dibenzylethylenediamine salt) or 0.09 lac/ml 
(3.5 mg/liter) of permanently suspended, par- 
t i c u l a t e  4-14C-cholesterol (10). Acetate, 
mevalonate and cholesterol were obtained from 
New England Nuclear Corp., Boston. 

Cultures were examined and media were 
changed daily. Tubes containing dead worms or 
showing contamination with bacteria or higher 
fungi were discarded. 

FIG. 1. Autoradiographic electron micrographs of 
a control schistosome (A) and one maintained in 
NCTC 109 containing 0.05 ktc/ml of 1-14C-sodium 
acetate (B). The cytoplasm of both shows random 
nonspecific grains. [(A) 15,960 X; (B) 20,520 X.] 

Following removal from maintenance media 
containing either 2-14C-mevalonate or 1-14C - 
acetate flukes were washed in sterile saline. 
Flukes removed from maintenance media con- 
taining particulate cholesterol were washed in 
sterile saline and maintained for an additional 
day in isotope-free NCTC 109 to allow 
expulsion of particulate radioactive cholesterol 
from the caeca. Flukes were then washed by 
repeated suspension in 10, 10 ml changes of 
sterile saline. The final saline wash was evapo- 
rated to dryness and the residue extracted with 
chloroform-methanol (2:1 v/v) (11). The 
chloroform extract was transferred to a liquid 
scintillation vial, solvents evaporated, and a 
toluene scintiUation system (12) added. Exami- 
nation by liquid scintillation spectrometry 
revealed an absence of radioactivity in the final 
wash. After tissue lipid extraction (11), fluke 
free sterols were separated from other lipid 
components by ascending thin layer chromato- 
graphy (TLC) on 20 x 20 cm glass plates coated 
with a 250 p Silica Gel G adsorbent layer using 
two hexane-diethylether-acetic acid solvent 
systems (90:10:1 and 30:70:1 v/v/v) (13). 
Adequacy of separation at this point was 
monitored by IR spectrophotometry using 
potassium bromide micro-pellets containing 
fluke free sterol. Authentic cholesterol (Fisher 
Scientific Co., Atlanta) which had been sub- 
jected to repeated TLC was used as a standard. 

Cholesterol dibromide was prepared from 
fluke free sterol and separated from trace con- 
taminants by TLC in benzene-ethanol (95:2 
v/v) (14,15) using the dibromide prepared from 
the above cholesterol as a standard. 

Silica gel bands containing fluke cholesterol 
dibromide were scraped into scintillation vials 
and the toluene solvent scintillation system 
containing 4% Cabosil (Packard Instrument Co., 
Downers Grove, Illinois) was added (12). Each 
vial was shaken to suspend the silica gel and 
coat the vial wall. Radioactivity was determined 
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by liquid scinti l lat ion spec t romet ry .  Count ing 
efficiencies of  74-76% were obta ined  and 
counts  expressed as disintegrations per rain 
(dpm).  

Prior to autoradiographic  e lec t ronmicro-  
scopy,  tissue f rom flukes mainta ined in NCTC 
109 with  and wi thou t  radioact ive acetate  were 
fixed in 10% formalin,  soaked in 0.5% digitonin 
in 50% aqueous  e thanol  for  1 hr, f ixed in 
Veronal  acetate-buffered osmium te t rox ide  (pH 
7.4) (16) containing 0.25 molar  sucrose and 
embedded  in Epon  812 (17). Ul t ra thin  sections 
(90-100 m/a), cut  wi th  d iamond  knives, were 
moun ted  on par lodion coated  stainless steel 
grids, and the  grids were then  dipped into  
Gevaert  emulsion.  At  one week intervals, grids 
were developed and examined  in a mode l  300 
electron microscope (Philips Ins t rument  Co., 
Mr. Vernon,  N.Y.). 

Incorpora t ion  of  exogenous  cholesterol  in to  the 
fluke body is fur ther  evidence that  adult  
Schistosorna manson i  obta in  this sterol f rom 
host  animal b lood.  

THOMAS M. SMITH 
THOMAS J. BROOKS,  JR,  
V I R G I N I A  G. L O C K A R D  
Universi ty  of  Mississippi School  of  Medicine 
Jackson,  Mississippi 3 9 216 
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Previous communications from this Insti tute 
have presented evidence of the biological 
activity (reticuloendothelial  system stimula- 
tion) of some extracts of lemon shark (Nega- 
prion brevirostris) liver lipids (1). These 
extracts were obtained by different extractions 
and purification methods,  but  the biological 
activity resided always in the nonpolar fraction 
of the neutral lipids. In some species of shark, 
the oil content of the liver constitutes about 
90% of the weight of the liver (2). The main 
constituents of these oils are: hydrocarbons 
(such as squalene), triglycerides, alkoxyglyceryl  
diesters, higher alcohols, fa t ty  acids, vitamin A 
and its esters, and other lipids in trace amounts 
(2,3). The class composit ion of neutral lipids 
from lemon shark liver was studied by dry- 
column chromatography and found to contain 
almost 97% trigiycerides and 2.3% of unsaponi- 
fiable material (4). In this fractionation tech- 
nique the biological activity was associated with 
the hydrocarbon fraction which contained 
unidentified materials that traveled along the 
column with the hydrocarbon components  of 
the extract,  possibly as molecular complexes. 
These unidentified materials have since been 
found to be cholesterol, carotenes and co- 
enzymes Q. I t  has been observed that when 
relatively large amounts of sterols and carotenes 
are present in the unsaponifiable fraction of tis- 
sue extracts, the coenzymes Q tend to 
accompany these materials during crystalliza- 
t ion (14). Moreover, in the presence of sterols 
and carotenes, the coenzymes Q tend to be 
eluted, in column chromatography with the less 
polar fractions (15). Since the active principle 
was presumably present in very small amounts 
and since we had evidence of its thermal and 
light lability (5), it became necessary to develop 
a very mild large-scale fractionation that would 
allow separation in high concentration prior to 
identification. 

This paper reports the isolation and identifi- 
cation of the coenzymes Q as principal com- 
ponents of a highly active fraction obtained 
through a large-scale extract ion method.  The 
biological activity of this shark liver extract and 
of pure commercially available coenzymes Q, 
namely their ability to stimulate the phagocytic 
rate of rats and the primary hemolyt ic  ant ibody 
response in mice, has been reported by us else- 
where (6,7). 

Neutral lipids from lemon shark liver were 
obtained as reported earlier (4). This crude 
hexane extract was further fractionated by sol- 
vent part i t ion in a mixture of  previously equili- 
brated 2.5 liter of hexane and 2.5 liter of 
methanol per 100 g of crude lipid, at -50 C for 
3 hr with frequent shaking. (All solvents were 

purified and distilled prior to use.) The layers 
were separated and re-extracted as follows: the 
hexane layer was extracted with 2.5 liter of 
methanol for 1 hr at -50 C; separation of the 
layers and evaporation of the solvents at 30 C 
in a rotary evaporator gave two residues, H-1 
(97 g) from the hexane layer and M-2 (0.45 g) 
from the methanol layer, with almost no bio- 
logical activity. The primary methanol solution 
was re-extracted with 2.5 liter of hexane at 
-50 C for 1 hr. After  separation of the layers, 
evaporation of each solvent in a rotary evapo- 
rator at 30 C gave two residues, M-1 from the 
methanol layer and H-2 from the hexane layer. 
The secondary hexane extract ,  H-2 (0.6 g) 
showed intense biological activity. 

Preparat ive thin layer chromatography 
(TLC) (Silica Gel G, 1 mm thick, petroleum 
ether-ethyl ether-acetic acid, 60:40:2,  used as 
development solvent) of fraction H-2 gave 
several distinctive bands, all of which were 
eluted, isolated and bioassayed. The dark 
orange semisolid, obtained from the fifth band 
from the origin, with Rf 0.7 had good bio- 
logical activity. This material was recrystallized 
several times from a minimum of hot  ethanol to 
give orange crystals, mp 37-40 C. These crystals 
showed strong biological activity. 

The ident i ty  of the constituents of the red 
crystals was established on the basis of the 
following criteria: (a) The UV spectrum of the 
mixture in absolute ethanol (~kma x 275 mp 
which disappears on reduction with NaBH4) 
was in good agreement with that  reported for 
the coenzymes Q (8). ( b ) T h e  IR spectrum 
(bands at 1650, 1600, 1260 cm-1)had all the 
typical  bands of the coenzymes Q (8). (c) The 
mass spectrum showed a prominent  peak at m/e 
235, which is the dominant  feature on the mass 
spectra of the coenzymes Q homologous series 
(9). (d) On vaseline impregnated paper, devel- 
oped with dimethyl-formamide-water,  97:3, a 
method reported by Linn et al. (10) for separa- 
tion of the individual members of the co- 
enzyme Q homologous series, the components  
of the red crystals migrated with Rf values 
identical to those of coenzyme Q9 and co- 
enzyme Q10 used as standards, with no other 
material present. It was estimated spectro- 
photometrical ly,  by using the characteristic dif- 
ferential in UV absorption for the quinone and 
hydroquinone forms of the two coenzymes (8), 
that coenzyme Q9 consti tuted about 85% of 
the mixture. 

The presence of coenzymes Q in the liver of 
a few shark species has been reported. Nazir 
and Magar (11) found coenzyme Q6 in the liver 
of the shark Careharias ellioti Day. Gale et al. 
(13) reported the identif ication of coenzymes 
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Q9 and  Q10 in t iger  shark  (Galeocerdo cuvieri) 
liver, and  Diplock and  Has lewood  (12)  f o u n d  
c o e n z y m e  Q10 in dogf ish  (Squalus acanthias) 
l iver and  discussed the  possibi l i t ies  of  i ts  be ing  
of  d ie ta ry  origin. I f  t he  c o e n z y m e s  Q f o u n d  in 
the  liver of  these  an imals  is ma in ly  exogenous ,  
this  wou ld  be  cons i s t en t  w i th  the  var ie ty  of  
h o m o l o g u e s  observed  in the  d i f fe ren t  classes of  
shark.  

Clearly the  p resence  of  c o e n z y m e s  Q9 and  
QI 0 in  l emon  shark  liver is n o t  un ique .  How- 
ever, t he  s tudy  r e p o r t e d  here ,  and  the  biological  
ac t iv i ty  of  this  shark  liver f r ac t ion  and  pure  
c o e n z y m e  Q r e p o r t e d  e lsewhere  offers  an  
e x p l a n a t i o n  for  the  earlier obse rva t ions  of  bio-  
logical act ivi ty  p r o d u c e d  by  n o n p o l a r  l ipid frac- 
t ions  of  shark liver. 
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ABSTRACT 

F a t t y  acid labeled  chyle  was adminis -  
t e red  iv to  ad lib fed rats .  A t  in tervals  
f r o m  1 hr  to  50 days la te r  ra ts  were ki l led 
and  pieces of  the i r  pa rame t r i a l  ad ipose  
t issue were i n c u b a t e d  in vi t ro  w i th  nor-  
ep inephr ine .  The  specif ic  r ad ioac t iv i ty  of  
t he  mobi l i zed  free f a t t y  acids was com- 
pared  to tha t  of  t issue glycerides and  t h a t  
of  t issue free f a t t y  acids. The  resul ts  indi-  
cate  t h a t  f a t t y  acids t a k e n  up by  the  adi- 
pose  t issue do no t  mix  i m m e d i a t e l y  w i th  
the  bu lk  of  t issue l ipids and  t h a t  the  
mobi l i zed  free f a t t y  acids do no t  pass 
t h r o u g h  the  t issue free  f a t t y  acid pool .  

Several inves t iga tors  have  shown  t h a t  there  
are at  least  two  glycer ide c o m p a r t m e n t s  in  adi- 
pose  t issue (1-3) one  of  w h i c h  has a rap id  turn-  
over. In  vi t ro e x p e r i m e n t s  ind ica te  t h a t  f a t t y  
acids wh ich  en te r  the  t issue are first  incorpo-  
ra ted  in to  the  poo l  o f  glycerides t h a t  has  a 
rapid t u rnove r  (1)  and  can be released prefer-  
ent ia l ly  c o m p a r e d  to  t he  bu lk  lipid of  the  cell 
(1).  In  the  p resen t  pape r  we show t h a t  this  is 
also t rue  for  f a t ty  acids w h i c h  are t a k e n  up  by  
the  adipose  tissue in vivo f r o m  chy lomicra .  

To prepare  labeled chyle ,  t he  t ho rac i c  duc t  
of  a male  rat  was c a n n u l a t e d  and the  ra t  t h e n  
given via a s t omach  f is tu la  a micel lar  so lu t ion  of  
9-10-3H-oleic  acid (The  r ad iochemica l  Centre ,  
A m e r s h a m ,  England) ,  m o n o o l e i n  and  tauro-  
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Q9 and  Q10 in t iger  shark  (Galeocerdo cuvieri) 
liver, and  Diplock and  Has lewood  (12)  f o u n d  
c o e n z y m e  Q10 in dogf ish  (Squalus acanthias) 
l iver and  discussed the  possibi l i t ies  of  i ts  be ing  
of  d ie ta ry  origin. I f  t he  c o e n z y m e s  Q f o u n d  in 
the  liver of  these  an imals  is ma in ly  exogenous ,  
this  wou ld  be  cons i s t en t  w i th  the  var ie ty  of  
h o m o l o g u e s  observed  in the  d i f fe ren t  classes of  
shark.  

Clearly the  p resence  of  c o e n z y m e s  Q9 and  
QI 0 in  l emon  shark  liver is n o t  un ique .  How- 
ever, t he  s tudy  r e p o r t e d  here ,  and  the  biological  
ac t iv i ty  of  this  shark  liver f r ac t ion  and  pure  
c o e n z y m e  Q r e p o r t e d  e lsewhere  offers  an  
e x p l a n a t i o n  for  the  earlier obse rva t ions  of  bio-  
logical act ivi ty  p r o d u c e d  by  n o n p o l a r  l ipid frac- 
t ions  of  shark liver. 
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(1).  In  the  p resen t  pape r  we show t h a t  this  is 
also t rue  for  f a t ty  acids w h i c h  are t a k e n  up  by  
the  adipose  tissue in vivo f r o m  chy lomicra .  

To prepare  labeled chyle ,  t he  t ho rac i c  duc t  
of  a male  rat  was c a n n u l a t e d  and the  ra t  t h e n  
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TABLE I 

Ratio of Specific Radioactivity in Released Free Fatty Acids and in 
Tissue Free Fatty Acids to That in Tissue Glycerides a 

859 

Norepinephrine stimulation No stimulation 

Time after Mobilized FFA Tissue FFA Tissue FFA 
injection (tissue glycerides) (tissue glycerides) (tissue glycerides) 

1 hour 3.76 --- 1.50 1.76 --- 0.82 1.08 --- 0.28 
1 day 0.84 +0.09 0.65 4-0.06 0.59 4-0.24 
4 days 0.77 --- 0.25 0.47 4- 0.06 0.26 4- 0.07 

50 days 0.76 4-0.18 0.54 4-0.13 0.44 4-0.21 

apieees (usually 0.7 - 1.0 g) of parametrial adipose tissue were obtained from rats at 
various times after injection of labeled chyle and were incubated in vitro with or without 
norepinephrine (see text for details). Each value for norepinephrine-stimulated and control 
fat pad pieces is the mean + SD for 8-10 and 4-5 observations respectively. To obtain the 
specific radioactivity for glyeerides, 849 g was considered equivalent to 3 moles of fatty 
acid. 

chol ic  acid (4) .  Labeled  chyle  was col lec ted  for  
12 h r  and  was used for  in jec t ions  wi th in  the  
fo l lowing  12 hr .  

Ad lib. fed female  Sprague Dawley  ra ts  
(An t i c imex ,  S t o c k h o l m ,  Sweden)  weighing 
150-200 g were used. They  were anes the t i zed  
w i t h  e ther  and  t he  labeled  chyle  was in jec ted  
( 8 4 ' 1 0 6  cpm per  ra t )  in to  an  exposed  neck  
vein.  Groups  of  an imals  were ki l led at  intervals  
va ry ing  f rom 1 hr  to  50 days af te r  the  in jec t ion .  
The i r  pa rame t r i a l  adipose  t issue was r emoved ,  
extens ively  washed ,  d ivided i n to  t h r ee  pieces 
a n d  i n c u b a t e d  at  37 C in a t o t a l  vo lume  of  5 ml 
Krebs-Ringer  b i c a r b o n a t e  bu f f e r  (5) ,  pH 7.35,  
con ta in ing  5% bov ine  se rum a l b u m i n  ( f a t t y  acid 
poor ,  Pierce Chemica l  C o m p a n y ,  R o c k f o r d ,  Ill.) 
T w o  of the  fa t  pad  pieces were i n c u b a t e d  w i th  
1 ttg n o r e p i n e p h r i n e  per  mil l i l i ter  to  s t imula te  
mob i l i z a t i on  of  f a t t y  acids, whereas  one  fa t  pad  
piece served as con t ro l  and  was i n c u b a t e d  wi th-  
ou t  no rep ineph r ine .  Af te r  2 h r  the  fa t  pad 
pieces were r e m o v e d  f rom the  m e d i u m ,  washed  
and  t h e n  h o m o g e n i z e d  in 15 ml ch lo ro fo rm-  
m e t h a n o l  (2:1 v/v).  The  h o m o g e n a t e s  were 
f i l tered and  6 ml 2% KH2PO 4 in wate r  added.  
The  lower ,  c h l o r o f o r m  phases  were  dr ied over  
a n h y d r o u s  N a 2 S O  4. Phospho l ip ids  were 
r e m o v e d  f rom glycerides and  f a t t y  acids by  
a d s o r p t i o n  on  a c o l u m n  of  0.5 g silicic acid t h a t  
was e lu ted  w i th  20 ml ch lo ro fo rm.  The  e luate  
was evapora ted  and  the  res idue dissolved in 8 
ml p e t r o l e u m  e ther .  To separa te  free f a t t y  acids 
f r o m  glycerides the  m e t h o d  of  Borgs t rom (6)  
was used.  The  p e t r o l e u m  e the r  so lu t ion  of the  
l ipids was ex t r ac t ed  twice  w i th  8 ml 0.1 N KOH 
in 50% aqueous  e thano l  and  was t h e n  t rans-  
fe r red  to  a c o u n t i n g  vial. This  f r ac t ion  con ta ins  
the  glycerides,  w h i c h  were  quan t i f i ed  by  
weighing.  The  c o m b i n e d  e thano l -wa te r  frac- 
t ions  con ta in ing  the  free f a t t y  acids were 
washed  th ree  t imes  w i th  p e t r o l e u m  e the r  to  

remove  r ema in ing  glycerides  and  were t h e n  
acidif ied and  e x t r a c t e d  twice  w i th  p e t r o l e u m  
e the r  to  o b t a i n  the  free f a t t y  acids. The i r  
a m o u n t  was d e t e r m i n e d  by  t i t r a t i on  accord ing  
to  Dole  and  Meine r t z  (7).  To recover  the  f a t t y  
acids for  d e t e r m i n a t i o n  of  the i r  rad ioac t iv i ty ,  
t he  t i t r a t i on  m e d i u m  was acidif ied and  
ex t r ac t ed  twice w i t h  3 ml of  h e p t a n e  wh ich  was 
t h e n  t r ans fe r red  to  a c o u n t i n g  vial. Model  
expe r imen t s  showed  tha t  the  glyceride con tami -  
n a t i o n  of the  f a t t y  acid f r ac t ion  was less t h a n  
0 .001% of the  original  a m o u n t  of  glycerides  in 
t he  t issue ext rac t .  

"The i n c u b a t i o n  m e d i u m  was ex t r ac t ed  
accord ing  to  Dole and  Meiner tz  (7)  and  the  
a m o u n t  of  free f a t t y  acids d e t e r m i n e d  by  t i t ra-  
t ion .  The  a lkal ine  e thano l -wa te r  phase  con-  
ta in ing  t he  f a t ty  acids was t h e n  ex t r ac t ed  twice  
w i th  h e p t a n e  to r emove  glycerides.  I t  was t h e n  
acidif ied and  again ex t r ac t ed  twice  w i th  hep-  
t ane  to o b t a i n  the  free f a t t y  acids for  deter -  
m i n a t i o n  of  the i r  rad ioac t iv i ty .  Media  incu-  
b a t e d  w i t h o u t  a fa t  pad  piece were  ex t r ac t ed  in 
t he  same manne r .  They  c o n t a i n e d  less t h a n  1.7 
/~eq free f a t ty  acid. This  value  was used as a 
b l ank  and  was s u b t r a c t e d  f rom the  values ob- 
t a ined  af ter  i n c u b a t i o n  of  fat  pad  pieces. 

Rad ioac t iv i ty  was d e t e r m i n e d  in a Packard  
l iquid sc in t i l la t ion  spec t rome te r .  Q u e n c h i n g  
was cor rec ted  for  by  the  use of  an  in te rna l  
s t andard .  

Par t  of  the  rad ioac t iv i ty  in  the  f r ac t ions  
migh t  derive f rom lipids of  t r a p p e d  b lood .  To 
es t ima te  the  e x t e n t  of  such  c o n t a m i n a t i o n  the  
vo lume  and  the  rad ioac t iv i ty  of  the  b l o o d  was 
d e t e r m i n e d .  The  vo lume  was d e t e r m i n e d  by  the  
in jec t ion  of  131I . a lbumin .  The  a m o u n t  of  
b l o o d  in each  fat  pad  piece never  exceeded  0 .02 
ml.  The  a m o u n t  of  r ad ioac t iv i ty  in f ree  f a t t y  
acids per  mil l i l i ter  o f  b lood  was less t h a n  0 .02% 
of  the  in jec ted  dose  at  1 hr  a f te r  the  in j ec t ion  
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and still less at later times. Therefore, a maxi- 
mum of 4% of the radioactivity found in free 
fatty acids in the medium after incubation of a 
fat pad piece could derive from blood free fatty 
acids. 

The fat pad pieces incubated with and with- 
o u t  norepinephrine, respectively, released 
means of 4.6 and 1.0 #eq fatty acid per gram of 
wet weight. With fat pad pieces from the rats 
killed 1 hr after the injection of  the labeled 
chyle, the specific radioactivity in the released 
fatty acids was higher than that in tissue glycer- 
ides. With fat pad pieces obtained from rats 
killed one day or more after the injection of the 
labeled chyle, the specific radioactivity of the 
released free fatty acids was lower than that of 
the tissue glycerides. This suggests that the 
fatty acids taken up by the tissue did not 
immediately mix fully with the bulk of the tis- 
sue lipids. Thus, at 1 hr the radioactive fatty 
acids were preferentially released upon stimu- 
lation with norepinephrine, whereas at one day 
or more nonradioactive fatty acids were 
mobilized somewhat in preference to the bulk 
of tissue lipids. Presumably, these nonradio- 
active fatty acids had been recently taken up by 
the tissue or recently synthetized in the tissue. 

If the source of the mobilized free fatty 
acids were the tissue free fatty acids, the spe- 
cific radioactivity of the latter should be as high 
as or higher than that of  the former. In our 
experiment, the specific radioactivity of the 
tissue free fatty acids, with and without stimu- 
lation, was less than that of the mobilized fatty 
acids. This suggests that the major part of the 
mobilized fatty acids did not pass the tissue 

free fatty acid pool. This conclusion is in con- 
cord with that of Dole (8) from experiments 
with epididymal adipose tissue which was 
induced to take up and to mobilize free fatty 
acids in vitro. 
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Mass Spectrometry of Triglycerides" I. Structural Effects1 

W.M. LAUER, A.J. AASEN, G. GRAFF and R.T. HOLMAN, 
The Hormel Institute, University of Minnesota, Austin, Minnesota 55912 

ABSTRACT 

Mass spectra of several triglycerides of 
spec i f i c  structure or with specific 
deuterium labeling have been measured 
with a low resolution mass spectrometer. 
W i t h  s a t u r a t e d  t r i g l y c e r i d e s  the 
abundances of ions characteristic of the 
component  acids, [ M - R C O  2 ] § increase 
w i t h  increasing chain length, and 
[ M - R C O 2 C H 2 ] +  d e c r e a s e  w i t h  
increasing chain length. Unsaturation in 
the acyl moiety causes the abundant for- 
mation of [ R C O - 1 ]  +. Structures have 
been suggested for a number of the main 
peaks obtained from saturated triglycer- 
ides, and high resolution spectra of one 
triglyceride agree with the postulated 
structures.  The peaks, [RCO+74]§ 
[RCO+115] + and [RCO+128+14n]+, 
represent structures which contain the 
glyceryl port ion of the triglyceride, since 
in case of the replacement of its hydro- 
gens with deuteriums, these peaks are 
shifted accordingly. Evidence which indi- 
cates the possibility of determining the 
location of unsaturation by the inter- 
r u p t i o n  o f  h o m o l o g y  o f  t h e  
[RCO+128+14n] § series, brought about 
by the addit ion of deuterium to the 
unsa tu ra t ed  linkages, is introduced. 
Further  evidence is also presented, which 
indicates that the [M-RCO2CH2]  + ions 
arise from the positions 1 and 3 and, in 
agreement with earlier studies from other 
laboratories, it is thus possible to identify 
the acyl groups attached to the 1 and 2 
positions of the glyceryl moiety.  

INTRODUCTION 

Ryhage and Stenhagen (1) and Barber et al. 
(2) have shown that the spectra of triglycerides 
are characterized by major peaks, which are 
readily interpreted. One of these major peaks 
results from the loss of an acyloxy group from 
the parent molecular ion, and in the case of 
mixed triglycerides, peaks corresponding to the 
loss of each acyloxy group are obtained. An 

1presented in part at the AOCS Meeting, New 
Orleans, April 1970. Part V of a series on Mass 
Spectrometry of Lipids. For IV see Lipids 4:421-427 
(1969). 

acyl ion results from each fat ty  acid residue 
present in the mixed triglyceride. Peaks with 
mass numbers 74 and 128 higher than each acyl 
ion are also prominent,  but structures have not 
been previously postulated for them. 

The present study revealed an addit ional 
type of ion [ R C O + l l 5 ]  § and a homologous 
series of ions [RCO+128+14n] § of which 
[RCO+128] + is the simplest member.  This 
series is of special interest because it presents 
the possibility to determine the location of 
unsaturation in triglycerides, for its homology 
is interrupted by unsaturation or substituents in 
the acyl chains. 

The studies of Dinh-Nguyen et al. (3,4), 
dealing with isotopically substituted normal 
long chain .methyl esters demonstrated that  dif- 
ferent mechanisms exist for the formation of  
the methoxycarbonyl  ions, [ C H 3 - C O - O -  
(CH2)n] + where n > 1. One perhaps un- 
expected source of this type of  ion involves the 
extrusion of part of the hydrocarbon chain and 
therefore militates against the possibility of 
locating the position in the chain at which the 
homology is interrupted.  Hydrogen-deuterium 
exchange reactions also complicate the prob- 
lem. Dinh-Nguyen has delineated the behavior 
of the methyl ester of octadecanoic acid by 
utilizing isotopically-substi tuted preparations 
(deuterium and laC)  and has discussed the 
applicability of this method for locating double 
bonds in long chain methyl  esters. Our results 
with triglycerides appear to parallel the 
behavior of the long chain methyl esters as 
established by these studies. 

EXPERIMENTAL PROCEDURES 

The mass spectra were measured using two 
Hitachi RMU 6D instruments operated at 70 
eV. Samples of triglycerides of short chain acids 
were introduced through the liquid sample 
insertion system and less volatile triglycerides 
were directly inserted. The results with the two 
instruments were consistent. High resolution 
mass spectra were measured on AEI MS-9 
double focussing mass spectrometer.  

G l y c e r y l  triacetate,  t r ipropionate,  tri- 
butanoate,  tr ipentanoate,  t r ihexanoate and tri- 
octanoate were obtained from Eastman Organic 
Chemicals. Glyceryl  tridecanoate, tr idodeca- 
noate,  t r i tetradecanoate,  tr ihexadecanoate,  tri- 
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octadecanoate, trihexadec-9-enoate, trioctadec- 
6-enoate, trioctadec-9-enoate and trioctadeca- 
9,12-dienoate were obtained from The Hormel 
Institute, Lipids Preparation Laboratory. These 
triglycerides were found to be better than 95% 
pure by thin layer chromatography (TLC). The 
saturated diacid triglycerides used in this study 
were obtained from E.S. Lutton of the Procter 
and Gamble Co., and from R.E. Jensen of the 
University of Connecticut. The preparations of 
pe rdeu te r io -g lyce ry l  trioctadecanoate and 
2 - d e u t e r i o - g l y c e r y l  trioctadecanoate are 
described in a subsequent paper (5). 

M e t hy 1-6,7-dideuterio-octadecanoate was 
prepared according to the method of Roh- 
wedder et al. (6). One milliliter of hydrazine-d 4 
solution prepared from 5.6 g hydrazine 
hydrate-d 6 and 1.6 g of deuterium oxide was 
added every 12 hr to a solution of 313 mg 
methyl octadec-6-enoate in 20 ml dry dioxane. 
Dry oxygen was bubbled continuously through 
the mixture, which was maintained at 60 C. 
After 64 hr, the solvent was removed, water 
was added to the residue and the ester was 
extracted with petroleum ether. Gas liquid 
chromatography (GLC) revealed that less than 
1% of the starting material remained. The ester 
was crystallized from petroleum ether [235 mg, 
74%, mp 37.5 C Lit. (7) 37.78 C methyl 
octadecanoate]. 

The mass spectrum showed a strong parent 
ion at m/e 300 and major ions at m/e 269 
[M-OCH3] +, 257 [M-CH2CH2CH3] + and 
256 [M-CHDCH2CH 3]+. The latter was 
stronger than that at m/e 257. 

6,7-Dideuterio-Octadecanoic Acid 

The methyl ester (235 mg) was hydrolyzed 
by refluxing 2 hr in a solution of potassium 
hydroxide (2 ml, 90%) and methanol (20 ml). 
The reaction mixture was acidified with dilute 
hydrochloric acid and then extracted with 
ether. Removal of the solvent left 171 mg of a 
solid with a yield of 76%. The impure acid was 
crystallized, once from petroleum ether and 
twice from acetone, to yield 121 mg of a 
product which melted at 69.5 C [Lit. (8) 
69.42 C for octadecanoic acid]. Isotopic 
purity: 86% d2, 13.7% d 1. The mass spectrum 
showed a parent ion at m/e 286, and ions at 
m /e  242 and  243 corresponding to 
[M-CHDCH2CH 3 ] + and [M-CH2CH2CH 3 ] +, 
respectively, the former being the more 
abundant.  

Glyceryl Tri-6,7-Dideuterio-Octadecanoate 

A mixture consisting of 89 mg 6,7- 
dideuterio-octadecanoic acid, 6 mg glycerol and 
9 mg p-toluenesulfonic acid was heated at 80 C 
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at 1 mm for 8 hr. The triglyceride was purified 
by preparative TLC and recrystallizations from 
petroleum ether yielding 16 mg of a crystalline 
product. The triglyceride which was chromato- 
graphically indistinguishable from authentic 
glyceryl trioctadecanoate melted at 72 C 
[glyceryl trioctadecanoate (9): 72 CI. Isotopic 
purity of RCO + ion: 87% d2, 13% d I . 

Glyceryl tri-9,10-dideuterio-hexadecanoate 
and  -tri-9,10-dideuterio-octadecanoate were 
prepared as described above using methyl 
hexadec-9-enoate and methyl octadec-9-enoate, 
respectively, as starting materials. 

2-Deuterio-Glyceryl Tributanoate 

Thirty-seven milligrams of 2-deuterio-gly- 
cerol (5), 20 ml butanoic acid and 2 mg 
p-toluenesulfonic acid were heated at 115 C for 
39 hr. After removing the excess acid by distil- 
lation, the residue was fractionated by TLC. 
Homogeneous 2-deuterio-glyceryl tributanoate 
was obtained (77 mg, 64%). 

1,3-Dihexanoyloxyacetone was prepared by 
stirring 1 g dihydroxyacetone and 13.3 g 
hexanoyl chloride in 25 ml anhydrous benzene 
plus 2 ml dry pyridine at room temperature for 
60 hr. Water was added and the mixture 
extracted with chloroform. The acid was 
removed by distillation under vacuum. The 
remaining yellow oil was crystallized from 
petroleum ether at 0 C. The crystals, 802 mg 
(32%), melted at 52C. The IR spectrum 
exhibited at intense absorption at 1740 cm q 
(CO-stretch) and no absorption in the 3500 
cm -1 region (OH-stretch). The product had an 
appropriate NMR spectrum displaying a singlet 
((4 H) at 4.78 ppm, a triplet (4 H) at 2.45 ppm, 
a multiplet (12 H) in the region 1.9-1.1 ppm 
and a triplet (6 H) at 0.91 ppm. Major peaks in 
the high mass region of the mass spectrum were 
m / e  171 [ M - C s H I l C O 2 ]  + , 157  
[ M - C s H 1 1 C O 2 C H 2 ]  +, 141 and  99 
[CsHl lCO]  +. The compound could not be 
detected on TLC charred with sulfuric acid 
indicating facile hydrolysis to volatile products. 
It reacted, however, with 2,4-dinitrophenyl- 
hydrazine to give a yellow spot. 

2-Deuterio-glyceryl 1-hexanoate was pre- 
pared from 100 mg 1,3-dihexanoyloxyacetone 
by stirring with 30 mg of sodium borodeuteride 
in 2 ml of ethanol-d I for 1 hr at room tempera- 
ture. Water was added and the mixture 
extracted with ether. Removal of the solvent 
left 80 mg which was preparatively chromato- 
graphed on a thin layer plate, yielding 17 mg of 
chromatographically pure material. Its mobility 
corresponded to a monoglyceride. Important 
peaks in its mass spectrum were m/e 160 
[M-CH2OH] + and m/e 99 [CsHIICO] +. 
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FIG. 1 

2-Deuterio-glyceryl 1-hexanoate 2,3-diocta- 
d e c a n o a t e  was prepared from 17 mg 
2-deuterio-glyceryl 1-hexanoate and 116 mg 
octadecanoyl chloride held under vacuum (ca. 1 
mm) at 40C for 6 hr. The triglyceride was 
purified by preparative thin layer chromato- 
graphy twice, and crystallization yielded 13 mg 
of needles (20%) melting at 45 C. Estimated 
isotopic purity 83% d l ,  based on RCO+74 (75), 
uncorrected for perhydro analog. 

RESULTS AND DISCUSSION 

Effect of Chain Length of Fatty Acid 
Upon the Mass Spectra of Triglycerides 

Monoacid triglycerides of the very short 
chain fatty acids have no molecular ion in their 
mass spectra. The molecular ion generally 
increases with increasing chain length of the 
fatty acid. Even with long chain fatty acids the 

molecular ion is of low abundance, amounting 
to 0.013% of the total ionization and 0.22% of 
the base peak in the case of glyceryl triocta- 
decanoate. 

The ions [M-RCO2CH2] + have been sug- 
gested (1) as a means of identifying the fatty 
acids in the 1 and 3 positions in a triglyceride. 
In the series of saturated triglycerides studied, 
the ratio of [M-RCO2]+/ [M-RCO2CH2]  + 
increased from virtually zero for glyceryl tri- 
acetate to 31 for glyceryl trioctadecanoate. 
Thus the chain length of the fatty acid has a 
profound effect upon the relative yields of 
these ions, and the elucidation of structure of 
mixed triglycerides is thus rendered more diffi- 
cult. 

Mixed triglycerides have mass spectra in 
which each acyloxy group present is manifested 
by an ion [M-RCO2] + (Fig. 1). The size of 
this group rather than its location appears to 
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TABLE I TABLE II 

Per cent Yield of Ions [ M-RCO2] + 
Characteristic of Each Acid in Mixed Triglycerides 

Atoms Atoms Atoms 
Acid % % % 

6:18:18 12.8 43.6 
12:18:18 19.8 40.1 
18:12:18 39.6 20.8 
18:14:18 36.1 27.8 
18:16:18 35.0 30.0 
18:18:18 b 33.3 33.3 

16:12:16 37.8 24.3 
16:14:16 35.4 29.1 
16:16:16 b 33.3 33.3 
16:18:16 30.8 38.3 

Relative Intensities of [M-RCO2CH2] + Ions 
in Spectra of Saturated Triglycerides and 
Their 2-Deuterio-Glyceryl Counterparts 

Relative 
Ion m/e intensities 

43.6 
40.1 Glyceryl trioctadecanoate 
39.6 
36.1 

[M -- RCO2CH2] + 35.0 
33.3 

37.8 Glyceryl tributanoate 
35.4 
33.3 
30.8 

[M -- RCO2CH2] + 

aSaturated acids are designated by their numbers 
of carbon. 

bAssuming equivalence of the three positions. 

d e t e r m i n e  the  relat ive a m o u n t s  of  these  ions.  
This  s t a t e m e n t  is based  o n  s tudies  of  a n u m b e r  
of  mixed  t r ig lycer ides  c o n t a i n i n g  two  d i f fe ren t  
acy loxy  groups.  In the  case of  glyceryl  2-hexa-  
d e c a n o a t e - 1 , 3 - d i o c t a d e c a n o a t e  ( 1 8 : 1 6 : 1 8 )  the  
observed  he igh t  of  the  [ M - C 1 7 H 3 5 C O 2 ]  +, 
peak is 220  and  t h a t  of  the  [ M - C  15H31 CO 2 ] + 
peak is 94. Thus ,  if  t he re  is cons t an t  sens i t iv i ty  
in this  region of  the  spec t rum,  the  yields  of 
these  ions are 35.0% each for  the  two  18:0  resi- 
dues  and  30.0% for  the  16:0.  Table  I is the  
resul t  of  s imilar  m e a s u r e m e n t s  w i th  a series of  
mixed  t r iglycerides.  A compar i son  b e t w e e n  
1 8 : 1 6 : 1 8  and  1 6 : 1 8 : 1 6  reveals t ha t  in  b o t h  
cases the  [ M - C 1 7 H 3 5 C O 2 ]  + f r agmen t  is 
a p p r o x i m a t e l y  1.2 t imes  more  a b u n d a n t  t h a n  
the  [ M - C 1 5 H 3 1 C O 2 ]  + f r agment .  The  tab le  
also reveals tha t  in two  series in  wh ich  two acyl  
groups  r e m a i n  c o n s t a n t  and  one  changes ,  the  
yield of  [ M - R C O 2 ]  + increases  w i th  cha in  
l eng th  of  the  acid. This  p h e n o m e n o n  has  b e e n  
observed for  glyceryl  1-acyl-2,3-diacetates  and  
glyceryl  2 -acy l - l ,3 -d iace ta tes  (10)  and  in 
diesters  of  shor t  cha in  diols (11) .  

The  molecu la r  ion p r e s u m a b l y  is f o r m e d  by  
the  loss of  an  u n s h a r e d  e l ec t ron  f rom an 
o x y g e n ,  and  the  [ M - R C O  2] + m a y  be  
p r o d u c e d  f rom the  molecu la r  ion  by  the  loss of  
one  acy loxy  group  f rom the  1 or  2 pos i t i on  
giving rise to  ions  Ia or Ib,  or bo th .  

Ib 

O Ci., H2--- O CH~- 0.. 
R-C-O-CH ~C-R CH--(~ ~C-R 

Io CH2--O CH~TO-~ -R 

The larger the  acy loxy  group  lost ,  t he  more  
in tense  is the  residual  ion ,  I. 

592 38 
593 100 
594 40 

199 12.7 
200 3.6 
201 100 
202 14.3 
203 2.6 

2-Deuterio-glyceryl trioctadecanoate 

[M - RCO2CHD] + 593 48 
[M RCO2CH2] + 594 100 

595 37 

2-Deuterio-glyceryl tributanoate 

200 12.0 
[ M - RCO2CHD ] + 201 3.0 
[M RCO2CH2] + 202 100 

203 11.8 
204 1.8 

Position of Fatty Acid in 
Triglyceride Molecule 

Earl ier  s tudies  (1,2)  i nd ica t ed  t h a t  the  acids 
ester i f ied at  the  1 and  2 pos i t ions  in a mixed  
t r iglycer ide could  be d is t inguished  on  the  basis 
of the  relat ive popu l a t i ons  of  the  two ions,  
[ M - R I C O 2 C H 2 ] +  and  [ M - R 2 C O 2 C H 2 ] +  
derived f rom pos i t ions  1 and  3 or f rom the  2 
pos i t ion ,  respect ively.  This  m e t h o d  has  been  
appl ied to  a na tu ra l  t r iglyceride of  unusua l  
s t ruc tu re  (12) .  The  ion ic  p o p u l a t i o n  of  
[ M - R 2 C O 2 C H  2 ] + f rom the  2 pos i t ion ,  is very  
small  or  negligible. In  the  case of  the  h igher  
m e m b e r s  of  the  series of  s a tu ra t ed  t r iglycer ides ,  
t he  ions  [ M - R I C O 2 C H 2 ] +  are of  low in ten -  
sity, bu t  are readi ly  recognizable .  The  
[ M - C H 3 C O 2 C H 2 ]  + ion  f r o m  glyceryl  tr iace- 
ra te  is very p r o m i n e n t ,  b u t  as the  molecu la r  
weight  of  the  t r ig lycer ide increases,  the  cor- 
r e spond ing  ions b e c o m e  m u c h  less a b u n d a n t .  

A c o m p a r i s o n  of  the  spec t ra  of glyceryl  tri- 
o c t a d e c a n o a t e  and  2-deuter io-glyceryl  t r ioc ta -  
d e c a n o a t e  revealed a m a x i m u m  c o n t r i b u t i o n  of  
10% due  to [ M - C I 7 H 3 5 C O 2 C H D ]  + ions  
(Table  II).  A m u c h  more  s ignif icant  example  is 
given b y  compar i son  of  spec t ra  of  glyceryl  tri- 
b u t a n o a t e  and  2-deuter io-glyceryl  t r i b u t a n o a t e .  
In th i s  case, unl ike  the  p reced ing  one,  the  
[ M - R C O 2 C H 2 ]  + peak is p r o m i n e n t .  Tab le  II 
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TABLE III 

Relative Intensities of Members of the Series, 
[ RCO+128+14n] + (% of base peak) 

865 

Glyceryl Glyceryl Glyceryl 
RCO tridodecanoate tritetradecanoate trihexadecanoate 

+128 29.0 89.0 100.0 
+142 2.7 5.9 11.2 
+156 1.9 1.6 7.6 
+170 4.0 8.9 19.5 
+184 6.9 23.7 46.0 
+198 1.6 5.4 7.6 
+212 5.1 3.0 11.9 
+226 2.3 4.0 13.2 
+240 0.5 12.1 10.5 
+254 1.3 3.8 6.2 
+268 --- 0.6 27.0  
+282 --- 2.6 10.3 
+296 . . . . . .  2.9 
+310 . . . . . .  8.4 

a l s o  s h o w s  t h a t  t h e  a b u n d a n c e  of  
[ M - C 3 H 7 C O 2 C H D ]  + ions  f o r m e d  f r o m  
2 - d e u t e r i o - g l y c e r y l  t r i b u t a n o a t e  is w i th in  
e x p e r i m e n t a l  er ror  of  the  m e a s u r e m e n t .  

The  synthes i s  of  mixed  t r ig lycer ides  w i t h o u t  
any  r e a r r a n g e m e n t  is d i f f icul t  (13) ,  and  as a 
consequence  samples  regarded  as pure  m a y  be  
c o n t a m i n a t e d  w i t h  small  a m o u n t s  of  r ea r ranged  
p roduc t s .  Accord ing ly ,  a mixed  t r iglycer ide,  
ABA,  may  con t a in  some AAB which  could  give 
rise to  a small  a m o u n t  of  ion [ M - R C O 2 C H  2] 
co r r e spond ing  to t he  acid B whereas  the  pure  
t r ig lycer ide  ABA shou ld  n o t  do so. I t  appears  
t h a t  the  [ M - R C O 2 C H  2] + ions  or ig ina te  f r o m  
the  1 and 3 pos i t ions  and  t h a t  l i t t le ,  if  any,  
arises f rom the  2 pos i t ion .  Use of  these  ions  to  
d e t e r m i n e  s t ruc tu r e  of  pure  t r ig lycer ides  is pos-  
sible if  the  ef fec ts  of  chain  l eng th  of  acyl 
groups  are cons idered .  

Effect of Unsaturation 

U n s a t u r a t i o n  in the  acyl  chains  would  be  
expec t ed  to  i n t e r r u p t  the  h o m o l o g y  in t he  
[ R C O + 1 2 8 + 1 4 n ]  + series. The  mass  spec t ra  o f  
g l y c e r y l  t r i hexadec - 9 - enoa t e ,  t r ioc tadec-6-  
enoa te ,  t r i oc t adec -9 -enoa te  and  t r ioc t adeca -  
9 ,12-d ienoa te  revealed t h a t  th is  was the  case. 
However ,  t he  mob i l i t y  of  the  doub le  b o n d s  
caused f o r m a t i o n  of  m a n y  ions in re la t ively  
equal  a b u n d a n c e s  wh ich  obscure  t he  inter-  
r u p t i o n  of  h o m o l o g y  needed  for  ass ignment  of  
doub le  b o n d  pos i t ion .  This  is ana logous  to  the  
p h e n o m e n o n  observed  w i t h  u n s a t u r a t e d  m e t h y l  
esters  (14 ,15) .  In  the  case of  u n s a t u r a t e d  tri- 
glycerides,  the  RCO + ions are a c c o m p a n i e d  by  
p r o m i n e n t  [ R C O - 1 ]  § ions.  This  loss of  one  
mass  un i t  occur red  in all cases s tudied.  With  
glyceryl  t r i oc t adeca -9 ,12 -d i enoa te ,  p r o m i n e n t  
i o n s  r e p r e s e n t i n g  R C O  +, [ R C O - 1 ]  +, 

[ R C O - 2 ]  + and  [ R C O - 3 ]  + occur red .  With  
g l y c e r y l  t r i o c t a d e c - 6 - e n o a t e ,  t r i hexadec -  
9-enoa te ,  t r i oc t adec -9 -enoa te  and  w i th  gly- 
c e r y  1 -1 -hexadecanoa te -2 -oc tadecanoa te -3 -oc ta -  
dec-9-enoa te  ( 1 6 : 0 , 1 8 : 0 , 1 8 : 1 ) ,  on ly  the  RCO + 
and  [ R C O - 1 ]  + ions were p r o m i n e n t  in this  
par t  of the  spec t rum.  The  ra t io  of  [ R C O - 1  ] +/ 
RCO + varied b e t w e e n  1.5 and  0.7. In the  single 
case, glyceryl  t r ihexadec -9 -enoa te ,  in which  low 
e lec t ron  vol tage (15 eV)  was emp loyed ,  the  
i n t ens i t y  of  the  [ R C O - 1 ]  + ion showed  a con-  
s iderable  relat ive increase  w h e n  c o m p a r e d  w i t h  
the  value o b t a i n e d  at 70  eV. The  loss of  hydro -  
gen migh t  give rise to  a ke t ene ,  w h i c h  is an  
a t t rac t ive  poss ibi l i ty  for  the  s t ruc tu re  of  th is  
[ R C O - 1  ] + ion. 

Locating Double Bond Positions via Deuteration 

The  [ R C O + 1 2 8 ]  + peaks  are very  p r o m i n e n t  
in the  spect ra  of  t r iglycerides.  In  the  case of  
glyceryl  t r i h e x a d e c a n o a t e  i t  p roved  to  be  more  

TABLE IV 

Composition of Ions of the Series 
[ RCO+128+14n] + in the Mass Spectrum 

of Glyceryi Tritetradecanoate 

C13H27CO Ion Calculated Found 

+128 C20H350 4 339.2535 339.2519 
+142 C21H3704 353.2692 353.2672 
+156 C22H390 4 367.2848 367.2808 
+170 C23H410 4 381.3005 381.2973 
+184 C24H430 4 395.3161 395.3155 
+198 C25H4504 409.3318 409.3316 
+212 C26H4704 423.3474 423.3470 
+226 C27H4904 437.3631 437.3606 
+240 C28H510 6 451.3787 451.3764 
+254 C29H5304 465.3944 465.3948 
+282 C31H5704 493.4257 493.4254 
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intense than the RCO + or [M-RCO2] + peaks 
under the conditions used. It is the first mem- 
ber of a series, the successive members of which 
differ by 14 mass units and which therefore can 
be used for locating double bonds which have 
been saturated by deuterium. The intensities of 
the members of the series vary widely, but their 
recognition presents little difficulty, because 
for each the neighboring peaks are less intense. 
Table III gives the uncorrected values for three 
typical simple triglycerides. 

The composition of the ions of this series 
was established by high resolution studies in the 
case of glyceryl tritetradecanoate and these 
data are shown in Table IV. It is apparent that 
this series of fragment ions results from the 
molecular ion, C45H8606, by loss of one 
acyloxy ion, C14H2702,  plus an alkane, or by 
the loss of C14H2802 plus an alkyl radical. 
Several structures may be assigned, but struc- 
tures II and III have been adopted as a working 
hypothesis. These ions may also include species 
containing six-membered rings involving all 
three carbon atoms of glycerol, analogous to 
ion Ia. Similar cyclic structures have been sug- 
gested for ions formed from ethylene ketals 
(16-18), deuterated glyceryl 1,3-dioctadeca- 
noates (19) and from 1-acyl-2-alk-l'-enyloxy 
ethanols (20).  

C H2-Q, * CH2-Q. + 
~H_o;C (GH2)nCH3 ~H_o;C(CH2)n 
J I rmnus H 

CH~O- ,C-r-(CHz)BCH 3 CH~O-C-(CH2)nCH s 
O O 

[M- CH3(CH2)nCOE] * [RCO* 128+ ,4hi § 

II Ill 

Glyceryl trihexadec-9-enoate was deuterated 
with tetradeuterio-hydrazine and the spectrum 
of the resulting glyceryl tri-9,10-dideuterio- 
hexadecanoate was compared with that of 
g l y c e r y l  t r ihexadecanoate .  The pertinent 
portions of the spectra are shown in Figure 2. 
Figure 2 also presents similar results obtained in 
the cases of glyceryl tri-6,7-dideuterio-octadeca- 
noate, and glyceryl tri-9,10-dideuterio-octa- 
decanoate. Inspection of the series of ions, 
[RCO+128+14n] +, in the spectra of the three 
deuterated triglycerides, revealed discontinui- 
ties related to the original double bond 
position. The first members of the series are 
normal in all cases, but  when the first carbon 
atom which bore the double bond appears in 
the series, the ion bearing one deuterium atom 
is one mass too large. All subsequent members 
of the series are two mass units too large 
because they include both carbon atoms 
bearing deuterium. In these three cases, 

expulsion and exchange reactions do not consti- 
tute a series limitation (5). The method likewise 
seems applicable to locating double bonds in all 
positions in a fatty acid residue, for the series 
plus ion e (5) subtend all the carbon atoms of a 
fatty acid residue. The applicability of the 
method may be limited because of the rela- 
tively low intensities of the ion in which n=2 
and the last member of the series and the pos- 
sibility of exchange and extrusion reactions. 
Mixed triglycerides, such as 16:18:16, give two 
se r ies ;  one [ClsHa1CO+128+14n] + and 
another, [C17H3sCO+128+14n] +, some mem- 
bers of which overlap. 

Structures of Other Prominent Ions in 
Mass Spectra of Triglycerides 

A McLafferty rearrangement occurs, for in 
the case of glyceryl tritetradecanoate a peak 
appears at mass 554 (calculated for C33H6206, 
554.45465; found 554.45501), which cor- 
responds to the loss of Ct2H24, leading to the 
replacement of the acyl group with an acetyl 
group. A series of such ions, in which CH3CO is 
the  acyl group is indeed found. The 
[CH3CO+115] + peak, m/e = 158, is present as 
well as the series [CH3CO+128+14n] +, m/e 
171, 185, 199, etc. The presence of an acetyl 
group, resulting from a McLafferty rearrange- 
ment manifested itself in the spectra of all of 
the saturated triglycerides studied. A second 
series of ions produced from the McLafferty 
product by loss of a fatty acid molecule like- 
wise occurs. Their structures would be 
analogous to ion III in which the remaining acyl 
group is CH3CO. When the triglycerides con- 
tained glycerol labeled in the 2 position with 
deuterium, all these ions shifted by one mass 
unit, indicating that they all include the 
glyceryl moiety. 

[RC0+74] + 

This peak is a prominent one, as indicated 
by earlier studies (1,2). High resolution 
measurement of this ion in the spectrum of 
glyceryl tritetradecanoate indicated a compo- 
sition of C17H3303 (calculated 285.2429; 
found 285.2420). The structures IVa and IVb 
are viewed as probable for this ion. 

FtOx /CH- O-C-CI3H27 C H / ~ n  
CH CH- O- ~- CBH z7 

IVa 0 
IV b 

Its formation may involve the loss of a 
ketene, C 12 H2 s CH=C=O, from the 
[M-CIaH27CO2]  + ion. In spectra of mixed 
triglycerides there is a prominent [RCO+74] + 
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peak cor responding  to each RCO in the trigly- 
ceride s t ructure .  In the cases of  2-deuterio-  
glyceryl t r i oc t adecanoa te  and perdeuter io-  
glyceryl t r i oc t adecanoa te  the  peak appears at 
[RCO+75] + and [RCO+79]  +, respectively,  
indicat ing tha t  the  ent i re  glycerol  moie ty  is 
involved,  cons is tent  wi th  the  s t ructures  postu-  
lated.  

[RCO+115]  + 

The spectra ,  publ ished by Ryhage and Sten- 
hagen (1), and by Barber et al. (2),  as well as 
those  ob ta ined  in the  present  s tudy show 
p r o m i n e n t  [RCO+115]  + peaks.  In the  case of  
glyceryl t r i t e t r adecanoa te ,  the  compos i t ion  o f  
C 1 9 H 3 4 0 4  was establ ished by high resolu t ion  
measuremen t s  (calculated 326.2457;  f o u n d  
326.2433) .  This co r responds  to  a loss of  
C 13H27CO2 plus C 12H2 s ,  or to  C 13H27CO2 H 
plus C12H24 f rom glyceryl  t r i t e t radecanoa te ,  
C 4 5 H 8 6 0 6 .  

O--CH2 0 CH~Q. 
I i i  

�9 cH-o-c-ci H    H-6  c-cH  
0 -- CH 2 CH 2- O-,C -CI3H27 

0 
Va V b  

Formulas  Va and Vb represen t  possible struc- 
tures of  this ion.  In the  cases of  2-deuterio-  
glyceryl t r ioc tadecanoa te  and perdeuter io-  
glyceryl t r ioc tadecanoa te  this peak is sh i f ted  to  
[RCO+116]  + and [RCO+120]  +, respect ively,  
indicat ing r e t en t ion  of  the  ent i re  glycerol  
moie ty .  
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ABSTRACT 

Deuterium labeled monoacid trigly- 
cerides were synthesized and their mass 
spectra were measured. The spectra pro- 
vided further support for proposed (1) 
structures of principal ions, knowledge 
about the formation of [M-18] +, the 
i n t e r e x c h a n g e  of hydrogen atoms 
between 2 and the 5, 6 or 7 positions and 
the expulsion of part of the alkyl chain. 

INTRODUCTION 

Mass spectrometry has been used to only a 
limited extent in characterizing glyceryl esters. 
Brief notes by Ryhage and Stenhagen (2) and 
Barber et al. (3) recognized the major ions, 
[M-18]  +, [ M - R C O O H ]  +, [ M - R C O 2 ]  +, 
[M-RCO2CH2] +, RCO +, and stated that the 
acyl groups attached to 1, 3 and 2 positions in 
a mixed triglyceride could be distinguished by 
comparing the abundances of [M-acyloxy- 
methylene] + ions. Johnson and Holman (4) 
studied the di-trimethylsilyl ethers of 1 and 2 
monoglycerides and found the populations of 
the ion [M-CH2OSi(CH3) 3] + to differ greatly 
in the two cases. Morrison et al. (5) recently 
discussed the mass spectra of some deuterated 
glyceryl 1,3-dioctadecanoates. 

Practical applications of mass spectrometry 
of glycerides have been found in elucidating the 
structure of an allene-containing triglyceride 
from Sapium sebiferum (6), quantitative 
analysis of triglyceride mixtures (7) and 
pyrolysis of phosphoglycerides (8). Of special 
interest is the ion [M-18] + first described by 
Barber et al. (3). To our knowledge this is the 
first observation of an ester function being in- 
volved in the formation of this ion. In the 
present study elucidation of the cracking 
pattern was attempted by deuteration on 
successive carbon atoms of the triglycerides. 

EXPERIMENTAL PROCEDURES 

Alkyl mesylates and cyanides were prepared 
according to the methods descr ibed by 

1presented in part at the AOCS Meeting, New 
Orleaos, April 1970. Part VI of a series on Mass 
Spectrometry of Lipids. For V see Lipids 5:861-868 
(1970). 

Baumann and Mangold (9,10). The procedure 
of Christie and Holman (11) was followed in 
the malonic ester syntheses. Unless otherwise 
stated, triglycerides were synthesized by 
heating glycerol, 25-50% excess fatty acid and 
p-toluenesulfonic acid as catalyst at 80-90 C 
and 1 mm pressure for 6-7 hr. The triglycerides 
were isolated by preparative thin layer chro- 
matography (TLC) and recrystallized 2-4 times 
from petroleum ether. All triglycerides used in 
this study were chromatographically homo- 
genous. 

The mass spectra were measured in a Hitachi 
RMU6D instrument at 70 eV and at about 1 to 
2x10 -7 torr. The direct solid sample insertion 
system was used for triglycerides and the liquid 
sample insertion system for compounds of 
lower molecular weight. 

2,2-Dideuterio-Tetradecanoic Acid (I) 

Methyl tetradecanoate, 3.52 g, was added to 
a solution of 80 mg sodium in 5 ml methanol- 
d 1. The mixture was refluxed for 15 min. The 
methanol was removed under vacuum and the 
treatment repeated twice with two portions of 
5 ml fresh methanol-d 1. The ester was 
hydrolized by refluxing for 1 hr after adding a 
solution of 265 mg sodium in 2 ml ethanol-d 1 
and 3 ml deuterium oxide. The mixture was 
acidified with 3 ml 10 N deuterium chloride 
and extracted with chloroform. The solvent was 
distilled under reduced pressure leaving a color- 
less crystalline solid, 3.24 g (97%). The acid was 
recrystallized twice from acetone. Melting point 
53.5-54C. [Lit. (12) 54-54.1 C for tetra- 
decanoic acid]. Important peaks in the high 
mass region of the mass spectrum were m/e 230 
M +, 213 [M-17] +, 187 [M-CH2CH2CH3] + 
1 8 6  [ M - C D H C H 2 C H 3 ]  + a nd  185 
[M-CD2 CH2 CH3 ] +. 

Glyceryl Tri-2,2-Dideuterio-Tetradecanoate (11) 

Seventy-three milligrams of II was obtained 
from 42 mg glycerol, 404 mg I using 10 mg 
p-toluenesulfonic acid as catalyst. The labile 
protons of glycerol had been exchanged with 
deuterium by shaking with two portions of 1 
ml deuterium oxide which subsequently was 
removed under diminished pressure. Melting 
point 57.5 C [Lit. (13) 57 C for glyceryl tri- 
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tetradecanoate]. Isotopic purity, based upon 
RCO§ 90.3% d2, 6.1% d l ,  3.5% d o . 

2,2-Dideuterio-Tetradeeanol (111) 

An amount of 1.66 g I was dissolved in 25 
ml anhydrous ether and added slowly to a 
suspension of 1.7 g lithium aluminum hydride 
in 150 ml dry ether. The mixture was refluxed 
for 5 hr. Moist ether was added and the slurry 
filtered through celite. The solvent was 
removed leaving 1.35 g (87%) as a white solid. 
The product was chromatographically homo- 
genous and melted at 37.5-38 C [Lit. (14) 
37.62 C for tetradecanol]. No parent peak was 
observed in the mass spectrum but an intense 
peak, m/e 198, corresponded to [M-l 8] § 

2,2-Dideuterio-Tetradecyl Mesylate ( IV) 

Methanesulfonyl chloride, 1.71 g, was added 
dropwise to a cooled (O C) solution of 1.25 g 
III in 15 ml dry pyridine. The mixture was 
stirred 5 hr at room temperature and worked 
up as described by Baumann and Mangold (9). 
Recrystallization from petroleum ether gave 
1.09 g (63%) melting at 44 C [Lit. (9) 44-45 C 
for tetradecyl mesylate]. The TLC revealed one 
spot only. Its mass spectrum exhibited no 
parent peak but a strong peak at m/e 198 
agreeing with [M-CHaSO3H] + 

2,2-Dideuterio-Tetradecyl Cyanide (V) 

A solution of 1.02 g IV in 20 ml dimethyl 
sulfoxide was added to 0.62 g potassium 
cyanide. The mixture was stirred at 120 C for 2 
hr and worked up as described by Baumann and 
Mangold (10). The slightly yellow oil, 745 mg 
(95%) had an appropriate mass spectrum (15) 
having m/e 225 and m/e 224 corresponding to 
M + and [M-1 ] +. 

3,3-Dideuterio-Pentadecanoic Acid (VI) 

The nitrile V, 745 mg, was refluxed in a mix- 
ture of 2 ml 90% potassium hydroxide and 2 ml 
ethanol for 58 hr. Acidification with hydro- 
chloric acid and extraction with chloroform 
gave, after removal of the solvent, a colorless 
crystalline residue which was recrystallized 
from acetone. Yield: 543 mg (74%), mp 53 C 
[Lit. (16) 52.1 C for pentadecanoic acid]. The 
mass spectrum revealed peaks at m/e 224 and 
m/e  199 c o r r e s p o n d i n g  to  M + and 
[M-CH2 CD2CH3 ] + 

Glyceryl Tri-3,3-Dideuterio Pentadecanoate (VI I )  

After reacting 228 mg VI with 18.5 mg of 
glycerol using 15 mg catalyst 134 mg (86%) VII 
was isolated. Melting point 54 C [Lit. (13) 54 C 
for glyceryl tripentadecanoate]. Isotopic purity 
of RCO§ 94.8% d2, 5.2% d 1 . 

4,4-Dideuterio-Hexadecanoic Acid (VI I I ) 

Diethyl malonate, 3 g, was added to a 
solution of 200 mg sodium in 25 ml anhydrous 
ethanol. The mixture was refluxed for 1 hr and 
1.01 g IV was added, and the solution refluxed 
for 2 hr and left at room temperature over- 
night. The pink solution was filtered and most 
of the solvent removed under vacuum. Water 
was added and the esters extracted with chloro- 
form. The solvent was distilled under reduced 
pressure leaving an orange oil which was 
hydrolized by refluxing for 2 hr in a mixture of 
5 ml 90% potassium hydroxide and 20 ml 
ethanol. The mixture was left at room tempera- 
ture overnight, acidified with hydrochloric acid 
and extracted with ether. Removal of the ether 
left a white crystalline residue which was de- 
carboxylated by heating at 150C for 2 hr. 
Traces of acetic acid formed from malonic acid 
were removed under vacuum. The residue was 
recrystallized thrice from acetone giving 366 
mg (41%) melting at 62.5 C [Lit. (14) 62.67 C 
for hexadecanoic acid]. The mass spectrum 
s h o w e d  m/ e  258 M + and m]e 213 
[M-CH2CH2CD2H]+ as prominent peaks in 
the high mass region. 

Glyceryl Tri-4,4-Dideuterio Hexadecanoate (IX) 

From the reaction mixture consisting of 18 
mg glycerol, 192 mg VIII and 14 mg catalyst, 
39 mg IX were isolated. Melting point 66 C 
[Lit. (13) 65 .6C for giyceryl trihexadeca- 
noate].  Isotopic purity of RCO+: 96.8% d2, 
0.6% d l ,  2.5% d o. 

3,3-Dideuterio-Pentadecanol (X) 

Unused portions of VI (415 mg), VII (110 
mg), mono- and diglycerides from the prepara- 
tion of VII were pooled and reduced with 400 
mg lithium aluminum hydride in 50 ml dry 
ether to yield X. The mixture was refluxed for 
3 hr and worked up as described for III. The 
crude product, 630 rag, melted at 43.5 C [Lit. 
(14) 43.84 C for pentadecanol].  The chromato- 
graphically homogenous product had an appro- 
priate mass spectrum, m/e 212 corresponding 
to [M-18] § 

3,3-Dideuterio-Pentadecyl Mesylate (XI) 

From 620 mg X and 1 g methanesulfonyl 
chloride in 5 ml pyridine, 520 mg (63%) XI was 
prepared. The melting point was 49-50 C (51 C 
for pentadecyl mesylate, Baumann, personal 
communication). The mass spectrum exhibited 
a peak  at m/e 212 corresponding to 
[M-CH3SO3H] +. 

5,5-Dideuterio-Heptadecanoic Acid (XII)  

Using the same amounts of sodium, diethyl 
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malonate and solvent, 520 mg XI were used in a 
malonic ester synthesis as outlined for VIII. 
The product was crystallized twice from ace- 
tone giving 245 mg (53%) XII. The mass 
spectrum indicated the presence of an impurity, 
m/e 300. The methyl ester was prepared by 
reacting the acid overnight with methanol con- 
taining 5% hydrochloric acid. The ester was 
extracted with chloroform and crystallized 
from petroleum ether�9 Melting p o i n t  28.5 C 
[Lit. (17) 28.6 C for methyl heptadecanoate]. 
The ester was hydrolized by refluxing for 2 hr 
in a mixture of 2 ml 90% potassium.hYdroxide 
and 20 ml ethanol. Acidification with dilute 
HC1, extraction with ether and recrystallization 
from acetone gave I48 mg XII. Melting point 
60.5-61 C [Lit. (14) 61.19 C for he.ptadeeanoic 
acid]. The mass spectrum revealed prominen t 
p e a k s  a t  m / e  272  M +, m/e  229 
[M-CHzCH2CHa] �9 and no peak at m/e 300. 

Glyceryl Tri-5,5-Dideuterio 
Heptadecanoate (XI II) 

Sixty-four milligrams of XII, 5.7 mg glycerol 
and 6 mg p-toluenesulfonic ac id  gave, after 
purification, 26 mg XIII which melted at 64 C 
[Lit. (13) 64 C for glyceryl triheptadecanoate]. 
Isotopic purity of RCO+: 94.3% d2, 3.7% dl ,  
1 . 9 % d  0.  

5,5-Dideuterio-Heptadecanol (XIV) 
Hydride reduction of XI I ,  X I I I  and mono- 

and diglycerides which had been recovered 
from the preparation of XIII yielded 181 mg 
XIV. Total weight of the starting materials was 
202 mg. The initial product which appeared to 
be chromatograph ica l ly  pure melted at 
53-53.5 c [Lit. (14) 53.31 C for heptadecanol]. 
The mass spectrum exhibited a major peak at 
m/e 240 and a minor one at m/e 239:.cor- 
responding to [M-HzO]  + and [M-HDO] +. 

5,5-Dideuterio- Heptadecyl Mesylate (XV) 
From 180 mg XIV and 700 mg methane- 

sulfonyl chloride in 5 ml dry pyridine 234 mg 
(100%) XV was prepared�9 The chromato- 
graphically homogenous product  melted at 
58.5 C which corresponds to a Value inter- 
polated from melting points of hydrogen homo- 
logs (9). No parent peak was found in the mass 
spectrum, but an intense peak was located at 
m/e 240 agreeing with the mass calculated for 
[M-CHaSOaH] +. 

5,5-Dideuterio-Heptaflecyl Cyanide (XVI) 
To 234 mg X V i n  10 ml dimethyl sulfoxide 

was added 280 mg potassium cyanide and 
treated as outlined for V. A slightly yellow oil, 
139 mg (74%), was not further purified or 

cc c~ ~ i  

o~176 -~ �9 

. o  

- 

& - 

[ �9 

W ~ 

7 ~ --" 
< 
L) o_. 
IM 

Q )  ~- . .4  

�9 
~_ r-- 

--.I � 9  >- 
W re -  

: d o  

5 0: 

r,l 

A/ISN31N! 3AI/V 7"~ 

a: 

N ,,, 

O ~ : .  Z i 
~ 2 

d o  __W Fr" ,'~ ~'- 
, , , r  
I-"- ~ _  
D O  
u.JO 
C~ ~ - !  
N 

I-- 

w 

~ t5 
8 5 f  

FIG. 1. High mass regions of the mass spectra of a 
saturated triglyceride and its deuterium-labeled 
counterpart. Changes in intensity scale refer to total 
scale magnification. 
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characterized, but it appeared to be more than 
98% pure judging from TLC. 

6,6-Dideuterio-Octadecanoic Acid (XVI !) 

The nitrile XVI, 139 mg, was hydrolyzed as 
described for VI. Crystallization from acetone 
gave 102 mg (68%) XVII melting at 68.5 C. 
Recrystallization gave 48 m g  melting at 
69.5-70 C [Lit. (14) 69.42 C for octadecanoic 
acid]. The mass spectrum displayed a strong 
parent ion at m/e 286 and two ions at m/e 242 
and 243 corresponding to [M-CHDCH2CH 3] + 
and [M-CH2CH2CH 3]+, respectively, the 
former being the stronger. 

The corresponding methyl ester was pre- 
pared by keeping the acid recovered from the 
mother liquors in 5% hydrochloric ac id -  
methanol at room temperature overnight. The 
mixture was worked up as described above. The 
ester crystallized from acetone giving 65 mg 
melting at 37.5 C [Lit. (18) 37.78 C for methyl 
octadecanoate]. An intense parent ion at m/e 
300 and ions at m/e 269 [M-OCH3] § 257 
[ M - C H 2  CH~2 C H 3  ] + a n d  2 5 6  
[M-CHDCH2CH3]+ were found in the mass 
spectrum. The ion at m/e 256 was more intense 
than that at m/e 257. 

Glyceryl Tri-6,6-Dideuterio Octadecanoate (XVI II ) 

After reacting 55 mg XVII with 5.2 mg 
glycerol in the presence of  9 mg catalyst, 4.5 
m g  of pure XVIII was isolated. The crystalline 
product melted at 72 .2C and at 71.5-72C 
when mixed with authentic glyceryl triocta- 
decanoate. The latter compound melted at 72 C 
as reported (13). Isotopic purity of RCO+: 
87.7% d2, 8.7% dl ,  3.6% d o . 

Perdeuterio-Glyceryl Trioctadecanoate (XIX) 

In the presence of 8 mg p-toluenesulfonic 
acid 14 mg glycerol-d 8 (ICN, -CD 99 atom %) 
was reacted with 351 mg octadecanoyl 
chloride. The product was purified by column 
chromatography on Florisit, preparative TLC 
and by three recrystallizations from petroleum 
ether yielding 10 mg of needles at 71.5 C and 
71.5-72 C when admixed with glyceryl triocta- 
decanoate. The latter melted at 72C as 
reported (13). 

2-Deuterio-Glyceryl Trioctadecanoate (XX) 

After purification, 95 mg (31%) XX were 
obtained by reacting 988 mg octadecanoic acid 
with 32 mg 2-deuterioglycerol in the presence 
of 2 mg catalyst. The melting point, 72 C, was 
not depressed when mixed with authentic 
glyceryl trioctadecanoate whose melting point 
was 72 C as reported (13). Isotopic purity of 
[RCO+74] +: 96.8% dl ,  3.1% d 0. 

2-Deuterio-Glycerol (XXI)  

Dihydroxyacetone, 179 mg, was added to a 
solution of 51 mg sodiumborodeuteride in 2 ml 
deuterium oxide and the mixture kept at room 
temperature for 21 hr. Water, 20 ml, was added 
and the solution filtered through an ion 
exchange column (1 x 10 cm) consisting of a 
mixture of anion (IR-45) and cation (IRC-50) 
exchange material. The resins had been 
activated with 3% sodium hydroxide and 2 N 
hydrochloric acid, respectively, and washed to 
neutrality with distilled water. The resulting 
aqueous solution was distilled under vacuum 
leaving a colorless liquid, 154 mg (83%). The 
mass spectrum revealed no parent peak but the 
m/e 61 peak of glycerol was shifted to m/e 62 
[CDOH-CH2OH] +. Isotopic purity, 95% dl ,  
was based on m/e 61, 62. 

RESULTS AND DISCUSSION 

The reports by Dinh-Nguyen et al. (19,20) 
on the mass spectra of fatty acid methyl esters 
were useful in explaining the spectra of trigly- 
cerides. Using 13C and deuterium labeling, their 
studies revealed that four types of reactions 
contributed to the fragmentations of methyl 
esters: 

(a) Simple cleavage of the alkyl chain giving 
rise to ions of type a 

O 
r . _ l , ,  § 

,~ ,on a LCH~O-C-(CHz)~] 

(b) Expulsion of part of the chain plus one 
hydrogen atom resulting in ions of type a. 

(c) Exchange of hydrogen atoms between 
position 2 and positions 5, 6 and 7. 

(d) McLafferty rearrangement .(2,3 cleavage 
with transfer of one hydrogen from position 4 
giving an ion of type b where R is C H 3 ) . .  

OH § 
ion b JR-O-C= CH2] 

These same reactions have been observed to 
occur in the fragmentation of triglycerides. 

McLafferty Rearrangement 1211 

All triglycerides studied displayed ions cor- 
responding to 2,3 cleavage with transfer of one 
hydrogen,comparable to ion b in which R is the 
glycerol moiety plus two acyl groups. Only 
when the 2 or 4 positions were labeled with 
deuterium (II and IX) did this ion retain 
deuterium atoms in the rearrangement. This 
agrees with the report of Dinh-Nguyen et al. 
(19) who studied methyl esters. Most of the 
deuteriums were apparently retained when 
located in the 2 positions (II). This is corn- 
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TABLE I 

Ions Related to Loss of Water. Abundances Relative to 
Ion b, the McLafferty Rearrangement Product 

873 

Triglyceride of M+I M M-1 M-17M-18M-19M-20 b+l b b-1 b-17 b-18 b-19 b-20 

18:0 15 25 7 12 21 3 50 100 11 39 86 11 
2,2-d2-14:0(II) 9 25 9 13 34 13 4 43 100 43 73 137 64 37 
3,3-d2-15:0(VlI) 8 16 4 10 25 4 1 35 100 14 42 107 27 8 
4,4-d2-16:0 (IX) 10 22 7 7 17 17 5 45 100 22 18 38 98 50 
5,5-d2-17:0 (XIII) 11 22 5 7 19 5 42 I00 12 32 69 19 12 
6,6-d2-18:0 (XVIII) 10 25 9 6 13 2 56 100 17 42 92 22 6 
18:0, 2-d-glycerol (XX) 10 18 5 5 9 2 1 45 100 11 41 91 9 
18:0, glycerol-d 8 (XIX) 9 17 3 4 13 1 60 100 52 70 

pat ible  wi th  earlier f indings ( 1 9 , 2 0 ) i n d i c a t i n g  
tha t  ex t rus ion  ( react ion  type  b) or exchange 
( type  c) did no t  precede  or in terfere  wi th  the  
McLaffe r ty  rea r rangement  to  any significant 
degree.  

[M-18] +, [b-181 + 

Barber et al. (3) po in ted  out  tha t  the  
t rans i t ion  M + -+ [M-18] + was accompan ied  by 
a p r o m i n e n t  metas tab le  peak indicat ing ionic 
f r agmenta t ion  ra ther  than  thermal  cracking. 
Our spectra  revealed also a second t rans i t ion  b 

[b-18] + wi th  its cor responding  metas tab le  
peak (Fig. 1). These f ragmenta t ions  are unique  
because water  is lost  f rom an ester. Re-exami-  
na t ion  of  the spect ra  of  diesters o f  1,2-ethane 
diol and 1,3-propane diol (22) revealed tha t  loss 
of  water  also occurs  wi th  these esters. Spectra  
of  wax esters (Aasen et al., unpubl i shed  data) 
like oc tadecyl  oc t adecanoa te  do not  exhibi t  
this  ion,  [M-18] +, p robab ly  because compe t ing  
modes  of  f ragmenta t ions  are favored. 

Since the  spectra  of  tr iglycerides labeled in 
the  glycerol  mo ie ty  (Table I) showed  loss of 
o rd inary  water ,  t h e  hydrogen  a toms involved 

must  originate f rom the  acyl  moiet ies .  Table I 
shows tha t  the  hydrogen  a toms in 2 and 4 
pos i t ions  are involved. The spec t rum of  IX 
showed  tha t  H 2 0  , DHO and D 2 0  were lost in 
the  ratio of  about  < 1 : 7 0 : 3 0 ,  calculated f rom 
the relative popula t ions  of  [b-18] +, [b-19] + 
and [b-20] +. The spec t rum of  II revealed loss 
of  H 2 0 ,  DHO and D 2 0  in the  ratio of  about  
60 :30 :10 .  An enol mechan ism wi th  1,4 elimina- 
t ion  similar to  that  suggested by Williams et al. 
(23) for  the  fo rma t ion  of  [ cyc lohexanone-18]  + 
is p roposed  for  t r iglycerides,  where  R is the  
glyceryl diacyl moie ty :  

.. HO D.~R" 

R-O-C~ 'r" exchange [ M - q *  --',"" 0 

ion c 

m 

R-o-c..,., [M 
ion d 

-20]" 

TABLE II 

Relative Abundances of  Ions [ RCO+ 12 8 ] + and Neighboring 
Ions in the Spectra of Some Deuterated Triglycerides 

Trigly ceride of RCO+ 127 RCO+ 128 RCO+ 129 RCO+ 130 RCO+ 131 

18:0 1 100 28 4 1 
2,2-d2-14:0 (II) 4 100 53 11 2 
3,3-d2-15:0 (VII) 1 5 16 100 25 
4,4-d2-16:0 (IX) 9 100 26 6 1 
5,5-d2-17:0 (XIII) 9 100 38 6 1 
6,6-d2-18:0 (XVIII) 11 100 81 20 3 
6,7-d2-18:0a 15 100 64 15 2 
9,10-d2-18:0a 20 I00 29 6 1 
18:0, 2-d-glycerol (XX) 1 6 100 27 4 

RCO+ 132 RCO+ 133 RCO+ 134 RCO+ 135 RCO+ 136 

18:0, glycerol-d 8 (XIX) 7 100 36 5 1 

aSee Reference 1. 
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D e u t e r i u m - h y d r o g e n  exchange occurring 
between the enol-oxygen and C4 might account 
for the loss of D20. The spectrum of II showed 
that H 2 0  was lost to a greater extent than DHO 
and D 2 O, indicating competition by reaction c, 
or extrusion according to reaction b, or both. 
The loss of water from acyclic alcohols has 
been found (24,25) to be almost exclusively 
1,4-elimination via a hexagonal transition state 
as shown in ions c and d. 

[ R C O  + 128 + 14n] + 

Barber et al. (3) observed that the spectra of 
all triglycerides displayed a rather intense ion, 
128 m/e units heavier than the RCO + ion. High 
resolution measurements (1) indicated that 
C6H803 accounted for this increment. Close 
inspection of the less abundant  ions found at 
higher m/e values revealed that peaks recurred 
at intervals of 14 m/e units, suggesting the 
series [RCO + 128 + 14n] +. The ion [M - 
RCO2H] + is represented by [RCO + 128 + 14n 
+ CH3]+ in which the terminal methyl group 
has been added to the final member of the 
series. Several structures might be drawn for 
this ion, but e appears simplest, is resonance 
stabilized, and is most consistent with results 
for the deuterium labeled compounds. 

ion e --[M-RCO2H ] 
+ 

o to, a- ,-o-t_o;C:C,-CHdC 
7/ \ 

~0,( �9 ~ � 9  . 

~o.C-CH~ ~C-CH"~ 

ion e" ion e "  

Each member of the series is thought to be 
formed by simple homolytic cleavage of the 
alkyl chain of e (reaction a). The high 
abundance of the first member [RCO + 128] +, 
might be explained by allylic homolytic 
cleavage which is energetically favored (26) 
giving a resonance stabilized ion, f. 

"~-O * ~-,-O "c-cH=cH2 ;C-CH--CH2 -0" .% 
ion f ~_(~"  § 

T w o  o t h e r  i ons ,  [RCO+1701  + and  
[RCO+184] + were usually more intense than 
others of the series, and the latter was the 

stronger of the two. This might be rationalized 
by forming five- or six-membered rings by 
pairing the electron indicated in e' or e" with 
the unshared electron at C6 or C7. Except for 
compound II, all the deuterium labeled com- 
pounds produced ions agreeing with e (Table 
II). Deuteriums in all 3 positions of acyl groups 
effected a shift of two m/e units giving the 
series [RCO+130+14n] +. Labeled 4 positions 
resulted in the series [RCO+ 128+16+ 14(n-l)] *. 
Deuteriums farther out in the acyl group, i.e., 
5,5; 6,6; 6,7 or 9,10 caused one or two intervals 
of 16 or 15 m/e units rather than 14. The m/e 
values of the irregular intervals agreed with 
postulated ion e having deuteriums in the 
appropriate positions. 

The spectrum of the exception, II, exhibited 
a stronger [RCO+128] * ion than the expected 
[RCO+129] +. The explanation offered for this 
anomaly is partial loss of deuterium due to 
exchange with hydrogen (reaction c). It is seen 
in Table II that the [RCO+129] + ions of XIII 
and XVIII and glyceryl tri-6,7-dideuterio-octa- 
decanoate showed increased abundances com- 
pared to those of compounds not having 
deuterium in 5, 6 or 7 position. This suggests 
that hydrogen in position 2 is replaced by 
deuterium from position 5, 6 or 7 analogous to 
what happens in methyl esters (19,20). The 
spectrum of II shows that most ions are 
accompanied by intense satellites making it 
difficult to tell the fate of the deuteriums 
originally located in the 2 position of the acyl 
chains. Thus the ions at m/e 384, 398 and 412 
representing replacement of one hydrogen with 
one deuterium in position 5, 6 and 7, respect- 
ively, appear to be enriched with deuterium, 
but so are many other ions. The evidence 
presented elsewhere (19,20) and above for the 
interexchange phenomenon suggests that the 
deuteriums are not  transferred by complicated 
rearrangements to other parts of the molecule, 
but are largely confined to their original acyl 
group. Morrison et al. (5) found that little or no 
scrambling took place between the glyceryl 
residue and the fatty acid chains in the spectra 
of deuterated glyceryl 1,3-dioctadecanoates. 

The explanation offered for the higher 
abundance of [M-18] + than [M-19] + (Table I) 
in the case of II was that exchange (reaction c) 
to a large extent preceded the expulsion of 
water. The data of Table II indicate that ex- 
change also precedes the formation of ion e, 
leaving the possibility that exchange occurs 
already in M + and b + (see discussion of 
McLafferty rearrangement above). It was sug- 
gested that IX lost some D20 because exchange 
had occurred between 4 position and the enol 
oxygen. This is, however, not reflected in Table 
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TABLE III 

Mass Interval Corresponding to Loss of 
Propyl Groups From Ions Derived From 

Deuterium Labeled Methyl  Esters and Triglycerides a 

Propyl group lost 

Position Methyl  esters 
labeled (19,20) Triglycerides 

None 43 43 
2,2 43,44b,45 43,44,45 b 
3,3 45 45 
4,4 45(44) c 45 
5,5 43 43 
6,6 43,44b,45 43,44h,45 
6,7 43,44 b 43,44 h 
9,10 43 43 

aWith methyl esters the loss is from the molec- 
ular ion, and with triglycerides loss of propyl is from 
ion e. 

bTallest peak in the cluster. 
CA discrepancy exists be tween  references 19 and 

20. Reference 19 agrees with our findings that m/e  is 
lost from VIII and IX. 

II by increased intensi ty  of  [RCO+129]  +, indi- 
cating that  the enol  side of  the keto-enol  equili-  
br ium is favored. 

In the case of  m a x i m u m  interchange,  i.e., 
be tween  2 and 6 posit ions,  a favorable (27) 
hexagonal  t ransi t ion state might  occur  (ion g). 

ion g 

Absence of  detectable  metastable  peaks 
makes it diff icult  to propose an unambigous  
f ragmenta t ion  pa thway leading to  e which is 
formally obta ined  by M + expell ing a neutral  
carboxyl ic  acid molecule.  Because tr iglycerides 
labeled in the glycerol  moie ty  retained the 
deuter ium, a mechanism differing f rom a con- 

certed McLaffer ty  rearrangement  must operate.  
A two-step mode  of  f ragmenta t ion  is suggested. 
Fol lowing the loss of an acy loxy  radical the  
enol form of the ester ( ion h) may cyclize to 
i o n  i which represents  the  major  ion 
[M-RCO 2 ] +. Loss of  a hydrogen  yields e. 

ion h ion i 

[M-Rco " 

ion e 

Albeit  fo rmat ion  of  e might  be envisaged using 
the ke to  form of  h, the enol  form is favored for 
the fol lowing reasons: (a) In view of the mecha-  
nism for the loss of  water ,  the enol form is 
probably present.  (b) The  enol oxygen  would  
be in closer p rox imi ty  to the radical site than 
the ke to  oxygen.  (c) The double bond of  e is 
already present.  (d) The enol fo rm of a com- 
pound  is ionized more easily (28) than is the 
ke to  form. 

A rather intense ion at m/e  563 in the 
spectrum of glyceryl  t r ioc tadecanoate  was 
originally thought  to be a member  of  the series 
[RCO+128+14n]  +. However ,  the m/e values of  
the corresponding ions in spectra of  labeled 
compounds  disproved this. The differences in 
m/e  values be tween  e and this ion for various 
labeled tr iglycerides coincided (Table III) wi th  
the loss of  a propyl  group. This is comparable  
to observations (19,20) made on long chain 
methy l  esters labeled in comparable  positions.  
Thus it appears that  extrusion (react ion b) of  
the three methy lene  groups adjacent  to the 
carbonyl  func t ion  plus one hydrogen  took  
place in the acyl group of  ion e. The clusters 
found in the spectra of  compounds  labeled in 2, 
6 and 7 posit ions are consistent  with hydrogen-  
deuter ium exchange ( react ion c) be tween  these 
positions. Since major  ions such as [RCO- 
p r o p y l + 1 2 8 ]  +,  [RCO-propy l+170]  + and 

TABLE IV 

Relative Abundances  of  Ions p and Neighboring 
Ions Formed From Some Deuter ium Labeled Triglycerides 

Triglyceride of RCO+115 RCO+116 RCO+117 RCO+118 

18:0 100 59 9 0 
2,2-d2-14:0 (II) 17 47 100 50 
3,3-d2-15:0 (VII) 100 62 9 2 
4,4-d2-16:0 (IX) 100 100 27 6 
5,5-d2-17:0 (XIII) 100 57 14 3 
6,6-d2-18:0 (XVIII) 100 66 25 2 
18:0, 2-d-glycerol (XX) 15 100 65 12 

RCO+ 120 RCO§ 121 RCO+ 122 RCO+ 123 

18:0, glycerol-d 8 (XIX) 100 62 20 4 
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[RCO-propyl+184]  + are absent,  it appears that  
simple cleavage (react ion a) of  the  extrusion 
p roduc t  does not  take place. 

In the mechanisms for  fo rmat ion  of  ions e, 
m and p s ix-membered ring structures have 
been assumed. Ethanedio l  diesters, if  they  frag- 
ment  by mechanisms analogous to triglycerides,  
should produce  ions wi th  f ive-membered rings. 
The mass spectra (22) of  long chain diesters of  
e thanedio l  exhib i ted  a series of  m/e  99+14n,  of  
which m/e  99 was intense,  suggesting that  a 
f ive-membered s t ructure  is possible (ion j),  
similar to that  pos tu la ted  for a lk- l -enyl  e ther  
esters of  diols (29). The spectra of  long chain 
diesters of  1,3-propanediol  (22) conta ined a 
similar series beginning with  m/e  113, sug- 
gesting a s ix-membered ring. Unfor tuna te ly ,  
wi th  triglycerides the ions [RCO+128]  + can be 
wr i t ten  with a f ive-membered ring involving 
two adjacent  ester linkages or  a s ix-membered 
ring involving the 1,3-ester linkages. These 
cannot  be present ly distinguished. 

CH~O,, ,,CH~ O~, 
I C=CH -CH 2" CH 2 C=CH-CH 2" 

CH2-O / "CH2-- O / 

ion j m/e 99 ion k m/e 113 

[RCO + 74] + 

The proposed structure,  m for this character- 
istic ion is consistent  with accurate mass 
measurements  and wi th  re tent ion  of  deuter ium 
when the glyceryl  moie ty  is labeled (1). 

, H 

O ' - ~ O  O v 

ion I ion m 
[M- aco ] [aco. 74]" 
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c~C= CH-R 

A feasible mechanism for the fo rmat ion  of  this 
ion is loss of  a subst i tu ted ke tene  f rom 
[M-RCO2] +. The origin of  the p ro ton  a t tached 
to the e ther-oxygen is unknown.  [RCO+74]  + 
was never altered when the acyl group was 
labeled in various positions.  Exchange of  the 
deuter iums might  account  for II not  displaying 
[RCO+74+1 ] + in its spectrum. 

[RCO + 115] + 

Two possible structures,  p and q, were dis- 
t inguished by means of  labeling. Structure  q 
could  arise via a McLaffer ty  rearrangement  of  
M + fol lowed by loss of  a carboxyl ic  acid 
molecule ,  analogous to the react ion h ~ i ~ e. 
Because deuter ium atoms in 2 posi t ion are 

retained (18,19) in a McLaffer ty  rearrange- 
ment ,  this sequence applied to II should yield 
an ion q in which three deuter ium atoms are 
retained,  equivalent  to RCO+116.  However ,  in 
s t ructure p, 4 deu te r ium atoms would  be 
retained,  equivalent  to [ RCO+ 117 ] +. The lat ter  
was found to be the case as is shown in Table 
IV. 

The  fol lowing mechanism which is some- 
what  similar to the proposed  pa thway leading 
to e is put  forward  al though there are no 
metastable  peaks to suppor t  it. 

* *m § / "OH O 

,on  ,ooo 1 

HO /-6,. q" RCO2Cc~=CD2 
CD~ CJ'k- C-- C D-CH:~(CH2)nC H3 ion p 

ion q [RCO * 117] § 

Except  for IX the intensities of  the [p+l  ] + ions 
are about  twice the calculated abundance 
(21-25%) of  p's isotopic  peak, implying coinci- 
dence with a second ion.  In the case of  IX 
[p+l  ] + is greatly enhanced.  This might  be due 
to increase of  the second ion,  or  to re ten t ion  of  
some of the due te r ium procured in the  McLaf- 
ferry rearrangement .  I f  the lat ter  is the case, the 
increase of  the i sotopic  peak might come about  
via the keto-enol  equi l ibr ium of b. This would 
also account  for some loss of  deuter ium in II 
ref lected in the increased [p-1 ] + ion. 
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Sphingolipid Long Chain Bases 
KARL-ANDERS KARLSSON, Institute of 
Medical Biochemistry , Fack, 400 33 Goteborg 33, Sweden 

ABSTRACT 

About 60 natural sphingolipid long 
chain bases have been identified or pro- 
posed. A review is given on their nomen- 
clature, distribution, metabolism, biologic 
properties, chemistry and methods of 
characterization. 

INTRODUCTION 

Until a few years ago, sphingolipid long 
chain bases were thought to be restricted to a 
few molecular species, namely sphingosine and 
dihydrosphingosine in animal tissue and phyto- 
sphingosine in plant tissue (Fig. 1). At present, 
however, evidence for at least 60 species of 
these bases has been presented (Table I), about 
half of which may exist in a single sphingolipid 
fraction, e.g., sphingomyelin of bovine milk (1) 
and bovine kidney (Karlsson et al., unpublished 
results; 40). The number of bases is therefore 
similar to the number of sphingolipid fatty 
acids (2,3), and a great variety of ceramide 
(fatty acid - base amide) species is possible. The 

CH20H 

H C -  NH 2 

H C - O H  

CH 2 

CH 2 

CH 2 

CH 2 

(CH2)I0 

CH 3 

CH2OH 
I 

HC --  NH 2 
I 

HC - OH 
I 

HC 

CH 
I 

~H2 
CH 2 
I 

(~H2)10 

CH 3 

biological meaning of this is unknown. Most 
sphingolipids, all of which have a ceramide as 
lipophilic residue, are parts of biological mem- 
branes. For a fundamental knowledge of the 
role sphingolipids may play in membrane 
function, their complete structures are needed. 
The purpose of the present paper is to discuss 
some of our knowledge concerning the long 
chain bases, the specific parts of the sphingo- 
lipids. 

NOMENCLATURE 

The name of the classical long chain base 
was invented by Thudichum (4) for a substance 
"which is of an alcaloidal nature, and to which, 
in commemoration of the many enigmas which 
it presented to the inquirer, I have given the 
name of Sphingosin". The name dihydro- 
sphingosine was first used for the hydrogenated 
product of sphingosine (6), and phytosphingo- 
sine was introduced to indicate an origin of this 
base in plants (5). In 1967 the IUPAC-IUB 
Commission on Biochemical Nomenclature 
(CBN) published proposals for sphingolipid 
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HC - N H  2 

HC - O H  

HC - O H  

CH 2 

CH 2 

CH 2 

(CH2)10 

CH 3 

CH2DH 

HC - NH 2 

HC - OH 

HC - OH 

{CH2) 3 

HC 

CH 

(CH2/8 

CH 3 

DEHYDRO- DIHYDROSPHINGOSINE SPHINGOSINE PHYTOSPHINGOSINE 
PHYTOSPHINGOSINE 

SPHINOANINE 4-SPHINGENINE 4D HYDROXYSPHINGANINE 4D -HYDROXY-8-SPHINGE NrNE 
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DIHYDROXY BASE DIHYOROXY BASE TRIHYDROXY BASE TRIHYDRDXY BASE 
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FIG. 1. Fischer projection formulas of the major types of sphingolipid long chain bases. Below the 
formulas are shown the original trivial names, names according to a recently proposed nomenclature 
(see text), common word designations and possible shorthand formulas, respectively. 
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(63,64) 
HexadecanoyI-CoA + Serine 1-hydroxy-2D-amino-3-oxodctadecane 

Hexadecanoic acid (70) (64,65) l \ 
~ SPHINGOSINE (63,64) 

/ 
HexadecanaI (69) / (70) 

,68, / 
Dihydrosphi ngosine -1-phosphate < ) DIH._.~Y D ROSPHIN GOSINE 

O-Phospho-2-aminoethanol ~ / 
(67) /1,4-Dihydroxy-2-amino- 

2-Aminoethanol / 3-oxoSct adecane 

Pentadecanoic acid ~k(66,71) t /  / 6 6 )  

~ (72) PHYIOSPHINGOSINE 
~/~,(66,71,72) 2-Hydroxyhexadec anoic acid 

FIG. 2. Summary of long chain base ana- and catabolism. Figures in parentheses are References. 

nomenclature, including the long chain bases 
(7,8). For illustration the bases collected in 
Table I have been given both systematic names 
and names according to the suggested nomen- 
clature (Fig. 1). As remarked by CBN, and 
illustrated in Table I, the new nomenclature is 
more concise than systematic names only if the 
terms introduced include both substituents and 
their configurations. If structural details are 
unknown, which should be indicated, the new 
system may even be longer. This may explain 
why some workers have omitted notations of 
unknown details. Docosa-4-sphingenine, for 
example, means D-erythro-l,3-dihydroxy-2- 
amino-trans-4-docosene. 1,3-Dihydroxy-2- 
amino-4-docosene, with unknown configuration 
and double bond geometry, should however 
be named 2x ,3 x-docosa-x-4-sphingenine. 
4D-hydroxynonadecasphinganine means O- 
ribo- 1,3 ,4- t  r i hy  dr o xy-2-aminononadecane.  
1,3,4-Trihydroxy-2-aminononadecane, with un- 
known configuration, should be translated 
4x-hydroxy-2x ,3 x-nonadecasphinganine. 

Several authors have used synonyms of the 
term sphingolipid long chain base(s), not 
including specific information on chain length, 
stereochemistry, etc., for example, sphingosine 
bases, sphinganines, sphingosines. This does not 
follow the proposals given, but may indicate a 
need for a general term in addition to long 
chain base(s). Sphingosine(s) may be  seriously 
considered, and as a suggestion the term may 
mean sphingolipid long chain base(s) in a 
general sense, not implying chain length, sub- 
sfituents or stereochemistry. A deletion of the 

specific meaning of sphingosine (D-erythro-l,3- 
dihydroxy-2-amino-trans-4-octadecene) would 
be needed. This convention would help 
indexing, and is analogous to a prostaglandin 
nomenclature (9), where prostaglandin(s) is a 
general term, applicable to all substances of the 
group, and prostanoic acid has a specific chemi- 
cal meaning, analogous to sphinganine. 

For spoken and written communication a 
simpler system has been added (10), now in use 
in several laboratories (1,3,11), and not 
meaning a new nomenclature. It will be used 
throughout this paper. Groups of bases are 
named according to major structural character- 
istics, and this subdivision often follows chro- 
matographic properties, e.g., on thin layers 
(10,11). A designation refers to number of 
hydroxyls (e.g., dihydroxy bases), number of 
double bonds (e.g., dienic bases), or both (e.g., 
dienic dihydroxy bases). A derived shorthand 
formula system (1,10,11) may be as given in 
Figure 1 and Table I where d and t mean 
dihydroxy and trihydroxy, respectively; the 
figure before the colon denotes carbon-chain 
length and that after the colon is for the 
number of double bonds. The position and 
geometry of a double bond may be indicated as 
in Figure 1, and chain branching by the prefixes 
br or iso and anteiso; n-9 means a double bond 
in position 9 from the methyl end (7). 

NATURALLY OCCURRING BASES 

The known naturally occurring bases are 
listed in Table I. Only 10 of these have been 
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TABLE II TABLE III 

Natural, Covalently Bound, 
Forms of Long Chain Bases 

Base Carbon 
Atom Type of Example of 

Involved Bond Sphingolipid 

1 Glycoside Glycosphingolipids 
1 Phosphoric Sphingomyelin, 

acid ester phytoglycolipid 
1 Phosphonie Ceramide 

acid ester phosphonoethylamine 
2 Amide Ceramide, 

glycosphingolipid, 
phosphosphingolipid 

3 Ether, 3-0-alkyl or alkenyl 
vinyl ether cerebrosides (51) 

Natural Distribution of Major 
Types of Long Chain Bases 

Type of base Animals Plants a Bacteria 

dn:0 + + + 
dn:l 4 + (52) 
dn: 1 not 4 + + 
dn:2 + (32) 

br tin:0 + + 
br dn: 14 + 

tn:0 + + 
tn: 1 + 

br tn:0 + 

aFigures in parentheses refer to papers where the 
actual bases have been proposed. 

given comple te  chemical  structures,  and 17 
have been isolated. Most of  t hem have been 
proposed f rom studies of  ox ida t ion  products  of  
mixtures  of  bases, like aldehydes,  alcohols or 
fa t ty  acids, and in some cases f rom combined  
gas liquid chromatography-mass  spec t romet ry  
(GLC-MS) of  derivatives of  intact  bases (see 
Methods).  The structural  characteristics o f  
these bases are summarized as: 

Polar end in common :  1,3-dihydroxy-2-amino.  
Number  of  carbon atoms:  (12-) 14-22. 
Methyl  branching of  paraffin chain: iso (n- l ) ,  
anteiso (n-2). 
Configurat ions:  2D, 3D, 4D. 
Unsaturat ion:  

(a) Monoenes:  (b) Dienes: 

dn: 14trans 
d18 : 24 trans, 14cis 

d l 8 : l n o t  4 
d18 : 24 tran s, S trans 

d l 8 : 1 8 ? t r a n s  
t18 :18t rans  d18 :24 'X  

d20:24,11 
d20:111 d22  : 24 trans,9cis  
d22:19cis  d22:24trans ,  13cis 
d22:113cis  

All of them have a 1 ,3-dihydroxy-2-amino polar  
residue, and the number  of  carbon atoms varies 
f rom 22 down to 14, or perhaps 12, including 
odd numbers .  Branching of  the paraffin chain 
may be iso or anteiso, with a possible asym- 
met ry  in the last case. A third hydroxy l  group 
may be in posi t ion 4, and an isolated four th  
hydroxy  group has been indicated (12,13). The 
conf igurat ion at carbon atoms 2, 3 and 4 is D. 
Concerning the unsaturat ion,  only  one type  of  
t r ihydroxy  base has been found,  with an iso- 
lated trans double  bond in posi t ion 8 (n-10). 
Dihydroxy  bases may have up to two double  
bonds. The monoeno ic  bases possess an allylic 
trans double  bond (4 posi t ion) ,  or an isolated 
cis (n-9 or n-13) or trans (n-10) double bond.  In 
all known dienic bases one double  bond is 

trans-4 (allylic), the o ther  an isolated cis (n-4, 
n-9, or n-13) or  trans (n-10) double  bond.  

C H E M I C A L L Y  BOUND FORMS OF 
LONG CHAIN  BASES 

About  3% of the total  bases of  the yeast  
Hansenula  ciferrii (50) have a free amino group 
(Karlsson et al., unpubl ished results), and 
free bases have also been found (Karlsson et al., 
unpubl ished results) in human kidney f rom 
autopsy.  In the major i ty  o f  cases, however ,  
bases are bound  as amides to fa t ty  acids (cer- 
amides),  which may exist as such or are the 
c o m m o n  parts of  all o ther  sphingolipids. The 
types of  chemical  bonds are given in Table II. 

DISTRIBUT ION 

The natural dis tr ibut ion of  major groups of  
long chain bases is shown in Table III. All types 
of  bases except  unsaturated t r ihydroxy  bases, 
so far specific for plants, have been found in 
animals. Branched chain bases have not  ye t  
been de tec ted  in plants, and there is no con- 
clusive evidence for the presence of  allylic bases 
in plants and bacteria.  In the fol lowing section 
comment s  on the patterns of  bases in some 
tissues Will be given. 

Nerve tissue is the classical object  o f  
sphingolipid studies, and the structure of  
sphingosine (Fig. 1) was obta ined  mainly f rom 
investigations on brain cerebroside (34). Nerve 
sphingolipids have a relatively simple base com- 
posit ion.  Human  brain cerebroside and sulfatide 
contain d 1 8 : l ,  small amounts  of  d18 :0  and 
traces of  lower homologs  (40) (Table IV). Brain 
gangliosides have about  equal  amounts  of  18- 
and 20-carbon d ihydroxy  bases (24-27), and 
d20 : I  is found in small amounts  in human  
brain ceramide (40,53),  diglycosylceramide 
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(40) and sphingomyelin (40,53). Human peri- 
pheral nerve (Nervus ischiadicus) lipids (40) 
have no 20-carbon bases but higher amounts of 
lower homologs than brain lipids (40). An 
indication of species differences is the finding 
(54) of d20: l  in rabbit brain and spinal cord 
cerebroside, and the absence of this base in 
human brain and peripheral nerve cerebroside 
(40). In the human, d20: l  of ceramide and 
sphingomyelin is localized almost exclusively in 
grey matter, combined with stearic acid (53). 
An increase with age of 20-carbon bases has 
been noted for gangiioside (59) and ceramide 
(40). A relatively high amount of d18:0 has 
been found in human peripheral nerve (40) and 
rabbit spinal cord (54), which confirms an 
earlier finding from bovine nerve tissue (62). 
Trihydroxy bases have not been found in nerve 
tissue, except for a trace amount in peripheral 
nerve sulfatide and in brain ganglioside (40). 
Branched chain bases seem to exist in peri- 
pheral nerve, but have not been conclusively 
detected in the central nervous system (40). 
This may indicate a blood brain barrier for 
branched chain precursors of long chain bases, 
and a suggestion has been made (16) that 
branched chain bases have their origin in intes- 
tinal microorganisms. 

The long chain base composition of blood 
plasma (cell free tissue) ceramide (40,55), 
sphingomyelin (3,19,32,56) and glycolipids 
(40,57) has been reported. Ceramide and 
sphingomyelin are similar and differ from 
monoglycosyl- and diglycosylceramide, which 
contain trihydroxy bases (40), and have lower 
amounts of dienic bases. Table IV presents the 
composition of human sphingomyelin, based on 
studies by several workers (3,19,32,40,41,56). 
Plasma sphingomyelin has the highest content 
of d 18:2 so far reported for mammalian tissues. 

Sphingomyelin of atherosclerotic human 
aorta has a composition similar to but not 
identical with human plasma sphingomyelin 
(14). A double bond positional isomer of 
d18: l  4 was proposed to be present, as well as a 
second dienic base. 

In contrast to many other mammalian tis- 
sues studied so far (40), kidney has a very com- 
plex long chain base pattern and contains most 
of the known mammalian bases (10,11,16,40). 
Normal and branched chain di- and trihydroxy 
bases with 16 to 20 carbon atoms are present, 
as are dihydroxy bases with two double bonds. 
Differences have been shown for various regions 
of human and bovine kidney (10,114) and for 
different human kidney glycolipids (94), 
especially concerning relative content of tri- 
hydroxy bases. In a recent paper ( i  1) bovine 
kidney gangliosides were found to be similar to 

TABLE IV 

Long Chain Base Composi t ion (Relative Amounts) 
of Human Blood Plasma Sphingomyelin and 

Brain Cerebroside 

Plasma Brain 
Long chain base sphingomyelin cerebroside 

d16:0 1 Trace 
dl'/:0 1 Trace 
d18:0  2 2 
d16:14 10 Trace 
d17:14 5 Trace 
d18:14 62 98 
d17:2 1 -- 
d 18: 24,14 14 Trace 

iso d18:l 4 2 --- 
anteiso d19:14 2 -- 

sphingomyelins (40) but with a higher content 
of trihydroxy bases. The relative content of 
branched chain bases is 5 to I0 times higher in 
bovine than human kidney (10,16), and these 
bases may be absent in the rat (16). Sphingo- 
myelin of bovine milk (1) is also rich in 
branched chain compounds. As some protozoa 
contain branched chain di- and trihydroxy 
bases (48,49), it was suggested (16) that the 
origin of such bases in bovine material was an 
intestinal synthesis by microorganisms. A 
dietary origin has been discussed for phyto- 
sphingosine, mainly present in kidney and 
intestinal mucosa (58). 

Several non-mammalian tissues have been 
analyzed during the last few years. Some plant 
s p h i n g o l i p i d s  have  b e e n  characterized 
(13,32,37,43,52) presenting dihydroxy as well 
as trihydroxy bases, a double bond isomer of 
d18: l  4 (37), and evidence for a tetrahydroxy 
base (12,13). The presence of allylic bases in 
plant tissue has been proposed (32,52). A yeast 
mutant ,  Hansenula ciferrii, with an extracellular 
deposition of acetylated di- and trihydroxy 
bases (50), contains predominantly normal 
saturated 18-carbon bases (20), but no allyUc 
bases. Sphingolipids of bacteria (60) contain 
saturated normal and iso-branched dihydroxy 
bases (23). Two protozoans, where branched 
chain bases were first found, have been investi- 
gated (48,49). Of the unusual unsaturated bases 
listed in Table I and summary above, the 
22-carbon bases were isolated from cerebroside 
of the sea star, Asterias rubens (Karlsson et al., 
u n p u b l i s h e d  results; 40) d20:111 and 
d20:24A ! were identified in phosphosphingo- 
lipids of a scorpion (15). d 18: 24,8 was isolated 
from ceramide phosphonoethylamine of the sea 
anemone, Metridium senile (40), and may be 
identical with a major base of a shell fish lipid 
(47,61). Several d20:2 species were reported to 
be present in yeast (32). 
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FIG. 3. Illustration of the formation of long chain base by-products due to acid catalyzed re- 
arrangement and substitution at an allylic group. The carbonium ion is a resonance hybrid of carbon 
atoms 3 to 5 of an allylic long chain base. On the right hand side the possible products are shown of a 
nucleophilic addition of a hydroxyl ion (from water), and on the left hand side the products of an 
addition of a methoxyl ion (from methanol). The second product from above on the right is the 
reformed natural product (3D). 

METABOLISM 

A detailed discussion of the metabolism of 
long chain bases is beyond the scope of this 
review. A summary is given in a scheme (Fig. 
2). Synthesis is achieved from acyl CoA and 
serine to a 3-keto intermediate, which is stereo- 
specifically reduced to dihydrosphingosine. The 
exact mechanism of formation of the trans 
double bond of sphingosine is not yet known. 
Phytosphingosine has been shown to originate 
in dihydrosphingosine, so far only in yeast, but 
the mechanism is unknown. Nothing is known 
of the origin of isolated cis and trans double 
bonds listed above. Worthy of note is the 
existence of these unsaturations in both allylic 
and  n o n a l l y l i c  bases: d18:18trans and 
d18:24trans, 8trans, d20:111 and d20:24,11 
d22:19cis and d22:24trans, 9cis, d22:113cis 
and d22:24trans, 13cis Also of interest is the 
parallel presence of trans-8 unsaturation in di- 
hydroxy and trihydroxy base: d18:l 8trans, 
d18:24trans, 8trans and t18:l  8trans. The fact 
that d22:14 seems to be absent from the sea 
star cerebroside (Karlsson et al., unpublished 
results; 40) may indicate that an isolated 
double bond is introduced before allylic unsatu- 
ration. Branched chain bases of higher animals 
have been suggested to originate in intestinal 
microorganisms (16). 

All types of bases are catabolized via a 
cleavage between carbon atom 2 and 3, yielding 

a fatty acid and ethanolamine, probably 
through an ATP-consuming 1-phosphorylation 
of the base with initial formation of ethanol- 
amine-l-phosphate. 

BIOLOGIC PROPERTIES 

Unbound long chain bases have biological 
activity. Worthy of mentioning is Thudichum's 
comment on his use of sphingosine nitrate for 
the treatment of human disease (73,74). Anti- 
coagulant effects (75,76) and mycostatic and 
bacteriostatic (20,76) properties, as well as 
changes in circulation dynamics (76), have been 
reported. N-acetyl sphingosine and sphingo- 
myelin have effects similar to cortison on tuber- 
culin sensitivity in guinea pigs (77). Immuno- 
logic activity of glycosphingolipids has been 
known for many years (2,78), and recently 
antibodies have been prepared to sphingo- 
myelin (79) and sphingosylphosphorylcholine 
chemically bound to protein (80). The finding 
(81) of lipid specific antibodies to dihydro- 
sphingosine-protein conjugates was the basis of 
a suggestion for a role of the long chain base in 
sphingolipid immunology (80,81). Although 
nothing is known about the influence of long 
c h a i n  base variation on immunological 
properties of sphingolipids, it is reasonable to 
assume that di- and trihydroxy bases, free or 
c h e m i c a l l y  bound,  may have different 
properties in this respect. 
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CHEMISTRY 

The work leading to the complete chemical 
structures of the four bases shown in Figure 1, 
including their synthesis, has been reviewed in a 
recent monograph (82). The following remarks 
will be restricted to the chemistry in relation to 
the isolation and characterization of long chain 
bases. 

It has been known since the beginning of 
this century (83,84) that sphingosine may 
produce ethers with methanol or ethanol during 
the acid degradation of a sphingolipid. The 
ether production was later found (85) to be 
related to the presence of an allylic alcohol 
por t ion (3-hydroxy-4-ene), known to undergo 
acid-catalyzed substitution and isomerization 
reactions (86). The products from model 
studies on sphingosine derivatives have been 
isolated and characterized (Karlsson, unpub- 
lished results; 40,85,87) and are shown in Table 
V. Methoxy derivatives appear in acidic 
methanol and 5-hydroxy derivatives in aqueous 
acid, due to a nucleopkilic substitution with 
methoxy and hydroxy,  respectively, including a 
carbonium ion (Fig. 3) as an intermediate.  The 
two dehydrat ion products with conjugated 
double bonds, which appear only when water is 
present, are probably derived from the two 
5-hydroxy bases. 

The presence of a small amount of a 
3L-hydroxy compound (threo sphingosine) 
after methanolysis (Karlsson, unpublished 
results) may be explained by the product ion of 
water (nucleophilic reagent) when heating 
methanol-hydrochloric acid (88) or methanol- 
sulfuric acid. Alternatively, it may be due to a 
N -~ O-acyl shift (89) followed by inversion, 
but this mechanism has not been conclusively 
shown to operate on allylic long chain bases. 
The 3L isomer has also been found (Karlsson, 
unpublished results; 40) after acetolysis (90), 
and these conditions result in an inversion also 
of 9,10-dihydroxy stearic acids (Karlsson, un- 
published results; 40). The mechanism in this 
case may therefore be similar to that discussed 
(91) for carbohydrate as a carbon-to-carbon 
acetoxyl  shift followed by inversion. Tri- 
hydroxy  bases produce a 3L, 40 isomer, and 
probably small amounts of 3D, 4L and 3L, 4L 
isomers (Karlsson, unpublished results; 40). The 
r e l a t i v e  amounts  of inversion products 
following this t reatment  have been illustrated 
by thin layer chromatography (TLC) (40). 

Trihydroxy bases are to some extent  de- 
hydrated in acid to tetrahydrofuran derivatives 
(Table V), which has been illustrated by GLC 
(13,38). Several other minor by-products of the 
acid degradation of sphlngolipids have been 
isolated as dini trophenyl  (DNP) derivatives 

(Karlsson, unpublished results), but their struc- 
tures have not yet  been determined. Bases 
stored or chromatographed as free amines are 
not stable (92), in contrast to hydrochlorides 
(Karlsson, unpublished results; 92) or DNP 
derivatives (Karlsson, unpublished results). 

The most important  by-products are those 
that are due to the allylic group, as discussed 
above. This is illustrated in Figure 4, where 
trimethylsilyl derivatives of long chain bases of 
bovine brain cerebrosides, degraded in different 
ways, have been analyzed by GLC. Figure 4A 
shows the by-product  free fraction obtained by 
a periodate-borohydride-mild acid procedure 
(93), compared with water free (62) acid 
degradation (Fig. 4B), methanol free (94) acid 
degradation in water (Fig. 4C), and a 
methanol-water acid degradation (31) with a 
minimum of by-products (Fig. 4D). 

METHODS 

The classical procedure for long chain base 
isolation and characterization is acid sphingo- 
lipid degradation (62), followed by preparation 
and isolation of acetylated or benzoylated 
derivatives (62). The properties of these 
acylated derivatives allow the interpretat ion of 
stereochemistry (27,93). With the finding of 
complex mixtures of bases, however, which are 
often present in smaller amounts than in nerve 
tissue, a need for more sensitive methods of 
separation and characterization appeared. In 
the following section, methods used during the 
last few years for the isolation, structure deter- 
mination and analysis of long chain bases will 
be indicated and briefly discussed. 

Long Chain Base Analysis Without Degrada- 
tion of the Sphingolipid. In most cases long 
chain bases are bound in sphingolipids as shown 
in Table  II. As recently demonstrated 
(40,56,98-101), it is possible, by direct mass 
spectrometry of a sphingolipid preferably in 
silylated form, to gain information on long 
chain base structure, especially following a 
separation into sphingolipid species by GLC 
(56,98,100). By the development of GLC-MS, 
using different lipid derivatives for analysis and 
different stationary phases for the separation, 
detailed information about base structure, 
including stereochemistry,  may be possible 
without isolation of individual bases. In this 
connection, erythro and threo isomers of 
dihydroxy bases have been separated by GLC 
(102,103) in a simple ceramide form (O-tri- 
methylsilyl-N-acetyl derivatives). Using con- 
ventional methods, however, base species have 
to be isolated before a detailed characteriza- 
tion, which was the case for all completely 
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FIG. 4. Gas chromatograms of trimethylsilyl derivatives (110) of long chain bases of bovine brain 

cerebroside degraded in different ways. A is the by-product free fraction (93). B is the fraction 
obtained by refluxing for 6 hr in methanol-sulfuric acid 20:1, v/v (62). The base pattern in C was 
produced by refluxing for 6 hr in 2 M hydrochloric acid in water (94), and in D by a degradation for 
18 hr at 70 C in concentrated hydrochloric acid-water-methanol 8.6:9.4:82,v/v/v (31). The peaks 
indicated are as follows: 1 = d16:l ;  2 = d17:l ;  3 = d18:l ;  4 = d18:0; 5 = 1-hydroxy-2-amino-3- 
methoxy-trans-4-octadecene; 6 = 1-hydroxy-2-amino-5-methoxy-trans-3-octadecene; 7 = 1-hydroxy-2- 
amino-(cis, trans)-3,5-octadecadiene; 8 = 1-hydroxy-2-amino-trans-3,trans-5-octadecadiene; 9 = 1,5-di- 
hydroxy-2-amino-trans-3-octadecene. The separation was performed on 3% OV-1 coated on 100-120 
mesh Gas-Chrom Q (Applied Science Laboratories), at 235 C and with an argon gas flow of 15 ml/min. 
The retention time for peak 3 was about 12 min. 

known structures (10 species) shown in Table I. 
Degradation o f  the Sphingolipid. The iso- 

la t ion of  long chain bases must  start with a 
degradat ion of  the sphingolipid.  Concerning the 
most  simple sphingolipid s tructure,  ceramide,  
an alkaline hydrolysis ,  gives free long chain 
bases in quant i ta t ive  yield and with re ta ined 
natural  s tructure (93). Alkaline degradat ion of  
phosphosphingol ipids  or  glycosphingolipids has 
not  been studied in detail ,  but  a recent  sug- 
gestion (Morrison, personal communica t ion)  of  
using saturated barium hydrox ide  in water-  

d ioxane at elevated t empera tu re  (120 C) for 
hydrolysis  may prove useful for all types  of  
sphingolipids. An al ternat ive to degrade a glyco- 
sphingolipid wi thou t  changing a d ihydroxy  base 
por t ion  ( t r ihydroxy  bases are split be tween  
carbon atoms 3 and 4) is a per iodate  ox ida t ion  
of  the glycose, fo l lowed by reduc t ion  to a 
po lyol  and mild acid hydrolysis  to ceramide 
(27,93) (Fig. 4A).  

A procedure  for the conversion of  more  
complex  sphingolipids to ceramide is desirable 
for two reasons. Ceramides may  be easily 
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hydrolyzed without chemical change of the 
bases, and ceramides are more easily separated 
into species (different fat ty acid-base combina- 
tions) than more complex sphingolipids, prefer- 
ably by TLC (Karlsson and Pascher, in prepara- 
tion; 3,56,100,104,105) followed by GLC 
(56,100). Concerning phosphosphingolipids an 
enzyme preparation is available (104,105), 
which converts all lipids tested so far to cer- 
amide: sphingomyelins (56,104,105), ceramide 
phosphorylethanolamine (106,107), ceramide 
phosphonoethylamine (40,106,107). Different 
sphingomyelin species have been hydrolyzed 
(105), containing both di- and t r ihydroxy bases 
and normal and 2-hydroxy fat ty acids. 
Enzymes are known which degrade glucosyl- 
and galactosylceramide to ceramide (108), but  
no preparation for practical purposes is yet  
available. 

At present the most frequently used 
hydrolysis medium for sphingolipids is a hydro-  
chloric acid-water-methanol mixture (31), 
giving base hydrochlorides with a minimum of 
by-products (Fig. 4D). Glycosphingolipids are 
quantitatively degraded, but only half of the 
sphingomyelin bases are obtained (109). To 
permit an easier isolation (40) of DNP deriva- 
tives of glycosphingolipid bases, a degradation 
in hydrochloric acid-water has been done 
(40,94), in spite of a higher proport ion of 
chemically changed bases (Fig. 4C). 

Isolation o f  Individual Long Chain Bases. 
Several methods have been used in recent years 
for the isolation of individual long chain bases. 
Countercurrent distribution was used to isolate 
O-triacetyl-N-benzoyl derivatives of t l 8 : 0  and 
t18 : l  of plant origin (43), and to prepare 
tr iacetyl  d18 : l  and d 2 0 : l  from brain ganglio- 
sides (27). d18:2 of human blood plasma was 
enriched by TLC of free bases, followed by 
preparative GLC of O-trimethylsilyl-N-acetyl 
derivatives (32). The same base was isolated as a 
tr iacetyl  derivative by argentation chromato- 
graphy on thin layer plates (41), and as a DNP 
derivative by argentation chromatography in 
combination with reversed-phase paper chro- 
matography (19). The last mentioned set of 
methods was also used to isolate a number of 
DNP derivatives of bases listed in Table I 
( d14 : l ,  d 1 6 : l ,  anteiso d 1 9 : l ,  d20 : l ,  d20:0,  
d22:1,  d22:2, t18:0,  t19:0,  t20:0).  

Structure Analysis o f  Long Chain Bases. As 
mentioned above, structure information of  long 
chain bases may be obtained without the iso- 
lation of pure species. After  hydrolysis, O-tri- 
methylsilyl (31,110) or O-trimethylsilyl-N- 
acetyl (102,103) derivatives of mixtures of 
bases may 'be  analyzed by GLC-MS. In this way 
several bases of human plasma sphingomyelin 

have been characterized (32,110), and the 
structure of animal t r ihydroxy base (human 
kidney) was established in this way (20). This 
method was also used to identify a mixture of 
d20:111 and d20:24,11 and other bases of a 
scorpion (15), using O-trimethylsilyl-N-acetyl 
derivatives before and after hydroxyla t ion 
(111) to get information on double bond 
positions. Mass spectrometry of derivatives of 
intact bases is not able to inform about  
branching of the paraffin chain. This was shown 
for the silylated DNP derivative of anteiso 
d19:1 (Karlsson et al., unpublished results; 40), 
and for an iso branched compound from 
bacteria (23). In these cases the branching was 
deduced after oxidation to aldehyde and 
fat ty acid, respectively, and analysis of these by 
GLC-MS. 

Double bond positions have been established 
after oxidative cleavage and analysis of frag- 
ments (14,18,32,41), or by hydroxylat ion with 
osmium tetroxide followed by mass spectro- 
metry (40,111). Mass spectrometry may be 
used to identify an allylic double bond (102), 
but positions of isolated double bonds cannot 
be found by this technique without preceding 
hydroxylat ion (40,111). The stereochemical 
configuration of double bonds was shown by 
IR spectrometry in the cases known and indi- 
cated in Table I and summary above. For  geo- 
metry of d18:24A 4 a partial reduction with 
hydrazine was done, followed by isolation of 
d 18: 14 trans and d 18: 114cis (41). The position 
of cis and trans unsaturation of d22:2 was con- 
cluded from cis geometry in position 9 and 13 
of the two d22:1, present in the same source 
(40). d18:24, 8 has a trans double bond 
absorption with about double the intensity of 
d18: l  4, indicating two trans double bonds 
(40). 

R e l a t i v e  s t e r e o c h e m i c a l  configuration 
(erythro, threo) of d ihydroxy bases may be 
shown by GLC (102,103), which was used to 
complete the structure of d 18: 24,14 (41), after 
reduction to dl  8:0. There is a good separation 
by TLC of erythro and threo isomers of DNP 
derivatives of saturated d ihydroxy bases (40), 
allowing configurational assignments, and a 
similar application to t r ihydroxy bases is pos- 
sible (40). Erythro and threo isomers of free 
d18: l  (112) and of DNP d 1 8 : l  (40,94,113) are 
also separated by TLC or on paper impregnated 
with silica gel. 

The classical way of showing absolute con- 
figuration is optical rotat ion measurement, 
applied to, e.g., d18:24,14 (41) and animal 
t r ihydroxy base (40). It has, however, been 
shown that ceramides differing in configuration 
at the fat ty acid 2-hydroxy group are well 
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separa ted  b y  TLC (Karlsson and  Pascher ,  in 
p r epa ra t i on ;  105,114) .  As a d e v e l o p m e n t  of  
th is  a sepa ra t ion  by  GLC has  been  done  of  
enan t i omer s  of  erythro and  threo d i h y d r o x y  
bases in amide  l inkage w i th  L-lactic acid, as 
t r imethy l s i ly l  derivat ives (unpub l i shed) .  When  
deve loped ,  th is  m e t h o d  m ay  al low analysis on  a 
microscale  of  m ix tu re s  of  homologs ,  and  should  
be appl icable  also to  t r i h y d r o x y  bases. 

Analysis o f  Long Chain Bases. A review of  
this  subject  has  r ecen t ly  been  p resen ted  (115) .  
F o r  the  d e t e c t i o n  of  bases,  TLC of  free bases 
(112 )  or DNP derivat ives (94)  have b e e n  used,  
and  paper  c h r o m a t o g r a p h y  of  f ree  bases (116 )  
or DNP derivat ives  (113 ,117) .  The  m e t h o d  in 
mos t  c o m m o n  use, however ,  is a pe r ioda te  
ox ida t ion  fo l lowed  by GLC of  a ldehydes  ( 1 1 8 )  
or,  more  recen t ly ,  GLC analysis of  t r i m e t h y l -  
silyl e thers  of  free bases (31 ,110 )  or of  O-tri- 
methyls i ly l -N-ace ty l  der ivat ives  (102 ,103) .  The  
GLC m e t h o d s  are also useful  for  q u a n t i t a t i o n  
o f  i n d i v i d u a l  bases,  and  for  GLC-MS 
( 1 0 2 , 1 1 0 , 1 1 1 ) .  It  has been  d e m o n s t r a t e d  
(1 ,40 ,119)  t ha t  d i f fe ren t  a ldehyde  or a lcohol  
species are separa ted  b e t t e r  by  GLC than  the i r  
pa ren t  bases in d i f fe ren t  fo rms ,  and  for  a 
q u a n t i t a t i o n  the  o x i d a t i o n  p r o d u c t s  are there-  
fore prefer red .  The  pe r ioda te  or t e t r aace ta t e  
(94)  ox ida t ion  may ,  however ,  p r oduce  the  same 
a ldehyde  f r o m  a di- and  a t r i h y d r o x y  base, e.g., 
hexadecana l  f r o m  d 1 8 : 0  and  t 1 9 : 0  (38 ,103) .  
Di- and  t r i h y d r o x y  bases t he r e fo re  have to  be  
separa ted  be fo re  the  o x i d a t i o n  (10 ,11 ,58) ,  
wh ich  is easily done  by  TLC. 

As discussed above ,  acid deg rada t ion  of  a 
sphingol ip id  may  change the  long  chain  base  
s t ruc ture .  By-p roduc t s  of  ma jo r  bases m ay  
the re fo re  in t e r fe re  w i th  m i n o r  na tu ra l  bases in  
the  analysis,  even in the  case of  a m i n i m u m  of 
by -p ro duc t s  (Fig.  4D).  To avoid this  p rob lem,  
by -p ro duc t s  have  been  separa ted  be fo re  GLC 
analysis ,  as is possible  by  use of  DNP derivat ives 
and  co lumn  ch~romatography (40 ,94 )  or TLC 
(1 1). To avoid m e t h y l  e thers ,  wh ich  are diffi- 
cult  to  separate ,  t he  sphingol ip id  degrada t ion  
was p e r f o r m e d  in wate r  (94)  (Fig. 4C),  in spi te  
of  less b y - p r o d u c t s  in w a t e r - m e t h a n o l  (31)  (Fig. 
4D).  

Quantitative Determination of  Total Bases. 
The mos t  c o n v e n i e n t  m e t h o d  for  to t a l  base  
d e t e r m i n a t i o n  is the  co lo r imet r i c  m e t h o d  w i th  
t h e  m e t h y l  o range -complex  (120) .  The  
i n c o m p l e t e  hydro lys i s  of  sph ingomye l in ,  
m e n t i o n e d  above ,  shou ld  be  b o r n e  in mind ,  and  
may  expla in  the  resu l t  f r o m  plasma sphingo-  
mye l in  (121) ,  where  on ly  pa r t  of  the  theore t i -  
cal a m o u n t  of  bases was ex t r ac t ab l e  i n to  t he  
organic phase.  DNP derivat ives  have r ecen t ly  
been  used for  q u a n t i t a t i o n  (1 ,109) ,  and  was 

also used several years  ago in a microana lys i s  
p rocedu re  for  b ra in  l ipids (122) .  
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The Absorption of Fatty 
Acids by Functional Bovine Mammary Cells 
JOHN E. KINSELLA, Department of Food Science, 
Cornell University, Ithaca, New York 14850 

ABSTRACT 

Freshly dispersed bovine mammary 
cells rapidly absorbed long chain fatty 
acids from the culture medium. Differ- 
ences in the rates of absorption were 
observed, i.e., palmitic > stearic > oleic > 
myristic > linoleic acid. The pre- 
ponderance of the fat ty acids absorbed 
were esterified into triglycerides (>75%) 
and the remainder were mostly incorpo- 
rated into phospholipids. The cells 
secreted triglycerides into the culture 
medium. Of the phospholipid classes, 
phosphatidylcholine always contained 
most of the radioactivity in all experi- 
ments with labeled fat ty acids. These 
observations are related to the metabo- 
lism of mammary cells in vivo. 

INTRODUCTION 

The actual contribution of plasma free fat ty 
acids to the synthesis of ruminant milk fat, in 
vivo, had been equivocal until Annison et al. 
(1), using a combination of arteriovenous dif- 
ference measurements and isotope dilution 
techniques, showed that the lactating goat 
mammary gland absorbed substantial quantities 
of plasma free fat ty acids. Lauryssens et al. (2) 
reported that the perfused bovine mammary 
gland removed labeled stearic acid from the per- 
fusate and Patton and McCarthy (3) and 
Dimick et al. (4) showed that the goat 
mammary gland absorbed and metabolized free 
fat ty acids following their intramammary 
infusion. The lactating mammary gland also 
absorbs large quantities of free fat ty acids (3-4 
g/100 ml secreted) which are liberated in the 
immediate vicinity of the gland by the action of 
l ipoprotein lipase on the triglycerides of the 
low density l ipoproteins ( 1,5-7). 

While it is assumed that the secretory cells 
absorb and metabolize these free fat ty acids in 
vivo, it has not been actually demonstrated.  
Hence the present experiments were carried 
out to study the absorption and metabolism of 
free fatty acids and to examine the relative 
rates of absorption of different fa t ty  acids by 
dispersed secretory cells obtained from lacta- 
ting bovine. 

MATERIALS AND METHODS 

The cells were prepared from fresh lactating 
t i s s u e  o b t a i n e d  f r o m  H o l s t e i n  cows 
immediately post mortem. The method of 
preparation, washing, and dispersal has been 
thoroughly described (8,9). The composit ion of 
the culture media and the incubation and 
harvesting methods have been reported (9). 
Following incubation, the cells (approximately 
l x l08 / t rea tment )  were separated from the cul- 
ture media by centrifugation (500 g for 10 
min). The lipids were extracted from both the 
cells and culture media by the procedure of 
Folch et al. ( I0) .  The lipid extracts were frac- 
t ionated by thin layer chromatography (TLC). 
The neutral lipid classes were separated on 
Silica Gel G plates, 250 /a thickness, using a 
solvent system of petroleum ether-diethyl 
ether-acetic acid (70:25:1 v/v/v). The phospho- 
lipid classes were fractionated by two-dimen- 
sional TLC (11). The various fractions were 
identified by co-chromatographing with stand- 
ard mixtures of known lipids (Applied Science, 
State College, Pa.). The various lipid classes 
were located using iodine vapor. After the lipid 
spots were marked, the iodine was evaporated 
by gently heating the plate to 60 C under a 
stream of nitrogen. The radioactivity in each 
spot was determined by transferring the silica 
gel spot and the adsorbed lipids to a scintilla- 
t ion vial, adding the scintillation fluors (2,5- 
d i p h e n y l o x a z o l e  and 1,4-bis-(5-phenyloxa- 
zolyl-2)-benzene, Nuclear-Chicago, Chicago, 
Ill.) in toluene, and counting the sample in a 
(Packard TriCarb) liquid scintillation spectro- 
photometer .  The recovery of radioactivity from 
these plates ranged from 77% to 103% and 
appropriate corrections were made for recovery 
and quenching effects when computing the 
final data. The efficiency of the scintillation 
counter (70%) was not considered in the calcu- 
lation of radioactive data. 

The pure 1-14C fat ty acids (New England 
Nuclear, Boston, Mass.) were converted to their 
respective sodium salts (12) and introduced 
into the culture flasks at the initiation of each 
incubation. The TLC equipment and supplies 
were obtained from Brinkmann Instruments, 
Westbury, N.Y. and purified solvents (Mallin- 
ckrodt,  St. Louis, Mo.) were used. Kodak No- 
Screen medical x-ray film (Kodak,  Rochester, 
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N.Y.) was used for autoradiography. The purity 
of the radioactive fat ty  acids was checked 
before and after each experiment by gas liquid 
radiochromatography (13). 

RESULTS 

The initial series of experiments showed that 
the preponderance of the long chain fat ty  acids 
absorbed by the cells were esterified. Most of 
these esters were triglycerides (70-80%) and the 
remainder were associated with the phospho- 
lipids and diglycerides (Table I). Significant 
quantities of ester lipids, predominantly trigly- 
cerides, appeared in the culture medium as the 
incubations progressed (Fig. 1). The radioactive 
triglycerides appeared as two and, occasionally 
three, discrete spots on the autoradiograms. 
These probably coincide with the triglycerides 
of different molecular weights which occur in 
mammary cells and milk (14). 

Using the extent of esterification as an index 
of active absorption,  the relative rates of  uptake 
of various long chain fat ty acids, normally 
supplied to the lactating mammary gland, were 
measured and the results are summarized in 
Figure 2. The long chain saturated fat ty acids 
were absorbed to a greater extent  than the 
unsaturated acids, particularly linoleic acid. 

As demonstrated in the autoradiograms the 
adsorbed fat ty acids were predominantly ester- 
ified in triglycerides (70-80%) and most of the 
remainder was incorporated into the phospho- 
lipids (Table I). The phosphatidylcholine 
fractions contained most of the radioactivity 
associated with the phospholipids although 
p h o s p h a t i d y l i n o s i t o l ,  phosphatidylethanol-  
amine and phosphatidylserine were significantly 
labeled by all of the substrate fat ty acids 
studied. 

DISCUSSION 

These experiments demonstrated that the 
d i s p e r s e d  secretory cells prepared from 
lactating bovine mammary tissue actively 
absorb and metabolize exogenous free fat ty 
acids. The cells showed a preference for satu- 
rated fatty acids, which is perhaps logical since 
the functional ruminant mammary gland 
normally absorbs large amounts of these, 
particularly palmitic and stearic acid, from the 
circulating plasma (1,4-6) even though signifi- 
cant quantities of unsaturated acids are also 
present. The data confirm the assumption that 
the secretory cells are responsible for fat ty acid 
absorption and metabolism in the lactating 
ruminant mammary gland. 

The mode of absorption of the fat ty acids 
by mammary cells is unknown but  conceivably 
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FIG. 2. The absorption of various fatty acids by 
freshly dispersed bovine mammary ceils. The quantity 
esterified indicates active absorption. C16:0, palmitic; 
C18:0, stearic; C18:I, oleic; C18:2, linoleic and 
C14:0, myristic acid. 

FIG. 1. Thin layer autoradiogram of the radio- 
active lipids extracted from bovine mammary cells and 
culture media following incubation with 1-14C_sodium 
myristate for 4 and 8 hr. PL, phospholipids; MG, 
monoglycerides; DG, diglycerides; FA, free fatty acids; 
TG, triglycerides (two spots indicated). 

the mechanism is similar to that proposed by 
Shapiro (15), i.e., it involves adsorption, acti- 
vation and absorption of the activated fatty 
acids. Esterification is the principal mechanism 
by which free fat ty acids are assimilated by tis- 
sues (15) and the present experimental obser- 
vations were consistent with such a mechanism 
because the preponderance of the fatty acids 
absorbed by the cells were esterified. Presum- 
ably the activation of these exogenous fat ty 
acids occured in the cell membrane since 
negligible quantities of free acids appeared in 
the cells and significantly, it has been reported 
(18) that the cell membrane fraction of the 
liver cell is the richest locale of long chain fat ty 
acid activating enzymes. 

The rapid esterification of absorbed fatty 
acids has been observed in the mamary gland of 
the rabbit (16), goat (1), guinea pig (12), mouse 
(17), and by dispersed mammary ceils from the 
rat (Kinsella, unpublished data) and generally 
the triglycerides are the major lipid class 

synthesized. Askew et al. (19) while studying 
glyceride synthesis by subcellular port ions of 
bovine mammary tissue, observed different 
rates of esterification for various fat ty  acids 
(oleic ~ palmitic > stearic > linoleic). This 
o b s e r v a t i o n  and the experimental data 
presented above may reflect different activation 
rates, acyl transferase activities and/or  the 
relative availability of acyl acceptors in the 
mammary cell. 

The bovine cells incorporated the various 
fat ty acids into the cellular phospholipid classes, 
indicating that the mammary cells can synthe- 
size these molecules at least partially (20). 
Characteristically, the phosphatidylcholine frac- 
tion contained the preponderance of the radio- 
activity in all of the experiments. Similar 
labeling patterns have been observed in vivo (3) 
and in vitro with other substrate precursors 
(20). These labeling patterns have been ration- 
alized by proposing an active metabolic role for 
phosphatidylcholine in milk lipid biosynthesis 
(21). Coincidentally, the pattern of absorption 
of the fatty acids by the mammary cells is quite 
similar to that observed by Van den Bosch et al. 
(22) in experiments with rat liver microsomes 
and using 2-acyl-3sn-glycerol-phosphorylcholine 
as the acyl acceptor.  If  such a mechanism was 
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opera t ing  in the  m a m m a r y  cells it would  
account  for  the  labeling of  the  phospha t idy l -  
choline;  whe the r  or no t  it is a rou te  to  the  
synthesis  of  t r iglycerides (21) is the  subject  o f  
fur ther  studies.  

Finally,  this s tudy demons t r a t e s  tha t  the  
bovine m a m m a r y  cell can absorb and meta-  
bolize oleic and linoleic acid when  these are 
p resen ted  as free acids. The precise quant i ta t ive  
origin of  these  fa t ty  acids in milk fat has no t  
been  def ined.  Significant quant i t ies  o f  the  oleic 
acid are derived by desa tura t ion  of  stearic acid 
in the m a m m a r y  gland (1,2,24) .  However ,  
dietary studies indicate  tha t  b o t h  oleic and lin- 
oleic acids of  milk fat can be derived f rom cir- 
culating plasma lipids (23).  
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Effects of Diets Rich in Saturated Fatty Acids With or 
Without Added Cholesterol on Plasma Lipids and Lipoproteins 1 

ANTANAS BUTKUS, L. ALLEN EHRHART,  A.L. ROBERTSON and 
LENA A. LEWIS, The Cleveland Clinic Foundation, Cleveland, Ohio 44106 

ABSTRACT 

Semi-synthetic diet I which contained 
16% hydrogenated coconut oil and 5% 
cholesterol, and diet II, identical to I but 
without cholesterol supplement, were fed 
to dogs for four months to determine the 
effects of added cholesterol on lipemia 
produced by diets high in saturated fatty 
acids (FA) and lacking essential FA. In 
addition, diet I was fed to another group 
of dogs for 12 to 16 months. The 
initiation of lipemia was very similar in all 
experimental animals. Plasma from dogs 
on diets I and II showed significant 
increases in lipid concentration and 
changes in FA per cent composition with- 
in the first week, as compared to con- 
trois, while during the first month there 
was no difference in lipid concentration 
or FA distribution in all lipid fractions 
between I and II. At the 10th and 16th 
weeks plasma total and free cholesterol 
an d phospholipid were significantly 
higher in the group on diet I, with the 
cholesterol supplement, than on diet II 
with no added cholesterol, but there was 
no difference in triglyceride concentra- 
tion between these groups. Dogs on diet I 
for 12 to 16 months showed a further 
and substantial increase in plasma FA 
concentration; these changes were most 
marked in cholesteryl esters. Little or no 
lipoprotein with electrophoretic and 
ultracentrifugal properties of alpha-lipo- 
protein was present in the plasma. 
Immunotechniques showed that it was 
present. The composition of dietary FA 
had great influence in producing this 
hyperlipemia. Lipemia produced was not 
a simple reflection of the FA in these 
diets as evidenced by the increase in some 
FA, e.g., C16:1 , which was absent in the 
experimental diets and C 18 : 1, which con- 
tributed only 3.4% of the FA. Large 
increases in palmitoleate and oleate indi- 
cate synthesis or mobilization or both 
from other tissues. Diets composed pre- 

1presented in part at the AOCS Annual Meeting, 
New Orleans, April 1970. 

dominantly of saturated medium chain 
length fatty acids, with or without added 
cholesterol were equally effective in the 
initiation of hyperlipemia. Data also sug- 
gest that added cholesterol is necessary 
for sustaining hyperlipemia. 

INTRODUCTION 

Numerous dietary procedures have been 
used to produce arteriosclerosis but few of 
them are effective in producing lesions in dogs. 
One which was effective in causing lesions in 
this species was described by Malmros and 
Sternby (1). As part of our search for a suitable 
model for studying arteriosclerosis, the present 
studies were made to determine the sequence 
and type of changes which occur in plasma 
lipids, fatty acids of lipid fractions, and lipopro- 
teins of dogs fed a semisynthetic, hydrogenated 
coconut oil containing diet. This diet is high in 
saturated fat composed predominantly of 
medium chain length fatty acids deficient in 
essential fatty acids, and contains a 5% choles- 
terol supplement. A second group of dogs 
which received the same diet but without cho- 
lesterol supplement was also studied. 

METHODS AND 
EXPERIMENTAL PROCEDURES 

Twelve adult mongrel male dogs weighing 
between 12 and 20 kg were immunized against 
distemper, examined and found to be in good 

TABLE I 

Total Fatty Acid Weight Per Cent Composition of  
Control and Experimental Diets I and II a 

Control Experimental 
FA diet diets I and II 

8:0 -- 6.4 
10:0 --- 4.2 
12:0 -- 37.0 
14:0 2.6 17.0 
16:0 23.0 12.0 
18:0 13.0 19.0 
16:1 3.4 -- 
18:1 35.0 3.4 
18:2 23.0 0.3 

aDiet I, FA per cent composition same as in diet II 
but with 5% cholesterol supplement. 
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FIG. 1. Plasma total cholesterol (TC) and free cho- 
lesterol (FC) concentration in mg/100 ml. Mean con- 
centration with SE are given for control (C) and 
1,2,4,10 and 16 weeks on diet with 5% cholesterol 
(diet I) and without cholesterol (diet II). 

health, free of parasitic infestation and were 
maintaining a constant body weight on a con- 
trol ration (Ken L Ration:beef byproduct 5:1). 
Two control samples of blood were taken at 
least one week apart from each dog after which 
they were given one of two experimental diets. 
Diet I contained 4.77 g cholesterol per I00 g 
(1), which was replaced in diet II by alphacel. 
Both contained 16% hydrogenated coconut oil, 
which was deficient in essential fatty acids and 
contained a high proportion of saturated fatty 
acids as shown in Table I. Sucrose (29%), casein 
(20%), adequate vitamins and salts, and non- 
nutritive bulk made up the remainder of the 
diet. [Diets were prepared in pellet form by 
Nutritional Biochemicals Corp. Cleveland, 
Ohio.] The salt mixture comprised 2.86% of 
the diet and the KI level was 0.086% of this 
mixture. Control diet comprised 25% protein, 
8% fat, 55% carbohydrate, 9% ash and 3% 
crude fiber. The diets were given to dogs in 
amounts sufficient to maintain body weight, 
and were available at all times or until the daily 
ration was consumed. Water was given ad 
libitum. Dogs were housed in individual cages in 
a room maintained at 22 + 1 C. All blood 
samples were taken from animals fasting at least 
17 hr. Blood studies were made after dogs were 
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FIG. 2. Plasma phospholipid (PL) and triglyceride 
(TG) concentration in mg/100 nil. Mean concentration 
with SE are given for control (C) and 1,2,4,10 and 16 
weeks on diet with 5% cholesterol (diet I) and without 
cholesterol (diet II). 

on diets 1,2,4,10 and 16 weeks. EDTA was the 
anticoagulant and all samples were immediately 
chilled. Blood of five other dogs maintained on 
diet I was also studied periodically for 12 to 16 
months. 

Groups of dogs on either diet for different 
time periods are referred to in the text by the 
diet (I or II) followed by the number of months 
they were kept on the diet, e.g., the groups in 
the 4 month short term period are 1-4 and 11-4 
and dogs on diet I for 12 to 16 months are 1-14. 

Total cholesterol (TC) and free cholesterol 
(FC), triglyceride (TG), and phospholipids 
(PL), were determined on plasma. Fatty acid 
(FA) analyses calculated in terms of weight per 
cent composition as well as concentration in 
/~g/ml were carried out on isolated cholesteryl 
esters (CEFA), triglyceride (TGFA), free fatty 
acid (FFA) and phospholipid (PLFA) fatty 
acids of plasma by gas liquid chromatography 
as previously described (2). Serum lipoproteins 
were determined ultracentrifugally at a density 
of 1.21 (3) or by paper electrophoresis using 
albuminated buffer (4). Lipoprotein fractions 
were separated ultracentrifugally into chylo- 
micron (i.e., d < 1.006 after 30 min spinning at 
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FIG. 3. Plasma cholesterol ester FA distribution. Mean per cent composition with SE are given for 
control (C) and 1,2,4,10 and 16 weeks on diet with 5% cholesterol (diet I) and without cholesterol 
(diet II). 

30,000 rpm); VLDL fraction (i.e., d < 1.006 
after 18 hr spinning), d 1.006-1.063 and d 
1.063-1.21 after 18 hr spinning). These frac- 
tions separated ultracentrifugally, and the lipo- 
protein fractions resolved by paper electro- 
phoresis were studied by immunodiffusion or 
i m m u n o e l e c t r o p h o r e t i c  techniques, using 
antisera prepared in rabbits against ultracentri- 
fugally prepared d 1.006-1.063 canine beta- 
l ipoprotein repeatedly ultracentrifuged to 
insure purity, against d 1.063-1.21 alpha-lipo- 
protein, and against whole canine serum. The 
lipoproteins and serum used as antigen for 
antisera preparation were from healthy mongrel 
dogs on a normal diet. The purity of the anti- 
gens used for immunization was checked by 
thin layer starch-gel electrophoresis (5) and by 
immunoelect rophores is  (6) using antisera 
against canine whole serum. 

RESULTS 

Plasma Lipid Fractions 

Control Values. The mean concentration + 
SE for each lipid fraction, given in units of 
mg/100 ml of plasma, was as follows: TC (210 
+ 8.9), FC (68 + 4.4), TG (75 + 5.5), and PL 
(351 + 9.9). 

Short-Term Dietary Period. Within one week 
after starting the special diets, mean TC concen- 
tration of plasma was significantly increased 
from control level (Fig. 1). Since control lipid 
levels of dogs of group I and group II did not 
differ significantly the normal values were 

statistically treated as a single group. Plasma TC 
of the group on diet I increased from 210 to 
835 mg/100 ml and of those on diet II to 625 
mg/100 ml at the end of the first week. During 
the entire period on experimental diets, the 
dogs' plasma cholesterol concentrations were 
significantly higher than control levels. While 
plasma TC levels of dogs on diet I and I! did 
not vary significantly from each other during 
the first 4 weeks, after 10 and 16 weeks of diet 
TC levels of the group on diet I were signifi- 
cantly higher than those on diet II which con- 
tained no added cholesterol. 

The mean FC concentration of plasma of 
dogs on diet I increased from 68 to 323 mg/100 
ml and of dogs on diet II to 218 mg/100 ml 
during the first week on experimental diets and 
remained significantly elevated during the 
entire dietary period (Fig. 1). Like the total, 
free cholesterol of diet I group was significantly 
greater than that of diet II after 10 and 16 
weeks. 

The ratio of free to total cholesterol was 
0.32 in control dogs and it varied from 0.32 to 
0.40 in experimental dogs with no significant 
difference between group I and II. 

The mean plasma PL concentration of dogs 
on diet I increased from 351 to 685 mg/100 ml 
and on diet II to 565 mg/100 ml during the 
first week (Fig. 2). As was observed for values 
of TC and FC, significant differences in amount 
of increase in plasma PL of both experimental 
groups occurred only after 10 and 16 weeks. 

The mean plasma TG concentration of 
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experimental dogs increased relatively much 
less than other lipid components (Fig. 2). TG 
levels were never more than 30% to 50% above 
control values. 

Long-Term Dietary Period. Although some 
degree of lipernia was sustained in all five dogs 
of the group maintained on diet I for 12 to 16 
months (I-14), variability of lipid levels in the 
same dog was noticed from time to time and 
between animals on this diet for identical time 
periods. The ranges of plasma lipid concentra- 
tions at the final bleeding given in units of 
mg/100 ml were total lipid 1130 to 6320, PL 
475 to 1325, TG 160 to 1000, TC 400 to 4000, 
FC 156 to 700, and esterified cholesterol 244 
to 3300. 

Plasma Fatty Acids 

Cholesteryl Ester FA 

Control Values: The sum of all CEFA made 
up 27.9% of total FA in plasma. It consisted of 
48% linoleic acid, 18.5% oleic, 18% arachidonic 
and 7% palmitic acid. All other FA made up the 
remaining 8.5% of total control CEFA pattern. 

Short-Term Dietary Period: Plasma CEFA 
pattern, calculated in terms of per cent com- 
position, showed very rapid alterations after 
dogs were placed on experimental diets (Fig. 3). 
Changes were maintained with only a slight 
rebound, for the entire dietary period. Medium 
chain saturated FA (C12:0 and C14:0) as well 
as monounsaturated FA (C16:1 and C18:1) 
increased and polyunsaturated FA (C18:2 and 
C20:4 ) decreased in plasma CEFA of both 
groups. The largest changes were in C18:1 
which increased from mean control level of 
18.5% to 30% and C2o:4 which decreased from 
18% to 8%. Changes in both experimental 
groups were similar, except for C18:1 and 
C2o:4 at the 16th week period. Cholesteryl 
oleate was higher (p < 0.005) and arachidonate 
was lower (p < 0.025) in plasma of animals of 
group I than that of group II. After dogs were 
on either diet one week, their plasma CEFA 
concentrations were significantly increased 
above control levels (Table II) and remained 
elevated with a few exceptions throughout the 
entire experimental period. The highest concen- 
trations of some FA esterified with cholesterol 
were observed after one or two weeks of 
dietary treatment. Later a decrease from the 
high early level was noted in most FA in plasma 
CEFA of both groups of dogs. The decline from 
the peak concentrations of C18:0 and C18:2 
was especially marked at 10th and i 6th week in 
plasma of dogs on diet II. 

While the relative percentage of stearic and 
linoleic acids was reduced, the absolute concen- 
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tration of stearic acid was increased for four 
weeks. Only at the 10th and 16th week periods 
its concentration was similar to that of con- 
trols. Linoleic acid concentration was signifi- 
cantly increased in dogs on diet with choles- 
terol supplement through the entire experi- 
mental period. Its increase in concentration in 
dogs without cholesterol supplement was sig- 
nificant only for the first four weeks. It 
remained unchanged from control concen- 
tration at the 10th and 16th week periods. 

Unlike other plasma CEFA, the concentra- 
tion of C2o:4 was increased for one week only 
in dogs of diet II and for two weeks in group I. 
The plasma cholesteryl arachidonate concentra- 
tion of the dogs after 4, 10 and 16 weeks was as 
low or lower than their normal levels. Medium 
chain saturated FA, C12:0 and C14:0, showed 
the largest increase in relative concentration. 
Since the amount of these FA in controls was 
low, their contribution to the total increase in 
CEFA concentration in experimental dogs was 
relatively small. Only at the 10th week period 
total CEFA concentration was lower in dogs 
without than in dogs with cholesterol supple- 
ment. 

Long Term Dietary Period: CEFA concen- 
tration increased after 4 months and was much 
higher after the dogs were on diet I for 12 to 16 
months. The increase in concentration of cho- 
lesteryl oleate was from 159 + 19 to 7685 -+ 
2503 /ag/ml, p < 0.01) and accounted for more 
than half the net increase in CEFA in plasma of 
the dogs on diet with cholesterol supplement 
that were studied for the longer period. While 
relative percentage of plasma cholesteryl lin- 
oleate and arachidonate showed further 
decrease with prolonged dietary treatment of 
dogs, being 20% and 4%, respectively after 12 
to 16 months compared with 42% and 10% at 4 
months of treatment; in terms of concentration 
however, cholesteryl linoleate increased from 
469 + 36 btg/ml in controls to 1105 + 176/~g/ml 
in group I-4 and further increased to 2211 + 
681/.tg/ml in group 1-14 (p<0.01). Arachidonate 
increased from 154 + 14  to 198 + 16 and 381 + 
152 /ag/ml, respectively. Because of the larger 
variability from the mean in group 1-14, the 
latter increase was not significant. 

Triglyeeride FA 

Control Values: The sum of all TGFA made 
up 9% of the total FA in plasma. Oleic acid 
(39%) was the most abundant  FA component 
of TGFA pattern of control dogs' plasma. 
Linoleic acid represented 19%, palmitic 17%, 
stearic 7%, palmitoleic 5.8% and arachidonic 
acid 4.5% of TGFA. All other FA made up the 
remaining 7.7% of total control TGFA pattern. 
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Short Term Dietary Period: The per cent 
composition of plasma TGFA showed signifi- 
cant changes after animals were on special diets 
for one week; these alterations were sustained 
throughout the dietary period. Within one week 
total TGFA concentration was increased and 
remained elevated throughout the entire experi- 
mental period (Table III). Similar increases 
occurred with both diets except that after 10 
weeks, dogs on diet I had higher TGFA levels 
than those on diet II. The concentration in 
plasma of saturated fatty acids, C 12:0, C 14:0 
and C16:0 and of unsaturated fatty acids, 
C16:1 and C18:1 esterified with triglyceride 
were significantly increased above normal one 
week after starting the diets and continued to 
increase with longer dietary treatment. Higher 
levels of TG C 12:0, C 14:o and C 18 : 1 were 
observed in plasma of dogs in diet I than those 
on diet II (p < 0.05) after 10 weeks. While the 
relative percentage of stearic acid was reduced, 
the absolute concentration was unchanged. 
Linoleic and arachidonic acids, however, in 
either diet were reduced in relative percentage 
as well as in absolute concentration. 

Long-Term Dietary Period: After animals 
were on diet I for 12 to 16 months their plasma 
total TGFA concentration was six times that 
observed after four months on that diet. The 
relative percentage of medium chain saturated 
FA in group 1-14 had increased still further as 
compared to the short term TGFA pattern; 
C12:0 was increased from 0.1% in controls to 
3% in group 1-4 at four months, and further to 
9% at 12 to 16 months, while C14:0 was 1%, 
7.5% and 12%, respectively. In contrast, linoleic 
acid which was 19% in controls, was reduced to 
9.2% in this group at four months and further 
reduced to 2.5% at 12 to 16 months. While the 
relative percentage of linoleic acid was reduced 
the absolute concentration was unchanged. 
Oleic acid esterified with TG showed the 
highest net gain in concentration. It increased 
from 110 + 11 /ag/ml in controls to a high of 
1200 + 421 /~g/ml in the hyperlipemic dogs of 
1-14 group. Arachidonic acid also increased, 
from 12 -+ 1.5 ~g/ml in control to 29 + 6.9 
/~g/ml in 1-14 group. 

Free FA 

Control Values: The FFA made up only 
4.4% of total FA present in the control dogs' 
plasma. As in TGFA, oleic acid comprising 36% 
of total was the largest FA component. Palmi:tic 
acid represented 28%, linoleic 15.5% and stearic 
13.5%. All other FA represented only 7% of the 
total FFA pattern. 

Short Term Dietary Period: The per cent dis- 
tr ibution of the FA of FFA fraction of dogs' 
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plasma on diets I and II did not change as 
rapidly as did CE or TGFA. Its concentration 
also was much less affected by experimental 
diets than TG or CEFA (Table IV). While the 
relative percentages of C 12 :o, C 14 : o, C 16 :o 
and C 16:1 were increased, the absolute con- 
centration of only C 12 : o was increased in both 
experimental groups. The increase in C 14:o 
concentration was significant only in group If. 
In both diet groups FFA concentration and 
changes in their relative per cent distribution 
were similar except for C 18:2 which was signif- 
icantly higher in group I than in group II 
(p < 0.025) after 16 weeks, however, the per- 
cent distribution of C 18:2 aand C 20:4 was 
significantly decreased in both groups at one 
week of dietary treatment. In terms of concen- 
tration C 18:2 and C 20:4 were reduced signifi- 
cantly only at the 16th week period in both 
experimental groups (p < 0.025 and p < 0.02). 
Other FA and the total FFA concentration was 
not changed from that of controls. 

Long Term Dietary Period: All FA, 
except C 12:0, found in FFA fraction were sig- 
nificantly increased in concentration in group 
1-14 as compared to controls and total FFA 
concentration increased from 133 + 20 gtg/ml 
to 433 + 133 /2g/ml. In terms of relative per- 
centage only medium-chain saturated FA and 
linoleic acid showed further change as a result 
of long term feeding. The percentage of C 12:0 
increased from 0.1% in controls to 1.5% in 1-4 
and to 7% in 1-14 group. C 14:0 increased from 
1% to 4% and to 7.3%, respectively. In contrast, 
while C 18:2 was reduced in percentage from 
15.5% in controls to 10.7% in I-4 and to 6% in 
1-14 groups, the concentration was only 
reduced from 20.1 + 3 /lg/ml in controls to 
10.2 + 2.9 /lg/ml in 1-4 group but it was 
increased to 34 + 7.7/2g/ml in 1-14 group. 

Phospholipid FA 

Control Values: The PLFA concentration 
made up 58.8% of total plasma FA. Stearic and 
arachidonic acids each represented 25% of the 
PLFA in control dog plasma, while linoleic acid 
was 16.5%, palmitic 13.5% and oleic 10.5%. 
Other FA present represented less than 1% each 
of the total PLFA pattern. 

Short Term Dietary Period: PLFA per cent 
distribution showed changes within a week and 
total PLFA concentration was significantly 
increased in plasma of all dogs on experimental 
diets (Table V). There was great similarity 
between the two groups in terms of PLFA con- 
centration as well as per cent distribution, 
except after 10 weeks PLFA of plasma had a 
higher concentration in group I than in group 
II .  Saturated and monounsaturated FA 
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increased within a week after the initiation of 
the experimental diets and remained elevated 
throughout the dietary period, but fluctuated 
more in diet II than in Diet I group. At the 
10th week, C 12:0, C 16:0 and C 18:1 were 
higher in dogs on diet I than II (p < 0.05, 0.05 
and 0.01), respectively. Linoleate esterified 
with PL was also increased in all experimental 
animals except in the group on diet II after 10 
weeks. While the relative percentage of 
arachidonic acid was reduced from 25 + 0.07% 
in controls to 10.6 +- 0.06% in 1-4 group and to 
11.6 + 0.9% in II-4 group, its absolute concen- 
tration was not changed significantly in either 
group from that of controls. Concentration of 
C 20:3 increased more in the PL than in TG or 
CE fractions as a result of the experimental 
diets. 

Long Term Dietary Period: PLFA pattern 
was further affected by long term feeding and 
there was a threefold increase in total PLFA 
concentration in dogs of group 1-14. The 
greatest elevation was in C 18:1 which increased 
from 182 -+ 18.2 pg/ml in controls to a high of 
3116 + 975 pg/ml in group I-14. C 18:2 was also 
greatly increased from 308 + 33 ktg/ml to 1131 
-+ 298 btg/ml, respectively. While the relative 
percentage of arachidonic acid was reduced 
from 25% of the PLFA of controls to 13.1% in 
1-4 and further reduced to 6% in the 1-14 group, 
the absolute concentration was unchanged: 
C20:4 was 430 + 53 pg/ml in controls, 329 + 
34 pg/ml in I-4 group (p < 0.2) and it was 628 
+ pg/ml in 1-14 group (p < 0.3). 

The Ratio of Triene to Tetraene 
Fatty Acids (C20:3/C20:4) 

It has been suggested by Holman (7) that 
the ratio of total C2o:3 to total C2o:4 greater 
t h a n  0.4 indicated essential fatty acid 
deficiency. The ratios for these two acids, cal- 
culated from per cent composition for each 
lipid fraction as well as the total percentage are 
given in Table VI. 

In CEFA the ratio of C 2o:3 acid over C 
2o:4 never exceeded 0.4 in any experimental 
group. In the TG fraction this ratio was 0.4 or 
more in dogs of groups I-4, starting from the 
4th week period and in dogs on diet II-4 from 
the 10th week. Both dietary groups showed a 
ratio of 0.4 or more in the PL starting from the 
10th week. In contrast, this ratio in the FFA is 
abnormal from the very first week in dogs of 
groups 1-4 and it is abnormal from the 10th 
week in dogs on diet II-4. In terms of total 
concentration, the net increase in C 2o:3 was 
greatest in PL fraction where the gain in I-4 
dogs was 190 pg/ml and 179 pg/ml in the II-4 
group. C2o. 3 in CE fraction increased 20.1 

LIPIDS, VOL. 5, NO. 11 



9 0 4  A N T A N A S  B U T K U S ,  L.  A L L E N  E H R H A R T ,  A .  L .  R O B E R T S O N  A N D  L E N A  A .  L E W I S  

"H 'H +1+1 + I ' H  +1+1 "H+ I  -F.I-H +1+1 +1"t"1 +1+1 +1+t  

+1+1 + l + l  + I ' H  "H4"1 -I-I+1 +1+1 +1+1 +1+1 + l + l  +1+1 

oott~ 

+1+1 +1+1 + I -H  +1+1 +1+1 +1+1 +1+1 +1+1 +1+1 +1+1 

+1+t  +1+1 -H+ I  +1+1 +1+1 +1+1 +1+1 +1+1 +1+1 +1+1 
J~,~O Or tor O.:d" oor ~ o ~  '4) 00 ~ o ~  oor L ' -O 

�9 .~ tt~t'~ o 0 ~  ,-~ ,-~r ~'~t "~ O~,~" ~r  O~,-~ 

+1+1 +1+1 +1+1 +1+1 +1+1 +1+1 +1+1 +1+1 +1+1 +1+1 

m ~  

m m  

r 

+1 
r 
r 

o~ 

+1 +1 

O~ 00 

+1 +1 +1 +1 +1 -4-1 +1 

## 

L I P I D S ,  V O L .  5,  N O .  1 1 



LIPID, LIPOPROTEIN CHANGES BY DIETS 905 

/lg/ml in the 1-4 group and 17.2 /ag/ml in the 
11-4 group. The corresponding values in TG 
fraction were only 0.7 /Jg/ml in 1-4 and 4.6 
/ag/ml in I1-4. FFA showed the smallest 
increase, with 0.17/ag/ml and 0.27/Jg/ml in I-4 
and 11-4 groups. 

Interrelationships of FA and Their Lipid Classes 

There is a strong correlation (p<0.00l )  
among most FA to their lipid fractions in 
plasma. Cholesteryl ester FA, except C20:3 and 
C20:4 , correlate stronger to total cholesterol 
concentration than do FA in the TG or PL frac- 
tion to triglyceride or phospholipid concentra- 
tion. 

Plasma Lipoproteins 

The plasma lipoprotein pattern of normal 
dogs when studied ultracentrifugally at d 1.21 
shows a high concentration of high density -S 
0-10 (alpha-) lipoproteins and only about 10% 
to 20% as much low density, -S 20-40 (beta-) 
lipoproteins. Elect.rophoresis, using pH 8.6 
albuminated buffer, demonstrated a similar dis- 
tribution of plasma lipoproteins consisting of a 
high alpha- and low beta-lipoprotein concentra- 
tion. Within one to two weeks after initiation 
of special diets the dogs' plasma showed 
increased concentration of beta-lipoprotein, 
and an additional lipid- stained band migrating 
behind normal alpha-lipoproteins was fre- 
quently present. Concentration of the alpha- 
l i p o p r o t e i n s  was unchanged or slightly 
increased. There was no grossly visible lipemia 
and no chylomicron fraction was demonstrable 
by paper electrophoresis at any time. The 
plasma lipoprotein patterns determined four to 
six weeks after starting diets, when plasma cho- 
lesterol levels were usually similar to or slightly 
lower than those present after one to two 
weeks, showed a further increase in concen- 
t r a t i on  of beta-lipoprotein; the fraction 
migrating between alpha- and beta- lipoprotein 
was also usually more concentrated, and fre- 
quently showed a slower mobility. The alpha- 
lipoprotein concentration was unchanged or 
slightly increased from normal. While lipopro- 
teins of dogs on diet ! and II had similar 
mobility characteristics, the increase in concen- 
tration of beta-lipoprotein and slow alpha-lipo- 
protein was greater in dogs on the cholesterol 
rich diet I. 

After long periods of 12 to 16 months on 
diet I, plasma lipoprotein pattern of the dogs 
showed no lipoprotein with flotation rate of -S 
0-10 when studied ultracentrifugally at d 1.21. 
Fractions of flotation rate -S 10-20, -S 20-40, 
and -S 40-70 were present in widely varying 
concentrations. Electrophoresis showed no 

TABLE VI 

The Ratios a of  Triene and Tetraene FA 
(C 20:3  to C 20:4) in Plasma, Calculated 

in Terms o f  Per Cent Composit ion for CE, TG, 
FFA and PL Fractions. The Ratio for the Sum 

o f  all FA is Calculated From FA Concentrat ion.  

Experimental  diets 
Lipid Control 

fraction diet Diet I-4 Diet II-4 

Cholesterol 
ester (CE) 0 .02  0.12 0 .07  

Triglyceride 
(TG) 0 .39  0.82 1.14 

Free fatty 
acids (FFA)  0 .34  0 .69  0 .54  

Phospholipid 
(PL) 0.26 0.56 0.63 

The sum of  
all FA 0.11 0.42 0.45 

aThe ratio o f  total C20:3  to total C20:4  greater 
than 0.4 indicates essential FA def ic iency (7). 

lipid-stainable material with mobility of alpha- 
lipoprotein. All lipid,stainable fractions had 
mobility of or slightly faster than that of 
n o r m a l  be ta - l ipopro te in .  Immunoelectro- 
phoresis and immunodiffusion studies were 
made using antisera developed in rabbits against 
high density -S 0-I0 alpha-lipoprotein and 
against low density -S 20-40 betaqipoproteins 
prepared from sera of normal dogs. Even when 
no lipoproteins with electrophoretic or ultra- 
centrifugal characteristics of normal alphaqipo- 
protein were present in plasma of dogs on diet I 
for 10 to 14 months, this plasma by immuno- 
precipitation techniques showed a precipitin 
band against anti alpha-lipoprotein. A heavy 
precipitin band against beta-lipoprotein was 
always formed when the serum of dogs on diets 
was allowed to react against anti beta-lipopro- 
tein antisera. 

Clinical and Anatomopathological Findings 

The general condition of the animals kept on 
diets for 16 weeks was excellent. Weight was 
maintained and dogs were even-tempered and 
alert. In contrast to this some animals on long- 
term studies became listless and developed diffi- 
culty in walking. Their skin became dry a n d  
scaled off easily when rubbed. Details con- 
cerning pathological changes observed in these 
dogs will be described in a separate communica- 
tion. Extensive macroscopic, histological and 
ultrastructural changes occurred in the aorta 
and peripheral vessels of dogs on diet I for 12 
to 16 months and seemed to be related to the 
severity of sustained chronic hyperlipemia. No 
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gross or histological changes were found in 
arterial tissue of dogs of groups 1-4 and 11-4. 
Electron microscopy showed medial changes in 
the major arteries in all dogs in group 1-4 and in 
one animal in group 11-4. These were character- 
ized by appearance of intracellular membrane- 
bound cytoplasmic vacuoles in smooth muscle 
cells of the media. Changes of this type were 
not found in arteries of any of control dogs. 

DISCUSSION 

Dogs developed hyperlipemia very rapidly 
after initiation of either diet I or II. The first 
week after the dogs were on the diets, their 
plasma lipids and some fatty acids reached the 
highest levels observed during the four month 
study. The composition of dietary FA had great 
influence in producing this hyperlipemia. 
Medium chain saturated FA which are major 
components of the diets were increased. For 
example, laurate in plasma FFA increased 95 
times over its concentration in plasma of con- 
trol animals. The FA composition of hyper- 
lipemic plasma was not, however, a simple 
reflection of dietary FA. Large increases in 
palmitoleic and oleic acids indicated increased 
synthesis or mobilization, or both, from other 
tissues, since palmitoleic acid was not in the 
diet and oleic acid represented only 3.4% of 
total FA of diets I and II, as compared to 35% 
oleic acid in total FA composition of control 
diet. 

Correlation coefficients derived from linear 
regression analyses showed that the concentra- 
tion of each fatty acid within the phospholipid, 
triglyceride, or cholesteryl ester fraction 
changed in a highly predictable manner as the 
total plasma concentration of each lipid frac- 
tion increased. The predictability or association 
in terms of correlation coefficients was greatest 
in cholesteryl esters. 

The diet, high in saturated medium chain FA 
without added cholesterol appeared to be just 
as effective in initiation of hyperlipemia in dogs 
as when combined with 5% cholesterol. Plasma 
FA per cent compositions were changed from 
control patterns in the four lipid fractions, CE, 
PL, TG and FFA, to the same degree within the 
first week after starting experimental diets I 
and II and in general were maintained during 
the entire four-month period. While the relative 
percentage of some fatty acids, e.g., stearic, 
linoleic and arachidonic acids were reduced, 
their absolute concentrations were either 
increased or remained unchanged from that of 
control dogs' plasma. It is remarkable that 
linoleic acid concentration in cholesterol ester 
and phospholipid fractions of plasma of dogs 

on diet I and II for four months increased to 
over twice the control concentration. Its mean 
concentration was even higher in dogs on cho- 
lesterol supplemented diet for 12 to 16 months. 
The source of linoleic acid does not seem to be 
the diet, since linoleic acid comprised only 
0.3% of experimental as compared to 23% of 
the control dogs' diet. It was more likely that 
linoleic acid was mobilized from other tissues. 
More detailed studies on FA changes in tissues 
in the same experimental diets will be described 
in a separate communication. 

As with fatty acids, there was also no differ- 
ence in total and free cholesterol, triglyceride 
or phospholipid concentrations between the 
two experimental diet groups within the first 
four weeks on these diets. After 10 to 16 
weeks, however, TC, FC and PL concentrations 
were significantly higher in dogs on the diet 
with than in those without cholesterol supple- 
ment. It appears that exogenous cholesterol was 
necessary to sustain the severe hyperlipemia. 

Though the C20:3 to C20:4 ratio, as 
described by Holman (7) may represent a useful 
index of essential FA deficiency, care must be 
exercised in interpreting the results calculated 
from per cent composition in various lipid frac- 
tions. In some lipids the ratio rises primarily 
due to an actual increase in C20:3 and a 
decrease in C20:4 while in others either the 
triene or the tetraene concentration may be 
held relatively constant while the other FA is 
changing. By comparing ratios or per cent dis- 
tr ibution values, it appears that triglyceride had 
the largest increase in C20:3 but by measuring 
the FA concentration, it was shown that the 
greatest increases in C20:3 were observed in the 
phospholipids and cholesteryl esters. 

Dermal symptoms as criteria for essential 
fatty acid deficiency have been reported in the 
rat (8,9). The scaliness of the skin in experi- 
mental dogs on diet I for 12 to 16 months con- 
firms previous reports (10,11) that in this 
species skin manifestations may also occur as a 
result of essential fatty acid deficiencies. 

Changes in serum lipoprotein pattern of dogs 
on experimental diets were rapid. While the 
initial increase in low density lipoproteins 
occurred with little change in concentration of 
high density alpha-lipoprotein, dogs on the diet 
for 10 to 16 months showed very low levels of 
high density alpha-lipoprotein, -S 0-10, lipopro- 
tein, with electrophoretic mobility of alpha- 
lipoprotein. It is significant, however, that 
immunologic studies showed that alpha-lipopro- 
tein was present in nearly normal amount. In 
the extremely hyperliperrdc situation the 
alpha-lipoprotein was combined with greater 
amounts of lipid than in normal, so that 
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f lo ta t ion  and  e l ec t ropho r e t i c  p roper t i e s  were 
very d i f ferent .  More de ta i led  s tudies  on  the  
l i pop ro t e in  f rac t ions  will be descr ibed in 
a n o t h e r  repor t .  

The  obse rva t ions  by  Malmros  and  S t e r n b y  
(1)  t h a t  vascular  lesions m a y  be induced  in dogs 
by  feeding  a cho l e s t e ro l - supp l emen ted  diet  
lacking essent ia l  F A  and  r ich  in sa tu ra t ed  
m e d i u m  chain  F A  has  b e e n  con f i rmed  in the  
long t e r m  s tudy.  The i r  s tudies  also inc luded  
two dogs on  the  diet  w i t h o u t  choles terol .  Data  
o n  s e r u m  cho les t e ro l  and  t r iglycer ides ,  
measured  at m o n t h l y  in tervals ,  show var iabi l i ty  
a m o n g  the  dogs in response  to  e i the r  diet  
similar to  t h a t  r e p o r t e d  here .  Compar i sons  
b e t w e e n  groups  fed d i f fe ren t  diets  p r o b a b l y  
would  be  fac i l i ta ted  by  use of  pure  b red  dogs 
bu t  the  degree of  response  would  l ikely be  
d e p e n d e n t  on  the  b reed  chosen.  

While i t  migh t  be a rgued t h a t  the  diets  used 
were no t  physiological  insofa r  as t hey  were 
devoid  of  essential  f a t t y  acids and  in the  case of  
diet  I, c o n t a i n e d  5% choles te ro l ,  t h e y  do a f fo rd  
the  o p p o r t u n i t y  to  s tudy  t he  effects  of  exo- 
genous  choles tero l ,  s a tu r a t ed  fa t  and  lack of  
essential  f a t t y  acids on  plasma,  ar ter ia l  and  
o the r  t issue lipids, and  o n  the  in i t i a t ion  of  
ar ter iosclerosis  in  a species cons idered  to  be  
res is tant  to  d e v e l o p m e n t  of  s p o n t a n e o u s  
ar ter ial  lesions.  There  is a possibi l i ty  t h a t  the  
h igher  pe rcen tage  of  fat  in  the  e x p e r i m e n t a l  
diets ,  20% in I and  16% in II, as c o m p a r e d  to  
only  8% fat  in  con t ro l ,  was a fac to r  in the  
d e v e l o p m e n t  of  the  hype r l i pem i a  in the  experi-  
m e n t a l  animals .  However ,  th is  seems unl ike ly  in 
view of  evidence (12-15)  t h a t  the  a m o u n t  of  
d ie ta ry  fat  has m u c h  less e f fec t  t h a n  the  t y p e  of  
fat  on  hype r l ipemias  p r o d u c e d  in m an  and  
e x p e r i m e n t a l  animal .  The  e x p e r i m e n t a l  diets  in  
the  p resen t  s tudy  were a b n o r m a l  in t e rms  of  
b o t h  degree of s a tu ra t i on  and  average chain  
l eng th  of  f a t t y  acids, t he  diets  be ing  c o m p o s e d  

p r e d o m i n a n t l y  of  sa tura ted ,  m e d i u m  chain  
l eng th  f a t t y  acids (C12:0  and  C14:0 ). The  pos- 
sibi l i ty of  a l te r ing  the  l ipemia b y  s u p p l e m e n t i n g  
the  diet  w i th  essential  f a t t y  acids is p resen t ly  
be ing  examined .  
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Dietary Lipid, Fatty Acid Oxidation and Incorporation 
of Carbon I nto Cholesterol 1 
JACQUELINE DUPONT, Department of Food Science and Nutrition, 
Colorado State University, Fort Collins, Colorado 80521 

ABSTRACT 

Female rats (200 g) were fed a nutri- 
tionally adequate diet containing I% by 
weight of corn oil (low-fat, LF), 2i% of 
corn oil (CO) or 20% of beef tallow plus 
1% of corn oil (BT) for two weeks. Food 
was removed for 8-12 hr, then each rat 
was refed for 1 hr. Each rat was injected 
ip with Na-3H-acetate and UA4C-Na-pal- 
mitate, (P), -oleate (O) or -linoleate (L). 
Expired CO 2 was collected for 2 hr. 
Liver, heart and serum were obtained for 
analysis of total lipid 14C and 3H and 
cholesterol 14C and 3H. Oxidation of L 
was twice as great as O or P when the LF 
diet was fed. CO and BT diets doubled 
oxidation of O to equal L, and increased 
oxidation of P, 50%. In liver and serum P 
was retained to a greater extent than O or 
L on BT and CO diets. Incorporation of 
acetate into total lipid was highest on LF 
diet and reduced by feeding either CO or 
BT. Incorporation of acetate into choles- 
terol was greater when BT or CO was fed 
than for LF. 14C was incorporated into 
cholesterol in such small amounts that it 
was barely detectable and could not be 
counted accurately. Conclusions are that 
(a) dietary fat affects rate of oxidation of 
uniformly labeled palmitate and oleate, 
but not linoleate, (b) acetate is a more 
ready precursor to cholesterol than is 
fatty acid carbon, and (c) the acetate 
incorporated into cholesterol when poly- 
unsaturated fat is fed is not derived 
directly from fatty acid carbon. The 
failure of incorporation of fatty acid car- 
bon into cholesterol within 2 hr of 
administration opens the question of 
compartmentation of acetate as to its 
metabolic source. 

INTRODUCTION 

Incorporation of acetate into cholesterol by 
rats, in vivo and in vitro, is greater when 20% 
fat is included in the diet than when only 
enough fat for essential fatty acids is included 

1 Colorado Agricultural Experiment Station 
Scientific Series Paper No. 1510. 

(1-3). Fats containing high concentrations of 
polyunsaturated fatty acids accelerate acetate 
incorporation into cholesterol more than those 
containing primarily saturated and monounsat- 
urated fatty acids (1,4). 

One of the differences between saturated 
and polyunsaturated fatty acids is in their rates 
of oxidation. 1-14C linoleate is oxidized to 
14CO2 more rapidly than 1-14C-palmitate or 
1A4C-stearate by mice (5) and rats (6 ) in  vivo, 
by guinea pig heart homogenates and beef heart 
(7), and rat liver isolated mitochondria (8). 
U-14C-linoleate is also oxidized more rapidly 
than U-14C-palmitate, in vivo and in vitro (9). 
Cholesterol synthesis from acetate, therefore, 
may be accelerated by rapid formation of ace- 
tate from linoleate; the acetate thus produced 
being incorporated into cholesterol. 

Several reports have described studies of 
incorporation of carboxyl carbon of fatty acids 
into cholesterol. Mead et al. (5) and De Leo and 
Foti (10) performed the earliest of such studies 
and their results were not sufficiently precise to 
conclude whether linoleate was more active 
than stearate. Cenedella and Allen (11) recently 
have reported that 1-14C-linoleate is oxidized 
more rapidly than 1A4C-palmitate when given 
to rats intragastrically. They also found in- 
corporation of label into cholesterol propor- 
tional to rate of 14CO 2 formation. Foti et al. 
(12) reported exactly opposite results when 
they studied incorporation of 1A4C-stearate 
and 1-14C-linoleate into cholesterol by cell-free 
systems from rat liver. Stearate was twice as 
active a source of 14C for cholesterol as lin- 
oleate in nuclei-free homogenates. Systems free 
of mitochondria incorporated more of either 
acid into cholesterol, with linoleate exceeding 
stearate. The authors conclude that incorpo- 
ration of fatty acid carbon into cholesterol is 
not via mitochondrial oxidation to acetate. 

If rate of oxidation of the fatty acids deter- 
mines rate of acetate incorporation into choles- 
terol, then incorporation of labeled acetate 
would be decreased by dilution of an assumed 
acetate pool with unlabeled fatty acid carbon. 
There is evidence that the carboxyl carbon of 
unsaturated fatty acids is not metabolized via 
the same pathway as the 9-12 carbons, in 
muscle (9). Linoleate can be oxidized by 
gamma cleavage resulting in incorporation of 
the 9-12 carbons into methylmalonate. The 
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FIG. 1. Accumulative 14CO~ expiration following 
intraperitoneal injection of U-lgC-fatty acids in 
female rats fed low fat diet (1% corn oil). 
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FIG. 2. Accumulative 14CO? expiration following 
intraperitoneal injection of U-14C-fatty acids in 
female rats fed high beef tallow diet (20%). 

extent of activity of this pathway is not yet 
known. 

With the conflicting results cited, it is not 
clear how fatty acid oxidation affects choles- 
terol biosynthesis. The following study was 
designed to determine the relative rates of 
incorporation of 3H-acetate and uniformly 
labeled 14C-fatty acids into cholesterol under 
dietary conditions known to affect rate of 
acetate incorporation. The rates of oxidation of 
fatty acids were studied to determine whether 
that process regulated incorporation of acetate 
into cholesterol. 

METHODS 

Diets, Animals and Experimental Design 

Low fat, high corn oil and high beef tallow 
diets were formulated similar to those used in 
previous experiments (3). Low fat diet (LF) 
contained 1% (wt.) of corn oil, high corn oil 
diet (CO) contained 21.2% of corn oil and high 
beef tallow diet (BT) contained 1.2% of corn 
oil and 20% of beef tallow. All diets contained 
lactalbumin, cornstarch, vitamins, minerals and 
cellulose (3). The major difference in fatty acid 
composition of beef tallow and corn oil is 53% 
linoleate in corn oil vs. 2% in beef tallow and a 
total of 10% saturated fatty acids in corn oil vs. 
37% in beef tallow (13). 

Female, Carworth Farms CFE rats weighing 
approximately 160 g were purchased. Upon 
arrival they were caged singly and fed Purina 

Laboratory Chow until they were put on 
experimental diets. Nine or 12 rats per day, 
three days a week for three weeks, were 
weighed and placed on experimental diets. A 
total of 90 rats were so placed on three diets. 
At the end of two weeks of ad lib. feeding, the 
first group of rats was treated as follows: food 
was removed from the cages; 6-10 hr later it 
was replaced and rats were injected ip with a 
UJ4C- fa t ty  acid and Na-aH-acetate. Immedi- 
ately after injection the rat was placed in a 
metabolic chamber for collection of CO 2. After 
2 hr it was removed, anesthetized with Na- 
pentobarbital, a blood sample was obtained by 
heart puncture and the liver and heart were 
excised. Serum, livers and hearts were stored at 
-20C for later analyses. Thirty rats were 
processed each week for three weeks. 

Radiohomogeniety of 3H- and 14C-acetate. 

Kamen (14) has written a summary of early 
work (15,16) o n  incorporation of acetate into 
cholesterol, stating: 

After careful analyses of the specific label content 
of isolated and purified cholesterol from H2-1abeled 
and C 13, and C14-doubly labeled acetate, it was 
established that acetate carbon was available as a 
sufficient carbon source and that it was being incorpo- 
rated as a unit. 

The acetylation of acetate with hydrogens 
intact (H2, C13) was determined by Bloch and 
Rittenberg (15), but the tracer homogeneity of 
acetate incorporated into cholesterol was not 
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fatty acids. LF, BT, CO explained in text. 

determined. If only one hydrogen is lost or 
exchanged from the methyl group, the result 
would be incorporation of two thirds of the 
label into cholesterol. Subsequently an excess 
of three carboxyl groups in the cholesterol ring 
would increase the ratio by 10% to a maximum 
of 0.74. Analysis of the pathway of cholesterol 
synthesis as described by Cornforth (17)yields 
an approximate theoretical 3H/14 C of 0.64. 

An experiment was conducted to ascertain 
the 3H/14C ratio of cholesterol synthesized 
from Na-3H-acetate and Na-l-14C-acetate 
administered simultaneously to rats. The dose 
contained 20/~c of 3H and 10/~c of 14C (actual 
3H/14C = 2.04) so that the theoretical yield 
ratio should be 0.64 x 2 = 1.28. Two female 
rats fed the corn oil diet used in the experiment 
were used. The results for liver cholesterol 
3H/14C were 1.26 and 1.32. The liver fatty 
acids would have a theoretical 3H/14C of 0.4 x 
2 = 0.8. The results were 0.85 and 0.86. 

Analytical Methods and Materials 

Sodium-3H-acetate (500 mc/mmole, Nuclear 
Chicago) was injected via 0.5 ml of physio- 
logical saline solution containing 18 /ac of 3H. 
U-14C-palmitate (560 mc/mmole), -oleate and 
-linoleate (630 mc/mmole) were obtained from 
Applied Science Laboratories in 50 /ac con- 
tainers. Sodium salts of the fatty acids were 
prepared under N 2 and diluted with physio- 
logical saline solution. The dose was 2.5 /ac in 
0.5 ml. 

Carbon dioxide was collected by suction of 
air through the metabolic chamber via a train 
which included a NaOH tube prior to the 
chamber and a tube containing standard 0.5 N 
NaOH for collection of expired CO 2. Traps 
were changed every 15 min and the samples 
stored for 14C analysis and titration with 
standard HC1 to phenolphthalein end point. An 
aliquot of the collection solution was solu- 
bilized with Beckman Biosolv and 15 ml of a 
solution containing 5 g 2,5-diphenyloxazole 
(PPO), 100 mg 4-di-2-(5-phenyloxazolyl)- 
benzene (POPOP), 50 g napthalene, 380 ml 
dioxane, 380 ml toluene and 250 ml absolute 
ethanol was added. Counting was performed 
with a Beckman Scintillation system at an 
efficiency of 62%. 

Lipids of serum, livers and hearts were 
extracted by the method of Folch et al. (18). 
Total fat of liver and heart was determined by 
drying and weighing an aliquot of the chloro- 
form-methanol extract (C-M). Total lipid 3H 
and 14 C were determined by drying an aliquot 
of C-M and counting in a scintillation solution 
containing 0.05 g/liter POPOP and 4 g/liter POP 
in toluene. 14C-tohiene and 3H-toluene were 
used as standards to determine counting 
efficiencies of the double-labeled samples. 

Samples of C-M were saponified, and 
extracted with petroleum ether for the precipi- 
tation of cholesterol as the digitonide (I 9) for 
counting and for quantitation of cholesterol 
using the Zak et al. (20) acid iron color reagent. 
Cholesterol digitonide was dissolved in 2 ml of 
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TABLE I 

Body and Organ Weights and Lipid Composition of Young Female Rats 
Fed Diets Varying in Fat For Two Weeks 

911 

Liver Heart 

Serum 
Body wt., Fat, Chol. wt., Fat Chol. Chol., 

Diet vet., g g mg mg g mg mg mg/nl 

LF a 202 6.08 265 15.5 0.72 20.7 0.97 
-+3.0 b -+0.18 -+10.6 -+0.50 -+0.01 -+1.39 -+0.03 60-+2.4 

BT a 208 5.87 288 15.1 0.71 21.9 0.94 
�9 +3.6 -+0.15 -+ 8.8 -+0.37 -+ 0.01 -+1.91 -+0.03 60-+3.3 

CO a 209 6.05 290 16.6 0.71 21.5 0.95 
-+2.6 -+0.13 b 11.4 -+0.45 0.01 1.15 0.03 62+2.4  

aLF, low fat diet, 1% corn oil; BT, 20% beef tallow + 1.2% corn oil diet; CO, 21.2% corn 
oil diet. 

bMean + standard error of the mean of 30 rats. 

methanol  then counted  using the same scintilla- 
t ion solut ion as used for total  lipid. 

Mean, standard error of  the mean,  analysis 
of  variance, t test for differences be tween  
means and interact ion of  variables were deter- 
mined using a CDC 6400 computer .  

RESULTS 

Fatty Acid Oxidation 

Table I shows the general characteristics of  
the rats after two weeks on low fat, high corn 
oil or high beef  ta l low diets. There were no 
differences in body weight ,  liver weight,  fat or  
cholesterol ;  heart  weight,  fat or  cholesterol ;  or  
serum cholesterol.  Carworth  CFE rats are qui te  
un i form in physiological parameters  and young  
female rats are able to adapt to diet very well. 
A two-week period was no t  sufficient for  
metabol ic  alterations to  affect  tissue concen-  
t rat ions of  lipids. 

Expi ra t ion  of  14CO 2 fol lowing inject ion of  
un i formly  labeled fa t ty  acids is described by 
Figures 1-4. Figure 1 indicates accumulat ive 
expirat ion of  14CO2 by rats fed the low fat 
diet. The  total  CO 2 (unlabeled)  expired was no t  
affected by diet. Thus per cent of  dose expired 
is indicative of cont r ibut ion  of  the label to fuel 
of  respiration.  Palmitate  (P) and oleate (O) 
were oxidized at the same rate wi th  a to ta l  of  
11.1% and 11.3%, respectively,  of  the injected 
dose expired in 2 hr. Linoleate  (L) was expired 
at a significantly more  rapid rate than P or  O, 
with a to ta l  of  21.4% expired in 2 hr. 

Figure 2 illustrates the  effect  of  20% beef  
ta l low in the diet upon ox ida t ion  of  fa t ty  acids. 
P ox ida t ion  was accelerated 50% by feeding 
beef  ta l low in place of  cornstarch (P < .05); O 

oxida t ion  was increased a lmost  100% (P < .01). 
The total  14CO 2 expired in 2 hr f rom P was 
15.8% and f rom O was 20.6% of the dose. L 
ox ida t ion  was not  affected by feeding beef  
ta l low compared  to cornstarch (oxida t ion  in 2 
hr  was 21.0% of dose). Oxidat ion  of  O was 
enhanced to equal the rate of  ox ida t ion  of  L. 

The effect  of  feeding 20% corn oil in place 
of  cornstarch is i l lustrated in Figure 3. P and O 
were oxidized at rates similar to  those  seen 
when beef  ta l low was fed (16.9% and 22.4% of  
dose expired in 2 hr, respectively).  L was 
oxidized at a slightly more  rapid rate (24.1% of  
dose expired in 2 hr) than when LF or BT was 
fed, but  nei ther  difference was statistically sig- 
nificant.  

The in teract ion be tween  diet  and fa t ty  acid 
ox ida t ion  is shown in Figure 4. The statistical 
evaluat ion of  in teract ion was significant (P < 
.005). The in terpre ta t ion  of  statistical inter- 
act ion is that  different  diets affected different  
fa t ty  acids in dissimilar manners.  

Fatty Acid Retention 

The amount  of  14C left  in the liver af ter  2 
hr  of  exposure  to  U-14C-fat ty  acids was 
inversely related to the rates of  ox ida t ion  of  
pa lmi ta te  and l inoleate  when CO was fed (Table 
II and Figure 5). Al though  L was oxidized more  
rapidly than P on the LF and BT diets it was 
also conserved in the liver. When BT or CO was 
fed, however ,  nei ther  O nor  L was conserved in 
the liver as much  as P. This phenomenon  is 
i l lustrated by the in terac t ion  plot  in Figure 5. 
The  significant in teract ion (P < .005) is due to  
the corn oil diet. Corn oil contains  53% lin- 
oleate (13) so that  the CO diet conta ined 11.2% 
(wt) of  l inoleate  (21.2% of  dietary ealories). 
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FIG. 5. Interaction between dietary fat and 
retention of 14C-lipid in liver, 2 hr after intraperito- 
neal injection of U-14C-fatty acids. LF, BT, CO 
explained in text. 

TABLE II 

14C Left in Organ Lipids 
2 hr After Intraperitoneal Injection of 

U-14C-Fatty Acids 

Linoleate, Oleate, Palmitate, 
Diet % % % 

Liver 
LF a 9.1 - 1.0 b 6.1 ---0.8 8.9 + 1.2 
BT 7.2---0.8 7 .3+0 .9  8 .7+1.1  
CO 5.1---0.7 4 .4+0 .7  10.9---1.1 

Heart X 102 
LF a 4 .4+0 .8  4.0---0.6 5 .8+1.3  
BT 5.9---2.0 5.0-+0.8 4.2-+0.5 
CO 5.6 -+ 1.1 4.0 +0.7 6.6 -+ 1.0 

Serum X 102, 
per ml 

LF a 5.4 -+ 1.0 4.9 -+ 1.1 4.1 - 0.5 
BT 3.7-+0.2 3.5-+0.7 4.8-+0.8 
CO 3.0-+0.2 2.8-+0.2 4.7-+0.6 

aLF, low fat diet, 1% corn oil; BT, 20% beef tal- 
low + 1.2% corn oil diet; CO, 21.2% corn oil diet.  

bMean + standard error of the mean of 7-10 rats. 

Beef  ta l low is c o m p o s e d  pr imar i ly  of  b i o s y n t h e -  
sized f a t t y  acids, t he re fo re ,  bee f  ta l low would  
be  an energy source similar  to  body  fat .  

Labeled  L, O and  P r ema in ing  in se rum were 
no t  s ta t is t ical ly  d i f fe ren t  on  LF diet.  P was 
re ta ined  to  a greater  e x t e n t  t h a n  L or  O w h e n  
BT was fed,  a l t hough  the  d i f fe rence  was no t  
s ignif icant  and  d i f ferences  b e t w e e n  BT and  LF 
effec t  were no t  s ignif icant .  CO resul ted  in 
s ignif icant ly  less L in se rum t h a n  LF (P < .05).  
P was r e t a ined  to  a grea ter  ex t en t  t h a n  L or  O 
on  CO. The  serum da ta  for  r e t e n t i o n  of  f a t t y  
acids general ly  parallel  t he  l iver data.  

There  were no  d i f ferences  in 14C lef t  in 
to t a l  l ipids of  the  hear t .  Ne i the r  diet  n o r  source  
of  f a t t y  acid resul ted  in selective r e t e n t i o n  b y  
the  hear t .  

Acetate Incorporation Into Lipids 

Table  III con ta ins  data  descr ib ing inco rpo -  
r a t i on  of  a l l - ace ta t e  in to  to ta l  lipid and  choles-  
te ro l  of  liver, serum and  hear t .  High fat  die ts ,  
w h e t h e r  bee f  ta l low or  co rn  oil, depressed  
ace ta te  i n c o r p o r a t i o n  in to  to ta l  l ipid of  the  
liver. Se rum ref lec ted  the  l iver data  qu i t e  
closely. Hear t  to t a l  act ivi ty  (per  cent  of  
in jec ted  dose)  of to t a l  l ipid was less on  BT and  
CO t h a n  LF,  bu t  no t  as m u c h  less as se rum and  
liver TA. 

I n c o r p o r a t i o n  of ace ta t e  i n to  choles tero l  was 
e n h a n c e d  b y  feeding fat .  Liver choles te ro l  T A  
and  SA were more  t h a n  twice  as great  w h e n  BT 
or CO was fed t h a n  w h e n  LF was fed. Se rum 
choles te ro l  T A  and  SA magni f ied  the  differ-  
ences due to diet .  BT caused a 60% greater  

serum choles te ro l  TA and  CO 400% greater .  
Hear t  choles te ro l  c o n t a i n e d  too  l i t t le  radio-  
act ivi ty  to  de tec t  by  the  m e t h o d s  used. 

Incorporation of U-14C-Fatty Acids Into Cholesterol 

Carbon-14  in choles tero l  was ex t remely  low. 
The  coun t ing  errors for  such  low levels p roh ib i t  
use of the  data  for c o m p u t a t i o n s  magni fy ing  
di f ferences  which  are p r o b a b l y  due to  coun t ing  
error.  To ob ta in  an es t imate  of  the  relat ive ra tes  
of  ace ta te  and  fa t ty  acids as ca rbon  source for  
choles terol  a second e x p e r i m e n t  was con-  
duc ted .  The  objec t  was to in jec t  a larger dose of  
l inoleate  in to  smaller ra ts  to  ob ta in  samples  
wi th  a h igher  coun t ing  ra te .  The results  are 
s h o w n  in Table  IV. 

E x p e r i m e n t  2 verifies t h a t  l inoleate  ca rbon  is 
i nco rpo ra t ed  in to  liver choles tero l ,  bu t  at a very 
low rate.  The  younger  ra ts  (average wt.  161 g) 
used in E x p e r i m e n t  2 p r o b a b l y  were syn the -  
sizing choles te ro l  at a h igher  ra te  t h a n  those  
used in E x p e r i m e n t  1 (4). 

DISCUSSION 

Effect of Dietary Fat on Fatty Acid Oxidation 

The  resul ts  r epor t ed  here  ind ica te  t h a t  
feeding e i the r  20% beef  ta l low or 20% corn  oil 
enhanced  ox ida t ion  of  U-14C-pa lmi ta te  and  
-oleate w h e n  compared  to  the i r  ox ida t ion  on  a 
1% fat diet .  Linoteate  ox ida t i on  was n o t  
a f fec ted  b y  diet.  Earl ier  resul ts  (6)  using 
ca rboxy l  labeled fa t ty  acids showed no  ef fec t  
of  diet  on  1-14C-stearate,  -oleate or q ino lea te .  
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TABLE III 

Incorporation of Na-3H-Acetate Into Organ Lipids 
of Female Rats in 2 hr After Intraperitoneal In~ection 

(Actual, not adjusted for theoretical loss of ~ 
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Total lipid Cholesterol 

Diet TA b SA c TAX 102 TAX 103 SA 

Liver 
LF a 5.9• d 22.1• 384-6 2.4•  
BT 2.7•  9.3•  81 •  5.2• 
CO 2.3• 8.2•  94 •  5.6•  

H e a r t  
LF 4.5 -I- 0.6 
BT 3.3 + 0.4 
CO 3.5 4" 0.3 

Serum (per ml) 
LF 2.7 • 0.4 0.7 • 0.2 1.2 + 0.2 
BT 1.3 -0 .1  1.2 • 2.2 +0.3 
CO 1.5---0.1 3.1 u 4.74"0.6 

aLF, low fat diet, 1% corn oil; BT, 20% beef tallow + 1.2% corn oil diet; CO, 21.2% corn 
oil diet. 

bTA, per cent of injected dose per tissue. 
CSA, TA/g lipid. 
dMean • standard error of the mean for 24-30 rats. 

The two studies were pe r fo rmed  on di f ferent  
strains of  rats, Carwor th  CFE and Hol tzman;  
o therwise  they  were conduc ted  in a lmost  
identical  manner .  Thus, e i ther  the  two  rat 
strains differ  in their  metabol i sm o f  f a t ty  acids, 
carboxyl  carbon is metabol ized  d i f ferent ly  
f rom o ther  carbons  of  fa t ty  acids, or the two  
studies were not  done  under  suff icient ly similar 
condi t ions .  It seems mos t  likely tha t  feeding fat  
should  cause adap ta t ion  to  ox ida t ion  of fa t ty  
acids for  energy. In that  case, l inoleate is 
oxidized at a m ax imum rate  regardless of  
amoun t  consumed ,  but  oleate and palmi ta te  
ox ida t ion  are amenable  to  adapta t ion .  There is 
reason to believe that  unsa tura ted  fa t ty  acids 
are oxidized by b o t h  beta  and gamma mecha-  

nisms and gamma ox ida t ion  could accelerate 
metabol i sm of  aceta te  derived f rom beta  oxi- 
da t ion  (9). On that  basis the carboxyl  carbon 
may  no t  be representa t ive  of  all o f  the  carbons 
of  the  fa t ty  acid. To resolve the  issue, a s tudy  
must  be done  in which  1-14C and U-14C (or 
specifically labeled) fa t ty  acids are compared  
under  d i f ferent  dietary condi t ions .  Such an 
expe r imen t  is p lanned  in this labora tory .  

Incorporation of Fatty Acid-14C Into Cholesterol 

F a t t y  acid carbon was not  as active a pre- 
cursor to cholesterol  as was aceta te  in this 
s tudy.  Obviously the  degree of  labeling of  the 
immedia te  precursors  to  h y d r o x y - m e t h y l -  
glutaryl-CoA was greater f rom external ly  

TABLE IV 

Comparison of Incorporation of 3H-Acetate and U-14C-Linoleate 
Into Liver Cholesterol 

Cholesterol 
per cent of dose liver 

Dose, Liver, 
Expt. Label dpm dpm/liver Actual Corrected a 

1 3H-acetateb 3 • 107 2.2 x 104 0.094 0.147 
2 U-14C-L c 1.3 x 107 1426 0.011 0.011 

aExperimental 3H/14C of acetate incorporation into cholesterol is 0.64 
b30 ra t s .  

c3 rats .  
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admin i s t e red  ace ta te  t h a n  f rom ex te rna l ly  
admin i s t e red  f a t t y  acids. F a t t y  acids, however ,  
were conver t ed  to acetyl  CoA at rapid rates  as 
ind ica ted  b y  p r o d u c t i o n  of  14CO 2. The  fai lure 
of  this  ace ta te  to  be i n c o r p o r a t e d  i n to  liver 
choles te ro l  in a m o u n t s  c o m p a r a b l e  to  exo-  
genous  ace ta t e  may  be  c a u s e d  by  in t race l lu la r  
c o m p a r t m e n t a l i z a t i o n  or by  in te r  t issue 
me tabo l i sm.  Exogenous  ace ta te  can be incorpo-  
ra ted  in to  choles te ro l  by  the  cy toso l  and  micro-  
somes  or  can be oxid ized  by  the  m i t o c h o n d r i a  
(21) .  The  f a t t y  acid could en te r  the  liver and  be  
oxid ized  by  the  m i t o c h o n d r i o n ;  the  resu l t ing  
ace ta te  would  have to  b e t r a n s p o r t e d  ou t  of  the  
m i t o c h o n d r i o n  to be a precursor  to  choles terol .  
Perhaps  this  in t race l lu lar  sepa ra t ion  of  ace ty l  
CoA accoun t s  for  the  observed dif ferences .  

The  conf l ic t ing  repor t s  of  Cenedel la  and  
Allen (11)  and  F o t i  et al. (12)  c a n n o t  be 
resolved by  this  s tudy.  Ne i ther  of  those  s tudies  
compared  f a t t y  acid c a r b o n  w i th  ace ta t e  as a 
p recursor  to  choles terol .  

The  more  l ikely e xp l ana t i on  for  re la t ively  
less ca rbon  f rom fa t ty  acids t h a n  ace ta te  be ing  
i nco rpo ra t ed  in to  choles te ro l  is t issue compar t -  
m e n t a t i o n .  The  f a t t y  acid cou ld  be  secre ted  
f r o m  the  liver as l i popro te in  and  t r a n s p o r t e d  to  
ex t r ahepa t i c  tissue. Muscle is more  act ive in 
o x i d a t i o n  of  f a t t y  acids t h a n  is liver (11 ,22) .  
Liver is the  mos t  active site of  choles te ro l  
b iosyn thes i s  (23) .  This o rgan  specif ic i ty  could  
easily resul t  in  separa t ion  of  f a t t y  acid c a r b o n  
f r o m  sites of choles te ro l  synthes is .  

The  fo l lowing conclus ions  m a y  be d rawn  
f r o m  this  expe r imen t .  Dietary fa t  a f fec ts  ra tes  
of  ox ida t ion  of  un i fo rmly  labeled  pa lmi ta t e  and  
oleate ,  bu t  no t  l inoleate .  In c o m p a r i s o n  to  data  
on  ca rboxy l  labeled f a t t y  acids, th is  suggests 
t ha t  there  may  be a d i f fe rence  b e t w e e n  oxi- 
da t ion  of  ca rboxy l  and  o t h e r  ca rbons  of  f a t t y  
acids. Exogenous  ace ta te  is a m o r e  ready  pre-  
cursor  to  choles te ro l  t h a n  exogenous  f a t t y  acid 
ca rbon ,  in vivo. The  acce le ra t ion  of  ace ta te  
i n c o r p o r a t i o n  in to  choles tero l  by  fa t  feeding is 
n o t  the  resul t  of  f o r m a t i o n  of  acetyl  CoA f rom 
fa t t y  acids and  i n c o r p o r a t i o n  of  t h a t  ace ta te  
in to  cholesterol .  
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The Fatty Acids of Entomophthora coronata 
R.O. MUMMA and T.E. BRUSZEWSKI, Pesticide Research Laboratory and 
Graduate Study Center, Department of Entomology, The Pennsylvania State University, 
University Park, Pa. 16802 

ABSTRACT 

The total lipids and fatty acid compo- 
sition of Entomophthora coronata were 
determined. The fungus was grown on a 
chemically defined medium and a chem- 
ically nondefined medium (Sabouraud 
dextrose yeast extract) for a period of 26 
days. The organism contained from 
16.2% to 44.6% total lipids depending 
upon the days of growth. The major fatty 
ac ids  were 12:0 (5.5-9.0%), 13:0 
(1.2-8.2%), 14:0 (33.5-43.5%), 16:0 
(9.7-13.9%), 18:19 (20.4-22.4%), and 
18:29,12 (3.5-10.5%). Lesser amounts of 
15:0, 16:1, 16:2, 17:0, 18:0, two other 
18:2 (both having conjugated double 
bonds), 18:36,9,12, another 18:3 (con- 
jugated double bonds), 20:38,11,14, 
20:45,8,11,14, another 20:4 (conjugated 
double bonds), and 24:1 acids were 
found. Trace amounts of 20:0, 20:1, 
20:2, 22:0 and 24:0 were also present. 
The relative percentage of most of the 
fatty acids did not vary appreciably with 
g r o w t h .  H o w e v e r ,  18 :29 ,12  and 
20:45,8,11,14 increased with age of the 
chemically defined culture. Peak E (18:2, 
conjugated double bonds) increased and 
13:0 and 18:36,9,12 decreased with age 
of the chemically nondefined culture. 
The fatty acids were predominately satu- 
rated (56.9-69.1%) and contained a high 
percentage of shorter chain fatty acids 
(C 1 2 t o C  15). The fatty acids of the 
chemically defined culture were more un- 
saturated than the Sabouraud culture and 
the unsaturation increased with age of the 
culture. 

INTRODUCTION 

The genus Entomophthora of the class 
Phycomycetes, consists of at least 104 different 
species with varying degrees of pathogenicity 
and host specificity to insects (1-3). This genus 
is of considerable interest because of the 
increase in emphasis on biological control of 
insect pest populations. The entomogenous 
fungus Entomophthora coronata, whose phylo- 
genetic position is not completely settled (4-6), 
is a well characterized species; it is easily grown, 
highly pathogenic to certain insects, and is host 

nonspecific (2-3). Its economic importance has 
been the subject of a number of investigations 
(7). If entomogenous fungi are to be used as 
insect control agents it is important to 
thoroughly understand the host, the pathogen 
and the host-pathogen relationship. 

This paper reports the fatty acid compo- 
sition of one isolate of E. coronata grown on 
two different liquid media for a period of 26 
days. The numerous long chain fatty acids were 
identified by mass spectrometry. 

EXPERIMENTAL PROCEDURES 

Stock cultures of Entomophthora coronata, 
isolated by Yendol and Paschke from a termite 
(7), were grown in petri dishes on Sabouraud 
dextrose yeast extract agar for 10 days. A 4 cm 
disc was removed from the petri dishes, placed 
in 100 ml of sterile distilled water and blended 
for approximately 20 sec at low speed. A 1 ml 
aliquot of the homogenate was added to 100 ml 
of sterile medium in a 250 ml Erlenmeyer flask. 
The fungus was grown on two media: a chem- 
ically defined medium and a chemically non- 
defined medium (Sabouraud dextrose yeast 
extract) (SAB+GY). The chemically defined 
medium consisted of 20 g glucose, 2 g L-aspara- 
gine, 0.5 g MgSO 4"7H~O, 0.6 g KH2PO4 and 2.4 
g K2HPO 4 per liter. The chemically nondefined 
medium (SAB+GY) contained 10 g Neopeptone 
(Difco), 40 g glucose, and 2 g yeast extract per 
liter. The organism was grown in stationary 

500 I 

i 400 

~ 2 0 0  
~ ~ zX 

, = I 0 0  O MEDIUM 

0 �9 ] I I I I I I I I 
6 8 IO 12 14 16 18 20 22 24 26 

AGE OF CULTURE (DAYS)  

FIG. 1. Growth curves of E. coronata grown in a 
chemically defined medium and in a chemically non- 
defined medium (Sahouraud dextrose yeast extract). 

915 



916 R.O. MUMMA AND T.E. BRUSZEWSKI 

TABLE I 

Percentage Lipids in E. coronata Grown on Chemically Defined Medium 
and on Sabouraud Dextrose Yeast Extract Medium 

SABY+GY medium Defined medium 

Mg lipid Percentage a Mg lipids Percentage a 
Days per flask lipids per flask lipids 

6 13.3 16.2 7.3 24.7 
8 36.3 21.2 12.8 27.1 

10 77.5 31.4 18.8 28.8 
12 146.0 40.7 31.4 35.5 
14 297.7 44.8 39.4 37.9 
16 421.2 39.2 61.1 38.5 
18 263.1 38.0 85.6 38.9 
20 300.7 31.9 117.6 40.0 
22 317.9 39.6 147.8 44.6 
24 304.0 41.0 163.6 43.1 
26 387.1 38.5 179.3 44.4 

abased on total dry weight of the organism. 

cultures at 25 C under  constant  l ight for 26 
days. The content  of  four  to five cul ture flasks 
f rom each medium was analyzed every o ther  
day. The mycel ium was harvested and extracted 
essentially in the manner  previously repor ted  
(8). 

Methyl  esters were prepared in two ways: (a) 
by transesterif icat ion with  12.5% methanol ic-  
boron  tr if iuoride for 45 min at 1 l0  C (9), and 
(b) by transesterif ication with 0.5 M sodium 
methox ide  in methanol .  The methy l  esters were 
analyzed by gas chromatography  (Micro Tek 
Model  220, f lame ionizat ion de tec tor )  and peak 
areas were determined by an electronic  digital 
in tegrator  (Aerograph Model 471).  Rout ine  
analyses were per formed with a 6 ft 15% 
die thylene glycol succinate (DEGS) column at 
180 C and a 6 ft 3% OV-1 co lumn at 180 C (4 
mm in diameter) .  A 15% DEGS (92 g) column,  
9 ft in length and 9 mm in diameter ,  was used 
(Barber-Colman Model 5000) for preparative 
gas chromatography.  The fa t ty  acids were 
identif ied by comparison of  re ten t ion  t imes 
with methyl  ester standards (Supelco,  Belle- 
fonte ,  Pa. and Nor thern  Regional Labora tory ,  
Peoria, Ill.), by log of  re tent ion  t ime plots 
versus carbon number  on both  DEGS and 
OV-1, by brominat ion  and by hydrogenat ion .  
These peaks were then analyzed by UV spectro- 
scopy and by direct gas chromatography-mass  
spect rometry  (LKB Model 9000).  Peaks A 
through I were also oxidized with osmium 
t e t r o x i d e ;  t h e  r e s u l t i n g  polyols  were 
methy la ted  and analyzed by direct gas chro- 
matography-mass spec t rometry  (10). 

RESULTS A N D  DISCUSSION 

E n t o m o p h t h o r a  coronata was grown in 
s tat ionary cultures at 25 C under  constant  light 

on a chemically def ined medium and on a 
chemical ly nondef ined  medium (SAB+GY). 
The growth curves, based on dry extracted 
myce l ium weight,  are given in Figure 1. The 
SAB+GY culture reached a max imum growth at 
16 days, while the chemical ly defined medium 
culture cont inued to increase in weight 
th roughout  the dura t ion of  the exper iment .  
The SAB+GY culture growth curve suggests 
degradation has taken place after 16 days of  
growth as is typical of  most  microorganisms fol- 
lowing their m a x i m u m  growth (11). Table I 
shows the milligrams of  lipid per flask and the 
relative per cent of  lipids. The cultures on 
SAB+GY contained a greater amount  of  lipid 
(13.3-421.2 mg) than those on the defined 
med ium culture (7.3-179.3 mg). When com- 
parisons are made on a relative percentage lipid 
basis after the 10th day,  there is very little dif- 
ference between the two cultures and very little 
change with culture age. The SAB+GY culture 
reached its max imum per cent of  lipid (44,8%) 
o n t h e  16th day while the defined medium cul- 
ture continual ly increased in per cent of lipid 
with age (max imum 44.4%). 

A typical gas chromatographic  analysis of  
the methyl  esters of  the fat ty acids of E. 
coronata  is shown in Figure 2. Methyl  esters 
having retent ion t imes equal to or greater than 
methy l  7 l inolenate (peak C) are shown in twice 
their  normal  size because of  their  occurrence in 
low relative percentage and because of the 
presence of  several unusual fa t ty  acids. The use 
of  a digital e lectronic  integrator  eased the  iden- 
t i f icat ion and quant i f ica t ion  of  the fa t ty  acids 
and especially the ident i f icat ion of  the long 
re ten t ion  t ime fa t ty  acids. Peaks A through K 
(Fig. 2) of  the 26 day SAB+GY culture were 
isolated by preparative GLC, analyzed indi- 

LIPIDS, VOL. 5, NO. 11 



FATTY ACIDS OF ENTOMOPTHORA CORONA TA 917 

..-:. 
o co 

9 
w 

15% DEGS leO" 

N 
A _-* 

N 
ki 
-- -- ~ 0 B C _ fo N H 

~ j ~  o ~ G 
9. N 

0 ql" K 

I 

FIG. 2. Gas chromatograph of methyl esters of fatty acids from 26 day old E. coronata grown on 
SAB+GY medium. Peaks C through K are represented in twice their normal intensity. 

vidually by GLC-mass spectroscopy, and by 
hydrogenation followed by GLC. Table II sum- 
marizes these results. The equivalent carbon 
lengths (ECL) were determined for each peak 
and for the hydrogenation products of the 
trapped peaks on both DEGS and OV-1 
(12-14). The position of the double bonds in 
18:1 and the methylene-interrupted polyun- 
saturated fatty acids were determined by the 
method of Niehaus and Ryhage (10). Peaks A 
and B were 18:19 and 18:29,12. Peak C proved 
to be mainly 7 linolenic (18:36,9,12) with a 
trace of 20:0 (2-3%). Peak D consisted of 
approximately 75% 18:2 and 25% 20:1 and 
peak E consisted of another 18:2 and a trace of 
20:2. The 18:2 fatty acids in peaks D and E 
absorb strongly in the ultraviolet at 231.5 rim, 
which suggest conjugated double bonds and 
these methyl esters have ECL values similar to 
that reported for cis-trans or trans-trans isomers 
(15); their complete structure awaits further 
analyses. Peak F consists mainly of an 18:3, 
possessing conjugated bonds, and a trace of 
20:2. Peak G was identified as 20:38,11 ,t4 and 
a tra.ce of 22:0. Peak H consists entirely of 
20:4s ,8, i1 ,14.  Peak I also consists of another 
20:4 which contains conjugated double bonds. 

Since unsaturated fatty acids possessing con- 
jugated double bonds were observed, it seemed 
important to investigate whether the metha- 
nolic-boron trifluoride method of forming 

methyl esters could be producing these unusual 
fatty acids. The methylations were repeated 
using basic conditions, methanolic-sodium 
methoxide. The fatty acid composition was the 
same as in that observed with the methanolie- 
boron trifluoride method. 

The fatty acid composition of E. coronata  
grown on SAB+GY and on chemically defined 
media was analyzed every other day for a 
growth period of 6 to 26 days. Table III sum- 
marizes these data for the 6th, 14th, 20th and 
26th day of growth. The relative percentage of 
most of the fatty acids did not vary greatly 
with the age of the culture. However, 18:29,12 
and 20:4s,8,11,14 increased with age of the 
defined medium culture. Peak E (18:2) 
increased and 13:0, 18:29,12 and 18:36,9,12 
decreased with age of the SAB+GY culture. In 
comparison the relative percentages of fatty 
acids of the two cultures were very similar 
except for the odd carbon length fatty acids and 
the fatty acids possessing conjugated double 
bonds, which were more common in the 
SAB+GY culture. E. coronata  possessed a large 
percentage (ca. 50%) of shorter chain fatty 
acids (C 12 to C 15) and this value decreased 
with the culture age. The fatty acids of the 
defined medium culture were more unsaturated 
(30.1-43.1%, unsaturation index of 0.40-0.74) 
than the fungus grown on the nondefined 
medium (34.4-38.4%, unsaturation index of 
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TABLE II 

Summary of Information on Gas Chromatography Peaks 

Peaks 

ECL of 
Equivalent hydro- 

carbon genated 
Length(ECL) a peaksa, b 

15% 3% 15% 
DEGS OV- 1 DEGS Identification c 

A 

B 

C 

D 

E 

F 

G 

H 

I 

18.45 17.65 18.0 18:19 

19.15 17.5 18.0 18:29,12 

20.0 17.4 (98%) 18.0(96%) 18:36,9,t2 
20.0 (2%) 19.0(1%) 20:0 trace 

20.0(3%) 

20.6 18.15(70%) 18.0(75%) 18:2, conjugatedd(75%) 
19.7 (30%) 20.0(25%) 20:1 (25%) 

21.0 18.4 (93%) 18.0(98%) 18:2, conjugated d 
17.8 (6%) 20.0(2%) 20:2 trace 
19.0 (1%) 

21.4 18.1 (90%) 18.0(95%) 18:3, conjugated d 
19.0 (5%) 20.0(5%) 20:2 trace 
19.5 (5%) 

21.9 19.3 20.0 20:38,11,14 
22:0 trace e 

22.4 19.1 20.0 20:45,8,11,14 

23.4 20:4, conjugated d 

aWhen more than one methyl ester was detected the approximate composition is given. 
bSamples were obtained by trapping methyl ester peaks from preparative GLC on 15% 

DEGS and subsequently hydrogenated. 
CAll the methyl esters and the polymethoxy methyl ester derivatives (10) of peaks A, B, 

C, G and H were analyzed by direct gas chromatography-mass spectroscopy. This technique 
identified the molecular weight of the fatty acid and the position of the double bonds. The 
position of the double bonds in peaks D, E, F and I were not determined because these 
methyl esters were not oxidized with osmium tetroxide under our experimental conditions. 

dAbsorbs strongly in the ultraviolet at 231.5 nm. 
eBased on mass spectral data. 

0.51-0.65) (Table III). 
The large percentage of  14:0 and 18:1 acids, 

the high degree of  saturat ion,  and the signifi- 
cant quan t i ty  of 12:0, 13:0 and 15:0 acids are 
cons is tent  with the data r epor ted  by Tyrrell  
(16) for  o ther  E. coronata  strains. No appreci-  
able amoun t  of 14:1 was found  as has been 
repor ted  (17,18).  

The presence of  significant levels o f  13:0 
and 15:0 acids in the  SAB+GY culture may 
reflect  the  compos i t ion  of  the medium.  The 
odd chain fa t ty  acids are b iosyn thes ized  
initially f rom propionic  acid which is pr imari ly 
derived f rom amino acids. The SAB+GY 
medium conta ins  significant amoun t s  o f  pep- 
tone  and yeast  ex t rac t  which  provides the 
amino acid pool  for the  fo rma t ion  of  p rop ion ic  

acid and subsequent  odd  carbon chain fa t ty  
acids. The compos i t ion  of  the h a e m o l y m p h  of  
the insects,  in which  the E. coronata grows,  is 
rich in amino acids and is more  like that  o f  the 
SAB+GY medium than  the def ined medium.  

The r igorous  ident i f ica t ion  of the GLC peaks 
was conduc t ed  on the  26 day old SAB+GY 
culture and these data may not  necessarily 
apply to all cultures and ages. The identif ica-  
t i o n  o f  1 8 : 3 6 , 9 , 1 2  ' 20:38,11,14 and 
20:45,8 ,11,14 is consis tent  with the fa t ty  acids 
found  in o ther  P h y c o m y c e t e s  (16,18,19).  The 
unusual  fa t ty  acids possessing a s t rong UV 
absorp t ion  are only present  in significant quan-  
tities in the  SAB+GY culture after the 16th 
day. Perhaps these fa t ty  acids are associated 
wi th  the  degradat ion processes.  The presence  of 
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T A B L E  I l I  

Pe r cen t age  F a t t y  A c i d s  a n d  U n s a t u r a t i o n  in E. coronata  
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Peaks  F A  

S A B + G Y  m e d i u m ,  d a y s  D e f i n e d  m e d i u m ,  days  

6 14 2 0  26  6 14 20  2 6  

1 2 : 0  5.5 7 .4  6 .6  
1 3 : 0  8.2 6.1 6 .3  
1 4 : 0  36.1 36 .6  33 .6  
1 5 : 0  2 .6  2 .0  3 .3  
1 6 : 0  10 .6  10 .8  10 .4  
16:1  1.0 0 .5  1.1 
1 6 : 2  0 .3  0 .3  0 .6  
1 7 : 0  0 .2  0 .4  0 .8  
1 8 : 0  1.8 2 .3  2 .2  

A 18:1  21 .5  21 .0  20 .4  
(9) 

B 18 :2  
4 .8  4 .9  4 .6  

( 9 , 1 2 )  

D 1 8 : 2  0 .2  0 .4  0 .8  

E 1 8 : 2  0 .2  1.1 2 .4  

C 1 8 : 3  
( 6 , 9 , 1 2 )  2 .4  1.2 1.4 

F 1 8 : 3  0 .0  0 .0  0 .3  

G 2 0 : 3  
( 8 , 1 1 , 1 4 )  1.2 1.0 1.0 

H 2 0 : 4  
( 5 , 8 , 1 1 , 1 4 )  2 .9  2 .3  2 .8  

I 2 0 : 4  0 .0  0 .0  0 .5  

J 2 4 : 0  Trace  Trace  T r a c e  

K 24 :1  0 .3  1.7 1.4 

Per  c e n t  
u n s a t u r a t e d  34 .8  34 .4  37 .3  

U n s a t u r a t i o n  
i n d e x  0 . 5 6  0 .51  0 . 6 0  

7 .3  8.2 9 .0  8 .2  7 .7  
5.4 1.6 1.2 1.3 1.4 

34 .9  43 .5  36 .9  33 .5  33 .5  
2.1 0 .6  0 .3  0 .5  0 .6  
9 .7  13 .9  12 .0  12.1 12 .4  
0 .3  0 .7  0 .9  0 .6  0 .7  
0 .2  Trace  T r a c e  0.1 0.1 
0.1 0 .0  0 .0  Trace  Trace  
1.9 2 .0  1.3 1.4 1.2 

21 .3  21 .4  22 .4  2 1 . 3  2 1 . 9  

3.5 5.2 8 .0  10.5  10 .4  

0 .4  0.1 0 .2  0 .2  0 .2  

4 .8  Trace  0 .2  0 .6  0 .8  

1.1 0 . 9  2.1 2.2  2 .2  

0 .3  0 .0  0 .0  T r a c e  0.1 

1.1 0 .2  0 .6  0 .6  0.5 

2 .9  0 .9  3 .4  4 .8  4 .6  

1.3 0 .0  0 .0  0 .0  0 .0  

Trace  Trace  T r a c e  T r a c e  T r a c e  

1.2 0 .7  1.3 3 .0  1.6 

38 .4  30 .1  39.1  4 2 . 9  43 .1  

0 .65  0 . 4 0  0 . 6 3  0 . 7 2  0 .74  

a small percentage of unusual fatty acids may 
not impart any noticeable properties, however, 
if these fatty acids were located in certain lipid 
classes it could be highly significant. The 
mycelium grows well in both light and dark 
conditions. The fungus produces more conidia, 
the infectous stage, under constant light con- 
ditions and therefore, is more pathogenic when 
grown in light. The relationship of lipid com- 
position to culture conditions will be investi- 
gated further. 
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The Variation of Triglyceride Structure With Fatty Acid 
Composition in Pig Adipose Tissue 
W.W. CHRISTIE and J.H. MOORE, Hannah Dairy 
Research Institute, Ayr, Scotland 

ABSTRACT 

Forty-five triglyceride samples with a 
wide range of fatty acid compositions 
were selected from a large number of pig 
adipose tissue samples (inner and outer 
back fats and perenephric fat) available 
from nutritional experiments. These 
samples were subjected to stereospecific 
analysis  to determine the changes 
occurring in the positional distribution of 
the component fatty acids. The oleic acid 
content of the triglycerides was taken as 
the standard of comparison and as this 
increased, the proportions of the other 
unsaturated fatty acids also increased in a 
linear manner and the concentrations of 
the saturated components decreased pro- 
portionately. In position 1, the palmitic 
acid concentration remained constant 
while the stearic acid concentration 
decreased linearly and the concentrations 
of the unsaturated fatty acids increased. 
In position 2 the stearic acid concentra- 
tion remained almost constant while the 
palmitic acid concentration decreased 
linearly in response to increases in the 
concentrations of the unsaturated acids. 
The least change occurred in position 3 
where there were slight decreases in the 
concentrations of saturated acids as the 
concentrat ions of unsaturated acids 
i nc r ea sed .  The precise quantitative 
relationships depended on the tissue 
examined. Constant proportions of the 
available myristic and palmitoleic acids 
were found in all three positions and con- 
stant proportions of the available stearic 
and oleic acids were found in position 1. 
These results are discussed in relation to 
possible pathways of triglyceride biosyn- 
thesis in pig adipose tissues. 

INTRODUCTION 

Pig adipose tissue triglycerides have an 
unusual fatty acid distribution in that position 
2 is occupied largely by palmitic acid with the 
bulk of the remaining saturated fatty acids in 
position 1. Position 3 contains largely oleic acid 
with most of the linoleic acid (1-3). Triglycer- 
ides of this type are rare in nature but have 

been found in the adipose tissue of several 
species of the pig family (4), in the elephant (5) 
and in human milk (6). The fatty acid compo- 
sition of pig adipose tissue triglycerides may 
readily be altered by dietary manipulation and 
it is known that quite small changes in fatty 
acid composition can have apparently dispro- 
portionate effects on the structure and physical 
properties of the triglycerides (2). In the course 
of several nutritional experiments (7; also, 
Mitchell et al., in preparation) in which the 
effect of the inclusion of copper in the diet of 
pigs on fat composition has been studied, we 
have accumulated large numbers of pig adipose 
tissue samples differing widely in fatty acid 
composition. It was decided to perform stereo- 
specific analyses on a wide range of these to 
ascertain what changes occurred in the 
positional distribution of fatty acids as the 
overall fatty acid composition of the trigly- 
cerides was altered. 

EXPERIMENTAL PROCEDURES 

Fat Samples 

In a series of nutritional experiments 
described in greater detail elsewhere (7; also, 
Mitchell et al., in preparation), pigs (Large 
whites) were given a control diet or the control 
diet supplemented with various levels of copper 
from weaning until they reached 90 Kg live 
weight when they were slaughtered. A sample 
of perenephric fat, and strips of back fat about 
2 cm in width were taken from each animal. 
The inner and outer layers of back fat were 
separated along the line of connective tissue 
and each sample was extracted with chloro- 
form-methanol (2:1 v/v). Portions of the lipid 
extracts (which were >99% triglyceride by 
TLC) were transmethylated and examined by 
gas liquid chromatography (GLC). Oleic acid 
was the major component and tended to show 
the greatest variation in concentration so a series 
of 20 inner back fat samples, 15 outer back fat 
samples and 10 perenephric fat samples were 
selected which offered the widest possible range 
of oleic acid contents for each tissue. 

Gas Liquid Chromatography 

The procedure was as described previously 
(3,8). 
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FIG. i. Variation of the content of each fatty acid (FA) in the triglycerides (TG) with the 18:1 
content of the triglycerides. A = 14:0; B = 16:1; C = 16:0; D = 18:2; E = 18:0. 

Stereospecific Analysis 

The procedure for stereospecific analysis of 
triglycerides has been described earlier (3,8). 
Results for position 1 were obtained by analysis 
of the lysophosphatide produced in the final 
stage of the procedure, those for position 2 
were obtained by pancreatic lipase hydrolysis 
and those for position 3 were calculated by dif- 
ference from the known triglyceride composi- 
tion. Checks were possible on the results for 
positions 2 and 3 and only those analyses which 
conformed to the standards of accuracy 
described earlier (8) were accepted. 

RESULTS 

Only six fatty acids, myristic, palmitic, 
stearic, palmitoleic, oleic and linoleic acids were 
found in the pig adipose tissue triglycerides in 
appreciable concentrations (other components 
together constituted <1% of the total). The 
relationships which existed between the con- 
centrations of these component acids in the tri- 
glycerides of the three tissues examined (inner 
and outer back fats and perenephric fats) are 
illustrated graphically in Figure 1 in which the 
concentrations of each fatty acid have been 
plotted against the oleic acid contents of the 
triglycerides. Oleic acid was chosen as the 
standard of comparison as the concentration of 
this acid (38-54%) varied more than that of any 
other component and as it occurred in appre- 
ciable concentrations in all three positions of 
the triglycerides. 

Over the range of values examined, linear 
relationships with highly significant correlation 
coefficients (P < 0.001) were found between 
the concentrations of each component acid and 

the oleic acid contents of the triglycerides of 
the three tissues. The linear correlation coef- 
ficients for all the comparisons made in this 
study are listed in Table I. Where poor correla- 
tion coefficients were obtained, it invariably 
implied that the value of the dependent variable 
in the comparison was constant over the 
measured range of values of the independent 
variable and the standard error of the mean 
(SEM) of the dependent variable has been 
quoted in confirmation. The precise point 
scatter obtained was illustrated in Figure 1 only 
because of the technical difficulties in dis- 
playing very large numbers of separate points. 

In general, as the concentration of oleic acid 
in the triglycerides of each tissue increased, the 
proportions of the saturated fatty acids 
decreased but the proportions of the other 
unsaturated acids increased. The precise rela- 
tionship between components depended, how- 
ever, on the tissue concerned although only 
with the stearic and linoleic acids were the dif- 
ferences between tissues appreciable. For 
example, as the oleic acid content of the trigly- 
cerides of the perenephric fat increased from 
38% to 52%, the linoleic acid content increased 
from 5% to 8%, but in the outer back fat over a 
similar range of oleic acid values, the linoleic 
acid content remained constant at 9.6% (SEM = 
+ 0.17). 

Stereospecific analyses were performed on 
each of the triglyceride samples by a procedure 
described elsewhere (3,8) based on the method 
devised by Brockerhoff (9). The results are 
illustrated graphically in Figure 2 in which, for 
purposes of comparison, the concentrations of 
each fatty acid in each position have again been 
plotted against the concentrations of oleic acid 
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TRIGLYCERIDE STRUCTURE IN THE PIG 

TABLE I 

Correlation Coefficiencies for the Various Comparisons 
Between the Concentrations of Fatty Acids in the Various Positions of 

Pig Adipose Tissue Triglycerides 

923 

Correlation coefficients (r) 

Comparison 14:0 16:0 18:0 16:1 18:1 18:2 

FA in TGv. 18:1 in TG -0.488 -0.969 -0.868 0.813 --- 0.740 a 
FA in position 1 v. 18:1 in TG -0.138 0.103 b -0.896 0.754 0.893 0.686 c 
FA in position 2 v 18:1 in TG -0.585 -0.939 0.373 0.859 0.938 0.763 
FA in position 3 v. 18:1 in TG . . . .  0.635 -0.731 0.604 0.694 0.643 d 
FA in position 1 v. same acid in TG 0.488 -0.040 c 0.975 0.968 0.893 0.944 
FA in position 2 v. same acid in TG 0.868 0.975 0.020 f 0.980 0.938 0.774 
FA in position 3 v. same acid in TG --- 0.564 0.877 0.874 0.694 0.944 

aExcept for outer back fat where r = 0.017 but standard error of mean (SEM) 
bSEM = - 0.26. 
COuter back fat, r = 0.529, SEM = -+ 0.21. 
dOuter back fat r = - 0.176, SEM = +0.40. 
eSEM = - 0.26. 
fSEM = +0. I1 .  

= +0.17. 

in the  original  triglyc.erides. Linear  re la t ionships  
were f o u n d  over  the  range of  f a t t y  acid com- 
pos i t ions  e x a m i n e d  (see Table  I for  co r re l a t ion  
coeff ic ients) .  

As the  c o n c e n t r a t i o n  of  oleic acid in the  
original  t r iglycerides  increased,  the re  were 
marked  increases in the  c o n c e n t r a t i o n s  of oleic 
and  pa lmi to le ic  acids in pos i t i on  1; a less pro- 
nounced  increase occur red  in the  c o n c e n t r a t i o n  
of l inoleic acid in pos i t ion  1 excep t  in the  ou t e r  
back  fat  where  the  level of  th is  acid r ema ined  
cons tan t .  To c o m p e n s a t e  for  the  increase in the  
c o n c e n t r a t i o n s  of  the  uns a t u r a t ed  acids, t he re  
was a m a r k e d  decrease  in  the  p r o p o r t i o n  of  
stearic acid in pos i t ion  1 t o g e t h e r  wi th  a slight 
decrease in the  myr i s t ic  acid concen t r a t i on .  The  
pa lmi t ic  acid c o n c e n t r a t i o n ,  however ,  r ema ined  
cons t an t  (11.8%, SEM = + 0 .26)  over the  en t i re  
range of oleic acid values. 

When the  oleic acid c o n t e n t  of  the  or iginal  
t r iglyceride increased the re  were p r o n o u n c e d  
increases in the  c o n c e n t r a t i o n s  of  oleic and  
pa lmi to le ic  acids in pos i t ion  2; the  l inoleic acid 
c o n c e n t r a t i o n  also increased b u t  on ly  slightly.  
To c o m p e n s a t e  for  th is ,  t he re  was a large 
decrease  in the  p r o p o r t i o n  of  pa lmi t ic  acid in  
pos i t ion  2 toge the r  w i th  small  decreases  in the  
c o n c e n t r a t i o n s  of myr is t ic  and  stearic  acids. 
The  d i f ferences  in  f a t ty  acid c o m p o s i t i o n  
be tween  the  th ree  t issues were  least in pos i t ion  
2 bu t  this  was p r o b a b l y  because  the  two f a t t y  
acids t ha t  showed  the  ma jo r  t issue dif ferences ,  
stearic and  l inoleic acids, were  on ly  mino r  com- 
p o n e n t s  in this  pos i t ion .  

The  f a t t y  acid c o m p o s i t i o n  of  pos i t ion  3, 
largely oleic acid ( a b o u t  70%) and  l inoleic acid 
(12-20%),  was a f fec ted  least  by  a l te ra t ions  in 

the  c o m p o s i t i o n  of  the  or iginal  t r igiycerides.  
The  oleic, pa lmi to le ic  and  l inoleic acid concen-  
t r a t i ons  in th is  pos i t ion  again increased some- 
wha t  as the  oleic acid c o n c e n t r a t i o n  of  the  
original  t r iglycer ides  increased;  these  increases  
were c o m p e n s a t e d  for  largely by  decreases  in  
the  stearic  acid c o n t e n t  and  to  a lesser e x t e n t  in  
the  pa lmi t ic  acid c o n t e n t .  There  was n o  
de tec tab le  myr i s t ic  acid in  pos i t ion  3. 

There  were m a n y  ways in w h i c h  the  resul ts  
of the  45 s tereospecif ic  analyses cou ld  be  cor- 
re la ted w i t h  each  o the r  and  d isp layed  graph-  
ically. It  was par t icular ly  ins t ruc t ive  to  compa re  
the  va r i a t ion  in  the  c o n c e n t r a t i o n  of  each  indi-  
vidual  f a t t y  acid, in each of the  t h r ee  pos i t ions ,  
w i th  the  var ia t ion  in the  c o n c e n t r a t i o n  of  t h a t  
acid in the  en t i re  t r igiycerides.  A t  the  same 
t ime,  the  p r o p o r t i o n s  of each  f a t t y  acid 
(expressed  as a percen tage  of  the  t o t a l  avail- 
able)  in  all pos i t ions  were also cor re la ted  w i th  
the  to ta l  a m o u n t  of  t he  same acid in the  trigly- 
cerides. In  doing  this ,  it was f o u n d  t h a t  all tis- 
sue specific effects  were e l imina ted .  The  resul ts  
for  the  sa tu ra t ed  f a t t y  acid c o m p o n e n t s  are 
i l lus t ra ted  in Figure 3 and  those  for  the  unsa tu-  
ra ted  c o m p o n e n t s  in  Figure  4. Linear  re la t ion-  
ships were a lways f o u n d  w h e n  the  c o n c e n t r a t i o n  
of  each f a t t y  acid in each  pos i t ion  was p l o t t e d  
against  the  c o n c e n t r a t i o n  of t he  same acid in 
the  t r iglycer ides  (cor re la t ion  coef f ic ien ts  are 
l is ted in Table  I) over the  ranges of  the  f a t t y  
acid c o m p o s i t i o n  examined .  However ,  b o t h  
l inear  and  curvi l inear  re la t ionsh ips  were  f o u n d  
w h e n  the  p r o p o r t i o n s  of  each f a t t y  acid in the  
th ree  pos i t ions  were cor re la ted  w i th  the  
a m o u n t  available.  

Myris t ic  acid was f o u n d  on ly  in pos i t ions  1 
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and 2 and the concentrations of this acid 
increased in both positions with increasing 
myristic acid content of the triglycerides, 
although the most pronounced increase was 
observed in position 2. When expressed as a per- 
centage of the total myristic acid in the trigly- 
cerides, the proportion of myristic acid in each 
position remained constant, however, at 17.5% 
(SEM = -+ 0.79) in position 1 and 82.5% (SEM = 
+ 0.86) in position 2. 

The concentration of palmitic acid found in 
position 1 remained constant at 11.8% over the 
entire range of concentrations (19-32%) of 
palmitic acid in the original trigiycerides. Most 
of the change in palmitic acid concentration 
was observed in position 2 and only to a small 
extent in position 3. The proportions of pal- 
mitic acid in each position bore curvilinear 

relationships to the concentrations in the 
original triglycerides; the more palmitic acid 
available, the greater the proportion that 
occupied position 2. 

As the concentration of stearic acid in the 
triglycerides increased, the concentration of 
this fatty acid in position 2 remained constant 
(3.4 -+ 0.11%) but there were linear increases in 
the concentrations of stearic acid in positions 1 
and 3 ; in position 1, the increase was more pro- 
nounced than in position 3. On the other hand, 
when expressed as a percentage of the total 
stearic acid in the triglycerides the proportion 
of stearic acid entering position 1 remained 
constant (70.5% + 0.59%) at all concentrations 
of this acid in the triglycerides; the proportions 
in positions 2 and 3 varied in a curvilinear 
manner, a higher proportion entering position 
3, the greater the concentration of stearic acid 
in the triglycerides. 

As the concentration of palmitoleic acid in 
the trigiycerides increased from 2% to 10%, the 
concentration of palmitoleic acid increased 
linearly in all three positions, but the most 
marked increase was observed in position 2. 
The proportion of the total palmitoleic acid in 
the triglycerides found in each position 
remained constant, however; 26.8 + 0.39% was 
found in position 1, 50.8 -+ 0.76% in position 2 
and 22.4 + 0.90% in position 3 at all concen- 
trations of palmitoleic acid in the triglycerides. 

When the concentration of oleic acid in the 
triglycerides increased from 38% to 54%, linear 
increases in the concentration of this acid were 
observed in all three positions; the smallest 
change occurred in position 3. The proportion 
of the total oleic acid in the triglycerides which 
was found in position 1 was constant through- 
out, however, at 35.9% -+ 0.22% although the 
proportions found in positions 2 and 3 changed 
in a curvilinear manner, a higher proportion of 
oleic acid entering position 2, the more that 
was available in the trigiycerides. 

Linear increases in the concentrations of 
linoleic acid were also found in all three 
positions as the total concentration in the tri- 
glycerides increased, the most pronounced 
increase occurring in position 3. On the other 
hand, when expressed as a percentage of the 
total linoleic acid in the triglycerides, the pro- 
portions of linoleic acid found in each position 
varied in a curvilinear manner, and greater pro- 
portions of linoleic acid were found in positions 
1 and 2 at higher concentrations of linoleic acid 
in the triglycerides. 

DISCUSSI  O N  

Although there have been a number of 
investigations of how the fatty acid compo- 
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FIG. 3. Variation in the concentration and proportionate concentration of each of the saturated 
fatty acids with the concentration of the same fatty acid in the triglycerides. 

sition of position 2 may change with alteration 
of the overall fatty acid composition of trigly- 
cerides, in particular in mouse adipose tissue 
(1 O) and in rabbit liver (1 1), this is apparently 
the first study in which similar variations in 
positions 1, 2 and 3 of triglycerides have been 

simultaneously determined. 
The changes in fatty acid composition of the 

pig adipose tissue triglycerides in this investiga- 
tion were obtained by adding copper at various 
levels (from zero to 250 ppm) to the diet of the 
animals. This is known to produce adipose tis- 
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sue fats with a higher degree of  unsaturat ion 
than in control  animals (7,12,13;  also, Mitchell  
et al., in preparat ion)  al though the precise 
mechanism by which the effect  is p roduced  is 
unknown.  It is therefore  uncertain whether  the 
variations in tr iglyceride s t ructure  produced  in 

this way are qual i tat ively similar to those 
obtained by other  dietary or physiological 
means. The tr iglyceride samples chosen for 
stereospecific analysis were selected solely on 
their  oleic acid contents ,  wi thout  regard to the 
conten ts  of  the o ther  c o m p o n e n t  fa t ty  acids, so 
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that triglycerides with as wide and continuous a 
range of concentrations of oleic acid as possible 
were analyzed. Such triglycerides obviously had 
quite different structures as their melting points 
varied between 5 C and 48 C (7; also, Mitchell 
et al., in preparation). 

The results obtained provided useful infor- 
mation on how the supply of fatty acids for 
acylating the three positions of the glycerol 
moiety during triglyceride synthesis in pig adi- 
pose tissue was controlled, although they can- 
not be used to define the precise mechanism of 
biosynthesis. Strictly speaking the results apply 
only to the range of fatty acid compositions 
examined, but some extrapolation is possible. 

A constant concentration of the available 
palmitic acid was always found in position 1. 
Constant proportions of the available myristic, 
stearic, palmitoleic and oleic acids were also 
found in this position which would imply that 
the plots of the concentrations of each of these 
acids in position 1 against the concentrations of 
each in the triglycerides are linear at all concen- 
trations and pass through the origin. The con- 
centration of the only other component in 
position 1, linoleic acid, bore a more complex 
relationship to the amount available. A small 
but constant concentration of stearic acid was 
always found in position 2 together with con- 
stant proportions of the ayailable myristic and 
palmitoleic acids again implying that for these 
two acids, the concentrations in position 2 
would be linear down to zero concentration 
when plotted against the concentration in the 
triglycerides. With the other components both 
the concentration and proportion of the total 
of each found in position 2 bore more complex 
relationships to the amounts available in the tri- 
glycerides. In position 3, only the palmitoleic 
acid concentration bore a simple relationship to 
the concentration in the triglycerides, as a con- 
stant proportion of the total was always found 
(no rnyristic acid was detected in this position). 

Triglycerides are probably synthesized in pig 
adipose tissue by the glycerophosphate path- 
way (14,15), i.e., L-a-glycerophosphate is 
esterified in positions 1 and 2 with fatty acids 
to form phosphatidic acid. This is dephos- 
phorylated and in turn acylated in position 3 to 
triglyceride. It has yet to be established 
whether position 1 or 2 of L-a-glycerophos- 
phate is esterified first or indeed whether both 
positions are esterified simultaneously. The 
unique manner in which position 1 is esterified 
in pig adipose tissue would suggest that the 
fatty acid requirements of this position must be 
satisfied first during triglyceride biosynthesis 
and that there is sequential acylation of 
positions 1 ,2  and 3. 

It would appear that adipose tissue is the 
major site for the de novo synthesis of fatty 
acids in the pig (16) but it is not known how 
such fatty acid synthesis is coupled to trigiy- 
ceride biosynthesis. It is possible, for example, 
that fatty acids synthesized de novo in the 
tissue constitute a separate pool from those 
fatty acids taken up from the plasma and are 
utilized separately for triglyceride synthesis in 
the adipose tissues. It may be significant, with 
regard to this problem, that constant pro- 
portions of the two fatty acids which must be 
synthesized almost entirely endogenously, viz., 
myristic and palmitoleic acids, are found in all 
three positions. In consequence it could be sug- 
gested that position 1 in pig adipose tissue tri- 
glycerides is occupied largely by fatty acids 
synthesized within the adipose tissues and that 
in the other positions, fatty acids derived from 
the blood complicate the pattern. The only 
fatty acid which must be entirely of exogenous 
origin, linoleic acid, exhibits a complex distri- 
bution pattern in all three positions of the tri- 
glycerides. In vitro, biosynthetic studies will be 
necessary, however, to test this hypothesis. 

The graphs in Figures 3 and 4 may be used 
to roughly predict the distribution of fatty 
acids in triglycerides of pig adipose tissue if the 
total fatty acid composition is known. Further, 
as it has been established that there is an 
approximately 1 random, 2 random, 3 random 
arrangement of fatty acids in pig adipose tissue 
(3), they can also be used to roughly predict 
the proportions of the various molecular species 
of triglycerides. 
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Aliphatic Hydrocarbon Contents of Various Members 
of the Family Micrococcaceae 
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ABSTRACT 

The composition and nature of the 
hydrocarbons of various members of the 
family Micrococcaceae were studied by 
gas chromatography. The hydrocarbons 
found in Sarcina lutea strains, Sarcina 
tiara, Sarcina subflava, Micrococcus lyso- 
deikticus strains and their transformed 
hybrids consisted of monounsaturated 
hydrocarbons showing either iso or 
anteiso methyl branching. The hydrocar- 
bons of the various organisms differed in 
the range of hydrocarbon distribution, 
the relative proportions of the major 
hydrocarbon fractions and the individual 
c o m p o n e n t s  within each fraction. 
S t a p h y l o c o c c u s  aureus strains and 
Gaffkya tetragena contained no appre- 
ciable quantities of hydrocarbons, The 
fatty acid compositions of the Sarcina 
species, Micrococcus lysodeikticus strains 
and the strains derived by transformation 
were qualitatively identical. Staphylo- 
coccus aureus and Gaffkya tetragena 
showed similar fatty acid patterns that 
were different from those of Sarcina and 
Micrococcus. A taxonomic relationship 
between these organisms was established 
on the basis of the hydrocarbon compo- 
sitions. 

INTRODUCTION 

The hydrocarbons of Sarcina lutea ATCC 
533 have been identified as a complex mixture 
of branched unsaturated chains composed of 16 
to 29 carbon atoms, the major fractions being 
C25 , C26 and C27 hydrocarbons (1). Albro and 
Dittmer (2) confirmed this hydrocarbon com- 
position for S. lutea strain ATCC 533, but 
found that S. lutea strain FD 533 contained 
C27 , C28 and C29 hydrocarbons as major frac- 
tions. Albro and Dittmer (2) attributed these 
differences to the fact that S. lutea strain ATCC 
533, distributed by American Type Culture 
Collection and studied by Tornabene et al. (1), 
was no longer a S. lutea but probably another 
bacterium in the family Micrococcaceae. 

In an attempt to clarify the identity of S. 

lutea ATCC 533, in addition to an extension of 
our previous work done on microbial hydrocar- 
bons (1,3-7), this paper reports the results of an 
investigation of the aliphatic hydrocarbon com- 
position of a variety of bacteria classified in the 
family Micrococcaceae. Such a study may also 
help clarify the taxonomic confusion that is 
associated with this group of organisms. 

MATERIALS AND METHODS 

Organisms 

The organisms studied were Sarcina lutea 
strains ATCC 533 (1), FD 533 (2), ATCC 272, 
ATCC 381 and ATCC 382 S.I.; Sareina subflava 
ATCC 7468; Sarcina tiara ATCC 540;Staphyl- 
ococcus aureus 83, 655 and a laboratory strain; 
and Gaffkya tetragena ATCC 10875. The 
strains of Micrococcus lysodeikticus tested were 
ISU, PU, UM, WRU and ATCC 15801. The 
remaining organisms studied were transformed 
hybrids prepared with S. lutea ATCC 272 as the 
donor and M. lysodeikticus ISU as the 
recipient. These organisms are presented in 
Table I. Most of the above hybrids are double 
transformants for both pigment and nutritional 
markers, incorporated with an appreciable 
amount of S. lutea genetic material. 

For sources of organisms listed above and 
for a description of general characteristics, see 
Kloos et al. (8-10). 

Culturing Conditions 

All the organisms reported in this paper were 
grown to the stationary phase of growth in 
1200 ml Trypticase Soy Broth (BBL) on a 
rotary shaker at 27 C, except for S. aureus and 
G. tetragena which were grown at 37 C to main- 
tain optimal growing conditions. In an addi- 
tional experiment, S. aureus was grown in 100 
ml Trypticase Soy Broth containing 50 /~Ci 
1-14C-sodium acetate according to previously 
described procedures (7). All cells were har- 
vested by centrifugation and washed twice with 
0.9% saline solution. The lipid contents of the 
Trypticase Soy medium and the effect of dif- 
ferent media on the biosynthesis of hydrocar- 
bons have been reported elsewhere (1,5,11). 
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TABLE I 

Transformation of Pigment and 
Nutritional Markers in Micrococcus Lysodeik t icus  

Hybrid Hybrid 
No. Donor Recipient genotype 

1 S. lutea ATCC 272 M. lysodeikt icus ISU pig-p 
(pig-p, ade +, (pig-y, ade+-l, trpE +, hisD + 
hisD +, trpE+) a hisD20) 

2 S. lutea ATCC 272 M. lysodeikt icus ISU pig-p 
(pig-p, ade + (pig-y, ade+-l, hisD +, trpE + 
hisD +, trpE +) trpEl 6) 

3 S. lutea ATCC 272 M. lysodeikt icus ISU pig-p 
(pig-p, ade +, (pig-y, ade, hisD +, ade* 
hisD +, trpE +) trpE +) 

4 S. lutea ATCC 272 M. lysodeikt icus ISU pig-o 
(pig-o, ade +, hisD +, (pig-y, ade+-I, trpE +, hisD § 
trpE +) hisD20) 

5 S. lutea ATCC 272 M. lysodeiktl"cus ISU pig-w 
(pig-w, ade +, (pig-y, ade+- 1, hisD +, trpE + 
hisD +, trpE +) trpEt 6) 

6 S. lutea ATCC 272 M. lysodeikt icus ISU pig-w 
(pig-w, ade +, (pig-y, ade, hisD +, ade + 
hisD +, trpE § trpE +) 

aSymbols: pig-w = white; pig-p = pink; pig-o = orange; pig-y = yellow; ade = adenine 
requirement; ade + = adenine independent; trpE = L-tryptophan requirement; trpE + = 
L-tryptophan independent; hisD = L-histidine requirement; hisD + = L-histidine independent 
(followed by arabic numeral indicates order of isolation). 

Extraction and Column Fractionation 

Cell suspens ions  were ex t r ac t ed  by  the  
m e t h o d  of  Bligh and  Dyer  (12)  modi f i ed  as pre- 
viously descr ibed (13) .  The  c h l o r o f o r m  soluble  
mater ia ls  were f r a c t i ona t ed  on  silicic acid 
co lumns  as descr ibed by T o r n a b e n e  et al. (6).  
The  h y d r o c a r b o n s  were e lu ted  f rom the  
co lumns  w i th  n -hexane  (nanograde) .  All sol- 
vents  used in this  s tudy  were purchased  f rom 
Mal l inckrod t  Chemical  P roduc t s  and  were redis- 
ti l led before  use. The  p rocedure  for  h a n d l i n g  
the  samples  and  the i r  p r epa r a t i on  for  analyses  
has  been  descr ibed  (1,3,6) .  A c o m p a r i s o n  of  the  
to ta l  l ipid compos i t i on  of  the  organisms s tud ied  
will be  p resen ted  elsewhere.  

Analytical Methods 

The dry weights  of  the  ex t r ac t ed  cellular 
mater ia ls  were ob t a ined  by  dry ing  the  samples  
to  a c o n s t a n t  weight  in vacuo.  The  to ta l  h y d r o -  
ca rbon  c o n t e n t  on  a weight  basis was deter-  
mined  by  ca l ibra t ion  of  the  gas c h r o m a t o -  
graphic  peak areas wi th  k n o w n  a m o u n t s  of  
h y d r o c a r b o n  s tandards .  

The  fa t ty  acids were l ibe ra ted  f rom the  l ipid 
c o m p o n e n t s  and  m e t h y l a t e d  by  re f lux ing  the  
l ipid samples  in a m ix t u r e  of  m e t h a n o l  and  HC1 
accord ing  to  the  m e t h o d  descr ibed  by  Kates (14) .  

The  a l iphat ic  h y d r o c a r b o n s  and  f a t t y  acid 
m e t h y l  esters were ana lyzed  on  a F & M 5750 
Gas C h r o m a t o g r a p h  equ ipped  wi th  dual-f lame 
ion iza t ion  de tec tors .  The  ch roma tog raph i c  
analyses were carr ied ou t  in 31 m x 0.05 cm 
and 93 m x 0 .075 cm stainless steel co lumns  
coa ted  wi th  OV-17 ( m e t h y l  pheny l  si l icone) 
and Igepal CO 990 ( n o n y l  p h e n o x y  poly- 
o x y e t h y l e n e  e thy l  a lcohol ) ,  respect ively,  The  
iden t i f i ca t ion  of  the  h y d r o c a r b o n s  and  fa t ty  
acid m e t h y l  esters  of  S. l u t ea  ATCC 533 by  
c o m b i n e d  gas c h r o m a t o g r a p h y - m a s s  spect ro-  
me t ry  has  been  previously  p resen ted  (1).  The  
ident i t ies  of  all c o m p o n e n t s  separa ted  by  gas 
c h r o m a t o g r a p h y  were d e t e r m i n e d  by  com- 
paring the i r  r e t e n t i o n  t imes  wi th  those  of  
es tabl ished s tandards .  The  ident i t ies  assigned to 
the  h y d r o c a r b o n  c o m p o n e n t s  of  S. l u t ea  FD 
533 and  S. t i a r a  ATCC 540 were conf i rmed  by  
mass spectra l  analyses using a c o m b i n a t i o n  of  a 
Barbe r -Coleman  gas c h r o m a t o g r a p h  and an  AEI 
MS-12 mass spec t rome te r .  The  mass spectra  
were taken  as each c o m p o n e n t  emerged f rom 
the  capil lary co lumn.  

The  lipids were c h r o m a t o g r a p h e d  on  t h in  
layer  plates  and  si!icic acid impregna t ed  papers  
and labeled c o m p o n e n t s  were de tec ted  by  auto-  
rad iography  as previously  descr ibed (6 ,7 ,13) .  

LIPIDS, VOL. 5, NO. 11 
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TABLE III 

Relative Mole Per Cent Compositions of the 
Hydrocarbons of Microeoccus Lysodeikticus Strains 

Peak Peak ATCC 
No. identities ISU WRU PU UM 15801 

1 i-23:1 a . . . . . . . . . . . .  Trace 
2 a-23 : 1 . . . . . . . . . . . .  Trace 
3 a-23 : 1 . . . . . . . . . . . .  Trace 
4 i-23 : 1 . . . . . . . . . . . .  Trace 
5 i-24:1 . . . . . . . . . . . . . . .  
6 a-24:1 . . . . . . . . . . . .  0.44 
7 i-24:1 --- 0.02 . . . . . . . . .  
8 a-24:1 . . . . . . . . . . . . . . .  
9 i-25:1 0.38 0.02 . . . . . .  0.44 

10 a-25:1 0.28 0.12 0.20 --- 0.49 
11 a-25:1 1.31 0.28 0.72 --- 1.23 
12 i-25 : 1 Trace Trace . . . . . .  Trace 
13 i-26:1 --- 0.02 --- 0.16 0.10 
14 a-26:1 1.69 0.18 0.30 0.68 2.66 
15 i-26:1 1.02 0.01 . . . . . .  Trace 
16 a-26:1 --- 0.04 Trace --- 0.34 
17 i-27 : 1 11.40 0.25 0.27 6.73 11.23 
18 a-27 : 1 2.37 5.32 1.59 1.60 3.65 
19 a-27 : 1 6.95 10.61 6.53 2.85 5.07 
20 i-27 : 1 0.60 0.02 --- 0.68 1.40 
21 i-28 : 1 0.83 0.24 0.41 0.97 0.99 
22 a-28:1 12.01 7.77 5.13 10.34 14.48 
23 i-28:1 1.11 0.21 0.70 2.10 1.77 
24 a-28:1 0.35 0.51 1.65 2.87 5.27 
25 i-29:1 3.35 2.54 1.68 4.64 2.02 
26 a-29 : 1 12.89 19.70 21.87 24.70 12.27 
27 a-29 : 1 42.08 50.40 58.97 41.68 34.93 
28 i-29:1 1.39 1.75 Trace --- 1.23 

aAbbreviations as in Table 1I. 

RESULTS 

Hydrocarbon Composition 
The  cells o f  the  Sarcina spp., M. lyso- 

deikticus s t ra ins ,  and  o f  the  t r a n s f o r m e d  
h y b r i d s  s tud ied  were  f o u n d  to  c o n t a i n  a l ipha t ic  
h y d r o c a r b o n s  in the  range  o f  17 .24-22 .07% o f  
the  to ta l  l ipids. The  h e x a n e  f r ac t i ons  o f  all 
t h ree  Staphylococcus s t ra ins  s tud ied ,  as well  as 
G. tetragena, were  f o u n d  to  c o n t a i n  de tec t ab le  
h y d r o c a r b o n s  on  the  o r d e r  o f  0 .08-0 .24% of  
the  to ta l  l ipids;  h o w e v e r ,  t hese  h y d r o c a r b o n  
f r ac t ions  o b t a i n e d  were  n o t  cons ide red  as 
hav ing  been  p r o d u c e d  by  the  bac te r ia  fo r  the  
r e a sons  d iscussed be low.  

Hydrocarbon Compositions of Sarcina, Micrococcus 
and Transformed Hybrids 

Gas c h r o m a t o g r a p h i c  p a t t e r n s  fo r  the  ali- 
pha t i c  h y d r o c a r b o n s  o f  r e p r e s e n t a t i v e  Sarcina 
spp. and  M. lysodeikticus s t ra ins  are p r e s e n t e d  
in F igures  1 and  2, respec t ive ly .  The  peak  iden t -  
ities and q u a n t i t a t i v e  da ta  are given in Tables  II 
and I I I .  The  range  o f  h y d r o c a r b o n s  in S. lutea 
ATCC 533 is f r o m  C23 to  C27.  T h e  ma jo r  frac-  
t i ons  cons is t  of  25, 26 and  27 c a r b o n  chains .  
T h e  analys is  s h o w s  the  p r e sence  o f  t e t r ads  o f  

u n s a t u r a t e d  c o m p o n e n t s  all c o n t a i n i n g  m e t h y l  
b r a n c h i n g .  Each  t e t rad  is c o m p o s e d  o f  f o u r  iso- 
mer s  iden t i f i ed  as t w o  iso-olef ins  and  t w o  
an te i so-o le f ins .  T h e  iso-olef ins  emerge  ahead  o f  
the  an te i so-o le f ins  e xc ep t  fo r  t he  last t w o  com-  
p o n e n t s  o f  the  odd  c a r b o n - n u m b e r e d  te t rads .  
In  the  C27 f r ac t i on  the  f o u r t h  c o m p o n e n t  is 
re lat ively m i n o r  and  is n o t  visible in this  scan 
[See,  h o w e v e r ,  Fig. 4 in Ref.  ( 1 ) ] .  The  n a t u r e  
o f  the  h y d r o c a r b o n s  of  S. lutea F D  533 (Fig.  l )  
is the  same as the  h y d r o c a r b o n s  o f  S. lutea 
A T C C  533 b u t  w i t h  m a j o r  f r ac t i ons  of  27, 28 
and 29 c a r b o n s ,  exac t ly  t w o  ca r bon  un i t s  
higher .  T h e  h y d r o c a r b o n  c o m p o s i t i o n s  are in 
general  a g r e e m e n t  w i t h  t hose  r e p o r t e d  by  A lb ro  
and D i t t m e r  (2 ,15) .  H o w e v e r ,  A lb ro  and  
D i t t m e r  (2)  have t en ta t ive ly  iden t i f ied  one  o f  
the  C29 h y d r o c a r b o n  c o m p o n e n t s  as having  iso 
and an te i so  b r a n c h i n g s  on  o p p o s i t e  ends  o f  the  
molecu le .  A s imilar  claim was  also m a d e  fo r  one  
o f  the  h y d r o c a r b o n s  o f  S. lutea ATCC 533 
(15) .  O u r  p r e v i o u s  (1)  and p r e s e n t  mass  spec t ra l  
data  s h o w  the  p re sence  o n l y  o f  s y m m e t r i c a l  
b r a n c h e d  s t r u c t u r e s  fo r  these  h y d r o c a r b o n s .  
C u r r e n t  s tud ies  indica te ,  h o w e v e r ,  t ha t  s o m e  o f  
the  resolved c o m p o n e n t s  in each  t e t r ad  are 
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FIG. 1. Gas chromatographic separations of the hydrocarbons of S. lutea ATCC 533 and S. lutea 
FD 533 on a stainless steel column (31 m x 0.05 cm, i.d.) coated with 10% OV-17. Approximately 
equal quantities of the samples were injected. Nitrogen flow rate at 12 ml/min; no split. F & M 5750 
apparatus equipped with dual-flame ionization detectors. Range, 102; attenuation, 1. Temperature 
programmed at approximately 6 o/min from 150 to 250 C and held isothermally. Chart speed, 0.25 
in/min. Peak identities are given in Table II. 

themselves mixtures of two components with 
different double bond positions, both near the 
center of the molecule (paper in preparation). 
Other components, designated a and b, have 
not yet been identified but are presumed to be 
branched-chain olefins. 

The hydrocarbon pattern of S. lutea FD 533 
varied somewhat with age. In older prepara- 
tions, in addition to the three C29 components 
(Fig. I), a fourth component was detected; also 
the second anteiso C29:1 (peak 27, Fig. 1) was 
the major component.  Such variations in the 
hydrocarbons of S. lutea ATCC 533 have not 
been observed. 

M. lysodeiktieus ISU and WRU show hydro- 
carbon patterns (Fig. 2) that are qualitatively 

and quantitatively similar to S. lutea FD 533 
(Fig. 1). Distinguishable differences between 
the patterns are seen, however, in the relative 
proportions of the hydrocarbon components in 
the C27 fractions and in the even carbon- 
numbered fractions. 

Quantitative analyses of the aliphatic hydro- 
carbons in the Sareina spp. and M. lysodeiktieus 
strains are presented in Tables II and III, 
respectively. The results of the analyses of the 
transformed hybrids are presented in Table IV. 
The trace quantities indicated in the Tables 
represent only a qualitative expression of those 
components detectable when more concen- 
trated samples were analyzed. The general 
chemical nature of the hydrocarbons of these 
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FIG. 2. Gas chromatographic separations of the hydrocarbons of Micrococcus lysodeikticus ISU 
and Micrococcus lysodeikticus WRU. Conditions as described in Figure 1. Peak identities are given in 
Table III. 

organisms was the same as described above (Fig 
1,2). All the hydrocarbons were identified as 
branched-olefins. Most of the organisms 
analyzed contained hydrocarbons in the range 
C23 to C 29 inclusive. Hydrocarbons containing 
30 carbons were also detectable in S. lutea FD 
533 (Fig. 1), S. tiara ATCC 540 (Table II), and 
in hybrid strains 2, 5 and 6 (Table IV), while 
hydrocarbons lower than C23 were seen in S. 
lutea ATCC 533 (1). 

The relative proportions of the components 
in the odd carbon-numbered tetrads of all the 
Sarcina spp. except S. lutea FD 533 (Fig. I, 
Table II) were similar. There were more pro- 
nounced variations, however, in the relative 
proportions of the components in the even 
carbon-numbered fractions. In many cases only 

doublets instead of tetrads were detectable. 
This situation was most pronounced in S. sub- 
tiara which showed only a doublet of iso and 
anteiso hydrocarbons in the even carbon- 
numbered chains (Table II). The hydrocarbon 
pattern of S. tiara showed a characteristically 
high content of branched hydrocarbons desig- 
nated as a and b. These components were also 
detected in S. lutea FD 533 (Fig. 1) but were 
only occasionally found in S. lutea ATCC 533 
(1). 

The differences between the patterns of 
several of the M. lysodeikticus strains (Fig. 2, 
Table III) were also more pronounced in the 
even carbon-numbered chains. Micrococcus 
lysodeikticus strains UM, ISU and ATCC 15801 
can be distinguished from strains PU and WRU 
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TABLE IV 

Relative Mole Per Cent Compositions of the 
Hydrocarbons of Transformed Hybrids 

935 

Peak Peak 
No. identities 1 2 3 4 5 6 

9 i-25 : I a --- 0.43 Trace 0.01 0.13 0.24 
10 a-25:1 0.25 0.89 0.55 0.30 0.39 0.53 
11 a-25:1 0.79 0.54 5.68 1.01 0.20 0.56 
12 i-25:1 --- 0.04 . . . . . . . . .  0.09 
13 i-26:1 0.13 . . . . . . . . . . . . . . .  
14 a-26:1 --- 0.10 0.78 0.35 . . . . . .  
15 i-26 : 1 --- O. 18 . . . . . .  Trace -- 
16 a-26:1 --- 0.11 . . . . . . . . . . . .  
17 i-27:1 0.14 3.15 0.15 0.35 2.29 1.56 
18 a-27 : 1 20.38 4.71 3.19 1.87 4.22 3.20 
19 a-27 : 1 10. 87 3.13 19.74 7.45 3.40 3.61 
20 i-27: l --- 0.55 . . . . . .  0.46 0.47 

a br-olefin --- O. 16 . . . . . .  0.59 0.61 
21 i-28:1 0.41 1.22 Trace 0.30 0.89 0.60 
22 a-28:1 3.20 1.17 3.90 2.19 1.03 1.55 
23 i-28:1 --- 6.12 Trace Trace 8.85 4.98 
24 a-28:1 --- 2.68 Trace Trace 2.66 1.98 
25 i-29:1 1.79 23.60 0.57 1.17 18.64 11.81 
26 a-29 : 1 16.48 31.95 10.75 18.62 27.70 25.61 
27 a-29:1 45.54 16.09 54.66 66.36 20.86 35.43 
28 i-29:1 --- 1.35 . . . . . .  2.96 3.98 

b br-olefin . . . . . . . . . . . .  Trace Trace 
29 i-30:1 . . . . . . . . . . . .  Trace Trace 
30 a-30:1 --- 1.39 . . . . . .  Trace Trace 
31 i-30:1 --- 0.44 . . . . . .  3.71 2.73 
32 a-30:1 . . . . . . . . . . . .  1.00 0.48 

aAbbreviations as in Table II. See Table I for explanation of hybrid numbers. 

by  the  relative p r o p o r t i o n s  o f  the  i somers  in the  
C27 f rac t ion .  The  UM, ISU and ATCC 15801 
s t ra ins  sh o wed  the  first  an te iso-o lef in  of  the  
te t rad  as the  p r e d o m i n a n t  c o m p o n e n t  (Fig. 2, 
Table III) ,  while the  p r e d o m i n a n t  c o m p o n e n t  
in s t ra ins  PU and W R U  was the  second  ante iso-  
olef in c o m p o n e n t  of  the  C27 t e t rad  (Fig. 2, 
Table III). The  relative p r o p o r t i o n s  o f  the  
h y d r o c a r b o n  c o m p o n e n t s  o f  Micrococcus 
strains PU and W R U  m o r e  closely r e sembled  
those  o f  the  d i s t r ibu t ion  p a t t e r n s  of  the  Sarcina 
spp. (Fig. 1, Table II). 

The  relative p r o p o r t i o n s  o f  the  h y d r o c a r b o n  
c o m p o n e n t s  of  the  t r a n s f o r m e d  hybr ids  (Table  
IV) varied cons iderab ly .  P r o n o u n c e d  dif- 
fe rences  ex is ted  a m o n g  t he  c o m p o n e n t s  com-  
prising the  ma jo r  C29 f rac t ion .  The  hyd roca r -  
bon  pa t t e rn s  of  the  t r a n s f o r m e d  hybr ids  (Table  
IV) were ne i the r  ident ica l  to  the  d o n o r  (S. lutea 
ATCC 272,  Table II) nor  the  rec ip ient  (M. lyso- 
deikticus ISU,  Fig. 2, Table  III). C o m p o n e n t s  a 
and b, u n d e t e c t e d  in b o t h  the  ISU and 
rec ip ients ,  were de t ec t ed  in h y b r i d s  2, 5 and  6 
(Table IV). By cons ider ing  the  overall  relative 
p r o p o r t i o n s  of the  indiv idual  h y d r o c a r b o n s ,  
hybr ids  1, 3, 4 and  6 had  slight s imilar i t ies  to 
the  d o n o r  (Table II), while  hyb r id s  2 and  5 
r e sembled  ne i the r  the  d o n o r  nor  the  rec ip ient .  

In add i t ion  to  the  var ia t ions  in the  relat ive 
p r o p o r t i o n s  of  the  indiv idual  h y d r o c a r b o n  com-  
p o n e n t s  w i th in  a f rac t ion ,  the  p r e d o m i n a n t  
h y d r o c a r b o n  te t rads  varied a m o n g  the  organ-  
isms s tud ied .  In S. lutea A TCC 533 the  p r e d o m -  
inan t  t e t r ads  were the  C25 , C26 and  C27 
h y d r o c a r b o n s .  The  major  t e t r ads  in S. lutea FD 
533 were C27 , C28 and  C29 , while the  major  
h y d r o c a r b o n s  of  S. lutea A T C C  382 S.I., S. 
tiara and S. subflava were C27 and  C29.  In the  
r ema in ing  o rgan i sms  s tud ied ,  the  f rac t ions  con-  
t a in ing  29 ca rbons  were m o r e  p r e d o m i n a n t .  
Most  of  the  Micrococcus s t ra ins  and  the  h y b r i d s  
s t u d i e d  s h o w e d  tha t  the  C29 f rac t ion  
a c c o u n t e d  for  m o r e  t ha n  50% of  the  hyd roc a r -  
bons  (TaMe IV). In this  respec t ,  all the  hyb r id s  
r e sembled  the  rec ip ient  o rganism.  

Hydrocarbon Composition of Gaffkya 
and Staphylococcus 

The  quan t i t i e s  o f  h y d r o c a r b o n s  f o u n d  in the  
h e x a n e  f rac t ions  of  Gaffkya tetragena and the  
Staphylococcus s t ra ins  a m o u n t e d  on ly  to  
0 .08-0 .24% of  the  to ta l  l ipids. The  gas chro-  
m a t o g r a p h i c  ana lyses  o f  the  h y d r o c a r b o n  
samples  s h o w e d  a c o m p l e x  m i x t u r e  o f  com-  
p o n e n t s  in the  range C 12-C30 wi th  major  peaks  
at 17, 18 and  19 carbons .  The  h y d r o c a r b o n  
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fractions obtained were not considered as 
having been produced by the bacteria for the 
following reasons: (a) The quantities detected 
were very small; (b) the gas chromatographic 
patterns were identical to the controls run on 
concentrated non-redistilled organic solvents 
indicating possible contamination; and (c) the 
hydrocarbon fraction obtained from staphylo- 
coccal cells treated with 1-14C-acetate con- 
tained no measurable amount of incorporated 
14C atoms. 

Gas Chromatography of Fatty Acid Methyl Esters 

The fatty acid composition patterns for 
Sarcina, Micrococcus and hybrid strains studied 
were qualitatively similar. All the patterns 
showed fatty acids in the range C 1 a-C18, con- 
sisting of iso and anteiso structures for odd 
carbon-numbered chains and iso and normal 
structures for even carbon-numbered chains. In 
all bacteria studied, iso- and anteiso-C 15:0 were 
the predominant fatty acids. A representative 
fatty acid composition has been previously 
presented in detail for S. lutea ATCC 533 (1,4). 

The fatty acids of the three S. aureus strains 
studied had compositions similar to those pre- 
viously reported (16,17), with iso- and anteiso- 
C1 s :o as the major components. Although the 
general composition of the fatty acids of 
Staphylococcus was similar to the Sarcina spp. 
and M. lysodeikticus strains, the fatty acid pat- 
terns of Staphylococcus differed significantly 
by the presence of considerable quantities of 
C16:0 , C18:0 and C20:o acids. 

The fatty acid pattern of G. tetragena was 
similar in general to that of the staphylococcal 
fatty acids with anteiso-C 15:0 (30.9%) as the 
major component and considerable quantities 
of C16:0 (5.5%), C18:0 (15.4%) and C2o:o 
(8.2%). Other fatty acids were iso-Cls:o 
(I0.4%), iso-C17:o (6.6%) and anteiso-C17:o 
(12.5%).Minor components were iso-C14:o 
(0.9%), C14:0 (1%), iso-Cl6:0 (0.5%), C18:1 
(1%), iso-C19:o (3%) and anteiso-C19:0 (3.7%). 

DISCUSSION 

It was shown by gas chromatographic 
analyses that all Sarcina spp., M. lysodeikticus 
strains, and strains derived by transformation of 
M. lysodeikticus studied have qualitatively 
similar aliphatic hydrocarbon compositions. 
The hydrocarbons consisted of families of iso- 
and anteiso-branched monoolefins with even 
and odd carbon-numbered chains. The hydro- 
carbon pattern was common to both the ATCC 
533 and FD 533 strains of S. lutea. However, 
the hydrocarbons of the ATCC 533 strain dif- 
fered strikingly from those of the FD 533 strain 
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with respect to carbon chain length: the major 
hydrocarbons in strain ATCC 533 were C25 , 
C26 and Cz7 , while those in FD 533 were C27, 
C28 and C29 (Fig. 1, Table II). The G. 
tetragena and Staphylococcus strains were 
clearly distinguished from the Sarcina spp. and 
Micrococcus strains analyzed by the absence of 
hydrocarbons and their different fatty acid pat- 
terns. 

The hydrocarbon patterns found for the 
Sarcina and Micrococcus strains and species 
studied here have not been reported for any 
other organisms (3,4,18-28). It may therefore 
be suggested that these hydrocarbon patterns 
are characteristic of the Sarcina and Micro- 
coccus genera in the Micrococcaceae family. 

Comparisons of the hydrocarbon patterns 
have shown variations in the relative pro- 
portions of the major fractions as well as the 
individual components within each fraction and 
in the range of the hydrocarbon distribution. 
The differences between the hydrocarbon pat- 
terns may have been influenced by the age of 
the cells. Some evidence for this was indicated 
for S. lutea FD 533 but not for S. lutea ATCC 
533 (5). It was previously shown that variations 
in the nutrients resulted in changes in the 
relative proportions of aliphatic hydrocarbon 
components without affecting the overall hydro- 
carbon composition of the cells (5). Since all 
organisms studied in this paper were grown in 
the same medium, this suggests the possibility 
that some of the variations seen in the relative 
proportions of the hydrocarbons were a demon- 
stration of the specific nutrient requirements of 
the different organism. The hydrocarbon pat- 
terns reported here were readily reproduced 
from 2 to 5 independent samples with virtually 
no variations in the patterns. 

The Sarcina and Micrococcus strains and 
species that have related hydrocarbon patterns 
also have similar DNA base ratios (G-C) and can 
participate in genetic exchange reactions (8-10). 
S. lutea ATCC 533 and S. aureus, which failed 
to transform M. lysodeikticus (9), have dif- 
ferent hydrocarbon compositions. [S. lutea FD 
533 serving as a donor in transformation with 
M. lysodeikticus was inadvertently presented as 
S. lutea ATCC 533 in previous reports (8,9)]. 
Transformation studies involving G. tetragena 
have not been reported. The ability to trans- 
form M. lysodeikticus may serve as one of 
several criteria to define one species of Micro- 
coccus; however, such a criterion is limited in 
its scope to define other Micrococcus species or 
subgroups. Many Sarcina and Micrococcus spp., 
in addition to those described above, are 
genetically incompatible. Work is in progress to 
determine the hydrocarbon composition of 
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these  o rgan i sms  and  t hose  tha t  appear  to br idge 
t he  var ious  genera  in the  fami ly  Micro- 
coccaceae. Perhaps  such  a s t u d y  will aid t he  
t a x o n o m i s t s  in the i r  a t t e m p t s  to  c o m b i n e  these  
o rgan i sms  in to  the i r  respect ive  Micrococcus 
subgroups .  
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Metabolic Fate of Gossypol" the Metabolism of 
14C-Gossypol in Rats 
MOHAMED B. ABOU-DONIA 1, CARL M. LYMAN 2 and JULIUS W. DIECKERT, 
Department of Biochemistry & Biophysics, Texas A&M University, College Station, Texas 77843 

ABSTRACT 

Balance studies designed to obtain 
information concerning the metabolic 
fate of gossypol in rats were carried out 
utilizing two groups of animals. One was 
fed a basal diet and the other the same 
diet plus 500 ppm of iron as FeSO 4. 
Single doses of 5 mg each of 14C-labeled 
gossypo] (spec. act. 19.8 /zCi/mmole) 
were administered. The animals were 
maintained in metabolic cages and killed 
after various periods of time. The data 
indica te  that gossypol was poorly 
absorbed from the gastrointestinal tract 
and rapidly eliminated from the animal 
body. Although the main route for 
gossypol elimination from the animal was 
by fecal excretion in both treatments, the 
percentage of the total activity eliminated 
via the feces varied and depended on the 
level of iron supplied in the diet. The 
results demonstrate that gossypol was 
least excreted via urine and that urinary 
excretion of radioactivity was diminished 
by iron supplementation to the diet. Most 
of the radioactivity retained was found in 
the contents of different parts of the 
gastrointestinal tract. Tissues, the liver, 
muscle, kidney and blood had the highest 
radioactivity, with the liver having the 
highest specific activity. The data also 
demonstrate that addition of iron to the 
ration diminishes 14 C radioactivity in the 
animal body. This effect might be 
attributed to the formation of chelates 
that could not be absorbed through the 
small intestine. Catalysis of the decar- 
bonylation of gossypol by iron also 
appears to be a factor. 

INTRODUCTION 

The use of cottonseed flour in feeding has 
been limited by the presence of gossypol 
[Chemical name, (2,2'-Binaphthalene)-8,8'- 
dicarboxaldehyde-l , l ' ,6 ,6 ' ,7 ,7" , -hexa-  

1 Present Address: Ministery of Agriculture, Central 
Agriculture Pesticides Laboratory, Dokki, Gizah, 
Egypt, U.A.R. 

2Deceased March 9, 1969. 

hydroxy-5,5'-diisopropyl-3,3'-dimethyl ] which 
is toxic to nonruminant  animals (1). Gossypol 
is reported to cause death to nonruminant  ani- 
mals by reducing the oxygen-carrying capacity 
of blood and causing hemolytic effect on ery- 
throcytes (2). Iron supplementation, however 
(3), resulted in the hemoglobin, hematocrit and 
iron-binding capacity approaching those of the 
control group, but the levels of glutamic-oxalo- 
acetic transaminase were significantly elevated, 
indicating some liver damage. The possibility 
that a chemical reaction between gossypol and 
protein may take place resulting in a reduction 
in the availability of lysine and hence a 
reduction in protein quality has been proposed 
(4). The condition of pigs fed various cotton- 
seed meals were improved by addition of lysine 
(5). In a study to determine the effect of diet 
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FIG. 1. Accumulated 14C radioactivity in the 
expired air by rats fed basal (') and ferrous sulfate 
supplemented diets (o) following the administration of 
a single oral dose of formyl labeled gossypol. 
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on the accumulation of gossypol in the organs 
of growing pigs, highly significant reductions in 
the level of both free and bound gossypol were 
reported in certain organ tissues from the pigs 
receiving dietary iron (6). In dogs fed cotton- 
seed meal, it was suggested that certain com- 
pounds of gossypol were hydrolyzed in the 
intestinal tract, therefore resulting in higher 
values of free gossypol in the feces. The highest 
concentration of gossypol fed to rainbow trout 
was found in the liver and lowest in the muscle 
tissue (8). 

The present investigations were designed to 
determine the pattern of absorption, distri- 
bution and elimination of dietary gossypol in 
rats fed 14C-formyl labeled gossypol. The 
effect of the iron supplemented diet on the fate 
of gossypol in rats was also investigated. 

EXPERIMENTAL PROCEDURES 

14C-Formyl Labeled Gossypol. 14C.formy l 
labeled gossypol (spec. act. 19.8 #c/mM) was 
prepared as described (9).. 

Care and Treatment o f  Animals. White male 
rats (about three months old and weighing 
about 200 g), selected for uniformity of weight, 
were placed in individual Cary animal cages, 
(Glass Instruments, Inc., Pasadena, Calif.). The 
Cary animal cage, which is designed primarily 
for expired 14CO 2 studies, contained course 

and fine mesh screens to separate fecal material 
from the urine which was collected in a 
separate flask. The expired air was drawn out 
through this flask to eliminate the possibility 
of high specific activity air being trapped and 
slowly leaking back into the cages to distort 
expiration rate records. Water and solid food 
containers were provided. The cage inlet and 
outlet were protected to prevent the animal 
from interrupting the normal air flow into the 
container. 

The animals were allowed to adjust to their 
environment for one week. A single 5 mg oral 
dose of radioactive gossypol was given in a 
gelatin capsule to ensure that the complete 
sample had entered the stomach. The animals 
were returned to their cages and given free 
access to food and water. The rats were killed 
after varying intervals of time, i.e., 1, 2, 4, 9 or 
13 days. For each time period two groups of 
three animals were used. One group was given a 
basal diet and the other the same diet plus 500 
ppm of iron as FeSO4. At the end of the 
experiment, the animals were anesthetized with 
chloroform and decapitated. The blood was col- 
lected and the individual organs were removed 
and weighed. 

Determination of  14C Radioactivity. 14C 
radioactivity was determined by the use of a 
Beckman model LS 250 liquid scintillation 
spectrometer after preparation of the samples 
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FIG. 2. Accumulated total urinary excretion of 
14C radioactivity by rats fed basal ( ' )  and ferrous sul- 
fate supplemented diets (o) following the administra- 
tion of a single oral dose of formy! labeled gossypol. 
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FIG. 3. Accumulated total fecal excretion of 14C 
radioactivity by rats fed basal ( ') and ferrous sulfate 
supplemented diets (o) following the administration of 
a single oral dose of formyl labeled gossypol. 
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as indicated below. The scintillation medium 
was toluene-ethylene glycol monomethyl  ether 
(2:1 v/v) containing 5 g of 2,5-diphenyl oxazole 
(PPO) per liter. Quench corrections were made 
from a quenching curve prepared utilizing 
standard 14C.benzoic acid (New England 
Nuclear). 

14C-Carbon dioxide was trapped in a 
solution of ethanolamine-ethylene glycol mono- 
methyl ether (1 : 2 v/v) (purified reagents, Fisher 
Scientific Company, Houston, Tex.). The 14C 
radioactivity was measured directly in urine by 
adding a 1 ml aliquot or urine and 3-4 ml of 
ethylene glycol monomethyl  ether to 10 ml of 
the scintillation solution. 

Both tissue and feces samples were prepared 
for liquid scintillation counting by flask oxygen 
combustion as described by Buyske et al. (10) 
and by Davidson and Oliverio (11). The feces 
were freeze-dried, weighed ground, and 50 to 
100 mg samples placed in cellophane com- 
b u s t i o n  envelopes (Ivers Lee Company, 
Newark, N.J.). Two-tenths ml of a 10% sucrose 
solution and enough water to wet the entire 
sample were added. The envelopes were then air 
dried. The contents of the gastrointestinal tract 
parts were separated and the different parts 
were washed with ethanol-ether (5:2 v/v). The 
wash of each part was added to its cor- 
responding content, dried and analyzed as 
described for the feces. Fresh tissues (200-300 
mg) were placed directly into combustion 
envelopes. Two-tenths ml of a 10% sucrose 
solution was added and the envelopes dried as 
above. 

A bag containing the dried sample was 
wrapped in black paper and placed in a 
platinum basket carried by a glass rod on the 
glass stopper which was firmly positioned in a 
24iter heavy-walled Erlenmyer flask that had 
previously been purged with oxygen for 10 sec. 
The samples were ignited with a Thomas-Ogg 
IR igniter (A.H. Thomas Company, Phila- 
delphia) and the evolved 14CO2 was trapped in 
a solution of ethanolamine-ethylene glycol 
monomethyl  ether (1:2 v/v) as described before 
(12). 

Samples of tissue and excreta from animals 
fed 14C-gossypol were extracted with ethanol: 
ethyl ether (5:2 v/v) according to the method 
of Smith (13). The radioactivity of the extract 
(E) and the residue (R) were determined as 
described above after the solvent was removed 
by evaporation. It should be noted that gossy- 
pol is extracted from tissues under these con- 
ditions but that certain conjugates of gossypol 
with other molecules such as protein are not 
(14). 

Determination of Distribution Ratios. A 
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solution of 1 ml of the gossypol in chloroform 
(0.5 mg/ml) was placed in a 250 ml Erlenmeyer 
flask. The chloroform was evaporated before 
the addition of 25 ml ethyl acetate, followed 
by 25 ml 0.1 M-phosphate-citrate buffers with 
pH ranged from 2.2 to 8.9. A similar experi- 
ment was conducted with chloroform sub- 
stituted for the ethyl acetate. The flasks were 
then shaken mechanically for 1 hr at room 
t e m  p erature. The organic solvents were 
separated from the aqueous solutions. The 
gossypol concentration in the organic solvent 
layer was measured directly by reading the 
optical density with a Beckman D U spectro- 
photometer at wave length 360 m/a utilizing a 1 
cm cell. The aqueous layers were acidified, 
extracted with chloroform and the optical 
density was determined as above. The gossypol 
was determined from standard curves, which 
were prepared in both solvents. All deter- 
minations were done in duplicate. 

TABLE II 

Ratio (E/R) of Extractable to Nonextractable a 
Radioactivity in the Feces of Rats b 

Fed a Single 5 mg Oral Dose (0.18/dCi) 
of 14C-Labeled Gossypol 

Days Basal diet FeSO 4 diet 

1 0.91 -+0.12 0.72 -+0.09 
2 1.52 +-0.10 1.08 -+ 0.10 
3 2.09 ---0.25 1.86 4"0.17 
4 2.19 4- 0.23 1.95 4" 0.19 
5 2.32 4"0.24 2.01 4"0.18 
6 2.47 4"0.25 2.13 -+0.20 
7 2.59 -+ 0.27 2.14 -+ 0.23 
8 2.69 4"0.29 2.31 4"0.21 
9 2.74 4"0.31 2.37 -+0.22 

10 2.85 --+0.28 
11 2.91 -+0.26 
12 3.01 -+0.30 
13 3.15 4"0.32 

aSolvent system is ethanol:ethyl ether (5:2 v/v). 
beach value is an average of six determinations 

from three animals + standard error. 

RESULTS 

14C Radioactivity in Expired Air. Figure l 
shows the total 14C-radioacfivity in the expired 
air from rats fed the basal diet and the same 
diet supplemented with iron salts. During the 
period of the experiments there was a steady 
increase in the total 14C radioactivity in the 
expired air. The addition of iron to the ration 
resulted in a marked increase in the total 14C 
radioactivity in the expired air. Iron also en- 
hanced the elimination of gossypol from the 
animal body, so that no radioactivity was 
detected in the expired air from rats fed an iron 
supplemented diet nine days after administering 
a 5 mg dose of labeled gossypol. The total 
14CO 2 recovered in the expired air after nine 
days of administration was 11.8% and 20.9% of 
the administered dose to rats fed basal and iron 
supplemented diets, respectively (Table I). 

Excretion of  14C Radioactivity in the Urine. 
The total excretion of 14C radioactivity in the 
urine by the rats is presented in Figure 2. It 
shows a rapid increase in accumulated total 14C 
in the urine of rats fed a single 5 mg dose. It 
also shows that the addition of iron salts to the 
ration decreased the urinary excretion of 14C. 

Table I shows that nine days after a 5 mg 
oral dose of gossypol was administered, the 
urinary excretion of 14C radioactivity by the 
rats fed the basal and iron supplemented diets 
was 3.1% and 2.3%, respectively. 

Fecal Excretion of 14C Radioactivity. The 
data on fecal excretion of 14 C radioactivity are 
presented in Figure 3 and in Tables I and II. 
Figure 3 shows that when 5 mg of gossypol was 
given, a sharp increase in the total fecal 

excretion of 14C radioactivity through the 
fourth day and a slow increase thereafter 
occurred. It also shows that iron supplementa- 
tion increased the rate of excretion of 14C 
radioactivity. At the end of the ninth day, the 
total fecal excretion of 14C radioactivity by 
rats fed a basal diet and FeSO 4 supplemented 
diet was 76.5% and 74.4% of the administered 
dose, respectively. 

Table II lists the ratio of extractable radio- 
activity (E) to nonextractable radioactivity (R) 
in the feces of rats fed a single oral dose of 14C 
labeled gossypol. The amount of R in the feces 
was increased when supplemented with iron 
salts. Also in animals fed the basal or the iron 
supplemented diets, the ratio of E to R 
increased with time. 

Histological and General Observations. At 
the end of each experiment the animals were 
killed and the tissues excised. When a single 5 
mg oral dose of gossypol was given, there were 
no histological changes in the animal tissues. 
The rats fed the basal diet lost some weight 
(10%) at first and then maintained weights 
comparable to that of the control animals 
thereafter. However, rats fed the iron supple- 
mented diet did not lose weight during the 
experiments. 

Tissue Deposits of 14C Radioactivity. Table 
III shows the specific activity and the ratio of E 
to R for various tissues and gastrointestinal 
tract contents of rats fed basal diet and given a 
single 5 mg oral dose of 14C-labeled gossypol. 
One day after the administration, all tissues 
contained radioactivity with the brain having 
the lowest activity. The liver had the highest 
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TABLE IV 

Specific Activity a and Ratio (E/R) of Extractable to 
Nonextractableb Radioactivity of Various Tissues and 

Gastrointestinal Contents of Rats c Fed Ferrous Sulfate Supplemented Diet 
and Given a Single 5 mg Oral Dose (0.18/dCi) of 14C_Labele d Gossypol 

943 

1 Day 2 Days 4 Days 9 Days 

Spec. Spec. Spec. Spec. 
Sample Act. E/R Act. E/R Act. E/R Act. E/R 

Tissue 
Brain 29 0.27 14 0.38 0 --- 0 --- 
Heart 424 0.31 161 0.47 97 0.85 0 --- 
Blood 151 0.07 98 0.25 31 0.49 O0 -- 
Lungs 141 0.87 1.09 1.15 45 1.57 0 -- 
Spleen 183 0.95 104 1.80 22 2.85 0 --- 
Kidney 173 0.65 155 0.93 44 2.79 11 3.01 
Testes 60 0.26 46 0.51 8 0.97 0 --  
Liver 797 0.11 438 0.19 202 0.31 16 0.57 
Muscle 83 1.10 92 1.37 17 1.37 0 -- 
Adipose tissues 103 0.03 92 0.81 14 1.15 0 --- 
Stomach 1,164 0.09 925 0.11 410 0.27 30 0.41 
Small intestine 295 0.12 210 0.16 124 0.27 12 0.42 
Caecum 943 0.13 720 0.17 334 0.29 39 0.47 
Colon 701 0.15 530 0.18 101 0.31 0 --- 

Gastrointestinal 
tract contents 

Stomach 1,505 0.36 416 1.96 64 3.21 0 --- 
Small intestine 106,160 0.04 40,765 0.12 10,999 0.39 2,530 0.57 
Caecum 155,303 0.04 67,538 0.07 13,078 0.19 3,078 0.38 
Colon 32,078 0.10 8,186 0.09 2,114 0.42 0 --- 

aDPM/g fresh tissue of dpm/g dry gastrointestinal contents. 
bSolvent system is ethanol: ethyl ether (5:2 v/v). 
eEach value is an average of six determinations from three animals. 

t o t a l  act ivi ty  (2 .4%) fo l lowed by  t he  muscle  
(2.3%).  However  the  h ighes t  specific ac t iv i ty  
was in t he  liver, fo l lowed  by  the  hear t .  In  
add i t i on  to the  liver, t he  k i d n e y  and  the  spleen,  
wh ich  are involved in t he  e l imina t ion  of  tox ic  
mater ia ls  f r o m  the  b o d y ,  c o n t a i n e d  high 
specific activit ies.  Ad ipose  t issues c o n t a i n e d  
relat ively smaller  a m o u n t s  of  14 C radioact iv i ty .  
The  d i f fe ren t  t issues of  the  a l imen ta ry  canal  
had  lower  specific act ivi t ies  t h a n  the  liver, w i th  
t he  excep t ion  of t h a t  of  the  s t omach ,  w h i c h  
was h igher  t h a n  the  liver. The  to ta l  radio-  
act ivi ty  in all t issues was 8.1% of  the  
admin i s t e r ed  dose, one  day af te r  t he  adminis -  
t r a t ion .  The  same general  p a t t e r n  was n o t e d  in 
the  an imals  t ha t  were ki l led at  2, 4, 9 and  13 
days af te r  the  admin i s t r a t i on .  However ,  t he  
act iv i ty  in the  t issues successively decreased in 
those  animals.  F o u r  days af te r  the  beg inn ing  of  
the  e x p e r i m e n t  no  act ivi ty  was de t ec t ed  in the  
bra in .  Af te r  13 days,  the  hea r t ,  lungs, spleen,  
tes tes  and  adipose  t issues also c o n t a i n e d  no  
rad ioac t iv i ty .  A t  the  end  of  the  e x p e r i m e n t  the  
d i f fe ren t  tissues of  the  a l imen ta ry  canal  had  
rad ioac t iv i ty  b u t  it was less t h a n  t h a t  f o u n d  in 
the  liver. The  to ta l  r ad ioac t iv i ty  r eco rded  f r o m  

all t issues af ter  13 days was 0.2% of  t he  
admin i s t e red  dose. The  c o n t e n t s  of  d i f fe ren t  
par t s  of  the  a l imen ta ry  canal  c o n t a i n e d  a m u c h  
larger a m o u n t  of  rad ioac t iv i ty  t h a n  the  t issues 
at  all t imes.  Af te r  one  day  the  gas t ro in tes t ina l  
t r ac t  c o n t e n t s  had  57.5% of  the  to ta l  dose. The  
c o n t e n t s  had  very high specif ic  act ivi t ies  a f te r  
one  day,  w i th  t he  caecum hav ing  t h e  h ighes t ,  
fo l lowed by  the  small  in tes t ine ,  co lon  and  t he  
s t o m a c h .  T h e  r a d i o a c t i v i t y  decreased 
t h r o u g h o u t  t he  e x p e r i m e n t a l  pe r iod  and  
r eached  0.66% of  the  admin i s t e r ed  dose  at  the  
13 day,  and  no  rad ioac t iv i ty  was de t ec t ed  in 
t he  s t o m a c h  con ten t s .  

Table  IV shows the  specific ac t iv i ty  of  
var ious  tissues and  a l imen ta ry  canal  c o n t e n t s  of  
ra ts  fed die ts  s u p p l e m e n t e d  w i t h  FeSO4 and  
given 5 mg of gossypol.  The  a p p a r e n t  ef fec t  of  
i ron  s u p p l e m e n t a t i o n  was a rapid  increase  in 
the  ra te  of e l imina t ion  of  gossypol  f rom the  
an imal  body .  Af te r  9 days,  97.5% of  the  dose 
was e l imina ted  f rom the  an imal  b o d y .  I ron  also 
decreased the  rad ioac t iv i ty  depos i t ed  in the  
indiv idual  t issues and gas t ro in tes t ina l  t rac t  con-  
tents .  However ,  the  d i s t r i bu t ion  p a t t e r n  of  the  
depos i t ed  rad ioac t iv i ty  was a lmos t  the  same as 

LIPIDS, VOL. S, NO. 11 



944 MOHAMED B. ABOU-DONIA, CARL M. LYMAN AND JULIUS W. DIECKERT 

O 

I 0 0  

e,. 

o 

I -  IC 

e ~  

m 
w 

o I 

0.1 

0 I 2 3 4 5 6 7 8 9 I 0  II 12 13 

Time (Days)  

FIG. 4. Change in level of radioactivity in rat tissues following the administration of a single oral 
dose of formyl labeled gossypol. �9 Basal diet, tl/2 = 48 hr. o FeSO 4 supplemented diet, tl/2 --- 23 hr. 

in the rats fed the basal diet. 
Tables III and IV list the ratios of E to R 

recovered from different tissues and tissue con- 
tents. This ratio was generally less than 1 and 
higher in the tissues than in the contents of the 
alimentary canal after one day. However, the 
value of the ratio progressively increased with 
time. After nine days the E to R ratio was 
much higher in the contents of the alimentary 
canal than in the tissues. 

By plotting the percentage of 14C radio- 
activity left in the animal body as a function of 
time (Fig. 4) on semi-log paper, it was possible 
to calculate the biological half-life ( t l /2 )  of 
gossypol in the rats. When a single 5 mg dose of 
gossypol was administered, the tl/2 was 48 and 
23 hr in rats fed basal and iron supplemented 
diets, respectively. 

In this investigation, the distribution ratios 
of gossypol between organic solvents and dif- 
ferent citrate-phosphate buffers have been 
determined. The results showed that increasing 
the pH decreases the solubility of gossypol in 
lipophflic solvents. In chloroform gossypol 
solubility was decreased from 100% at pH 2.2 
to 3.76% at pH 8.9. Similar results were 
obtained with the more polar ethyl acetate, 
which showed that 49% of gossypol was soluble 
in ethyl acetate at pH 2.2 compared to 5.25% 
at pH 8.9. These results are evidence of an 
ionization of the gossypol to yield a base and a 
proton. 

DISCUSSION 

Deearbonytation of Gossypol. The results 
indicate that the decarbonylation of gossypol is 
an important pathway for its detoxification and 
elimination from the animal body. The 
observation that IaC radioactivity of the 
expired air had increased sharply in rats fed 
iron supplemented diet suggests that iron 
catalyzes the decarbonylation reaction of 
gossypol. The decarbonylation might take place 
by an autooxidation process catalyzed by iron 
probably through a free-radical chain mecha- 
nism similar to that proposed for benzaldehyde 
decarbonylation (15). Such a chain reaction is 
accelerated by iron (capable of existing in a 
lower valence state), and proceeds through the 
formation of carboxylic acid prior to decar- 
boxylation (16). The major part of the decar- 
bonylation may take place in the digestive tract 
of the animal since 14CO 2 appeared in the 
expired air 1 hr after the administration of 
labeled gossypol. This assumption is supported 
by the finding that iron supplementation 
caused a general decrease in the absorption of 
gossypol by tissues. After gossypol is decar- 
bonylated in the digestive tract, the 14CO 2 
would be absorbed and excreted by respiration. 
The catalysis of decarbonylation of gossypol by 
iron may account for the reported reduced 
recoveries of total gossypol from an iron sup- 
plemented diet and the feces from the animals 
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fed this diet (6). 
Excretion Via Urine. The results of the 

present investigation indicate that only a small 
portion of ingested gossypol is excreted via the 
urine. The observation that FeSO 4 in the diet 
reduced the 14C activity in the urine is in agree- 
ment with the assumption that the added iron 
forms an insoluble complex with gossypol 
thereby decreasing its absorption and con- 
sequently its toxicity, as has been reported by 
several investigators (17,18). This hypothesis is 
supported by the results of a study to deter- 
mine if factors that modify the toxicity of 
dietary gossypol are active when gossypol is 
injected (19). In that study, while dietary pro- 
tein level did not alter the toxicity of injected 
gossypol, iron-dextran injected into the peri- 
toneal cavity simultaneously with corn oil con- 
taining gossypol was partially effective in pre- 
venting growth depression and death losses. 

Ferric and ferrous salts are reported to 
detoxify gossypol. Ferric ammonium citrate- 
t r ea ted  cottonseed meal inactivated the 
gossypol and rendered the meal nontoxic to 
rabbits (20). Also in rats, the supplementation 
of cottonseed meal with FeSO 4 reduced the 
free gossypol and overcame the effect of 
gossypol (21). The complex formation of Fe3+ 
and FeZ+ with gossypol have been investigated 
in vitro. These studies showed that 1 mole of 
Fe 3+ or Fe2+ ions combines with 1 mole of 
gossypol and that the perihydroxyls are the 
probable sites for binding of the metal ions 
with gossypol. The logarithm of the formation 
constant (pK) of Fe3+-gossypol complex was 
calculated to be 6.75 (22) which indicates that 
this complex is slightly less stable than the 
Fe2+ complex since the reported pK value for 
Fe2+-gossypol complex is 7.6 (23). 

Reabsorption of gossypol from the renal 
tubules by nonionic absorption may account 
for the low 14C radioactivity excreted in the 
urine. Mudge (24) has reported that the mecha- 
nism of nonionic diffusion in the renal tubules 
has a profound effect on the excretory rate of 
any drug that is reasonable lipid-soluble and has 
an appropriate pKa. Gossypol is a weak acid 
and may be filtered and secreted by the tubular 
mechanism for organic acids (25). Such com- 
pounds are reabsorbed from the tubules by 
nonionic diffusion. The tubular epithelium of 
the distal convoluted tubule is selectively 
permeable or more permeable to the un-ionized 
lipid-soluble molecule than the poorly lipid- 
soluble corresponding anion or cation (26). In 
the case of gossypol, which has a pKa value of 7 
(27), reabsorption is favored by the low urinary 
pH (around 6 for rats) which increases the pro- 
portion of un-ionized molecules. Also the high 

TABLE V 

Distribution Ratios of Gossypol Between Organic 
Solvents and Citrate-Phosphate Buffers a 

pH CCHCl3/Cbuffer b CEtAC/Cbuffer 

2.2 oo 49.00 
3.0 oo 17.52 
4.0 oo 15.67 
5.0 99.00 10.11 
6.0 82.33 9.00 
6.5 70.42 9.00 
7.0 54.55 9.00 
7.5 32.33 7.33 
8.0 24.00 7.06 
8.9 3.76 5.25 

a0.1 M-phosphate-citrate buffers were used with 
chloroform or ethyl acetate (EtAC). 

bc, concentration in the solvent indicated by the 
subscript. 

solubility of gossypol in lipid solvents (and by 
inference the lipidqike cell membrane) results 
in a high rate of absorption. 

Excret ion via Feces. A study of the elimi- 
nation of the radioactive material from rats fed 
14 C labeled gossypol via expired air, urine and 
feces showed that most of the radioactivity 
appeared in the feces. The high observed rate of 
fecal excretion of gossypol is in harmony with 
the tentative conclusion (28) that compounds 
of high molecular weight (more than 300) and 
containing two or more aromatic rings tend to 
be excreted into the bile. It is also in agreement 
with the suggestion (29) that for appreciable 
biliary excretion in the rat, a compound should 
have polar anionic groups and a molecular 
weight more than 350 or should be able to be 
converted metabolically (usually by con- 
jugation) into such a compound. Gossypol 
possesses these properties with 6 polar 
hydroxyl groups and 2 less polar carbonyl 
groups and a molecular weight of 518. It is sug- 
gested that the increased ratio of fecal 
excretion overy urinary excretion when iron is 
added may be partially due to the relatively 
nonpolar nature of the chelates. The more 
lipid-soluble gossypol-iron complex would have 
a higher rate of penetration into the liver than 
the free gossypol. This assumption is in 
harmony with the reported (30) results on the 
relative excretion rates of a series of chelated 
iron complexes. These chelates may be decom- 
posed later in the gastrointestinal tract resulting 
in an increase in the ratio of free to bound 
gossypol in the feces. Such an interpretation 
would be in agreement with reports (7) that 
fecal excretion from dogs fed cottonseed pig- 
ments had free gossypol about 3.5 times greater 
than the intake. However, investigations in this 
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l abo ra to ry  (31)  ind ica ted  t h a t  gossypol  in the  
digestive t rac t  is largely conve r t ed  to  gossypol  
pept ides .  The  solubi l i ty  of  these  c o m p o u n d s  is 
such t h a t  t hey  would  be classed as free gossypol  
(in the  sense t h a t  the  c a r b o n y l  groups  are 
b o u n d  to  p ro t e in  f r agmen t s  such  c o m p o u n d s  
shou ld  be  classed as b o u n d  gossypol) .  

Gossypol in the Tissues. The  a c c u m u l a t i o n  
of  d ie ta ry  gossypol  in the  t issues of  the  ra ts  was 
similar to  t h a t  r e p o r t e d  for  swine (6 ,32) ,  for  
r a i n b o w  t r o u t  (8)  and  for  hens  (12) .  The  organs  
conce rned  wi th  e l imina t ion  o f  gossypol  and  its 
metabo l i t e s ,  liver and  k i d n e y  as well  as spleen,  
showed  h igh  concen t r a t i ons .  S t o m a c h  t issue 
had  the  h ighes t  c o n c e n t r a t i o n  of  radioac t iv i ty .  
This  indica tes  t h a t  gossypol  is readi ly  abso rbed  
by  the  epi thel ia l  l ining of  the  s tomach .  This  is 
a reasonable  conc lus ion  since gossypol  is a weak  
acid (pKa 7.2)  and  would  be comple t e ly  in the  
un ion i zed  s ta te  in  the  gastr ic  ju ice  (pH 2-4), 
(33) ,  t hus  easily abso rbed  b y  the  epi thel ia l  
l ining of  the  s t o m a c h  wh ich  is pe rmeab le  to  t he  
l ipid-soluble un- ion ized  f o r m  of  drugs (34) .  
This  is i l lus t ra ted  fu r t he r  by  our  obse rva t ions  
wh ich  show t h a t  gossypol  was comple t e ly  
soluble in c h l o r o f o r m  and  e t hy l ace t a t e  at  pH 
2.2-4. The  p a t t e r n  of  gossypol  a b s o r p t i o n  in t he  
rat  t h r o u g h  t he  ep i the l ium or  the  small  intes-  
t ine  and  the  co lon  seems to  be very similar to  
t ha t  of  the  s tomach .  

The  pers is tence  of  14C-gossypol  in s t o m a c h  
c o n t e n t s  might  be a t t r i b u t e d  to  its insolubi l i ty ,  
its d i lu t ion  by  the  s u b s e q u e n t  ad lib. diet  or by  
its b ind ing  to  s t o m a c h  wall  or  b o t h .  

Blood  had  a relat ively h igh c o n c e n t r a t i o n  of  
radioact iv i ty .  Due to i ts l ipophi l ic  charac ter ,  
gossypol  may  p e n e t r a t e  the  e r y t h r o c y t e  mem-  
b rane  by  d i f fus ion  (25) .  The  high level of  
b o u n d  gossypol  in the  b lood  is in h a r m o n y  wi th  
data  of  L y m a n  et al., (14)  w ho  r epo r t ed  t h a t  
gossypol  readi ly  b inds  wi th  p lasma a l bum i n  and  
co t tonseed  pro te in .  The  bra in  had  a s ignif icant  
bu t  low specif ic  ac t iv i ty  one  and  two days a f te r  
the  admin i s t r a t ion .  A p p a r e n t l y  the  b lood  bra in  
barr ier  par t ia l ly  p ro t ec t s  the  b ra in  against  
p e n e t r a t i o n  by  gossypol .  In all t issues the  ra t ios  
of  E to R progressively increased w i th  t ime  
t h r o u g h o u t  the  expe r imen t .  This  was especial ly 
n o t e d  in case of  the  s t o m a c h  con t en t s ,  in wh ich  
this  ra t io  E /R  increased f rom 0 .36% to 4 .10% 
in animals  given a 5 mg dose and  fed the  basal 
diet .  These  resul ts  suggest t ha t  p ro te in  b o u n d  
gossypol  migh t  have been  h y d r o l y z e d  in the  
s t omach ,  resu l t ing  in soluble  gossypol  pep t ides  
which  analyze  as free gossypol  (31) .  
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SHORT COMMUNICATION 

Fish Cutaneous Mucus: 
A New Source of Skin Surface Lipid 

ABSTRACT 

Mucus from several species of marine 
fishes contained up to 20 times more 
lipid per unit area than human sebum. 
The analyses revealed free fatty acids 
which may provide protection against 
bacterial and fungal attack. Carotenoids 
were  p r o m i n e n t  components. The 
amount of phospholipids present in fish 
mucus seems to determine its viscosity. 

The coating of mucus that makes fish so 
slippery is produced by epidermal mucous cells 
and is believed to serve primarily for protec- 
tion. Two lines of evidence ( I )  support this 
view: (a) removal of mucus renders fish suscep- 
tible to attack by bacteria, fungi and parasites, 
and (b) the mucus coating tends to be thicker 
on naked or sparsely scaled fishes than on those 
that are heavily scaled, although there are 
exceptions among the more active fishes, such 
as the tunas. The occurrence of lipids in fish 
mucus has been largely overlooked, although 
lipids are found in mucus from other sources, 
such as that of the human cervix (2) and 
submaxillary gland (3), canine gastric juice (4), 
and snail epithelium (5). In 1914, Muller and 
Reinbach (6) reported that mucus from an eel 
contained 3% of a lipid mixture in which 
cholesterol and several phosphatides were iden- 
tified. No further reports on the lipids of fish 
mucus appear to have been published since that 
time. This study confirms the occurrence of 
lipids in the mucus of several species of fish and 
reports their composition and their relative 
abundance. 

Initially, the mucus lipids of individual 
specimens of 10 species of marine fish were 
analyzed by thin layer chromatography (TLC) 
(7). Since the compositions of their neutral 
lipids were quite similar, larger quantities of 
mucus were then collected for more detailed 
analyses from three of these species of fish 
selected to represent a range of scale types: the 
mullet, Mugil cephalus, is well scaled, the dusky 
flathead, Planiprora fusca, is moderately scaled, 
and the marine catfish, Plotus anguillaris, is 

scaleless. Mucus from the first two species was 
pooled from 15 and 7 specimens, respectively, 
obtained from a commercial market. The cat- 
fish mucus came from a single specimen, 33 cm 
long, which was isolated immediately after 
capture by hook and line. 

Mucus was collected by wiping the fish with 
paper tissues which had been defatted in two 
rinses of chloroform. Lipids were extracted 
from the tissues by repeated elution with 
chloroform-methanol (2:1 v/v). Treatment of 
the extract and analyses followed standard 
techniques of chromatography on Florisil (8,9) 
monitored by TLC. The free fatty acids were 
determined by adsorption onto an ion exchange 
resin (10). Lecithin and phosphatidyl ethano- 
lamine appeared to be the major components of 
the phospholipids. Squalene was determined by 
GLC as previously described (7). Small amounts 
of paraffinic hydrocarbons were found in all of 
the lipids, but a blank analysis indicated that 
they were contaminants. The other neutral 
lipids were identified by TLC before and after 
saponification. Carotenoids were found in all of 
the mucus lipids but were most prominent in 
the lipids of the flathead and catfish, coloring 
the extracts a brilliant yellow. TLC analyses of 
these lipids in hexane-acetone (70:30 v/v) 
revealed the same four carotenoids having Rf 
values of 0.98, 0.82, 0.64 and 0.44, the last 
being present in the greatest amount.  In the 
TLC analyses of neutral lipids, a carotenoid 
migrated with the hydrocarbon fraction and 
was tentatively identified as/3-carotene. 

The amounts of mucus lipids per unit of 
surface area were calculated for the three 
species. Their surface areas were obtained by 
the weight of paper cut-outs relative to that of 
a known area. (Averages of lipid yield and area 
were used for the pooled samples.) The values 
corresponded to the amount of mucus on the 
skin and ranged from 0.67 mg/cm2 for the 
mullet, which is well scaled and not slimy, to 
8.5 mg/cm2 for the catfish, which is scaleless 
and has large quantities of mucus. The flathead 
is moderately scaled and slimy and gave an 
intermediate value of 1.6 mg/cm2. The mullet 
and flathead values are undoubtedly lower than 
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TABLE I 

The Composition of Fish Mucus Lipids in 
Wt % as Determined by Adsorption of Free Fatty Acids 

on an Ion Exchange Resin and Column Chromatography a 

Human skin 
lipids, 

Composition Mullet Flathead Catfish back b 

Hydrocarbons 0.9 1.0 0.6 1.4 
Squalene 0.03 0.2 0.07 11.5 
Sterol and wax esters 3.9 7.9 1.2 23.8 
Triglycerides 7.7 4.9 5.3 31.1 
Cholesterol 13.0 16.3 13.1 4.2 
Diglycerides 7.1 2.1 2.8 10.0 
Monoglycerides 8.5 2.2 2.8 3.7 
Free fatty acids 10.5 23.1 9.8 14.1 
Phospbolipids 36.1 48.8 62.4 --- 

Total 87.73 106.5 98.07 

aHuman skin surface lipids are listed for comparison. 
bAverages from four subjects (13). 

they would have been had these fish not 
undergone handling and icing which probably 
removed some mucus. 

The quantities of lipids present in fish mucus 
are surprisingly high when compared with the 
values for human sebum, the only other skin 
surface lipid for which data on quantities per 
unit area are available. These show that the 
largest amount of human skin surface lipids 
normally found, at saturation levels on the 
forehead (11), is 0.4 mg/cm2 or only 5% of the 
largest amount found in fish mucus. 

Since mucus lipids comprise a new type of 
skin surface lipid, it is of interest to compare 
their composition with that of mammalian 
sebum. Of the many sources of sebum, mucus 
lipids show the greatest similarity to human 
skin surface lipids (Table I) in having the same 
neutral lipids, although there are some marked 
differences in concentration. This spectrum of 
c o m p o n e n t s  is unique among naturally- 
occurring lipids because of the relatively large 
amounts of free fatty acids, and the presence of 
squalene, wax esters, diglycerides and mono- 
glycerides. In human skin surface lipids, free 
fatty acids occur at levels of 10-20% of the 
total lipids and are known to provide protec- 
tion against bacterial and fungal attack (11). 
Free fatty acids occur at similar levels (10-23%) 
in fish mucus lipids and may reach the same 
effective concentrations in mucus, since the 
larger amounts per unit area are offset by their 
low concentrations (ca. 3%) within the mucus. 
This strongly suggests that the free fatty acids 
perform similar protective functions in fish 
mucus and may partially explain why the 
removal of mucus from fish frequently results 
in bacterial or fungal infections. The free fatty 

acids, diglycerides and monoglycerides in 
m u c u s  probably result from the same 
enzymatic lipolysis of triglycerides at the skin 
surface that occurs in sebum (12). 

However, mucus lipids are far more polar 
than human skin surface lipids, having large 
amounts of phospholipids (not established as 
occurring in sebum) and relatively small 
amounts of squalene, sterol esters, wax esters 
and triglycerides, all of which comprise the 
bulk of sebum (12). This shift towards greater 
polarity in mucus lipids appears to be an 
adaptation to aquatic conditions in which the 
secretion of lipid occurs in an glycoprotein-lipid 
complex which is dispersable in water. The 
highly polar phospholipids could serve to link 
the neutral lipids to the glycoproteins. They 
could also have an important influence on the 
internal structure of the mucus. It may be 
noted that the phospholipid values for fish 
having scanty, moderate and copious amounts 
of mucus were 36%, 49% and 62%, respectively, 
of the total lipids. Although the data are 
limited, it appears that interaction between the 
phospholipids and glycoproteins may determine 
the relative viscosity of  mucus and hence its 
accumulation on the surface of the skin or 
dispersal into water. 

This view is supported by the results of 
Breckenridge and Pommerenke (2) who found 
that the phospholipid and cholesterol content 
of human cervical mucus varied throughout the 
menstrual cycle but maintained a constant 
ratio. During the pre- and post-ovulatory phases 
these components reached levels that were 
approximately three times greater than during 
the ovulatory phase. It is known that cervical 
mucus undergoes cyclic changes in viscosity, 
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being viscous during the pre- and post-ovulatory 
phases but fluid at the time of ovulation. Since 
the cholesterol content  of the fish mucus 
samples of this study were nearly the same, 
despite differences in viscosity, the phospho- 
lipid content is evidently a major factor in 
determining the viscosity of mucus. 

R. W. LEWIS 
CSIRO Division of Food Preservation 
P.O. Box 43 
Ryde 2112 Australia 
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LETTER TO THE EDITOR 

Confusion Between C 18 and C20 Fatty Acids 
in a Gas Chromatographic Analysis of 

Seed Lipids of Water Plants 

Sir: It has been known for some time that an 
all cis octadecatetraenoic acid (18:4603) is a 
characteristic of marine and fresh-water algae 
(Klenk and Eberhagen, Z. Physiol. Chemie 
328:189, 1962; Klenk et al., Ibid. 334:44, 
1962; Wagner and Pohl, Biochem. Z. 341:476, 
1965; Ackman et al., J. Fish. Res. Bd. Canada 
25:1603, 1968; Cheucas and Riley, J. Mar. 
Biol. Ass. U.K. 49:97, 1969). A recent analysis 
of the fresh-water plant (Myosotis scorpioides, 
the water forget-me-not) identified both 
18:46o3 and 18:3606 (T-linolenic) acids in 
mode ra t e  proportions (respectively about 
5-12% and 12-16%, depending on season) 
(Jamieson and Reid, J. Sci. Food  Agric. 
19:628, 1968). Attent ion has been drawn to 
18:4603 as possibly being particularly asso- 
ciated with water plants (Ackman, presented at 

the 60th AOCS Meeting, San Francisco, 1969). 
The absence of 18:4w3 from a recent 

publication (Lott i  and Averna, La Riv. Ital. 
Sost. Grasse 46:668, 1969) listing the fat ty 
acids of seed lipids of water plants seemed 
rather curious in view of its association with 
plants from aqueous habitats or environments. 
The publication of a gas liquid chromatogram 
(GLC) of the methyl esters of fatty acids from 
the seed of Symphytum officinale permitted 
checking of the peak identifications. 

Distances (D) were measured in millimeters 
from the front of the solvent peak to the 
intercept of the frontal tangent and baseline. A 
plot (Ackman et al., Can. J. Biochem. Physiol. 
41 : 1627, 1963) was drawn on semi-logarithmic 
paper to establish relationships among the 
saturated acids and among the monounsatu- 

T A B L E  I 

C o m p a r i s o n  o f  E x p e r i m e n t a l  E C L  Values  fo r  M e t h y l  Es ters  
o f  F a t t y  A c i d s  F r o m  Symphytum officinale a n d  L i t e r a t u r e  Values  
F r o m  A n a l y s e s  o n  P o l y e s t e r  G L C  C o l u m n s  o f  C o m p a r a b l e  P o l a r i t y  

Peak  

E x p e r i m e n t a l  S o m e  L i t e r a t u r e  Po lyes t e r  E C L  Values  

D, F a t t y  
m a r k i n g  a m m  E C L  ac id  EGSS-X b C D X A  b E G S  c D E G S  d 

C 1 4  9 .8  1 4 . 0 0  . . . . . . . . . . . . . . .  

C 1 5  14 .2  15 .35  . . . . . . . . . . . . . . .  

C 1 6  17 1 6 . 0 0  . . . . . . . . . . . . . . .  

C I ~  21 1 6 . 7 2  16:10.77 . . . . . .  1 6 . 6 8  16 .55  

CI  8 30  1 8 . 0 0  . . . . . . . . . . . . . . .  

C l ~  35 18 .55  18:1(.09 1 8 . 6 2  18 .55  1 8 . 5 5  18 .51  

C I ~  4 4  19 .35  18:2(,06 1 9 . 4 5  1 9 . 2 3  1 9 . 2 3  1 9 . 3 0  

C 2 0  52 1 9 . 9 3  18:3(.D6 2 0 . 1 5  1 9 . 7 0  1 9 . 8 0  2 0 . 0 0  

C2~  59 2 0 . 3 4  18:3G~3 2 0 . 5 0  2 0 . 1 0  2 0 . 2 1  2 0 . 4 0  

C2~  61 2 0 . 5 0  20 :1  . . . . . .  2 0 . 5 0  2 0 . 4 4  

C1~  6 9  2 0 . 9 7  18:4(.03 2 1 . 1 3  2 0 . 7 3  2 0 . 8 5  2 1 . 0 0  

. . . . . . . . .  20:2(,,06 . . . . . .  2 1 . 1 3  2 1 . 3 6  

aLotti, G.,  a n d  V. A v e r n a ,  La Riv. I tal .  Sos t .  Grasse  4 6 : 6 6 8 - 6 7 2  ( 1 9 6 9 ) .  

b J a m i e s o n ,  G .R . ,  in " T o p i c s  in L ip id  C h e m i s t r y , "  Vol.  1, E d i t e d  b y  F .D.  G u n s t o n e ,  1 9 7 0 ,  p.  107 .  

C A c k m a n ,  R .G. ,  R.P.  B u r g h e r  a n d  P.M. J a n g a a r d ,  Can .  J .  B i o c h e m .  Phys io l .  4 1 : 1 6 2 7 - 1 6 4 1  ( 1 9 6 3 ) .  
dHofstetter, H.H. ,  N. Sen a n d  R .T .  H o l m a n ,  J A O C S  4 2 : 5 3 7 - 5 4 0  ( 1 9 6 5 ) .  
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rated acids. This plot was also used to deter- 
mine ECL (equivalent chain length) values 
(Miwa, JAOCS 40:309, 1963). In Table I are 
given comparable literature ECL values for 
several  polyesters. Although these show 
individual bias they effectively bracket the ECL 
values calculated from the published GLC 
figure. 

The findings of this enquiry may be sum- 
marized as follows: The peaks marked C14 , 
ClS ,  C16, C1-~, C18, C1~, and C1~ are cor- 
rectly identified; the peak marked C 20 could be 
20:0 or equally well 18:36o6; the peak marked 
C2~ is perhaps a double peak as indicated by 
the slight skewing. Possibly 20:1 is present but 
18:3603 is also probable; the peak marked C18 
is definitely not 18:36o3 and elutes rather early 
to be 20:2606. It is most probably 18:46o3. 

Where fatty acids of more than one chain 
length are known or suspected it is usually 
necessary to carry out GLC analyses of even 

superficially simple fat ty  acid mixtures on 
chemically different liquid phases. A basis for 
the use of different polarities among liquid 
phases has been discussed elsewhere (Ackman, 
Lipids 2:502, 1967) and is well exemplified by 
the technology of the Myosotis scorpioides 
analysis (Jamieson and Reid, J. Sci. Food  Agric. 
19:628, 1968). 

Since 18:46o3 is rather sparsely represented 
in fats from the terrestrial vegetable kingdom 
(Jamieson and Reid, J. Sci. Food  Agric. 
19:628, 1968), its possible presence in a larger 
number of aquatic plants may be highly signifi- 
cant. 

R.G. ACKMAN 
Fisheries Research Board of Canada 
Halifax Laboratory 
Halifax, Nova Scotia, Canada 

[Received July 13, 1970] 
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ADDENDUM 

Lipids 5:628-635 (1970). "The Metabolism of 
Linoleic and Arachidonic Acids in Rat Testis," 
Raymond B. Bridges and John G. Coniglio. 

On page 635, Reference No. 5 should be: 
Bieri, J.G., K.E. Mason and E.L. Prival, J. 
Nutrition 97:163-172 (1969). 
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Succinate Dehydrogenase: II I. Stability and Interaction 
With Phosphatides 
P. CERLETTI ,  P. CA IAFA,  M.G. G IORDANO,  G. TESTOLIN,  
Cattedra di Biochimica Generale, Universita di Milano, Milano, Italy 

ABSTRACT 

The stability of soluble succinate 
dehydrogenase and the effect of phospha- 
tides on dehydrogenase activity were 
studied. Phosphatides stabilize dehydro- 
genase preparations solubilized in the 
presence of succinate but do n o t  affect 
the dehydrogenase prepared in the 
absence of succinate, which stabilizes the 
enzyme independent of the action of 
phospholipids. Phospholipids stabilize the 
flavoprotein under the same conditions 
they need to affect succinate dehydro- 
genase activity. These effects probably 
derive from a similar interaction of phos- 
phatides with the flavoprotein. 

I NTRODUCTION 

In a previous work we showed the effect of 
phosphatides on the catalytic activity of suc- 
cinate dehydrogenase (succinate, acceptor oxi- 
doreductase E.C. 1.3.99.1) in direct and reverse 
reaction, and on the inhibition of the enzyme by 
the lipophilic iron chelator thenoyltrifluoro- 
acetone (1,2). The effect is produced by 
extracting phospholipids from particulate 
preparations, or by splitting them with phos- 
pholipases A, C and D, and is reversed by 

adding total mitochondrial phospholipids or 
purified phospholipids to soluble, solvent 
extracted preparations (1,2). These results were 
extended by Bruni and Racker (3) who showed 
that phosphatides are fundamental in allowing 
electron transport from succinate to ubi- 
quinone in a reconstituted integrated complex. 

The effect of lipids on soluble dehydro- 
genase and recombination with isolated mem- 
brane constituents are observed only when 
flavoprotein is solubilized from the particle 
under reducing conditions (1,3). 

Solubilization, i.e., separation from native 
hydrophobic environment in the inner mito- 
chondrial membrane, greatly decreases the 
stability of succinate dehydrogenase. Phospho- 
lipids affect the stability of soluble flavoprotein 
under the same conditions they act on the 
catalytic activity of the enzyme (4). 

EXPERIMENTAL PROCEDURES 

Materials, assay methods, enzyme prepara- 
tions, assays of enzyme activity and treatment 
with phosphatides have been described in pre- 
vious papers (1,2). Electrophoresis of succinate 
dehydrogenase on cellulose acetate was done as 
reported elsewhere (5). 

Activation with succinate was performed by 
heating the preparation 5 min at 25 C in 60 mM 

T A B L E  I 

S t ab i l i t y  o f  So lub le  S u c c i n a t e  D e h y d r o g e n a s e  a n d  the  E f f e c t  o f  G l y c e r o l  a 

No  a d d i t i o n ,  G l y c e r o l ,  No a d d i t i o n ,  G l y c e r o l  No  a d d i t i o n  G l y c e r o l ,  air ,  No  a d d i t i o n ,  
T i m e ,  h r  N 2 , 2  C N 2 , 2  C N2 , - -20  C N 2, -20 C air,  -20 C -20 C N 2 ,  -190  C 

1 .30  120  140  
3 113  125 

22  89  88  126  141 60  80 153  
65 117  138  35 50 
9 6  68  80  147  

1 5 0  100  116  21 34 
192  132  
2 5 0  58 7 0  88  105 
3 1 6  100  
5 0 0  71 88  

1 3 4 0  102  

a S u c c i n a t e  d e h y d r o g e n a s e  p r e p a r e d  in 4 0  mM s u c c i n a t e  w a s  used .  The  s t o r age  m e d i u m  w a s  4 0  m M  s u c c i n a t e  
in 60  m M  p h o s p h a t e  b u f f e r  p H  7.6.  In e x p e r i m e n t s  w i t h  g l y c e r o l  t he  m e d i u m  w a s  g lyce ro l :  7 .2  m M  s u c c i n a t e  in 
12 m M  p h o s p h a t e  b u f f e r  p H  7 .6  (1 :1  v/v) .  The  d a t a  r e p r e s e n t  t he  ac t i v i t y  at  va r i ous  pe r i ods  as per  c en t  o f  t he  
a c t i v i t y  a s sayed  b e f o r e  s to rage .  T h e y  w e r e  c o n f i r m e d  in several  e x p e r i m e n t s  in w h i c h  e n z y m e s  w e r e  used  w i t h  
i n i t i a l  ve loci t ies  (at  25 C a n d  in f in i t e  p h e n a z i n e  c o n c e n t r a t i o n )  r a n g i n g  f r o m  4 to  6 m m o l e s / m i n  s u c c i n a t e  
o x i d i z e d  p e r  g r a m  p r o t e i n  a t  t he  gel e lua t e  s tage ,  a n d  f r o m  18 to  22  a f t e r  a m m o n i u m  su l fa te  f r a c t i o n a t i o n .  
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FIG. 1. Electropherogram of succinate dehydro- 
genase equilibrated with tris-phosphate buffer pH 
7.60, I = 0.1 containing 12 mM succinate on a column 
of Sephadex G 25 fine (1 x 10 cm). The preparation 
had an activity of 12/.unoles succinate oxidized per 
minute per milligram protein at 25 C and 2 mM 
phenazine, and was applied on cellulose acetate strips 
(A) or after deactivating at 25 C in the air to an 
activity of 2.1 (B). Conditions of the run: 15 V/cm for 
165 rain at 2 C in a nitrogen atmosphere. At the end 
of the run succinate dehydrogenase was evidenced by 
dipping the strip in a solution of 60 mM phosphate 
buffer pH 7.6 containing 40 mM succinate 2 mM PMS 
and either 6 mM 2-(pqodophenyl) 3-(p-nitrophenyl)- 
5-phenyl-tetrazolium chloride or 0.4 mM DCPI. Pro- 
teins were then colored with nigrosin. 1, formazan 
staining; 2, nigrosin staining; SD 1 and SD 2 indicate 
the two active fractions before denaturation. 

8!,, 
Vmax: \ 
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FIG. 2. Effect of lipids on the stability of soluble 
succinate dehydrogenase prepared in 40 mM succinate. 
Samples of the soluble dehydrogenase treated (dashed 
line) or not treated (solid line) with phosphatidyl- 
serine (25 ug P/mg protein) were kept at 2-4 C under 
nitrogen for the period indicated on the abscissa. The 
activity of samples stored without lipids was assayed 
also after equilibrating 30 rain at 2-4 C with the same 
amount of phosphatidylserine (arrows). Ordinate: 
initial velocities at infinite phenazine concentration in 
mmole succinate oxidized per minute per gram pro- 
tein at 25 C. 

d i lu ted  solvent  at -15 C and the  t e m p e r a t u r e  
was then  raised to  2 C. 

p h o s p h a t e  buf fe r  pH 7.4 and  40  mM succinate ,  
u n d e r  n i t rogen .  

C o n d i t i o n s  f o r  S t a b i l i t y  S tud ies  

Freshly  p repared  soluble  succ ina te  dehydro -  
genase was used e i ther  at t he  gel e luate  stage or 
af ter  a m m o n i u m  sulfate  f r ac t iona t ion .  Al iquo t s  
of  the  same p repa ra t i on  were p laced  in separate  
tubes ,  s tored  at  the  t e m p e r a t u r e  ind ica ted  and  
opened  at the  m o m e n t  of  assay. When n i t rogen  
was the  selected gas phase,  each  t ube  was evac- 
ua ted  and  f lushed r epea ted ly  w i th  n i t rogen  and  
t h e n  s tored u n d e r  n i t rogen .  As a check,  samples  
were p repared  in wh ich  the  f l avopro te in  was 
o m i t t e d  and  flavin m o n o n u c l e o t i d e  (FMN)  
a d d e d  a n d  r educed  w i th  s to i ch iomet r i c  
a m o u n t s  of  d i th ion i t e .  The  fa in t  res idual  
f luorescence  was a h ighly  sensi t ive index  of  the  
r edox  state  of  the  c o m p o u n d  and  the re fo re  of  
the  en t ry  of oxygen .  

When dehydrogenase  was mixed  w i th  
organic  solvents ,  the  concent ra ted"  e n z y m e  
so lu t ion  plus succ ina te  was s lowly added  to the  

R E S U L T S  

One group of  expe r imen t s  was concerned  
w i th  the  s tab i l i ty  of  succ ina te  dehydrogenase  
p repared  and  s tored  in the  presence  of suc- 
cinate.  A m o d e r a t e  increase of  act ivi ty  in the  
first  hou r s  of  aging is cons t an t ly  observed unde r  
good anaerobios i s  (Table  1). A t  low tempera-  
tu re  it appears  la ter  and lasts longer.  I n c u b a t i o n  
at 25 C wi th  succ ina te  e i ther  be fore  storage or  
a f te r  var ious per iods  of  s torage did n o t  increase 
the  act ivi ty  of  the  dehydrogenase .  

The  sl ightest  t races of oxygen  cause a rapid  
decay of  succ ina te  dehydrogenase .  I f  air is 
admi t t ed ,  at any  storage t empera tu re ,  the  
ca ta ly t ic  cen te r  act ivi ty  of  f l avopro te in  pre- 
pared  and  s to red  wi th  succinate ,  d rops  rapid ly  
to  a s teady value averaging at 25 C 1800 
mo le s /min  of  succinate  ox id ized  per  mole  
p e p t i d e - b o u n d  flavin. The  inac t iva t ion  fol lows 
first order  kinet ics .  The deac t iva ted  f lavopro-  
te in  has a lower  e l ec t rophore t i c  mobi l i ty ,  
par t icu lar ly  at  h igh ionic  s t r eng th  (I = 
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FIG. 3. Effect of succinate on the stability of 
soluble suecinate dehydrogenase prepared in the 
absence of succinate. The soluble dehydrogenase was 
partially stored in 60 mM phosphate buffer pH 7.6, in 
separate tubes under nitrogen, for the period indicated 
in the abscissa (open circles). Other aliquots were first 
activated for 10 min at 22 C in 40 mM succinate and 
60 mM phosphate buffer pH 7.6 and then stored in 
this medium (solid circles). In both cases succinate 
dehydrogenase activity was assayed without further 
activation. The activity of the enzyme stored without 
succinate was also assayed after activating in 40 mM 
succinate prior to assay (arrows and solid triangles). 
Ordinate: initial velocities at infinite phenazine con- 
centration in mmoles succinate oxidized per rain per 
gram protein at 25 C. 

0.08-0.10); activation with succinate does not  
reverse this change (Fig. 1). 

The storage medium was varied to find con- 
ditions for best stability. Equal volume mix- 
tures of water with ethanol, propanol or di- 
glyme, in which the dielectric constant is 
progressively smaller, were assayed at 2C .  
Sucrose 1.0 M, and saturated NaC1 were also 
tested. None increased the stability. 

An increased stability was observed with 
increasing glycerol concentrations, 50% glycerol 
being optimal (Table I). When mixing the 
enzyme with glycerol there is a minor 
deactivation, which may be due to dilution of 
succinate in the storage medium, but stability is 
thereafter improved; the increase in activity at 
early stages of aging is larger. 

Reducing substances were also included in 
the storage medium, namely 5 mM dithio- 
treitol, 1 mM sodium dithionite or 5 mM 
sodium dithioglycolate. The latter does not sig- 
nificantly affect the dehydrogenase; dithionite 
inhibits and lowers the stability of the enzyme. 

V r m  

\ 
�9 \ \ \  

[ ]  \X 

\ A  

L i r i i I 
0 20  40  60  

hou rs  a t  4C  

FIG. 4. Effect of phosphatides and of oxaloacetate 
on the stability of soluble succinate dehydrogenase 
prepared in the absence of succinate. Samples of the 
soluble dehydrogenase in 60 mM phosphate buffer pH 
7.6 were kept at 2-4 C under nitrogen (solid line) or 
after addition of phosphatidylinositol (100 ~g P]mg 
protein) for the period indicated on the abscissa 
(dashed line). The activity of samples stored without 
phospholipids was also assayed in the following con- 
ditions: (a) Phosphatidylinositol was added 30 min 
prior to the assay and equilibrated at 2-4 C with the 
dehydrogenase then oxaloacetate, 3.10-7 M final con- 
centration in the assay, was added 30 sec prior to 
recording dehydrogenase activity (triangles). (b) 
Oxaloacetate alone was added as above (circles). The 
activity of samples stored with phosphatidylinositol 
was also assayed after oxaloacetate addition as above 
(squares). The presence of oxaloacetate during storage 
leads rapidly to complete inactivation of the enzyme. 
Ordinate: initial velocities at infinite phenazine con- 
centration in mmoles succinate oxidized per minute 
per gram protein at 25 C. 

Dithiotreitol has a moderate stabilizing effect, 
especially manifest in the presence of air. The 
spectra of the flavoprotein show that dithio- 
treitol does not reduce the flavin. 

Phospholipids considerably improve the 
stability of the soluble flavoprotein prepared in 
succinate. After lipid addition and consequent 
stimulation, a slow decay during storage follows 
at 2 C (Fig. 2, dashed line). The activity of 
samples stored with phospholipids is always sig- 
nificantly higher than that of samples stored 
without phosphatides and preincubated with 
phosphatides at the moment of each assay. In 
these experiments the storage medium con- 
tained 40 mM succinate as well as lipid. Suc- 
cinate has a conspicuous role on the stability of 
the flavoprotein. The effect of phosphatides is, 
however, separate from that of succinate, for 
the flavoprotein stored with succinate alone 
(Fig. 2, solid line) behaves differently from 
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when stored with succinate and lipids. 
Dehydrogenase preparations made in 40 mM 
succinate are not activated by succinate. 

Another group of experiments considered 
the flavoprotein solubilized and purified in the 
absence of succinate. This preparation, stored 
without succinate, is very unstable even in a 
nitrogen atmosphere. Its catalytic center 
activity has a rapid decay and reaches a steady 
value at 25 C of about 900 moles/min of suc- 
cinate oxidized per mole peptide-bound flavin. 
However, when the same flavoprotein is acti- 
vated in 40 mM succinate prior to aging and is 
stored in a medium containing succinate, the 
activity before aging is increased, as expected, 
and the stability is very much improved (Fig. 
3). Samples aged without succinate and acti- 
vated prior to the assay do not reach the 
activity displayed by the aliquots of the same 
preparation which are stored after being acti- 
vated. 

The rate of decay in activity depends on the 
previous history of the enzyme (activity of the 
original mitochondrial preparation, rapidity of 
performing the isolation procedure, anaero- 
biosis, temperature, etc.) Less active prepara- 
tions appear to have a smaller decay, for they 
tend towards steady state values of catalytic 
activity as indicated above. 

The flavoprotein prepared in the absence of 
succinate is not stabilized by phosphatides (Fig. 
4). Activation of the enzyme either before or 
after addition of the lipids does not bring about 
an effect of lipid, addition of oxaloacetate to 
the storage medium causes a more rapid decay 
of the enzyme. 

DI SC USS! ON 

The increase in activity of succinate 
dehydrogenase during storage under reducing 
conditions is not due to activation by succinate. 
Indeed as was shown earlier (6) and the present 
studies confirm, deh~cdrogenase preparations 
made and kept throughout in the presence of 
40 mM succinate are already fully activated. 
Dervartanian and Veeger (7) reported a similar 
increase in activity for the soluble oxidized 
enzyme stored 3 hr at 25 C under nitrogen. A 
decrease of succinate in the medium slightly 
deactivates the enzyme which may then be 
activated up to 10-15%; the larger increase in 
activity during early stages of storage in 
glycerol is explained on this basis. Enhanced 
stability in prolonged storage in 50% glycerol 
may be due to the effect of glycerol on the 
structure of water: the decreased diffusion of 
oxygen may also play a role. 

Increase in activity during early storage and 

decay in reconstitutive capacity (8) are 
probably different aspects of the adaptation of 
the flavoprotein to an aqueous medium. The 
alterations in electrophoretic pattern relate 
probably to a change in charge density of the 
molecule. They indicate more profound modifi- 
cations of the flavoprotein associated with a 
strong decay in activity. The same holds for the 
loss of non-heme iron. Preparations have been 
described with 4 non-heme iron atoms per mole 
ravin (9) instead of 8 as in the native flavopro- 
rein; with aging the flavoprotein may further 
lose iron and labile sulfide to a form eventually 
containing only two iron atoms (10). 

The flavoprotein, particularly in the oxi- 
dized form, appears, therefore, to be unusually 
labile in aqueous medium. When the soluble 
dehydrogenase is recombined with particles or 
with isolated membrane constituents, the 
enzyme becomes much more stable, just as the 
native membrane bound dehydrogenase. Likely, 
interactions with membrane proteins and lipids 
stabilize the flavoprotein. Indeed, its native 
environment, the inner mitochondrial mem- 
brane, is highly hydrophobic; the flavoprotein 
is tightly bound to it and has high affinity for 
other membrane constituents in reconstitution 
experiments (3,10,12); its isolectric point, 
PI=5.7 (5), is in the same acidic range as for 
most lipoproteins. Proteins which in nature are 
associated with lipids in lipoproteins and mem- 
branes may possess some unique surface 
activity. They organize spontaneously at inter- 
faces, or aggregate, also in dilute electrolyte 
solutions (13). A similar flexibility of structure 
may have a role in the modifications of 
succinate dehydrogenase in solution. Membrane 
proteins and the apoprotein part from lipopro- 
teins interact specifically with lipid monolayers 
(13); the interaction of succinate dehydro- 
genase with phosphatides probably reflects a 
similar affinity. 

The results of this work and our previous 
experience on the conditions of lipid action on 
dehydrogenase activity (1) exclude that the 
effect of phospholipids on stability may be 
attributed to a temporary interaction or a 
kinetic effect during assay of activity. Con- 
tinuous interaction with phosphatides through- 
out the storage period is required. The stability 
increase, as well as the effect of phospholipids 
on the catalytic activity, occur under identical 
conditions; namely, in dehydrogenase prepara- 
tions made in the presence of succinate. This 
suggests that they are aspects of the same 
phenomenon and confirms that the effect on 
dehydrogenase activity involves an interaction 
with phosphatides which modifies the protein. 

In previous work we also showed that phos- 
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pha t ides  remove  oxa l oace t a t e  and  f u m a r a t e  
i n h i b i t i o n  of succ ina te  dehydrogenase  p repared  
in the  absence  of  succ ina te  (1).  I t  was supposed  
t h a t  phospha t ides  in te r fe re  w i th  the  inter-  
ac t ions  be tween  i n h i b i t o r  and  enzyme ,  bu t  do 
n o t  mod i fy  the  f l avopro te in  in the  same way 
t h a t  they  do when  t h e y  act  on  the  dehyd ro -  
genase prepared  in the  presence  o f  succinate .  
The  present  work  con f i rms  this  h y p o t h e s i s  for  
p h o s p h a t i d e s  do no t  s tabi l ize the  f l avopro te in  
p repa red  in the  absence  of  succ ina te  and  in ter -  
ac t ion  wi th  the  p ro t e in  is no t  el ici ted by  oxalo-  
ace ta te .  In view of  similar behav iou r  also in 
these  ins tances ,  the  same mechan i sms  can be  
envisaged for the  in t e rac t ions  b e t w e e n  f lavopro-  
te in  and  lipids as discussed earlier (1 ,2 ,6) .  

Reduc ing  cond i t i ons  at  t he  so lubi l iza t ion  of  
the  f l avopro te in  are requ i red  w i t h o u t  e x c e p t i o n  
to  ob ta in  soluble  dehyd rogenase  p repa ra t ions  
able  to  in te rac t  w i th  dehyd rogenase  dep le ted  
par t ic les  (8)  and  w i th  i so la ted  m e m b r a n e  con-  
s t i t uen t s  (3).  I t  was s h o w n  recen t ly  t h a t  recon-  
s t i tu t ive  capaci ty  can be  res to red  to  soluble  suc- 
c ina te  dehydrogenase  p repa red  in the  absence  
of  succinate  by  t r ea t ing  it w i th  fer rous  
a m m o n i u m  sulfate,  sulfide and  mercap to -  
e t h a n o l  (12).  The  possible  presence  of  col loidal  
i ron  in the  t r ea ted  e n z y m e  makes  it d i f f icul t  to  
u n d e r s t a n d  the  m e c h a n i s m  of  t he  t r e a t m e n t .  
The  process of  r e c o n s t i t u t i o n  m ay  involve pro- 
t e in -p ro te in  in te rac t ions .  Lipids are no t  re- 
qu i red  for the  r e c o m b i n a t i o n  of  the  soluble  
d e h y d r o g e n a s e  wi th  o t h e r  m e m b r a n e  p ro t e ins  
( c y t o c h r o m e  b or f ac to r  F4 )  bu t  t hey  are 
m a n d a t o r y  in r e s to r ing  e l ec t ron  t r ans fe r  f r o m  
succ ina te  to  u b i q u i n o n e ,  a r edox  r eac t ion  in 
wh ich  ne i the r  c y t o c h r o m e  b no r  F 4 appa ren t ly  
pa r t i c ipa te  (3).  This spec i f ica t ion  of  the  role of  

l ipids is no t  feasible w h e n  par t ic les  are reac ted  
wi th  soluble  succ ina te  dehyd rogenase  in recon-  
s t i t u t ion  expe r imen t s ,  since m e m b r a n e  frag- 
m e n t s  c o n t a i n  l ipids and  p ro t e in  to-  
gether .  
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Gas Chromatographic Analysis of the Dimethylhydrazones 
of Long Chain Aldehydes1,2 
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ABSTRACT 

Long chain saturated and unsaturated 
aldehydes,  prepared by the partial 
reduction of the corresponding fatty acid 
phenyl esters with l i thium tri-t-butoxy- 
hydroaluminate,  were converted quanti- 
tatively to their dimethylhydrazones.  
Dimethyl acetals and 1,3-dioxolanes were 
prepared from the dimethylhydrazones.  
The  dimethylhydrazones were then 
separated from the corresponding alde- 
hydes by gas liquid chromatography on a 
semipolar column. Fa t ty  acids were 
readily separated quantitatively from 
f a t t y  a l d e h y d e s  by formation of 
dimethylhydrazones of the aldehydes fol- 
lowed by an alkaline extraction of the 
reaction mixture prior to gas chromato- 
graphy. A method for analysis of fat ty 
acids and aldehydes from plasmalogens is 
described. 

INTRODUCTION 

Mixtures of long chain aldehydes have been 
successfully separated into their components by 
gas liquid chromatography (GLC) of the parent 
compounds (1), the dimethyl acetals (2,3) or 
t h e  c y c l i c  acetals (1,3-dioxolanes) (4). 
Dimethylhydrazones of ketosteroids,  prepared 
in quantitative yields by treating the carbonyl 
compounds with N,N-dimethylhydrazine, have 
also been analyzed by GLC (5). Dimethylhydra- 
zones are more stable than the parent carbonyl 
compounds (5) or the dimethyl acetals (6). 
Therefore, a method for the gas chromato- 
graphic separation of plasmalogen aldehydes in 
the form of their dimethylhydrazones is 
described in this paper. 

EXPERIMENTAL PROCEDURES 

Chromatography and Spectrometry 

Either 0.25 mm (analytical) or 1.00 mm 
(preparative) layers of Silica Gel G (E. Merck 

Ipresented at the AOCS Meeting, Chicago, October 
1967. 

2Michigan Agricultural Experiment Station Journal 
Article No. 5104. 

3present address: Applied Biochemistry Division, 
Department of Scientific and Industrial Research, 
Private Bag, Palmerston North, New Zealand. 

Ltd., Darmstadt,  Germany) were spread on thin 
layer chromatoplates (20 x 20 cm) with a 
Desaga applicator (Brinkman Instruments Inc., 
Westbury, N.Y.). Silver nitrate impregnated 
silica gel layers were prepared by spraying air- 
dried analytical plates with aqueous 10% (w/v) 
silver nitrate solution until the layers were just 
saturated with the solution (7). After the plates 
were air-dried they were activated at 120 C for 
1 hr (analytical) or 3 hr (preparative). 

Aldehydes and their derivatives were sepa- 
rated with an Aerograph Model 200 gas chro- 
matograph equipped with a flame ionization 
detector. A 7 f t x  1]8 in. o.d. aluminum 
column, packed with 20% (w/v) diethylene 
glycol succinate polyester on 80-100 mesh 
Chromosorb W, was used for the separations. 
The column temperature was maintained at 
175 C while the inlet and detector temperatures 
were 250 C. Flow rates of the gases were: nitro- 
gen (carrier) 40 ml/min, hydrogen 40 ml/min, 
and air 500 ml/min. 

Absorption of UV radiation by solutions of 
the unsaturated aldehydes was measured with a 
Beckman D.U. Spectrophotometer .  IR spectra 
were recorded with a Perkin Elmer Model 137E 
Spectrophotometer ,  the samples being in the 
form of thin films between potassium bromide 
discs. 

Preparations of Aldehydes and Their Derivatives 

Saturated and cis-unsaturated fatty acids 
were purchased from Nutritional Biochemicals 
Corp., Cleveland, Ohio. Elaidic acid was pre- 
pared from oleic acid by nitrous acid isomeriza- 
lion (8). 

The fatty acids were treated with oxalyl 
chloride to yield acid chlorides, which were 
converted to phenyl esters by adding them to 
phenol in pyridine. Attempts  at direct esterifi- 
cation and alcohol interchange (methyl ester 
and phenol) were unsuccessful. Aldehydes were 
prepared from the corresponding fatty acid 
phenyl esters by reduction with lithium tri-t- 
butoxyhydroaluminate  (9). 

Dimethyl acetals and 1,3-dioxolanes of the 
aldehydes were prepared by the methods of 
Mahadevan et al. (10) and Venkato Rao et al. 
(4), respectively. Dimethylhydrazones were 
prepared by dissolving the aldehydes (ca. 100 
mg) in an excess of N,N-dimethylhydrazine 
(Eastman Organic Chemicals, Rochester, N.Y.) 
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and allowing the solution to stand at room 
temperature for 2 hr. Excess reagent was 
removed at 20 C by a stream of nitrogen and 
the dimethylhydrazones were dissolved in 
hexane for gas chromatographic analyses. The 
d i m e t h y l h y d r a z o n e s  were converted to 
dimethyl acetals and 1,3-dioxolanes by similar 
methods to those described by Venkato Rao et 
al. (4) and Mahadevan et al. (11). 

Separation of Fatty Acids From Fatty Aldehydes 

A mixture containing myristic, palmitic and 
stearic acids and the corresponding aldehydes 
was dissolved in an excess of N,N-dimethyl- 
hydrazine and left at room temperature for 2 
hr. Excess dimethylhydrazine was removed in a 
stream of nitrogen. Diethyl ether was added to 
the reaction mixture and extracted with 2 N 
sodium hydroxide solution and water. Fa t ty  
acids, recovered from the alkaline aqueous 
solutions, were esterified with methanolic 
hydrochloric acid. Methyl esters and dimethyb 
hyd r azones  were chromatographed under 
identical conditions. 

Plasmalogen Analysis 

The total  lipids from a fresh beef heart were 
extracted with chloroform-methanol (2:1 v/v). 
Phospholipids in the extract were isolated by 
adsorption onto activated silicic acid (14) from 
which they were recovered by extraction with 
chloroform-methanol (1:1 v/v). Individual 
phospholipids in the extract were separated by 
preparative thin layer chromatography (PTLC) 
(so lvent ;  chloroform-methanol-water-concen- 
trated ammonia solution, 25:3:1 v/v/v). Phos- 
phatidylcholine and phosphatidylethanolamine 
were recovered from the plates by elution with 
chloroform-methanol (1:1 v/v). The solvents 
were removed at 20 C under reduced pressure. 

A port ion of the separated phospholipid 
sample (ca. 20 rag) was dissolved in chloro- 
form-methanol (1:1 v/v, 0.5 ml) in a flask to 
which 50% phosphoric acid (0.5 ml) was added. 
The flask was stoppered under nitrogen and the 
contents stirred vigorously for 1 hr. The 
reaction mixture was washed with distilled 
water and dried over anhydrous sodium sulfate. 
Aldehydes in the reaction mixture were sepa- 
rated from the lysophospholipid and diacyl- 
phospholipid by PTLC (solvent, chloroform). 
Dimethylhydrazones of the aldehydes were 
prepared as described abofe. The lysophospho- 
lipid was separated from the diacyphospholipid 
by redeveloping the thin layer plate with 
c h l o r o f o r m - m e t h a n o l - w a t e r - c o n c e n t r a t e d  
ammonia solution (d. 0.88; 75:25:3:1 v/v/v/v). 
L y s o p h o s p h o l i p i d s  were transmethylated 
directly on the silica gel (12). 

Identical GLC conditions were used for the 
analyses of the methyl esters and dimethyl-  
hydrazones. Unsaturated compounds were 
identified from relative retention time data of 
known compounds and by the disappearance of 
the unsaturated compounds,  accompanied by 
an increase of saturated straight-chain com- 
pounds, in chromatograms of hydrogenated 
derivatives. The possibility that the dimethyl- 
hydrazones were contaminated with fat ty acids 
was checked by extracting a hexane solution of 
the hydrazones with 2 N sodium hydroxide 
solution. No fat ty acids were found in the 
alkaline aqueous extract. 

RESULTS 

Lauric, myristic, palmitic, stearic, oleic, 
linoleic and linolenic acids were reduced to the 
corresponding aldehydes with overall yields of 
50-56%. IR spectra of the unsaturated alde- 
hydes did not exhibit absorption at 965 cmq 
indicating that cis-trans isomerization did not 
take place during the preparation of these com- 
pounds. Results were confirmed by TLC of 
1,3-dioxolane derivatives of the aldehydes on 
silver nitrate impregnated plates, which yielded 
only one spot for each compound.  The 
1,3-dioxolane derivatives of oleic and elaidalde- 
hydes could be separated by this chromato- 
graphic procedure, their relative positions on 
the plates being similar to those of the cor- 
responding fat ty acid methyl  esters (8,9). In 
addit ion,  the absence of an absorption band at 
233 nm in the UV spectra of linoleic and lin- 
olenaldehydes and at 268 nm in that  of linolen- 
aldehyde showed that there was no conjugation 
of the double bonds in these compounds.  Thus, 
results indicated that  double bond migration 
did not take place during the preparation of 
these aldehydes (13). Any absorption at 233 
nm in the UV spectra of the polyunsaturated 
aldehydes could be at tr ibuted to autoxidat ion 
of these compounds so that care was required 
in their preparation and subsequent purification 
to minimize exposure to oxygen. 

IR spectra of myristaldehyde,  the dimethyl- 
hydrazone of myristaldehyde and the cor- 
responding trisubsti tuted hydrazine are shown 
in Figure 1. A very small absorption band at 
1740 cm -1 was present in the spectra of the 
h y d r a z o n e  and  t h e  hydrazine.  Strong 
absorption bands at 1610 cm -1, 1360 cm -1, 
1260 c m d ,  1140 cm - l ,  1120 cm -1 and 1030 
cm -1 and weaker bands at 875 cm -1, and 825 
cm-I in the hydrazone spectrum readily 
allowed one to distinguish this compound from 
the aldehyde. Differences in the [R spectrum of 
the dimethylhydrazone of myristaldehyde dis- 
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FIG. 1. IR spectra of (upper) myristaldehyde, (center) dimethylhydrazone of myristaldehyde and 
(lower) N,N-dimethyl -N'-tetradecylhydrazine. 

cussed here and the spectra of similar com- 
pounds reported by Wiley et al. (14) probably 
arise from differences in sample preparations 
used for recording the spectra. Peaks at 1160 
cm-1 and 1100 cm-1 and a shoulder at 1060 
cm-] were present in the spectrum of the 
hydrazine but not in that of the aldehyde or of 
the hydrazone. 

The hydrazones were converted to dimethyl 
acetals and to 1,3-dioxolanes in 80-85% yields. 

The conversion products, which were contami- 
nated (<8%) with the corresponding aldehydes 
and dimethylhydrazones, could be purified by 
T L C  (solvent, toluene). The conversion 
products were useful for gas chromatographic 
identification of the aldehydes. 

Retention times, relative to methylstearate, 
of the aldehydes, dimethyl acetals, 1,3-dioxo- 
lanes, dimethylhydrazones, dimethylhydrazines 
and methyl esters are shown in Table I. 
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TABLE I 

Retention Volumes, Relative to Methyl Stearate of Some Fatty Aldehydes, 
Their Derivatives a and Methyl Esters of the Corresponding Fatty Acids 

961 

Chain length Dimethyl Dimethyl- Dimethyl- Methyl 
of aldehyde b Aldehydes acetals  1,3-Dioxolanes hydrazones hydrazines esters 

12:0 0.11 0.11 0.37 0.20 0.17 0.13 
1"4:0 0.22 0.22 0.71 0.38 0.33 0.27 
16:0 0.40 0.43 1.39 0.73 0.66 0.52 
1 8 : 0  0.79 0.84 2.69 1.43 1.31 1.00 
18:1 0.93 0.95 3.03 1.62 1.47 1.11 
18:2 1.09 1.19 3.84 2.04 1.84 1.46 
18:3 1.66 1.60 5.25 2.74 2.47 2.02 

aColumn: 7 ft x 1/8 in. o.d. containing 20% diethylene glycol succinate polyester on 80-100 mesh Chromo- 
sorb W. Column temperature 175 C, inlet and detector temperatures 250 C. Gas flow rates; nitrogen (carrier) 40 
ml/min, hydrogen 40 ml/min, and air 500 ml/min. 

bChain length:number of double bonds. 

Excessive tailing occurred when the hydrazones 
were chromatographed on a column containing 
Apiezon L grease. This aspect was not investi- 

gated further. When an equimolar mixture of 
methylstearate and the dimethylhydrazone of 
stearaldehyde was separated by GLC, the 
recovery in the two peaks was within experi- 
mental error. This result showed that there was 
no loss of the dimethylhydrazone, relative to 
the methyl ester, during the gas chromato- 
graphic separation. 

Results of the GLC analysis of the products 
from the separation of fatty acids from the 
coresponding aldehydes are shown in Table I1. 
The figures given in parentheses can be com- 
pared directly with those pertaining to the com- 
position of the original mixture. Chromato- 
grams of the fatty acid and aldehyde derivatives 
showed that there was no cross-contamination 
of these compounds in their respective sepa- 
rated mixtures. The small difference in the total 
weight of fatty acids in the original mixture 
(0.1013 g) and the weight of fatty acids 
recovered from the initial separation (0.1007 g) 
and the results in Table II indicate that quanti- 
tative separation of the acids and aldehydes was 
accomplished. 

The composition of the fatty acids and fatty 
aldehydes of the phosphatidylethanolamine and 
phosphatidylcholine fractions from a sample Of 
beef heart phospholipids are shown in Table III. 

DISCUSSION 

Long chain saturated and unsaturated alde- 
hydes have been prepared by a modified Grund- 
mann synthesis (15) and by oxidation of alco- 
hol tosylates and mesylates with dimethyl sulf- 
oxide (16). The partial reduction of saturated 
phenyl esters, as well as phenyl crotonate and 

phenyl cinnamate, with lithium tri-t-butoxy- 
hydroaluminate to yield the corresponding 
aldehydes has been reported (11). Migration 
and cis-trans isomerization of double bonds was 
not expected to take place during the partial 
reduction of unsaturated fatty acid phenyl 
esters by lithium tri-t-butoxyhydroaluminate in 
the present study. Results of the present 
investigation show that isomerization did not 
take place during preparation of the unsatu- 
r a t e d  aldehydes.  After the preparation 
described in the present paper was completed, a 
report on the partial reduction of unsaturated 
fatty acid chlorides with lithium tri-t-butoxy- 
hydroaluminate to yield the corresponding 
aldehydes was published (13). Preparation of 
aldehydes by partial reduction of phenyl esters 
has no advantage over that in which fatty acid 
chlorides are used because the phenyl esters 
cannot be prepared directly from fatty acids. 
The acid chlorides are necessary intermediates 
in the preparation of the phenyl esters. 

Methods have been described for estimating 
the plasmalogen content of phospholipids by 
converting the aldehydes formed by acid 
hydrolysis of the plasmalogens to either the 
corresponding p-nitrophenylhydrazones (17) or 
the 2,4-dinitrophenylhydrazones (18). Chro- 
matographic procedures have been developed 
for the separation of 2,4-dinitrophenylhydra- 
zones of short chain carbonyls, but these 
methods of separation are unsuitable for the 
resolution of complex mixtures of long-chain, 
2,4-dinitrophenylhydrazones (19). 

Carbony l s  regenerated from the cor- 
responding 2,4-dinitrophenylhydrazones (20), 
as well as derivatives of alcohols (21) and acids 
(22) prepared from these carbonyls, have been 
s e p a r a t e d  by GLC though quantitative 
recoveries are difficult to achieve with these 
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TABLE II TABLE III 

Analysis of a Mixture of Fatty Acids and Aldehydes 

Composition of Composition of 
original separated 

Compound mixture a mixtures b 

Myristic acid 7.5 13.0 ( 7 . 2 )  
Palmitic acid 18.0 32.8 (18.1) 
Stearic acid 29.8 54.2 (30.0) 
Myristaldehyde 5.5 12.5 ( 5 . 6 )  
Palmitaldehyde 14.1 31.9 (14.3) 
Stearaldehyde 25.1 55.5 (24.8) 

aExpressed as wt %. 
bExpressed as wt % of class of compound with 

weight percentages corrected for the total amount of 
acids and the total amount of aldehydes in the origi- 
nal mixture given in parentheses. 

me thods .  A l t h o u g h  long chain  a ldehydes  dis- 
solved in c a r b o n  disulf ide show no  decompo-  
s i t ion on  analysis  by  GLC, a s imple alkal ine 
ex t r ac t i on  m e t h o d  for  the  sepa ra t ion  of  a mix- 
ture  of f a t ty  acids and  a ldehydes  m ay  resul t  in 
some p o l y m e r i z a t i o n  of  the  l a t t e r  c o m p o u n d s .  
Quan t i t a t ive  convers ions  of  free a ldehydes  to  
d i m e t h y l  acetals  (10)  and  1,3-dioxolanes  (4) 
have been  s h o w n  to take  place u n d e r  sui table  
cond i t ions .  The  main  d isadvantage  in the  use of  
acetals as c a rbony l  derivat ives is t h a t  f a t t y  
acids,  if p resent  in the  sample ,  will also reac t  
w i th  the  a lcohol .  A mild sapon i f i ca t ion  of  the  
acetal  r eac t ion  p r o d u c t ,  w h i c h  m a y  resul t  in the  
d e c o m p o s i t i o n  of  some of  the  acetals,  is 
requi red  to  r emove  the  esters (2).  A reagent  
t ha t  combines  pre fe ren t ia l ly  w i th  a ldehydes  so 
t h a t  f a t ty  acids, if  p resen t ,  could  be  r em oved  
by  a s imple a lkal ine  e x t r a c t i o n  would  be pre- 
ferred to those  reagents  requi r ing  sapon i f i ca t ion  
to effect  the  separa t ion  of  acids f rom alde- 
hydes .  Hydraz ines  are examples  of  this  t y p e  of  
reagent .  

Low molecu la r  weight  uns ym m et r i c a l l y  di- 
subs t i t u t ed  hydraz ines  are m o r e  s table  towards  
ox ida t ion  t h a n  similar m o n o s u b s t i t u t e d  hydra -  
zincs (23) .  Dur ing  the  p resen t  inves t igat ion,  the  
m e t h y l  h y d r a z o n e  of  m y r i s t a l d e h y d e  was f o u n d  
to be  less s table t h a n  the  co r re spond ing  N,N- 
d i m e t h y l h y d r a z o n e  and  was rap id ly  ox id ized  
w h e n  left  in a loosely s t o p p e r e d  flask at 5 C. 
Reac t i on  of equ imo la r  quan t i t i e s  of  shor t  chain  
ca rbony l s  and  N , N - d i m e t h y l h y d r a z i n e  in the  
presence of an acid ca ta lys t  does  no t  resul t  in 
quan t i t a t ive  convers ion  of  the  ca rbonyls  to  
h y d r a z o n e s  (17) .  Absence  of  an  a ldehyde  peak 
in the  gas c h r o m a t o g r a m s  of  the  r eac t ion  
p r o d u c t s  f r o m  the  d i m e t h y l h y d r a z o n e  prepara-  
t ions  descr ibed in the  p resen t  paper ,  as well as 
absence  of  a s ignif icant  c a r b o n y l  a b s o r p t i o n  
b a n d  in the  IR  spectra  of  the  hyd razones ,  indi-  

Fatty Acid and Fatty Aldehyde Composition of 
Beef Heart Plasmalogens 

Fatty Fatty 
acids aldehydes 

Chain length 
of compound a PE b PC c PE PC 

12:0 0.2 0.2 0.9 0.9 
14:0 br . . . . . .  Trace Trace 
14:0 0.2 0.3 1.4 1.4 
14:1 . . . . . .  0.2 0.3 
15:0 br . . . . . .  0.2 0.8 
15:0 Trace 0.1 0.4 0.6 
16:0 br 0.2 Trace 0.5 0.5 
16:0 37.8 8.1 39.5 69.2 
16:1 2.6 1.9 1.2 2.8 
17:0 br Trace Trace 0.2 1.1 
17:0 1.0 0.2 0.8 0.8 
18:0 br Trace Trace Trace Trace 
18:0 8.6 5.8 47.8 19.3 
18:1 33.2 26.4 6.8 2.3 
18:2 12.6 48.1 0.4 Trace 
18:3 2.4 3.8 . . . . . .  
20:3 Trace 1.8 . . . . . .  
20:4 1.2 3.3 . . . . . .  

aChain length: number of double bonds; br, 
branched (tentative identification). 

bpE, phosphatidylethanolamine. 
cpc, phosphatidylcholine. 

cates t ha t  the  a l d e h y d e - h y d r a z o n e  convers ions  
wen t  to  comple t i on .  

The  d i m e t h y l h y d r a z o n e s  were well  separa ted  
b y  GLC f rom the  co r re spond ing  a ldehydes ,  bu t  
emerged  f rom the  c o l u m n  be fo re  the  cor- 
r e s p o n d i n g  1 , 3 - d i o x o l a n e s .  The  greater  
r e t e n t i o n  t imes  of  the  d i m e t h y l h y d r a z o n e s  
relat ive to those  of the  a ldehydes  was useful  for  
measur ing  the  e x t e n t  of convers ion  of  the  alde- 
hydes  to the i r  d i m e t h y l h y d r a z o n e s .  Aldehydes  
and d ime thy lace ta l s  were inseparable  on  the  
co lumn  as were mos t  d i m e t h y l h y d r a z o n e s  and  
hydraz ines .  

The  c o m p o s i t i o n  of the  sa tu ra ted  a ldehydes  
of  beef  hear t  p lasmalogens  in the  present  s t udy  
was similar to  those  r epo r t ed  by  Gray  (24)  and  
V e n k a t o  Rao et al. (4). C o m p o u n d s  cor- 
r e spond ing  to b r anched -cha in  a ldehydes  were 
less p r o m i n e n t  and  fewer  in n u m b e r  in the  
p resen t  inves t iga t ion  t h a n  previous  s tudies  
(4 ,24) .  The  u n s a t u r a t e d  c o m p o n e n t s  in the  
m i x tu r e  were separa ted  f rom b ranched -cha in  
c o m p o n e n t s  t h o u g h  peaks co r r e spond ing  to  the  
la t te r  in the  gas c h r o m a t o g r a m s  may  have 
rep resen ted  more  t h a n  one  c o m p o u n d .  Con-  
vers ion  of the  d i m e t h y l h y d r a z o n e s  to  d ime thy l  
acetals or 1 ,3-dioxolanes  fo l lowed  by  GLC 
separa t ion  of  the  p roduc t s  gave resul ts  similar 
to  those  in Table  III. 

Resul ts  r epo r t ed  here in  show t h a t  d ime thy l -  
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hydrazones  are suitable derivatives for  GLC 
analysis of long chain aldehydes.  Contami-  
na t ion  of  the derivative reac t ion  p roduc t s  by 
unreac ted  a ldehydes  was negligible. Satura ted  
straight chain a ldehydes  may be ident i f ied by 
compar i son  of  the relative r e t en t ion  t imes of  
their  d im e thy lhyd razone ,  d imethy l  acetal and 
1,3-dioxolane derivatives on a polar co lumn 
with  those  of  c o m p o u n d s  of  k n o w n  s t ructure  
under  identical  condi t ions .  Appl ica t ion  of  o the r  
t echn iques  of lipid chemis t ry  is required for the  
locat ion of  double  bonds  and branching in 
unsa tura ted  and branched-cha in  a ldehydes ,  
respectively.  
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Intracerebrally Injected Monohydroxy and Other C24 Steroid 
Acids as Demyelinating Agents in the Guinea Pig 

S.H. MUJTABA NAQVI  1, B.L. HERNDON,  L. DEL ROSARIO and H.J. N ICHOLAS 2, 
St. Louis University School of Medicine, St. Louis, Missouri 63104 

ABSTRACT 

Sodium salts of  l i thochol ic  acid 
( 3 a - h y d r o x y - 5 / 3 - c h o l a n o i c  acid), 5/3- 
cholanoic  acid, 3/3-hydroxy-AS-cholenoic 
acid and 3-keto-5/3-cholanoic acid injected 
intracerebral ly in to  guinea pigs in doses 
of  I mg or higher produced  peri- 
v e n t r i c u l a r  d e m y e l i n a t i o n .  24-14C - 
sodium l i thochola te  was rapidly released 
f rom the  brain (only traces remained 2 hr  
af ter  inject ion)  if  in jec ted  in quant i t ies  
ranging f rom 2 #g to 5 mg. This rapid 
e l iminat ion is bel ieved to account  for the  
relatively high dose of  l i thochola te  
required for producing demyel ina t ion ,  
and may also account  for the l imi ted 
demyel inat ing  capacity of  the  o ther  acids 
injected intracerebral ly.  

1On leave from the Pakistan Atomic Energy Com- 
mission; Permanent address: Pakistan Atomic Energy 
Commission, Karachi, Pakistan. 

2To whom requests for reprints should be 
addressed. 

INTRODUCTION 

Sodium cholate (1) and its taurine conjugate 
(2) are known to produce demyel ina t ion  in vivo 
and in vitro respectively.  Li thochol ic  acid and 
some o ther  unident i f ied steroid acids were 
present in detectable  amount s  in the demyel in-  
ating brains of  guinea pigs afflicted with experi-  
mental  allergic encephalomyel i t i s  (3). In 
addi t ion,  this acid has recent ly  been de tec ted  in 
mul t ip le  sclerosis brain tissue (4). On the basis 
of  these observations it was suggested that  the 
presence of  bile acids in EAE brain may have 
implicat ions in the deve lopment  of  demyel in-  
ating diseases (3). Since the main steroid acid 
isolated f rom EAE brain was l i thocholic  acid, it 
seemed of  interest  to de termine  if l i thochol ic  
acid and some of its possible precursors (5) and 
metabol i tes  (6) produce demyel inat ion  when 
injected into the brain. Previous work has indi- 
cated that  radioactive sodium cholate was no t  
retained very long by the brain fol lowing intra- 
cerebral inject ion (1). In addi t ion (Fig. 1), since 
the sodium salts of  l i thochol ic  acid (I), 5/3- 
cholanoic  acid (II), 3/3-hydroxy-AS-cholenoic 
acid (III) and 3-keto-5/3-cholanoic acid (IV) did 

TABLE I 

Intracerebral Administration of Sodium Lithocholate in the Guinea Pig: 
Dose Level and Brain Histology 

Amount of 
Bile salt 

injected a Time killed 
mg after injection Histological changes at autopsy b 

0.1 3 weeks None 
O. 1 8 weeks None 
9.2 3 weeks None 
0.2 8 weeks None 
1.0 3 weeks None 
1.0 8 weeks Periventricular demyelination, 2 plus 
2.0 3 weeks None 
2.0 8 weeks Periventricular demyelination, 2 plus 
3.0 8 weeks Periventricular demyelination, 3 plus 
5.0 Died night of injection Acute ventriculitis, 

Periventricular demyelination 

5.0 10 days Periventricular demyelination, moderate 
5.0 8 weeks Periventricular demyelination, 2 plus 

aThere were two to three animals in each group. 
bl  plus: localized hemorrhage and/or microglial reaction; 2 plus: localized swelling and degenera- 

tion of myelin sheath; 3 plus: generalized myelin sheath swelling, microglial reaction or myelin de- 
generation; 4 plus: marked changes, either general or localized. Severe demyelination. 
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TABLE II 

Intracerebral Administration of Sodium 3fl-Hydroxy-AS-Cholenoate 
in the Guinea Pig: Dose Level and Brain Histology 

965 

Amount of 
bile salt 

injected a Time killed 
mg after injection Histological changes at autopsy b 

0.1 3 weeks None 
0.1 8 weeks None 
0.2 3 weeks None 
0.2 8 weeks None 
1.0 3 weeks ' None 
1'~0 8 weeks Periventricular demyelination, 1 plus 
2~0 3 weeks None 
2.0 8 weeks Periventricular demyelination, 1 plus 
3.0 8 weeks Periventricular demyelination, 2 plus 
5.0 2 days Periventricular demyelination, equivocal 
5.0 8 weeks Periventricular demyelination, 3 plus 

aThere were two to three animals in each group. 
bl  plus: localized hemorrhage and/or microglial reaction; 2 plus: localized swelling and 

degeneration of myelin sheath; 3 plus: generalized myelin sheath swelling, microglial reac- 
tion on myelin degeneration; 4 plus: marked changes, either general or localized. Severe de- 
myelination. 

p roduce  demyel ina t ion  when  in jec ted  intra- 
cerebral ly (see Results)  it became  of  in teres t  to  
de t e rmine  the dose level suff icient  to p roduce  
this effect .  24-14C-sodium l i thochola te  was 
used as a model  bile salt to  t race the fate of  the 
in jec ted  salts. The t e rm bile-salt refers  to  
sod ium salts of  C24 s teroid  acids. 

P roduc t ion  of demye l ina t ion  by intra-  
cerebral  inject ion of  some bile salts and the  
s tudy of  e l iminat ion of  these  salts f rom the  
brain is the  subject  of  this paper.  

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

Materials and Methods 

Animals. Guinea pigs of  the Hart ley strain 
weighing 400-500 g were ob ta ined  ei ther  locally 
or f rom the  Animal  Farm Division, D e p a r t m e n t  
of  the  Army ,  For t  Dietr ick,  Freder ick ,  Md. 
They were main ta ined  on  a s tandard  diet  o f  
Purina chow occasionally s u p p l e m e n t e d  wi th  
fresh le t tuce.  

Af te r  in t racerebral  in jec t ions  the  animals 

HO...~ OOH 
I. Lithocholic Acid 

III. 3~-Hydroxy-AS-cholenoic Acid 

II. 5~-Cholanoic Acid 

0 ~ O O H  

H 

IV. 3-Keto-5~-cholanoic Acid 
FIG. 1. Structural formulas of compounds investigated. 

LIPIDS, VOL. S, NO. 12 



966 S.H. MUJTABA NAQVI, B.L. HERNDON, L. DEL ROSARIO AND H.J. NICHOLAS 

0 

.= 

2m 
.~6 

~ 4  

g 

etO 

e~ 

m 

g 

E 

d d  d d d d ~  

$ 

0 

~ d dNM 

q ~ m ~ m m  @ 
~ d ~ g d  e 

~ q q m q ~  

6 & 4 ~ & 6 & 4  

"~" 
�9 ; .o 

2 

~J-~ . ~= 

e L  

_ x E .  ~ 

~ a ~  z 

were kept in individual cages and in experi- 
ments where labeled acid was administered, 
urine and feces were collected at 48 hr inter- 
vals. 

Steroid Acids. Lithocholic acid, 5/3-cholanoic 
acid and 3~-hydroxy-AS-cholenoic acid were 
obtained from chemical supply houses. The 
acids were purified by preparative thin layer 
chromatography (TLC) and crystallization. 
They were shown to be pure by melting point, 
TLC, optical rotations and gas liquid chromato- 
graphy (GLC) of a methylated sample. The 
purified acids were converted to sodium salts 
by treatment with sodium carbonate and pre- 
cipitation with excess ethyl ether. 

24-14C-lithocholic acid (50 /~c/mg; New 
England Nuclear Corp., Boston, Mass.) was 
purified by preparative TLC, diluted with cold 
lithocholic acid and the sodium salt prepared as 
above. The salt was dissolved in a suitable 
amount of water and 0.1 ml of this solution 
used for intracerebral injections; the total 
amount and the activity of the labeled bile salt 
varied in different experiments and will be 
mentioned at appropriate places. 

Intracerebral Injections. Bile acids were 
injected intracerebrally as aqueous solutions of 
their sodium salts as previously described in 
detail for the rat (7). Controls consisted of 
similar injections of 0.1 ml normal saline and 
0.1 ml distilled water. After a suitable time 
interval (see Tables) the animals (controls and 
bile salt injected) were decapitated under ether 
anesthesia. Brain and spinal cord were removed 
and stored in 10% formalin for histological 
examination. In experiments where radioactive 
bile salt was injected the brains were removed 
and extracted as described later. 

Procedure for Histological Study. The brain 
tissue was examined by making two coronal 
sections from the region of the pre-motor area 
transecting the basal ganglia and lateral ventric- 
tiles, and one section of the cerebellum and 
pons. Spinal cord samples were taken at four 
levels about the cervical, thoracic, lumbar and 
sacral areas. Sections, 12-15 /~ thick, were 
stained with modified Luxol Fast Blue-PAS 
myelin stain. Sections were also cut at 5/1 and 
stained with Harris' Hematoxylin and Eosin. 

Determination of Radioactivity in Brain. In 
experiments with labeled sodium lithocholate 
the animals were decapitated at time periods 
varying from 1A hr to three weeks after injection. 
Brains were homogenized and boiled with ace- 
tone-methanol-water. The mixture was cooled 
and acidified with dilute HC1, and again heated 
on a steam bath. The cooled mixture was 
filtered, the liquid layer concentrated under 
reduced pressure, diluted with 100 ml water 
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FIG. 2. Luxol fast blue x 125. Guinea pig brain after intracerebral administration of steroid acids. 
Coronal sections through lateral ventricle. (A) Sodium lithocholate; periventricular demyelinization, 
3 plus. (B) Sodium 5#-cholanoate; moderate periventricular demyelinization. (C) Sodium 3#-hydroxy- 
AS.-cholenoate; periventricular demyelinization, 3 plus. (D) Sodium 3-keto-5#-cholanoate; moderate 
periventricular demyelinization. 

and extracted with ether (3 x 100 ml). The 
ether layer was washed, dried over anhydrous 
Na2SO 4 and evaporated. An aliquot was used 
for radioactivity estimations by liquid scintilla- 
tion spectrometry (Ansitron Liquid Scintilla- 
tion spectrometer; efficiency for 14C, 92%). 

The tissue residue left after acetone- 
methanol-water treatment and the water layer 
from the above extraction were combined and 
treated with 5% NaOH in 50% ethanol at 120 C 
for 4 hr in an autoclave. The cooled alkaline 
layer was acidified and extracted with ether and 
the ether extract examined for radioactivity. 

Determination of  Radioactivity in Feces. 
Each collection of the feces specimens was 
dried, weighed and hydrolyzed with 5% NaOH 
in 50% ethanol by autoclaving at 120 C over- 
night.  The nonsaponifiable material was 
extracted with petroleum ether (4 x 250 ml) 
and then ether (2 x 200 ml). The aqueous layer 
was acidified and extracted with ether (4 x 200 
ml); the ether layer was washed, dried, evapo- 
rated and one tenth of the residue was used for 
radioactivity estimations in a thin-window gas 

flow counter (Picker Nuclear; efficiency for 
14C, 22%). 

RESULTS 

Neurology 

None of the animals receiving doses 3 mg or 
less in amount exhibited any neurological 
symptoms (paralysis or tremor) or any 
extensive weight loss during the experimental 
period. Some of those which received 5 mg 
exhibited tremor and a wobbling gate a day or 
so before killing. 

Histological Study of the Brain After 
Intracerebral Injections 

The brains and spinal cords from guinea pigs 
injected with distilled water or saline and killed 
after different time intervals did not show any 
pathologic changes. The brains from bile salt 
injected animals showed uniformly periventric- 
ular lesions. No significant mononuclear cell 
reaction was seen in demyelinated areas. 
Neutrophilic reaction with disorganization 
along the needle tract was frequent. No 
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FIG. 3. Plot showing the residual radioactivity in 
the brain after intracerebral administration of 
24-14C-sodium lithocholate. The doses given were: 2 
#g (0.1 gc), 1 mg (1 pc), 1.25 mg (1.25/Jc), 2.5 mg 
(2.5 /ac) and 5 mg (15 pc). The pattern of excretion 
was the same with all these doses. 

demyelination was found in any of the spinal 
cords examined. Typical demyelinating lesions 
produced by sodium salts of lithocholic, 
5/3-cholanoic, 3/3-hydroxy-AS-cholenoic and 
3-keto-5/3-eholanoic acids are shown in Figure 
2. 

Table I and II show the extent of demyelina- 
tion produced by different doses of the bile 
salts, I and III respectively; neither of the acids 
produced demyelination when administered in 
0.1 and 0.2 mg quantities. [Sodium 3-keto-5/3- 
cholanoate injected intracerebrally in 5 mg 
quantities (two experiments) produced peri- 
ventricular demyelination in both cases where 
the animals were killed after six weeks of 
injection. We did not evaluate other dose levels 
of this compound. The sodium salt of 5t3- 
cholanoic acid also produced similar demyelin- 
ation when given in doses of 1 mg or higher.] 
At doses of 1 mg and higher the type of 
demyelination was the same. There was no cor- 
relation between the severity of demyelination 
and the amount of bile salt injected within the 
limits of 1-3 mg of the dose; with higher doses 
the mortality rate as well as the severity of 
demyelination increased. 

Intracerebral Injection of 
24-14C-Sodium Lithocholate 

Radioactivity in Brain. Figure 3 shows that 
the intracerebrally administered bile salt almost 
disappeared from the brain within 2 hr; less 
than 0.1% of the total dose was retained in the 

brain for some length of time. The pattern of 
elimination was the same with different doses 
varying from 0.1 pg (0.1/ac) to 5 mg (15 pc). 

All but a negligible amount of radioactivity 
was extractable with acetone-methanol-water 
treatment; the hydrolyzed residue did not show 
significant amounts of radioactivity. 

Preliminary results on the characterization 
of the radioactivity in the brain after the intra- 
cerebral injection indicated that the injected 
bile salt was metabolized to products less polar 
and also more polar than the injected salt. 
About 25% of the injected bile salt was con- 
verted to products less polar and more polar 
than lithocholic acid. These products have not 
yet been identified. There was similar indica- 
tion of metabolism by the brain when sodium 
3-keto-5/3-cholanoate was injected. However, 
lithocholic acid may undergo auto-oxidation 
under certain circumstances, and it has not yet 
been ascertained whether the products indi- 
cated were real metabolites of lithocholic acid 
or auto-oxidation products. 

Radioactivity in Feces. Table III shows that 
most of the intracerebrally injected bile salt was 
excreted in the feces within four days. How- 
ever, the feces retained some radioactivity for 
more than two weeks, probably due to 
absorption and recirculation of the bile salt. 

The total amount of radioactivity in the 
feces accounted for 80-90% of the injected 
dose. Preliminary TLC and GLC data showed 
radioactive products in the regions of mono-, 
di- and trihydroxy bile acids and also in the less 
polar region. The products have not been con- 
clusively identified. 

DISCUSSION 

The present study shows that several C24 
steroid acids, when injected intracerebrally in 
doses 1 mg or higher, cause demyelination. One 
must raise the question, what is the significance 
of such apparently unphysiological doses in 
view of the fact that only trace quantities of 
lithocholic acid were detected in EAE guinea 
pig brain (3) or in multiple sclerosis brain tissue 
(4)? Actually no comparison should as yet be 
made between the amounts detected in brain 
tissue and the dose required to produce 
demyelination in the present experiments, for a 
number of reasons. For example, as indicated in 
Figure 3, at all dosage levels lithocholic acid 
was rapidly excreted from the brain after intra- 
cerebral injection. It seems probable that the 
other acids behave in the same manner. The 
small amount retained is probably the material 
responsible for the pathological effect. The 
larger the dose, the greater the amount retained 
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wi th in  the  bra in .  The  an imals  in jec ted  wi th  1 or  
2 mg of  the  bile salt  (Tables  I and  II) showed  
d e m y e l i n a t i o n  af ter  e ight  weeks;  n o  his tological  
change was a p p a r e n t  wi th in  t h r ee  weeks  ye t  the  
b ra in  re ta ined  on ly  a negligible f r ac t ion  of  t he  
in jec ted  salt a f te r  2 hr  (Fig. 3). Corre la t ing  
these  two obse rva t ions  it seems t h a t  demyel in -  
a t ion  can p roceed  in the  presence  of  on ly  a 
f r ac t ion  of  the  in jec ted  dose. 

These  resul ts  do no t  exc lude  the  poss ibi l i ty  
t h a t  the  bile salts induce  a secondary  process  
which ,  a f te r  a ce r ta in  per iod  of  t ime ,  is 
respons ib le  for  the  demye l ina t i on .  F u r t h e r  we 
do no t  k n o w  w h e t h e r  the  in jec ted  bile salts 
were d e m y e l i n a t i n g  per  se or by  convers ion  in to  
some more  p o t e n t  me tabo l i t e ,  or  pe rhaps  b y  
c o m p l e x i n g  w i t h  some o t h e r  mater ia l .  

The  capaci ty  of  b ra in  t issue to me tabo l i ze  a 
n u m b e r  of  s te ro ids  is n o w  well  es tab l i shed  
(8-I  2). I t  has been  f o u n d  in this  l a b o r a t o r y  t h a t  
ye t  a n o t h e r  s tero id  can be m e t a b o l i z e d  by  this  
t issue;  14C-3-keto-5~3-cholanoic acid o n  incu-  
b a t i o n  wi th  guinea  pig bra in  t issue gave 14C- 
l i thocho l i c  acid and  o the r  u n i d e n t i f i e d  p r o d u c t s  
(13) .  These  obse rva t ions  suggest t h t  the  l i tho-  
cholic  acid i so la ted  f r o m  d e m y e l i n a t i n g  b ra in  
(3 ,4)  could  have been  f o r m e d  wi th in  the  bra in .  
W h e t h e r  it or s imilar  acids have a role in the  
e t io logy of d e m y e l i n a t i n g  diseases mus t  awai t  
f u r t h e r  inves t igat ion.  
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Metabolism of 1-14C-Methyl Linoleate Hydroperoxide 
in the Rabbit 
G.M. FINDLAY, H.H. DRAPER and J.G. BERGAN, 
Department of Food Science, Universitv of Illinois 
at Urbana-Champaign, Illinois 6180t 

ABSTRACT 

The metabolism of 1-14 C- methyl 
linoleate hydroperoxide (1-14C-MLHP) 
by the rabbit was investigated. Admin- 
istration of 1.1-1.9 mg of 1J4C-MLHP 
by ear vein injection proved lethal to four 
of the nine experimental animals. After 2 
hr the lungs and liver contained 3.3% and 
7.2%, respectively, of the dose. This 
radioactivity was found to be associated 
primarily with intact 1-14C-MLHP. The 
triglycerides from these tissues also 
contained 14C_trienoic and 14C_dienoi c 
fatty acids. Of the dose, 68% was 
recovered as 1 4 C O  2 in 2 hr compared to 
39% after 1-14C-methyl linoleate 
injection. The triglycerides from kidney 
adipose tissue contained a small amount 
of 14C_hydroxy fatty acid, providing 
confirmation of previous evidence for the 
presence of a fatty acid hydroperoxide 
reductase in animal tissues. 

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

Whether fatty acid peroxides are formed in 
animal tissues in vivo has been a controversial 
question for some years (1-6). Substances 

which presumably are derived from peroxides 
or their degradation products have been 
detected in tissue extracts (7-10), but it is 
difficult to prove their existence in the live 
organism. It seems apparent that only minute 
concentrations of peroxides, if any, occur in 
vivo, and in the absence of information on their 
turnover rate, it is impossible to draw 
conclusions as to the amounts formed. 
Although the evidence is largely circumstantial, 
present indications favor the view that small 
amounts of lipid peroxides are formed in vivo 
and that vitamin E, serving as a natural 
antioxidant, is an important factor in their 
metabolism. Infusion of small quantities of 
methyl linoleate hydroperoxide has been 
reported to induce incipient symptoms of 
vitamin E deficiency, including encephalo- 
malacia in chicks (1 1) and creatinuria and 
hemolysis in rabbits (12). Lipid peroxides also 
have been implicated in aging, CC14 hepato- 
toxicity and ionizing radiation damage. 

Studies on the toxicity of lipoperoxides 
indicate that only trace quantities in the tissues 
are tolerated. Fatty acid hydroperoxides are 
highly toxic when administered intraperi- 
toneally (13,14). When administered orally 
they are considerably less toxic, and failure to 
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FIG. 1. 14CO 2 expiration during 22 hr following 1-14C-MLHP injection. 
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find them in the tissues subsequently (15) 
indicates that their oral toxicity is due either to 
damage to the gut wall or to a systemic effect 
of decomposition products formed in the 
intestine. Methyl linoleate hydroperoxide is 
apparently not converted to linoleic acid in the 
tissues (16). 

The present study was designed to investi- 
gate the metabolism of intravenously admin- 
istered 1-t4C-methyl linoleate hydroperoxide 
in the rabbit. 

E X P E R I M E N T A L  P R O C E D U R E S  

Skelly Solve solvents were distilled twice 
before use; other reagents and solvents were of 
analytical grade. 1-14 C-Methyl linoleat e 
(1-14C-ML) with a specific activity of 9.3 
mc/mM was obtained from Tracerlab (Waltham, 
Mass.). 1-14C-Methyl linoleate hydroperoxide 
(1-14C-MLHP) was prepared by controlled 
oxidation of 1-14C-ML according to a modifica- 
tion of the method of Banks et al. (17). The 
oxygenation tube (2.6 x 30 cm) was loaded 
with 25 ml of Skelly Solve C (bp 88-100 C), 83 
ktc of 1-14C-ML and 52.4 mg of methyl 
linoleate. Crude 1-14C-MLHP obtained by 
stripping the solution with 87% ethanol was 
purified by the method of Kokatnur et al. (18). 

The purity of the hydroperoxide was 
established using unlabeled ML. A peroxide 
number of 6022-6145 meq/kg was obtained by 
the Wheeler (19) method as modified by 
Kokatnur et al. (18). The theoretical value for 
pure MLHP is 6125 (18-20). A single spot (Rf = 
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FIG. 3. Levels of radioactivity in fiver following 
1 - 1 4 C . M L H P  or 1-14C.ML administration. 

0.52) was obtained by thin layer chromato- 
graphy (TLC) on Silica Gel G using a 1% 
methanolic benzene solvent system. IR analysis 
revealed a hydroperoxy group (2.9 N) and 
trans,trans conjugation (10.15/~). UV spectro- 
scopy yielded a peak at 233 mg for conjugated 
double bonds which gave a calculated molar 
extinction coefficient of 28,455. Banks et al. 
(17) have reported a value of 29,000 and 
Kokatnur et al. (18) found 27,873. The 
peroxide obtained by this procedure has been 
characterized as a mixture of 9-hydro- 
peroxy-l O,12-trans, trans-octadecadienoate and 
1 3 - h y d r o p e r o x y - 9 , 1  1 -trans,trans-octadeca- 
dienoate (17). 

1-14C-MLHP, 1.1-1.9 mg, was dissolved in 
0.5 ml of ethanol and emulsified with 0.5 ml of 
physiological saline containing 2 mg/ml Tween 
80. This material was injected slowly, over a 
period of 1.5-2 min, into the marginal ear vein 
of nine New Zealand White rabbits. The rabbits, 
weighing 1.%2.3 kg, either died or were killed 
at 2, 4, 11, 30, 45, 47, 60, 120 min or 22 hr 
after injection. Three additional rabbits were 
injected with a like amount of 1-t4C-ML as a 
reference compound and were killed after 30, 
60 or 120 rain. Each animal was deprived of 
food for 16 hr prior to injection and was placed 
in a metabolism unit immediately after 
injection. 14CO2 was monitored at 5 rain 
intervals by passing the expired gases through 2 
ml of Hyamine for 30 seconds. The 14CO2 
samples were counted in a Packard Tri-Carb 
liquid scintillation spectrometer, model 3003, 
after adding 15 ml of 0.3% 2,5-diphenyloxazole 
(PPO) in toluene. 
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TABLE I 

Distribution of Radioactivity in the Tissues and Excreta of the 
1-14C-MLHP and 1-14C-ML Injected Rabbits (% of Dose) 

14C_Compound 
administered MLHP MLHP MLHP ML ML 

Time after dose, hr 1 2 22 1 2 

Tissues 
Liver 6.1 7.2 3.3 28.2 26.2 
Lung 0.9 3.3 ~-/).1 8.0 0.6 
Heart ~0.1 0.6 ~---,0.1 . . . . . .  
Kidney ~0.1 1.0 0.4 . . . . . .  
Kidney adipose ~_0.1 0.3 0.4 . . . . . .  
Brain ~----.0.1 O. 2 O. 1 . . . . . .  
Blood a 2.8 3.0 1.1 6.5 11.7 

Excreta 
Urine 0 1.6 3.8 . . . . . .  
Feces 0 0 0.2 . . . . . .  
14CO2 29.0 68.0 78.0 10.0 39.1 

aCalculated on basis of 6.1% body weight. 

At  the t e rmina t ion  of  the  expe r imen t  
various tissues were r emoved  for  analysis. 
Radioact ivi ty  in the  b lood  serum was deter-  
mined  using Cab-O-Sil and 15 ml of  0.3% PPO 
in to luene.  The excised tissues and red b lood  
cells were ground wi th  Na2SO 4 in a mor t a r  and 
ex t rac ted  wi th  CHC13/CH3OH ( 2 : 1 ) f o r  12 hr 
on a mechanical  shaker.  The ex t rac t  was 
washed  with 20 vol of  water  (21) and the 
residue was f rac t iona ted  using silicic acid 
co lumn ch roma tog raphy  (22). Tr imethyl  silyl 
(TMS) derivatives were fo rmed  using Tr i -SIL/  
BSA (Pierce Chemical  C o m p a n y )  (23). Sepa- 
ra t ion of  the silyl m o n o -  and diglycerides and 
star t ing c o m p o u n d s  was carried ou t  on  silica 
gel using a Skelly Solve B (bp 60-80 C)- 
d ie thyl  e ther-acet ic  acid (65 :35 :0 .25 )  solvent  
sys tem.  

The lipid f ract ions  were saponi f ied  wi th  1 N 
e thanol ic  KOH for  16 hr  at r o o m  t empera tu r e  

(24). Fa t ty  acids were decarboxyla ted  wi th  
NaN 3 and H2SO 4 (25). An ethereal  so lu t ion  of  
d i azomethane  was used to  methy la te  the free 
fa t ty  acids. Methyl  esters o f  normal  fa t ty  acids 
were separated f rom the esters of  polar  acids 
using the  1% methano l i c  benzene  TLC system.  
This sys tem also was used for the separa t ion of  
the  me t h y l  esters o f  polar  acids and their  silyl 
derivatives. F rac t iona t ion  of  normal  fa t ty  acid 
me th y l  esters according to their  degree of  
sa tura t ion  was accompl i shed  by TLC on Silica 
Gel G impregna ted  wi th  5% AgNO 3 using a 
Skelly Solve F (bp  30-60C)-d ie thy l  e the r  
(85:15)  sys tem (26). 

Pure ricinoleic acid (12-hydroxy-9-c is -oc ta-  
decaenoic  acid) and d imorphecol ic  acid 
( 9 -h y d r o x y -  1 O, 12-trans, t rans-octadecadienoic  
acid) were used as s tandard  h y d r o x y  fa t ty  
acids. MLHP was reduced  to  the cor responding  
h y d r o x y  fa t ty  acid using KBH 4 (27). 

TABLE II 

Distribution of Radioactivity in Lipid Fractions Isolated by 
Silicic Acid Column Chromatography (% of total DPM) 

Tissue Lung Liver 

14C.Compound 
administered ML MLHP ML MLHP 

Time after dose, hr 1 2 2 1 2 1 2 
Cholesterol esters 1.1 0.2 0 1.1 1.8 0.2 0.2 
Triglycerides 15.0 14.0 0.5 24.0 41.1 10.5 24.7 
Free fatty acids I 1.0 4.1 10.5 11.2 10.0 13.1 6.4 
Cholesterol 
Diglyeerides 6.4 6.5 37.4 6.1 8.8 25.1 27.6 
Monoglycerides 4.4 5.4 34.8 10.2 3.3 40.7 32.1 
Phospholipids 62.0 68,0 16.8 47.3 34.6 9.9 9.0 
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RESULTS AND DISCUSSION 
14CO2 

Figure l illustrates the rate of 14CO 2 
expiration following intravenous injection of 
1A4C-MLHP. Peak expiration occurred at 85 
rain, 68% of the injected radioactivity being 
expired by the end of the second hr and 78% 
by the end of 22 hr. By comparison, after 
1-14C-ML injection only 39% of the dose was 
expired as 14CO 2 during the initial 2 hr period 
and peak expiration occurred 50 rain after 
administration of the dose. 

Figure 2 gives a comparison of the total  
1 4CO 2 expired after administration of either 
1-14C-MLHP or 1-14C-ML. Obviously 
1-14C-MLHP is much more rapidly oxidized to 
]4CO 2. 

Toxicity of 1-14C-MLHP 

Four of the nine rabbits injected with 
I J4C-MLHP (3.5-6.0 /aM) developed torpidi ty 
and died at 2, 4, 11 and 47 min, respectively, 
following administration of the hydroperoxide.  
No such reaction was observed in the animals 
injected with 1J4C-ML. On an equivalent body 
weight basis the amount of MLHP administered 
was 0.83% and .17% of the LDso dose reported 
for mice (13) and rats (14), respectively, 
following intraperitoneal injection. Differences 
in routes of administration, species, chemical 
form and purity of compounds administered 
are factors which may contr ibute to this wide 
range in toxici ty values. It also was observed 
that those animals to which the close proved 
fatal all contained high concentrations of 
radioactivity in the lungs. This observation, in 
addition to the nature of the symptoms 
induced ,  suggests that an impairment of the 
respiratory function may have been the cause 
of death. Lung tissue is known to be sensitive 
to small concentrations of gaseous oxidants and 
the lungs represented the first capillary bed 
encountered by the administered dose in these 
experiments. 

Distribution of Radioactivity in the Tissue 

Table I shows the distribution of radio- 
activity in the tissues and excreta at various 
times after 1-14C-MLI-IP or 1J4C-ML admini- 
stration. The only tissues except blood which 
contained a significant amount of activity were 
the liver and lungs. Figure 3 illustrates the 
relatively constant level of radioactivity found 
in the liver during the initial 2 hr after 
1-14C-MLHP administration and the greater 
activity found following 1-14C-ML injection. 

Identification of 14C-Compounds in Liver and Lung 

Table ]I gives the distribution of radio- 
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FIG. 4. Comparative silicic acid column elution 
patterns. 

activity among the lipid classes of lung and liver 
1 and 2 hr after 1J4C-ML and 1J4C-MLHP 
injection. As expected, the major concentra- 
tions of activity following 1-14C-ML admin- 
istration were in the TG and PL fractions. 
Saponification of these fractions, TLC of t h e  
fatty acid methyl esters on AgNO3-impregnated 
Silica Gel G and subsequent decarboxylat ion of 
the fractionated acids indicated that 90% of 
this radioactivity was present in 1J4C-linoleic 
acid. 

In contrast, following 1-14C-MLHP injection 
the radioactivity in both lung and liver lipids 
was located predominately in the DG and MG 
fractions which were eluted with 25% and 
100% diethyl ether in Skelly Solve B, 
respectively. However, the 14C compounds in 
the DG and MG fractions did not form silyl 
derivatives, indicating that  the radioactivity in 
these two fractions was not present in esters of 
glycerol but in compounds with similar 
polarity. The 14C compounds in the DG and 
MG fractions from the animals injected with 
1J4C-ML could be easily silylated. 
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FIG. 5. TLC of pure 1-14C-MLHP and the 25% ether fraction from the liver of a 1-14C-MLHP - 
injected rabbit after KBH 4 reduction and silylation. The developing solvent was 1% methanolic 
benzene. 

Standardization of the silicic acid column 
with radioactive and nonradioactive MLHP 
revealed that intact hydroperoxide was eluted 
with 25% diethyl ether in Skelly Solve B and 
that 100% diethyl ether eluted degradation 
products of the peroxide which formed on the 
column (Fig. 4). After applying a 230 mg 
sample of 12C-MLHP (peroxide number 6000) 
to the column it was observed that the material 
eluted with the 25% diethyl ether comprised 
42% of the sample weight, had a peroxide 
number of 5400 and an IR spectrum indis- 
tinguishable from that of the original peroxide. 
The 100% diethyl ether eluate represented 36% 
of the original mass and had a peroxide number 
of 2800 (Fig. 4a). Comparison of the IR 
spectrum of this fraction with that of the 
o r i g i n a l  s a m p l e  r evea l ed  n u m e r o u s  
discrepancies. When 1-14C-MLHP was com- 
bined with liver lipids and chromatographed on 
a silicic acid column, the radioactivity was 
recovered in the same two solvents in similar 
proportions (Fig. 4c). The 25% diethyl ether 
eluate contained 41% of the radioactivity and 
the 100% diethyl ether fraction contained 49%. 
Comparison of these two elution patterns with 
that of the liver lipid after 1-14C-MLHP 
injection (Fig. 4b) showed that all three elution 
profiles were similar and suggested that the 14 C 
materials eluted with the DG and MG from the 
i n j e c t e d  a n i m a l s  were  u n h y d r o l y z e d  
1-14C-MLHP and products of its degradation 
on the column. 

Exposure of 1A4C-MLHP and the 25% 
diethyl ether fraction from the liver of a 
1-14C-MLHP-injected rabbit to Tri-SIL/BSA 
and TLC of the products showed that neither 

1-14C-MLHP nor the isolate from liver formed 
a silyl derivative. After reduction of the two 
samples both formed a silyl derivative (Fig. 5), 
confirming the chromatographic evidence that 
they were identical. Decarboxylation of the 
25% and 100% diethyl ether fractions showed 
that the materials present were entirely 
carboxyl-labeled. Consequently it was con- 
cluded that a large portion of the radioactivity 
remaining in the liver and lung lipids 2 hr after 
1-14C-MLHP injection was still present in the 
form of unhydrolyzed hydroperoxide. These 
results support the results of earlier studies (28) 
in which intact peroxides were observed in rat 
liver 48 hr after intravenous administration of 
ethyl linoleate hydroperoxide. Evidently these 
hydroperoxy fatty acid esters can survive in 
biological systems longer than generally 
presumed. 

After saponification of the TG fraction from 
lung lipids the fatty acid methyl esters were 
chromatographed using the 1% methanolic 
benzene system and then AgNO3-impregnated 
Silica Gel G. It was observed that following 
1-14C-MLHP injection this fraction contained 
labeled trienoic fatty acids. Although only 0.5% 
of the lung radioactivity was present in the TG 
2 hr after injection, 75% of this activity was 
found in the trienoic and another 22% was 
present in the dienoic acids. In addition, 19% 
and 6% of the radioactivity in the liver TG was 
associated with the dienoic and trienoic acids, 
respectively. It is noteworthy in this connection 
that in an associated study on the metabolism 
of the hydroxy acid obtained by reduction of 
1-14C-MLHP, labeled dienoic and trienoic acids 
were detected in liver triglycerides (29). 
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Saponif ica t ion and TLC of  the  fa t ty  acid 
me thy l  esters of k idney adipose tissue (1% 
methanol ic  benzene)  revealed tha t  24% of  the  
activity in this tissue was associated wi th  polar  
fa t ty  acids. Silylation of  the  me thy l  esters  
indicated tha t  a hyd roxy  fa t ty  acid compr ised  a 
por t ion  of this f ract ion.  Unfo r tuna te ly ,  the low 
levels of  radioact ivi ty  present ,  coupled wi th  a 
comparat ively  large tissue weight ,  made  fur ther  
analysis impossible .  A subsequen t  paper  in this  
series indicates  that  h y d r o x y  and tr ienoic acids 
a r e  f o r m e d  f r o m  1-14C-MLHP during 
absorp t ion  (30 ). 

The results of  these exper imen t s  show tha t  
in t ravenous MLHP is rapidly oxidized to CO 2 
in rabbi t  tissues and tha t  the peroxide  is no t  
incorpora ted  into tissue lipids. No evidence was 
ob ta ined  for  the  presence of  free peroxide .  
However,  substant ial  amoun t s  of  MLHP were 
found  in the lungs and liver 2 hr af ter  admin-  
is trat ion.  This f inding indicates  that  the l imiting 
factor  in MLHP oxida t ion  was the hydrolysis  o f  
the ester, and suggests tha t  fa t ty  acid perox ides  
fo rmed  in vivo might  be even more  rapidly oxi-  
dized. The de tec t ion  of  a h y d r o x y  fa t ty  acid in 
the  kidney TG suppor t s  the  proposals  of  
O'Brien and Litt le (31) and Chr is tophersen  (32) 
that  a reductase  is involved in peroxide  me tabo-  
lism. 
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Absorption and Metabolism of 1-1 4C-Methyl 
Linoleate Hydroperoxide 
J.G. BERGAN and H.H. DRAPER, Department of Food Science, 
University of Illinois at Urbana-Champaign, Illinois 61801 

ABSTRACT 

The absorption and metabolism of 
1-14C-methyl linoleate hydroperoxide by 
rats was investigated. After intubation 
with 2 mg of peroxide, peak 14CO 2 
production occurred at 90 min and 25% 
of the dose was expired in 24 hr. Forty- 
five per cent still remained in the gastro- 
intestinal tract after 24 hr, most of it 
bound to the stomach epithelium in the 
form of intact peroxide. Lymph was col- 
lected from the thoracic duct 2 hr after 
i n tuba t ion  and examined for labeled 
metabolites. Seven per cent of the radio- 
activity in the lymph was present in a free 
1-14C-hydroxy fatty acid and 31% in its 
m e t h y l  ester. Fifty-seven per cent 
occurred in lymph triglycerides where it 
was equally distributed between a 
1-14C-trienoic fatty acid and an unidenti- 
fied 1-14C-oxy acid. The radioactivity in 
liver lipids was associated mainly with 
randomly labeled normal fatty acids. No 
14C-hydroxy acids were detected in liver 
lipids and no evidence was obtained 
for the absorption of unchanged per- 
oxide. The hydroxy and trienoic acids 
appear to be formed during absorption 
by a reduction-dehydration reaction se- 
quence. 

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

Although lipoperoxides are known to occur 
in foods, little is known about their metabolic 
fate. It has been generally concluded that the 
amounts of lipoperoxides normally present in 
dietary fat are relatively harmless (1); however, 
extensively peroxidized oils have been shown to 
have a pronounced toxic effect on animals. 
Whether fatty acid peroxides are absorbed from 
the lumen of the intestine is a controversial 
question. Andrews et al. (2) were unable to find 
evidence for the absorption of peroxides and 
therefore concluded that their toxic action 
took place on the intestinal wall. Other investi- 
gators also have concluded that intact peroxides 
are not absorbed (3-4); still others (5-6) have 
reported that feeding peroxides to rats leads to 
appreciable concentrations in the tissues. 
Nishida and Kummerow (7) obtained spectral 
evidence of diene conjugation in the lymph of 
rats dosed with methyl linoleate hydroperoxide 
and concluded therefore that some peroxide 
was absorbed. 

Recent improvements in methods for the 
preparation of pure radioactive fatty acid 
hydroperoxides (8-9) make metabolic studies 
on these compounds more feasible. In the 
present study the absorption and metabolism of 
1 - 1 4 C - m e t h y l  l i n o l e a t e  h y d r o p e r o x i d e  
( l-I 4C_MLHP ) was investigated. 

TABLE I 
Distribution of Radioactivity in Tissues and Excreta 

24 Hr After 1-14C-MLHP Intubation 

Tissue and excreta DPM x 10 -3 Per cent of recovered 14ca 

Heart 0.8 ~ 0.1 
Kidneys 3.9 0.1 
Liver 42.0 1.2 
Lung 2.6 ~ 0.1 
Spleen 0.4 ~ 0.1 
Testes 1.4 ~ 0.1 
Epididymal adipose tissue 0.1 '~ 0.1 
Kidney adipose tissue 3.1 0.1 
Mesenteric adipose tissue 6.3 0.2 
GI tract and contents 

Stomach 1,713.0 48.0 
Small intestine 332.5 9.3 
Cecum 59.2 1.7 
Large intestine 75.4 2.1 

Feces 30.9 0.9 
Urine 207.0 5.8 
14C0 2 1,087.3 30.5 

aRecovery of dose, 73.2%. 
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EXPERIMENTAL PROCEDURES 

General Procedures 

The method used for the preparation of 
1-14C-MLHP is described in a previous paper 
(8) .  Sprague-Dawley male rats weighing 
220-270 g, and fed a commercial feed (Rock- 
land Rat Diet), were used. Two milligrams of 
pure 1A4C-MLHP (1 /ac/mg) was suspended in 
100 mg triolein and administered by stomach 
tube. The animals then were placed in a meta- 
bolism cage and 14CO 2 expiration was moni- 
tored (8). At the termination of the experiment 
(either 2 or 24 hr) the gastrointestinal tract and 
viscera were excised and lipids were extracted 
with CHC13/CH3OH (2: 1) (8). 

Procedures used for saponification, methyla- 
tion, reduction, decarboxylation and thin layer 
chromatography (TLC) have been described 
elsewhere (8). Trimethyl silyl (TMS) derivatives 
were prepared using hexamethyldisilazane (10). 
Unsaturated fatty acids were hydrogenated 
using Pd-CaCO 3 catalyst (11). 

Collection of Lymph 

Lymph was collected from three rats after 
ligation of the thoracic duct. To facilitate the 
operation, the rats were placed on a 50% 
restricted dietary intake for 24 hr prior to a 
scheduled experiment. Ad lib. feeding was 
resumed after the operation. Ligation of the 

thoracic duct was carried out through an 
abdominal incision by the procedure of Boll- 
man et el. (12) after anesthesia with Diabutal. 
Six hours after regaining consciousness, the 
animals were intubated with 0.6 mg of 
1-14C-MLHP (1 /ac/mg) suspended in 400 mg 
triolein. The lymphatic fluid was collected for 2 
hr and extracted with 20 vol of CHCla/CH3OH 
(2:1). 

RESULTS AND DISCUSSION 

14CO2 Production 

The 14CO 2 expiration curve (Fig. 1) of an 
intact rat intubated with 1-14C_MLHP indicates 
that maximum 14CO 2 production occurred 
about 90 min after intubation. The secondary 
peak was associated with a period of increased 
physical activity and is not considered to be of 
metabolic significance. Ligation of the thoracic 
duct resulted in a 41% decrease in 14CO 2 expi- 
ration in 2 hr. The 14CO2 expired by the 
ligated animals may have arisen from oxidation 
of water-soluble decomposition products 
formed by bacterial degradation in the gut or 
from compounds which diffused out of the 
ligated duct. 

Distribution of 14C-Compounds in the Tissues 
of Intact Rats 

Table I lists the distribution of radioactivity 
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FIG. 1. 14CO 2 production after 1-14C-MLHP intubation of intact rat. 

24 

LIPIDS, VOL. 5, NO. 12 



978 J.G. BERGAN AND H.H. DRAPER 

20 

o 

X 

~D 

B 

g 
g 

0 

I i I I I I 

CE TG FFA DG MG PL 
CHOL 

LIVER 

........... MESENTERIC ADIPOSE TISSUE 

_ .  

0 I 0 20 50 40  50 60 70  

FRACTION NUMBER 

FIG. 2. Silicic acid column chromatography of fipids from fiver and mesenteric adipose tissue 24 hr 
after intubation with 1-t4C-MLHP. 

in the tissues and excreta 24 hr after intuba- 
tion. Most of the dose (91.6% of the radio- 
a c t i v i t y  recovered and 67.1% of that 
administered) was recovered from the gastro- 
intestinal tract and expired 14CO2, indicating 
that little activity was deposited in tissue lipids. 

The lipid extracts from liver and mesenteric 
adipose tissue, which contained the greatest 
amounts of radioactivity, were fractionated 
into lipid classes by silicic acid chromatography 
(13). The radio'activity in the liver lipids (Fig. 
2) occurred mainly in the cholesterol esters 
(CE), triglycerides (TG) and phospholipids (PL) 
but in the mesenteric adipose tissue it was 
associated primarily with the TG fraction. 

The three liver lipid fractions were saponi- 
fled at room temperature overnight, methylated 
and chromatographed on thin layers of Silica 
Gel G using a benzene-methanol (99: 1) solvent 
system. All the radioactivity migrated to an Rf 
of 0.7, corresponding to the methyl esters of 
normal fatty acid standards, indicating that no 
radioactive polar fatty acids were incorporated 
into liver lipids. Chromatography on Silica Gel 
G impregnated with 5% AgNO 3 showed that 
the monoenoic fatty acids of the TG and CE 
contained much of the radioactivity (61.9% and 
66.5%, respectively). In the PL fraction the 
dienoic acids contained more radioactivity than 

the monoenes (42.6% vs. 31.9%). Decarboxyla- 
tion of the saturated, monoenoic and dienoic 
acids in the CE and PL fractions (14) showed 
that 11-33% of the radioactivity was located in 
the carboxyl group and indicated that these 
acids were randomly labeled by incorporation 
of 14C-acetate. In contrast, the dienoic and 
trienoic fatty acids from the TG fraction con- 
tained 83% and 100%, respectively, of their 
radioactivity in the carboxyl group. This 
labeling pattern indicated that a dienoic and a 
t r i e n o i c  fatty acid were formed from 
1-14C-MLHP by reduction and dehydration 
reactions. These acids represented 23.8% and 
4.8%, respectively, of the total activity in the 
liver TG fraction. 

It was concluded that no polar fatty acids 
were deposited in the liver after 1-14C-MLHP 
intubation and that most of the radioactivity in 
this organ resulted from 14C.acetat e incorpora- 
t i o n .  However, small concentrations of 
carboxyl-labeled dienoic and trienoic fatty 
acids were present in the TG which arose by 
direct conversion of the hydroperoxide. These 
compounds may provide an important clue to 
lipoperoxide metabolism in the animal. 

The TG fraction from the mesenteric adi- 
pose tissue was saponified and characterized by 
the procedures used for the liver lipids. TLC 
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TABLE II 

Distribution of Radioactivity 
in the Gastrointestinal Tract After 

1-14C-MLHP Intubation 

TABLE III 

Radioactivity Remaining in the 
Ester Form 2 and 24 Hr After 

1-14C-MLHP Intubation 

Organ 

Per cent Per cent 
of dose, of dose, 

2 hr 24 hr 

S t o m a c h  34.8 35.2 
Small  in tes t ine  15.8 6.8 
Cecum 0 . l  1.2 
Large in tes t ine  0.4 1.5 

Total  54.3 44 .7  

2 hr, 24 hr, 
Organ % % 

St o ma ch 59 48 
Small intestine 40 33 
Cecum --- 7 
Large intestine 32 7 

using the benzene-methanol (99:1) system 
revealed the presence of both polar and non- 
polar radioactive fatty acid methyl esters(Rf = 
0.3 and 0.7, respectively). Fractionation and 
decarboxylation of the randomly labeled 
14C-nonpolar fatty acids showed that they 
were primarily monoenoic and dienoic. In con- 
trast, decarboxylation of the polar fatty acid 
methyl ester (approximately 40% of the total 
TG radioactivity) showed that it was entirely 
carboxyl-labeled and consequently must have 
been formed directly from 1-14C-MLHP. After 
s i ly l a t ion  and rechromatography in the 
benzene-methanol system, the radioactive com- 
pound moved to Rf 0.9 opposite the silyl 
derivative of dimorphecolic acid methyl ester 
( 9 - h y d r o x y - 1  0,1 2 - t r a n s ,  t r a n s - o c t a d  eca- 
dienoate). Since MLHP does not form a silyl 
derivative under the conditions employed, it 
was concluded that the labeled metabolite was 
a hydroxy acid. However, since the mesenteric 
adipose tissue contained lymph as well as blood, 
it was not  clear from these results whether the 
hydroxy acid was present in the adipose tissue 
or in these contaminants. 

Distribution of Radioactivity in the 
Gastrointestinal Tract of Intact Rats 

Table II shows the distribution of radio- 
activity in the gastrointestinal tract and its 
contents 2 and 24 hr after intubation. Approxi- 
mately 46% of the intubated sample was 
absorbed in the first 2 hr and only 10% in the 
next 22 hr. The amount of sample remaining in 
the stomach after 2 and 24 hr was approxi- 
mately the same (35%). In a related study (15), 
it was observed that following intubation of 
1-1 4C_methy 1 linoleate and 1-14C-methy 1 
hydroxy octadecadienoate these acids were 
almost  completely eliminated from the gastro- 
intestinal tract by the end of 24 hr. Apparently 
the fatty acid hydroperoxide was bound to the 
stomach epithelium, perhaps in the same way 
that lipoperoxide binds to protein to form 

ceroidal and lipofuscin pigments. This binding 
appears to be quite stable and may be reversed 
only through turnover and regeneration of new 
cells in the stomach lining. 

In addition to the total radioactivity 
remaining in the gastrointestinal tract, the 
degree of hydrolysis of the esterified sample 
was determined. The lipid extracts were chro- 
matographed on Silica Gel G using a chloro- 
form-acetone-acetic acid (88:12:0.25) TLC 
system in which triglycerides and methyl esters 
of normal and hydroxy fatty acids and per- 
oxides migrate to the solvent front. Free fatty 
acids and peroxides move to an Rf of 0.4. As a 
means of confirming their identity the free 
acids were methylated and rechromatographed. 

The radioactivity in all gastrointestinal 
organs except the cecum was present in two 
peaks with Rf values of 0.4 and 1.0 for free and 
esterified acids, respectively. The cecum con- 
tained considerable amounts of origin material 
whose Rf was not altered by methylation. 
Table III gives the fraction of radioactivity 
present in the ester form 2 and 24 hr after 
1-14C-MLHP intubation. Approximately 41% 
of the peroxide present in the stomach at the 
end of 2 hr was in the free form and an 
additional 11% was hydrolyzed during the next 
22 hr. The proportion of unhydrolyzed ester 
present in the small intestine was 40% and 33% 
at the end of the 2 and 24 hr experiments, 
respectively, despite the fact that less than half 

TABLE IV 

Distribution of Radioactivity 
Among Lymph Lipids After 

1-14C-MLHP Intubation 

Per 
Band Rf cent a Lipid class 

I 0.00-0.20 7 Free fatty acids 
II 0.25-0.55 31 Methyl polar fatty acids 

III 0.75-1.00 57 Triglycerides 

aper cent of radioactivity on chromatogram 
(Silica Gel G; benzene-methanol, 99:1). 
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FIG. 3. Distribution of radioactivity after TLC 
(Silicic Gel G; benzene-methanol, 99:1) of tymph lipid 
2 hr after intubation with 1-14C-MLHP. 

as much total radioactivity remained in this 
organ at the end of the 24 hr period. The 
results suggest that the rate of absorption of the 
peroxide or its degradation products was 
dependent on the rate of hydrolysis of the 
ester. Hydrolysis and absorption apparently 
proceeded at a rate which left a relatively uni- 
form fraction of unhydrolyzed sample in the 
small intestine. It is also evident that the 
methyl ester of linoleic acid hydroperoxide is 
slowly hydrolyzed in the gut. Similar results 
have been reported for the ethyl ester of the 
hydroperoxide (4). The corresponding methyl 
hydroxy fatty acid, on the other hand, has been 
found to be completely hydrolyzed within 24 
hr (15). 
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FIG. 4. Distribution of radioactivity after TLC 
(Silica Gel G; benzene-methanol, 99:1) of silylated 
and methylated band I material (Fig. 3) from lymph. 
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FIG. 5. Distribution of radioactivity after TLC 
(Silica Gel G; benzene-methanol, 99:1) before and 
after silylation of band II material (Fig. 3). 

Character izat ion of Radioact iv i ty  in L y m p h  

Lymph was collected from three rats for 
analysis of 14C-lipids present 2 hr after intuba- 
tion with the peroxide. One to 2 ml of lymph 
were collected containing 1.1-1.5% of the dose. 
The amount of radioactivity found in the 
lymph indicated that a large portion of the 
radioactivi ty previously detected in the 
mesenteric adipose tissue was actually present 
in the lymphatic vessels of that tissue. 
Extraction of the lymph extract with water 
(16) removed only 4.3% of the activity. 
Treatment of the lipid extract with H2SO 4- 
NaN 3 led to recovery of 92% of the label from 
the carboxyl carbon of the fatty acid com- 
ponents. This finding showed that the radio- 
active compound(s) present in the lymph were 
formed directly from 1-14C-MLHP. When the 
lymph lipid was chromatographed using the 
benzene-methanol (99:1) TLC system, three 
distinct radioactive bands were observed on the 
chromatogram (Fig. 3). The distribution of 
radioactivity among the bands is listed in Table 
IV. The Rf of band I, containing 7% of the 
total radioactivity, was consistent with that of a 
free fatty acid, either polar or nonpolar; band 
II, containing 31% of the total activity, had the 
Rf characteristics of a polar methyl fatty acid; 
band III, which contained the remaining 57% of 
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FIG. 6. Distribution of radioactivity after TLC 
(Silica Gel G; benzene-methanol, 99:1) of saponified 
and methylated band III material (Fig. 3). 

the total radioactivity, was identified with tfi- 
glyceride. 

These labeled components were further 
characterized. Methylation and rechromato- 
graphy of the band I material yielded results 
indicative of a methyl polar fatty acid (Fig. 4). 
Treatment of the methyl ester with silylating 
reagent followed by chromatography (Fig. 4) 
showed that the compound formed a silyl 
derivative. Consequently, it was concluded that 
the radioactivity present in band I was due to a 
1-14C-hydroxy fatty acid which arose by direct 
conversion of the intubated hydroperoxide. 

Silylation and chromatography of the band 
II material revealed that this compound also 
formed a silyl derivative (Fig. 5). The activity in 
this band therefore was also attributed to a 
hydroxy fatty acid which, unlike the acid in 
band I, was present as the methyl ester. 
Reduction (17) with KBH 4 did not alter its 
TLC characteristics either before or after 
silylation, thereby eliminating the possibility 
that it was a peroxide. Hence at least 38% of 
the  r a d i o a c t i v i t y  in the lymph after 
1 - 1 4  C-MLHP in tuba t i on  was present in 
1-14C-hydroxy acids. 

Chromatography of band III material after 
saponification and methylation showed that it 
was an equal mixture of two compounds (Fig. 
6). For purposes of identification, the two 
radioactive components were designated com- 
pound A (Rf = 0.50) and compound B (Rf = 
0.75). 

The Rf for compound B was indicative of a 
methylated normal fatty acid. This compound 
failed to form a silyl derivative and was 
resistant to reduction with KBH 4. Decarboxyla- 
tion showed that it was entirely carboxyl- 
labeled. TLC on Silica Gel G impregnated with 
5% AgNO 3 using Skelly Solve F-diethyl ether 
(85:15) as solvent yielded an Rf corresponding 
to that of a trienoic fatty acid. This identifica- 
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FIG. 7. Distribution of radioactivity after TLC 
(Silica Gel G impregnated with 5% AgNO3; SkeUy 
Solve F-diethyl ether, 85:15) of compound B (Fig. 6) 
before and after hydrogenation. 

tion was confirmed by catalytic hydrogenation 
which converted the compound to a saturated 
fatty acid (Fig. 7). 

The Rf value for compound A (Fig. 6) was 
intermediate between that of a normal fatty 
acid methyl ester and the ester of a polar acid 
such as a hydroxy or hydroperoxy fatty acid. 
This compound was reducible with KBH 4 and 
w h e n  chromatographed in the benzene- 
methanol  system, the reduction product 
migrated to an Rf similar to that of compound 
B. TLC of compound A on Silica Gel G 
impregnated with 5% AgNO 3 using Skelly Solve 
F-diethyl ether (85 : 15) as solvent yielded an Rf 
suggestive of a trienoic fatty acid. However, in 
contrast to compound B, catalytic hydrogena- 
tion of compound A failed to yield a saturated 
fatty acid. Decarboxytation resulted in a com- 
plete loss of activity. The compound failed to 
form a silyl derivative. The identity of com- 
pound A remains unknown;  it is a long chain 
oxy fatty acid in which the oxygen function is 
reducible but is not susceptible to silylation. 

Hence band II1, comprising 57% of the 
radioactivity in the lymph, was shown to con- 
sist of a triglyceride containing equal amounts 
of two radioactive compounds. One component 
(compound B) was identified as a 1-14C - 
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TABLE V 

Distribution of Radioactivity in 
Lymph Lipids 2 Hr After 
1-14C_MLHP Intubation 

Per cent of 
Lipid total DPM 

7 
31 

1-14C-free hydroxy fatty acid 
1-14C-methyl hydroxy fatty acid 

Triglyceride 
1-14C-polar fatty acid 

(Unidentifie d) 
1-14C-trienoic fatty acid 

28 
28 

tr ienoic fa t ty  acid, while the o the r  was identi-  
fied only as a 1-14C-oxy fa t ty  acid. The forma-  
t ion of a t r ienoic fa t ty  acid f rom ingested 
MLHP is explainable in te rms of a reduct ion-  
dehydra t ion  react ion sequence  in which  a 
h y d r o x y  acid is an in te rmedia te .  These 
react ions  apparent ly  occur  in the mucosa of  the 
small intest ine during absorpt ion .  

Table V summarizes  the  d is t r ibut ion of  
radioact ivi ty found  in the labeled c o m p o u n d s  
isolated f rom l y m p h  fol lowing 1-14C-MLHP 
in tuba t ion .  1-14C-hydroxy fa t ty  acids com- 
prised 38% of  the total  radioact ivi ty  absorbed 
into the lymph.  No radioactive h y d r o x y  fa t ty  
acids appeared  to be incorpora ted  in to  the  
l ymph  triglycerides.  The TG conta ined  equal 
amounts  of radioact ivi ty in the form of  t r ienoic 
fa t ty  acid and a slightly polar  oxy fa t ty  acid of  
u n k n o w n  ident i ty .  The exis tence of  a 
1-14C-hydroxy fa t ty  acid in the  l y m p h  after  
1-14C-MLHP in tuba t ion  suppor t s  the  con- 
clusion tha t  peroxides  are reduced  during the  
absorp t ion  process (2,4). The presence of  a 
14C-trienoic fa t ty  acid fu r ther  indicates  that  
the reduc t ion  p roduc t  may undergo dehydra-  
t ion during absorpt ion .  The quan t i ty  of  the  
unident i f ied  14C-oxy fa t ty  acid present  in the  
TG indicates  that  it is o f  considerable  
impor tance  as a metabol i t e  of  ingested fa t ty  
acid peroxides  but  the mechanism of  its forma-  
t ion is unknown .  

Al though  hyd roxy  fa t ty  acids were found  in 
the l y m p h  after ingest ion of  me thy l  l inoleate 
h y d r o p e r o x i d e ,  no h y d r o x y  acids were 
depos i ted  in the liver. This observat ion is con- 
sistent wi th  the results o f  a s tudy on the 

metabol i sm of  14C_hydroxy octadecadienoic  
acid in the rat (15). H y d ro x y  fa t ty  acids appear  
to be rapidly oxidized in the liver and only in 
long t e rm feeding exper iments  is any appre- 
ciable amo u n t  found  in the  depot  fat (15,18).  
Consequent ly ,  measurable amounts  of  h y d r o x y  
fa t ty  acids may not  occur in the tissues unless 
peroxides  were ingested at a relatively high level 
over a pro longed per iod of  t ime.  
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Absorption and Metabolism of 1-1 4C-Hydroxy 
Octadecadienoate in the Rat 
R.J. REBER and H.H. DRAPER, Department of Food Science, 
University of Illinois at Urbana-Champaign, Illinois 61801 

ABSTRACT 

The metabolism of 1-14C-9(13)- 
hydroxy octadecadienoic acid methyl 
ester (1A4C-HAME) by the rat was 
investigated in vivo and in liver slices. A 
1.5 mg dose of 1-14C-HAME adminis- 
tered by stomach tube was efficiently 
hydrolyzed and absorbed from the 
intestinal tract. In comparison with 
1-1 4C_methy l  linoleate (1-14C-ML), 
1-14C-HAME was more extensively oxi- 
dized to 14CO 2 in vivo and in vitro. After 
1-14C-HAME administration as much as 
50% of the radioactivity in the adipose 
tissue triglycerides was associated with 
14C-hydroxy fatty acids. The remaining 
activity was present in randomly labeled 
normal fatty acids. No evidence was 
ob ta ined  for the incorporation of 
14C-hydroxy acids into liver lipids; most 
of the radioactivity from 1-14C-HAME in 
this organ was recovered in saturated and 
monoenoic fatty acids. About 10% of the 
radioactivity 24 hr after 1-14C-HAME 
administration was associated with trigly- 
ceride trienoic acids, indicating that at 
least a portion of this acid was de- 
hydrated in the liver. An unidentified 
polar acid was detected in the urine of 
the 1-I 4C-HAME.treated animals. 

INTRODUCTION 

Interest in the metabolism of dienoic 
hydroxy acids stems from their presence in 
certain seed oils and from evidence that they 
may be formed in animal tissues by reduction 
of linoleic acid hydroperoxide. Previous experi- 
ments in this series (1) indicated that after oral 
admin i s t ra t ion  of 1-14C-methyl linoleate 
hydroperoxide (MLHP) to rats, a hydroxy fatty 
acid and a trienoic normal acid constituted 
major products of absorption in the lymph. Evi- 
dence also was obtained for the presence of 
small concentrations of hydroxy and trienoic 
acids in rabbit tissues after intravenous 
administration of labeled MLHP (2). Other 
investigators (3-5) have reported the presence 
of a glutathione peroxidase in liver which 
catalyzes the reduction of linoleic and linolenic 
hydroperoxides to their corresponding hydroxy 

acids. Both the 9- and 13-hydroperoxy isomers 
of the linoleic acid peroxide were reduced by 
the enzyme (5). 

Most studies on the metabolism of hydroxy 
fatty acids have pertained to ricinoleic acid. 
This acid has been shown to be absorbed into 
the lymph system and deposited in depot fat 
but was not discernible in phospholipids (PL) 
or liver triglycerides (TG) (6-8). It appears to be 
less efficiently absorbed and more rapidly oxi- 
dized than normal fatty acids (7). 

In the present experiments, the metabolism 
of 9(13)-hydroxy octadecadienoic acid by the 
rat was investigated. 

EXPERIMENTAL PROCEDURES 

1-14C-Hydroxy Acid Synthesis 

1-14C_9(13)-Hydroxy octadecadienoic acid 
methyl ester (1A4C-HAME) was prepared by 
reduction of 1-14C-methyl linoleate hydroper- 
oxide. (1-14C-MLHP) with KBH 4. The prepara- 
tion of the hydroperoxide has been described in 
a previous paper (2). Since the peroxide 
produced by this procedure is a mixture of 9- 
and  13-hydroxy trans, trans isomers, the 
reduction product is a mixture of the cor- 
responding hydroxy esters: 1-14C-9-hydroxy- 
t r a n s , t r a n s - l O , 1 2 - o c t a d e c a d i e n o a t e  and 
1 - 1 4 C- 1 3-hy  d r o xy-trans, trans-9,11-octadeca- 
dienoate. The former is synonymous with 
methyl dimorphecolate (9) which is a major 
constituent of Dimorphotheca aurantiaca seed 
oil. This acid was isolated from the oil of 
aurantiaca as a reference standard. 

The purity of the labeled acid (1 pc/mg) was 
established by thin layer chromatography 
(TLC) on Silica Gel G (benzene-methanol, 
99:1), chromatography on paraffin-coated 
paper (85% ethanol), gas liquid chromato- 
graphy (GLC) and formation of a silyl deriva- 
tive. 

Animal Experiments 

The experimental animals were adult male 
rats of the Sprague-Dawley strain weighing 
435-555 g. For four days before use, they were 
fed a linoleate-free synthetic diet containing 4% 
triolein as the only source of fat. 1-14C - 
HAME (1.5 rag) or 1-14C-methyl linoleate 
(1-14C-ML) (1 pc/mg) was dissolved in a 
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TABLE I 

Distribution of Radioactivity in the Tissues and Excreta of the 
1-14C-HAME and 1-14C-ML-Treated Rats (% of Dose) 

Rat 

Tissue and Excreta 1 2 3 4 5 6 

14C-Compound administered HAME HAME HAME ML HAME ML 
Route of administration ST a ST ST ST IP b IP 
Time after dose, hr 4 8 24 8 6 6 

Tissues 
Liver 1.7 2.1 2.1 5.3 7.7 7.3 
Lung 0 c 0 .1 .2 
Heart 0 0 0 .2 
Brain 0 0 0 0 
Fat pads .1 .1 .7 .5 
Kidney Adipose .2 .3 .6 .6 1.9 4.0 
Kidneys .1 .1 .1 .2 
Blood d 1.8 2.1 1.8 7.2 5.5 4.0 

GI tract contents  
Stomach 30.0 21.0 .2 12.1 
Small intestine 9.8 1.5 .1 11.2 
Large intestine 

and cecum .1 .8 4.3 4.6 

Excreta 
Urine 0 .6 5.4 0 .2 0 
Feces 0 0 0 0 
CO 2 8.0 27.5 40.9 10.9 13.8 8.8 

Total 51.8 56.1 56.3 53.0 29.1 24.1 

aStomach tube. 
bIntraperitoneal injection. 
c<0.1%. 
dCalculated on the basis of 6% of body weight. 

m in imum  of  e thanol ,  mixed  wi th  0.5 ml of  
tr iolein and dried under  a s t ream of n i t rogen.  
Three rats were dosed wi th  1-14C-HAME by 
s tomach  in tuba t ion  and one  with 1-14C-ML. 
One addi t ional  rat was dosed in t raper i toneal ly  
wi th  similar am oun t s  of  each c o m p o u n d ;  for  
this purpose  the esters were dissolved in 0.5 ml 
e thanol  and emulsif ied wi th  0.5 ml o f  0.9% 
NaC1 conta ining 2 mg Tween 80/ml.  

The rats were killed 4 to  24 hr af ter  admin-  
is t rat ion of  the dose. Procedures  for  moni to r ing  
expired 14CO2, ex t rac t ion  of  the  tissues and 
measu remen t  of radioact ivi ty  were the  same as 
those used previously (2). 

Lipid Analysis 

The lipids recovered f rom liver, ep id idymal  
fat pad and kidney adipose tissue were  frac- 
t iona ted  in to  major  lipid classes by TLC on  1.5 
mm layers of Silica Gel G. A solvent mix ture  
consist ing of  CHC13, ace tone  and acetic acid 
(88 :12 :0 .25)  was used to  resolve all classes 
except  tr iglycerides (TG) and cholesterol  esters 
(CE); these two c o m p o n e n t s  were separated 

using hexane ,  d ie thyl  e ther  and acetic acid 
(70:30:0 .25) .  The mos t  extensively labeled 
fract ions were saponif ied in 1 N ethanol ic  KOH 
at room tempera tu re  for  8 hr. Heat was avoided 
to prec lude  dehydra t ion  of  h y d ro x y  acids (9). 
Nonsaponif iable  lipids were removed with 
d ie thyl  e ther  af ter  addi t ion  of  2 vol. of  water .  
The saponif iable  f rac t ion was acidified to  pH 1 
wi th  HC1 and the fa t ty  acids were ex t rac ted  
wi th  ether.  Water was r emoved  wi th  Na2SO 4 
and the  solvent was evaporated under  a s t ream 
of  n i t rogen.  Methods  used for the prepara t ion  
and isolat ion of  normal  and h y d r o x y  acid 
me th y l  esters have been described elsewhere 
(2). 

In Vitro Experiments 

Liver slices were used to  compare  the  rates 
of  ox ida t ion  of free 1-14C-hydroxy acid and 
1-14C-linoleic acid and the i r  rates of incorpora-  
t ion in to  liver lipids. The in vitro sys tem 
emp l o y ed  was identical  wi th  that  descr ibed by 
O'Hea and Leveille (10). Slices (135-196 mg) 
were prepared  f rom the  livers of  s tock rats. 
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TABLE II 

Proportions of Free and Esterified Acids 
in the Contents of the Gastrointestinal Tract  

(% of Total Radioactivity) 

Rat  

1 2 3 4 a 

Time after intubation (hr) 4 8 24 8 

Stomach 
Free acid 15 14 b 3 
Methyl ester 85 86 97 

Small intestine 
Free acid 68 64 59 
Methyl ester 32 36 41 

Large intestine + cecum 

Free acid 85 99 30 c 
Methyl ester 15 1 13 

alntubated with 1-14C-ML; all others with 1-14C - 
HAME. 

bNegligible radioactivity present. 
CRemaining activity present in unidentified prod- 

ucts. 

Af te r  i n c u b a t i o n ,  the  t issues were ex t r ac t ed  
wi th  CHC13/CH3OH (2 :1 )  and  ana lyzed  for 
radioac t iv i ty .  

RESULTS AND DISCUSSION 

Distribution of Radioactivity 

The  d i s t r i bu t ion  of rad ioac t iv i ty  in the  tis- 
sues and  excre ta  of  the  e x p e r i m e n t a l  animals  is 
summar i zed  in Table  I. The  da ta  for  the  
s t o m a c h  and small  in tes t ine  c o n t e n t s  ind ica te  
t ha t  a f te r  1-14C-HAME i n t u b a t i o n  near ly  all 
t he  rad ioac t iv i ty  t raversed  the  gas t ro in tes t ina l  
t rac t  wi th in  24 hr  ( ra ts  1-3). Label ing  of  the  
adipose  tissues increased wi th  t ime,  bu t  
negligible act ivi ty  was recovered  f rom the  lungs, 
hea r t ,  b ra in  and  feces. Liver, k i d n e y  and  b l o o d  
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rad ioac t iv i ty  r ema ined  relat ively cons tan t .  
C o m p a r i s o n  of  the  data  for  ra ts  2 and  4 indi-  
cates t ha t  more  rad ioac t iv i ty  was depos i t ed  in 
the  liver and  ad ipose  tissues d u r i n g  an 8 hr  
pe r iod  af te r  1-14C-ML i n t u b a t i o n  and  less was 
ox id ized  to 14CO2. A similar  d i f fe rence  was 
observed  6 hr  a f te r  i n t r ape r i t onea l  adminis t ra -  
t ion  ( ra ts  5 and  6). The  fas te r  ra te  of  
1-14C-HAME ox ida t i on  is also ev ident  f rom the  
14CO 2 exp i ra t ion  curves shown  in Figure  1. A 
f u r t he r  d i f ference in the  m e t a b o l i s m  of the  
14C_hydroxy and  n o r m a l  f a t t y  acid esters was 
t ha t  s ignif icant  a m o u n t s  of  rad ioac t iv i ty  f rom 
1-14C-HAME were exc re ted  in the  urine.  

Hydrolysis and Absorption of 1-14C-HAME 

The  ex t rac t s  of  the  gas t ro in tes t ina l  c o n t e n t s  
of  rats  1-4 were ana lyzed  for  free and  ester if ied 
14C-acids by  TLC on  Silica Gel G using 
b e n z e n e - m e t h a n o l  ( 9 9 : 1 )  (2).  In  this  sys tem 
free acids r emain  at the  origin whereas  the  
m e t h y l  esters of  n o r m a l  and  h y d r o x y  acids 
migra te  to  Rf  0.75 and  0.25,  respect ively.  The  
i d e n t i t y  of  the  free acids was c o n f i r m e d  by  
m e t h y l a t i o n  and  r e c h r o m a t o g r a p h y .  The  
p r o p o r t i o n s  of free and  ester i f ied acids present  
in d i f fe ren t  segments  of  the  t r ac t  at  various 
t ime  intervals  are s h o w n  in Table  II. The  data  
show tha t  there  was a progressive increase in 
the  p r o p o r t i o n  of  free 14C_hydroxy acid 
present  as the  i n t u b a t e d  mate r ia l  moved  
t h r o u g h  the  gut  and  t h a t  hydro lys i s  wen t  
a lmos t  to  comple t i on .  C o m p a r i s o n  of  the  data  
for  rats  2 and  4 (Tables  I and  II)  ind ica tes  t ha t  
there  was l i t t le  d i f fe rence  in the  rates  of  
hydro lys i s  and  a b s o r p t i o n  of  the  n o r m a l  and  
h y d r o x y  acid esters. The  a p p a r e n t  d i sc repancy  
b e t w e e n  this  f ind ing  and  previous  obse rva t ions  
t h a t  r ic inoleic  acid and  its esters  are more  
s lowly abso rbed  t h a n  n o r m a l  f a t t y  acids (6 ,8)  
m a y  lie in the  m u c h  smaller  a m o u n t s  of esters 
admin i s t e r ed  in the  present  s tudy .  

TABLE III 

Comparison of 1-14C-Hydroxy Octadecadienoic Acid and 
1-14C-Linoleic Acid Metabolism by Liver Slices a 

1-14C-Hydroxy acid b 1-14C-Linoleic acid b 

Per cent DPM 1 2 3 1 2 3 

Oxidized to 14CO2 7.0 12.6 13.4 1.1 2.1 3.2 
Recovered from liver lipids 26.3 16.2 13.5 23.0 28.0 32.0 
Metabolized 33.3 28.8 26.9 24.1 30.1 35.2 
MetabolizedJmg 
tissue (x 10 z) 18.9 17.4 16.4 14.8 19.5 20.9 

aAverages of duplicate determinations, 0.2/~g of substrate (1/./c/mg) and 135 to 196 mg 
of tissue used per determination. 

blncubation time, hr. 
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No additional 14C_labeled compounds were 
detected in the gut contents except in the large 
intestine and cecum of the rat intubated with 
1-]4C-ML. Most of the radioactivity in this 
organ was located in an unidentified polar fatty 
acid ester which migrated to an Rf of 0.15 in 
the benzene-methanol (99:1) system. This com- 
pound probably was a product of microbial oxi- 
dation of the linoleate ester. 

140-Compounfls in Liver Lipids 

Most of the radioactivity (77-93%) in the 
liver lipids of both the 1-14C-HAME and 
1-14C-ML-dosed animals was associated with 

the TG and PL. Separation of the normal and 
hydroxy fatty acid methyl esters revealed that 
this radioactivity was present exclusively in the 
esters of normal acids. No evidence was 
obtained for the presence of labeled hydroxy 
acids in the livers of the animals given 
1-14C-HAME. This finding is in agreement with 
the observation that ricinoleic acid is not 
deposited in liver TG or PL (11). 

Fractionation of the normal fatty acid esters 
on AgNO3-impregnated Silica Gel G (2) 
revealed that 78-90% of the activity in the livers 
of the 1-14C-HAME-treated rats was associated 
with monoenoic and saturated acids. Hence 
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most  of  the radioact ivi ty in the liver lipids of  
these animals arose through biosynthesis  of 
normal  acids f rom 14C-acetate.  In the case of  
rat 6, given 1-14C-ML, 88.7% of the act ivi ty in 
the liver lipids was present in the dienoic acids. 

In the liver of rat 3, killed 24 hr af ter  intuba- 
t ion with 1-14C-HAME, and of  rat 5, killed 6 hr 
af ter  1-14C-HAME inject ion,  11.2% and 10.0%, 
respectively,  of the total  radioact ivi ty,  chro- 
matographed with the t r ienoic  acids. These 
observations support  the results of  previous 
studies (1,2) which indicated that  labeled 
hyd roxy  acids and trienes were formed f rom 
1-14C-methyl l inoleate hydroperox ide  in rabbit  
and rat tissues. The presence of  a labeled triene 
suggests that  one route  of  hyd roxy  dienoic  acid 
metabol ism in animals entails a dehydra t ion  
reaction.  

14C-Compounds in Adipose Tissues 

As anticipated,  most of  the radioact ivi ty 
(70-90%) in the epididymal  and kidney adipose 
tissues of  the 1-14C-HAME-treated rats was 
recovered in the TG fraction.  In contrast  to the 
liver lipids, however ,  a substantial  por t ion  of  
the activity in this f ract ion was found to reside 
in 14C_hydroxy fat ty acids. Ten per cent,  37% 
and 12% of the activity present in the epididy- 
mal fat pad TG of rats 1, 2 and 3 was associated 
with hydroxy  acids. The corresponding values 
for the kidney adipose tissue TG were 42%, 
41% and 13%. In rat 5, given 1-14C-HAME by 
inject ion,  50% of kidney adipose tissue TG 
radioact ivi ty was recovered in the hyd roxy  acid 
fraction.  The remaining activity in the TG of  
these animals was present in normal  fa t ty  acids. 

T h e  observat ion that  dietary dienoic 
hydroxy  fat ty  acids are deposi ted in stored fat 
extends similar findings for saturated and 
monoeno ic  hydroxy  acids (6,7,11). No clear 
evidence was obta ined for the presence of 
labeled tr ienoic acids in adipose tissue (1). 

Radioactivity in Urine 

As shown in Table I, significant amounts  of  
radioact ivi ty were recovered in the urine 6 to 
24 hr fol lowing 1-14C-HAME administrat ion.  
After  acidif icat ion of the urine to pH 1 with 
HC1 the activity was extractable  wi th  CHCI 3. 
When the acid-hydrolyzed material  was chro- 
matographed on Silica Gel G using 1% 
methanol  in benzene as solvent,  the labeled 
c o m p o u n d  remained at the origin, suggesting 
that it was a free acid. Methyla t ion increased its 
Rf  value to 0.5. These observat ions indicate 

that  the c o m p o u n d  has a polari ty in termedia te  
be tween  long chain hyd roxy  fa t ty  acids and 
normal  acids. Its presence in the urine after  
1-14C-HAME inject ion (rat 5) suggests that  it is 
not  a product  of  bacterial  metabol ism in the 
gut. 

In Vitro Experiments 

The results of  the in vi tro exper iments  are 
summarized in Table III. The data show that  
the oxida t ion  of the 14C_hydroxy acid was four  
to six t imes greater than that  of  14C-linoleic 
acid at all three incubat ion  times. This observa- 
t ion is in agreement  wi th  the greater 14CO 2 
produc t ion  recorded in the in vivo exper iments  
(Fig. 1). The amount  of substrate activity 
recovered f rom the liver slices decreased with 
t ime in the case of  the 14C-hydroxy acid 
exper iments ,  whereas it increased in the 
14C-linoleic acid exper iments .  These trends 
reflect the greater t endency  of  the tissue to 
combus t  the h y d r o x y  acid substrate. Tota l  
14C-hydroxy acid radioact ivi ty  metabol ized per 
milligram of tissue was relatively un i form over 
the 3 hr incubat ion  period, while that  f rom 
14C_linoleic acid tended  to increase with t ime 
as a result of  its l imited conversion to 14CO 2. 
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Plasma Free Fatty Acid Incorporation Into the Outer 
and Inner Myocardium of Unanesthetized Dogs1,2 
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Philadelphia Geriatric Center, Philadelphia, Pennsylvania 19141 and Department of Physiology, 
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ABSTRACT 

14C-Palmitate (16:0) and 3H-oleate 
(18:1) were infused into unanesthetized 
dogs for 90 min. Lipid and isotopic 
analyses were then performed on the left 
ventricular outer and inner walls. Average 
values in/1moles per gram wet weight tis- 
sue for both outer wall triglyceride (TG) 
(7.0 + 2.6 (S.E.)) and phospholipid (PL) 
(17.3 -+ 2.4) were higher then the inner 
wall TG (1.4 + 0.3) and PL (12.0 + 2.4). 
TG fatty acid distribution was similar in 
the outer and inner myocardium. Thus 
those factors regulating incorporation of 
various fatty acids may operate at 
comparable rates in both heart segments. 
The same observation and relationship 
was observed for PL, but the two classes 
had markedly different fatty acid spectra. 
The transmural gradients for these classes 
may be related to relatively hypoxic 
conditions in the inner wall. Uniform t 4 C 
DPM concentrations were found in both 
TG and PL of the outer and inner myo- 
cardium. A similar distribution pattern 
was found for 3H. This may indicate that 
an individual species of plasma free fatty 
acid (FFA) undergoes uniform initial 
incorporation into TG and PL despite the 
existence of transmural gradients and 
fatty acid distribution differences. The 
mean outer and inner wall TG and PL 3H 
to 14C DPM concentration ratio (range of 
3.9 to 4.8) was similar to a calculated 
plasma 3H - 18:1 to 14C-  16:0 specific 
activity ratio of 4.23. This indicates that 
net incorporation of fatty acids into TG 
and PL over 90 min was proportional to 
their plasma FFA concentrations, rather 

1The research presented here was performed in 
partial fulfillment of the requirements for the M.Sc. 
degree in Physiology at Hahnemann Medical College 
by J.S. Steinberg. 

2Two abstracts related to this study were pub- 
lished previously (1,2). 

3present Address: Joel S. Steinberg, The Medical 
College of Pennsylvania, Department of Physiology 
and Biophysics, Philadelphia, Pa. 19129. 

4present Address: Martin Gold, Nazareth Hospital, 
Philadelphia, Pa. 19152. 

than to endogenous tissue lipid concen- 
trations. The lipid gradients and fatty 
acid spectrum differences observed may 
thus be caused by recycling and catabolic 
pathways rather than to direct control of 
plasma FFA entry into TG and PL. 

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

As early as 1914, Evans (3) demonstrated fat 
utilization by the heart. A series of papers 
published in the 1930's (4-8) strongly impli- 
cated fat as a significant source of energy for 
the myocardium. In 1941 (9) Cruickshank and 
Kosterlitz published evidence indicating the 
uptake of plasma free fatty acids (FFA) and 
their utilization by the heart muscle. The 
studies of Dole (10), Gordon and Cherkes (11) 
and Frederickson and Gordon (12) showed the 
myocardium to incorporate plasma FFA into 
its lipid components. Subsequently, extensive 
investigations (13) have been conducted to 
resolve the role that FFA plays as a source for 
both energy and endogenous lipids for the 
heart. Most of these studies have utilized 
isolated perfused heart preparations, arterio- 
venous difference measurements in anesthetized 
animals or in situ perfusions of hearts. All of 
these preparations have necessarily involved the 
hazards of an altered physiological system. The 
most desirable method is one in which the 
animal is intact and unanesthetized. 

Some studies have indicated the possible 
existence of metabolic gradients across the 
heart wall. Kirk and Honig (14) reported the 
existence of a blood supply gradient decreasing 
towards the endocardium that may cause a con- 
comitant decrease in oxidative metabolism. 
Such a suggestion is supported by Jedeikin (15) 
who reported a greater concentration of glyco- 
gen and phosphorylase b in the inner wall. 

There is a paucity of knowledge concerning 
the fate of incorporated plasma FFA into the 
myocardium of unanesthetized animals. To 
provide more information about this area, the 
uptake and distribution of labeled plasma free 
palmitate and oleate into myocardial lipids of 
unanesthetized dogs were studied, As part of 
these experiments, the outer and inner halves of 
left ventricular walls were examined and com- 
pared to ascertain if any transmural differences 
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TABLE I 

Lipid Composition of Canine Left Outer and Inner Myocardium 

989 

Tissue Lipid % Triglyceride Phospholipid 
Dog wet wt., g of wet wt. /dmoles/g wet wt. /-/moles/g wet wt. 

46. LOV a 60.0 3.2 13.7 23.8 
LIV b 53.0 2.8 t.1 13.3 

47, LOV 42.5 3.0 12.7 15.5 
LIV 31.5 1.9 1.8 7.9 

48. LOV 78.2 3.8 1.4 12.8 
LIV 67.0 2.6 0.6 6.1 

50. LOV 32.5 2.3 3.6 12.4 
LIV 24.0 2.0 2.5 12.6 

51. LOV 41.0 2.0 3.5 22.0 
LIV 24.0 2.0 0.8 20.2 

Mean -- S.E.M. LOV 50.8 -+ 8.2 2.9 - 0.3 7.0 - 2.6 17.3 4- 2.4 
LIV 39.9 -+8.6 2.3 4-0.2 1.4 -+0.3 12.0 4-2.4 

aLOV, left outer ventricle. 
bLIV, left inner ventricle. 

in lipids were present.  The results of  these 
investigations are repor ted  in the present com- 
municat ion.  

METHODS 

The research plan consisted of  four  phases: 
(a) the infusion of  14C-labeled palmit ic  and 
3H-labeled oleic acids into unanesthet ized dogs; 
(b) myocardial  tissue removal  and lipid 
ex t rac t ion ;  (c) chemica l  analysis of  lipid classes; 
and (d) radioactive analysis of  lipid classes. In 
dogs 49 and 50, phase (a), and consequent ly ,  
phase (d), were omi t ted .  These dogs thus served 
as controls  when considering the effects  of  
radioactive infusion on lipid content .  

Male mongrel  dogs weighing f rom 20 to 27 
kg, and fed ad lib. on Purina Labora tory  Dog 
Chow,  were used. The day prior to infusion a 
dog was anesthet ized with sodium pento tha l  
and a ca the te r  was inserted into a leg vein. The 
dog was then fasted overnight.  

The  following day the dog was placed in a 
resting posi t ion and infused with  20 ml of  a 
F F A  albumin mixture  over a period of  90 rain 
( infusion rate of 0.2 ml /min) .  The infusion mix- 
ture ,  prepared as described previously (19), 
consisted of 11.4 ~tc/ml of  1-14C-palmitate 
(Tracerlab) and 84.4 g c / m l  of  9,10-3H-oleate 
(Tracerlab) bound  to a 20% solut ion of  human 
serum albumin (Fract ion  V). The molar  ratio of  
fa t ty  acid added to a lbumin was 0.8 for  
pa lmi ta te  and 0.5 for oleate.  

Ten minutes before  the end of  the  infusion 
the dog was anesthet ized with  phenobarbi ta l ,  
30 mg/kg, and exsanguinated at the end of  
infusion.  The heart was removed,  accessory tis- 
sues t r immed off  and the left  myoca rd ium cut 

into inner and ou te r  por t ions  by est imating the 
half-thickness level and slicing with  a scapel. 
These two tissue segments were weighed (see 
Table I) and their  lipids extracted with  20 vol. 
of  ch lo roform-methano l  (2:1)  according to 
Fo lch  et al. (16). A 0.1% solut ion of  santoquin  
(1,2-dihydro 6-e thoxy-2 ,2 ,4- t r imethyl  quino-  
line: K and K Labs) was added as an antioxi-  
dant (I 7) to the lipid extract  which was s tored 
at -20 C. 

Duplicate  lipid class analyses were then per- 
fo rmed  on each lipid extract .  Classes were 
separated on Silica Gel G coated thin layer 
plates, using a solvent system of pe t ro leum 
e t h e r - a c e t o n e  (85:15)  as described by 
Chris tophe and Matthijs  (18). 

Methyl  esters of  fa t ty  acids and dimethyl-  
acetal derivatives of fa t ty  aldehydes f rom the 
individual lipid classes were prepared.  They 
were separated on a 10% die thylene glycol 
succinate p o l y m e r  column,  ident i f ied by com- 
parison with re ten t ion  distances of  standards 
obta ined  f rom Applied Science Laborator ies  
(State College, Pa.), and quant i ta ted  by means 
of  a f lame ionizat ion de tec tor  in a Beckman 
GC4 gas chromatograph  (19). Micromoles  of  
tr iglyceride and phosphol ipid  fa t ty  acids were 
calculated by the use of  heptadecanoic  acid as 
an internal  standard (19). 

Radioact ive analyses of  lipid classes were 
accomplished as follows. Thin layer bands con- 
taining each lipid class were obta ined as 
described above. These were scraped into  glass 
vials containing Bray's solut ion (20) and their  
radioact ivi ty de termined.  14C and 3H were 
measured in a Packard Tri-Carb Liquid Scintilla- 
t ion Counter ;  DPMs were calculated f rom 
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efficiency, overlap and correction factors. From 
the aliquot size used and the original stock of 
lipid extract, the DPMs per gram wet weight of 
tissue for each isotope in the various lipid 
classes were calculated. Specific activities of 
individual fatty acids were computed from the 
gas chromatography and liquid scintillation 
data. A detailed presentation of the method- 
ology used may be found in a report by Gold 
(19). 

RESULTS 

The wet weight, per cent lipid composition, 
total phospholipid and total triglyceride com- 
position of the left ventricles, outer and inner 
segments, are shown in Table I. In four of the 
five dogs studied, the outer walls had more 
total lipid than did the inner walls. The overall 
range was 1.9% to 3.8% lipid in the tissues. This 
is somewhat similar to the total lipid compo- 
sition of beef ventricle of 2.7% to 3.7% as 
reported by Das and Rouser (21). 

The triglyceride levels were consistently 
lower in the inner walls of these dogs. There 
were however considerable fluctuations in the 
outer wall concentrations. Particular care had 
been taken to trim off excess adipose tissue, so 
that this factor probably did not cause the 
variations. Age differences or other unknown 
sources might account for the values observed. 

Phospholipid accounted for most of the 
fatty acid-containing lipids in these hearts. In 
three dogs it was twice as concentrated in the 
outer walls as in the inner walls. However, two 
other dogs did not have marked phospholipid 
differences. Again, the reasons for the concen- 
tration fluctuations within the outer or inner 
walls are not immediately evident (see Dis- 
cussion). The data do not indicate that the 
infusions, per se, caused fluctuations. Of the 
other lipid classes separated cholesterol ester, 
diglyceride, FFA and monoglyceride were 
present in only trace amounts, i.e., less than 
2%. 

Table II contains average values with 
standard errors for the fatty acid distribution of 
triglyceride and phospholipid in the outer and 
inner myocardial wall. A comparison of the 
outer and inner segments indicated that except 
for myristic acid of triglyceride no difference 
existed in fatty acid composition with respect 
to triglyceride or phospholipid transmurally. A 
similar observation could be made between ani- 
mals. However, obvious differences existed 
between triglyceride and phospholipid fatty 
acid composition. The major triglyceride fatty 
acids in decreasing concentrations were 18:1, 
16:0, 18:2 and 18:0 (number of carbon atoms: 
number of double bonds). The major phospho- 
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lipid fa t ty  acids in decreasing order  were 20:4 ,  
18:2, 18:0,  18:1 and 16:0. 

Average values and standard errors for the 
radioact ivi ty distr ibut ion among the lipid 
classes is shown in Table III. Most of  the radio- 
activity ( ~  90%) was found in phospholipid and 
triglyceride. The dis t r ibut ion of  14C and 3H 
was similar in bo th  tr iglyceride and phospho-  
lipid in bo th  the inner and outer  walls. The 
micromolar  and DPM concentra t ions  per gram 
wet  weight for palmit ic  and oleic acids and 14 C 
and ~H found in outer  and inner myocardia l  
tissues are given in Table IV. 

Specific activities of  individual fa t ty  acids 
were calculated for tr iglyceride and phospho-  
lipid and are listed in Table V. In each animal,  
the tr iglyceride of the inner wall had a higher 
specific activity for bo th  palmitate  and oleate 
than did the outer  wall. For  phosphol ipid,  this 
same direct ional  difference existed except  for 
the palmita te  of one dog. This general t rend 
may be noted  f rom the mean values. The  ratio 
of  3H to 14C DPM concentra t ions  for trigly- 
ceride and phosphol ipid  were similar in the 
outer  and inner walls. This pat tern holds for the 
specific activity ratios also. 

DISCUSSION 

Due to the l imited number  of  animals used, 
in terpreta t ions  of the data are best made  with 
caution.  However ,  this group of animals demon-  
strated a larger amount  of  tr iglyceride in the 
outer  wall of  the left  ventricle as opposed to 
the inner por t ion  (Table I). Paired analysis of  
the outer  and inner wall data by the t , test  indi- 
cated that  at a P of  0.05 there was a significant 
difference be tween the tr iglyceride con ten t  of  
the outer  and inner wall. Using a one-tailed test 
wi th  four  degrees of  f reedom,  the paired tri- 
glyceride data gave a value of  2.22, versus the 
critical t value of  2.13. A similar analysis indi- 
cated that  a statistically significant phospho-  
lipid gradient existed,  giving a t value of  2.69. It 
is still of interest  to note  that  one dog (50) did 
not  have a phosphol ipid  gradient.  Tota l  lipid 
did not  have a significant gradient as deter- 
mined by this test. Possibly cholesterol ,  which 
was not  measured,  accounted  for this. 

That  the inner wall had decreased amounts  
of  lipids may be due to the in teract ion of  a 
number  of  factors.  Kirk and Honig (14) 
observed a decreased blood f low in the inner 
wall and Jedeikin (15) measured more glycogen 
and phosphorylase b in the inner than in the 
outer  wall. These results indicate the possibil i ty 
of  decreased oxygen  availability in the inner 
wall and of  a concomi tan t  increase in anaerobic 
metabolism. Such factors may contr ibute  to the 
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TABLE IV 

Fatty Acid and DPM Concentrations in Canine Left Outer 
and Inner Myocardial Triglyceride and Phospholipid 

Dog No. Myocardium 

Triglyceride Phospholipid 
fatty acid fatty a c i d s  Triglyceride 
/dmoles/g a /dmoles/g DPM/g b 

16:0  c 18:1 16:0  18:1 14C 3H 

Phospholipid 
DPM/g 

14 C 3 H 

46 LOV d 
LIV 

47 LOV 
LIV 

4 8  LOV 
LIV 

Avg. LOV 
LIV 

10.46 19.8 4.85 7.47 2,077 9,460 2,752 11,240 
.92 1.45 3.57 3.96 2,066 11,175 2,358 14,210 

8.87 15.60 2.90 4.88 2,550 9,690 3,180 11,885 
1.05 2.53 1.84 2.69 1,599 6,291 2,095 6,052 

0 .99  1.87 2.17 3.40 1,655 7,660 1,256 4,477 
0.43 0.85 1.65 3.08 2,176 8,935 2,119 5,885 

6.77 12.42 3.30 5.25 2,094 8,937 2,396 9,201 
0.80 1.61 2.35 3.24 1,847 8,800 2,191 8,716 

aMicromoles per gram wet weight tissue. 
bDPMs per gram wet weight tissue. 
CNumber of carbon atoms:number of double bonds. 
dLOV, left outer ventricle; LIV, left inner ventricle. 

maintenance of a reduced triglyceride level in 
the inner wall, since fatty acids depend upon/3 
oxidation in order to be utilized for energy. 

Several interesting observations may be 
made when the isotopic data are considered in 
the following manner. As shown in Table IV 
the average DPM concentrations (expressed as 
DPM/g wet weight tissue) were similar for a 
particular isotope. This relationship holds for 
the outer versus the inner wall where lipid 
gradients exist within a class. It also holds for 
triglyceride versus phospholipid within a tissue, 
even though the two classes are present in dif- 
ferent concentrations and have different fatty 
acid distributions. An explanation that could 
account for these results in that net incorpora- 
tion of an individual plasma free fatty acid over 
90 min into these lipid classes is similar and 
therefore independent of the endogenous lipid 
gradients and fatty acid spectrum differences. 

A comparison of tissue DPM ratios with 
plasma specific activity ratios indicates a cor- 
relation between plasma FFA levels and net 
fatty acid incorporation. For example, based 
upon the 3H to 14C infusion ratio of 7.4 and 
an assumed plasma oleate to palmitate concen- 
tration ratio of 1.75 (22), the expected oleate 
to palmitate specific activity ratio utilized in 
these experiments would be 4.23. If net 
incorporation of oleate to palmitate into tissue 
lipids was proportional to their plasma levels 
then their tissue DPM ratios would also be 4.23. 
As indicated in Table V, the average tissue 
oleate to palmitate DPM ratio was, indeed, very 
close to this value, exhibiting a ratio of 3.8 to 
4.6. Transmural differences were minimal. This 

supports the concept that initial incorporation 
of individual plasma free fatty acids into phos- 
pholipid and triglyceride is proportional to 
fatty acid distribution in plasma. 

The origins of triglyceride, phospholipid and 
fatty acid concentration levels observed (see 
Tables I and IV) can be considered further. 
Table II shows that fat ty acid per cent distri- 
bution in either triglyceride or phospholipid 
was the same in the outer as well as the inner 
wall. Thus the fatty acid differences measured 
were apparently due to control of total lipid 
class concentration rather than a preferential 
accumulation of a particular fatty acid or acids 
into the outer wall. This observation also 
implies that the enzymes controlling fatty acid 
distribution in triglyceride and phospholipid 
operated at proportional rates in both wall seg- 
ments, despite the lipid class gradients. 

The lipid concentration differences may be 
partly explained as follows. It can be assumed 
that within the short time of 90 min plasma 
FFA incorporation primarily accounted for the 
new lipids formed. As concluded above, initial 
incorporation of fatty acids was proportional to 
their plasma levels and independent of endo- 
genous fatty acid levels within triglyceride or 
phospholipid, and was therefore uniform trans- 
murally and between classes for a particular 
fatty acid. Apparently, therefore, a time period 
of greater than 90 min was required for the 
radioactivity to be redistributed and to reach an 
equilibrium comparable to the lipid levels 
observed. One may then conclude that the 
myocardial lipid gradients as well as fatty acid 
distribution differences were formed over an 
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extended length of time. They may be due 
primarily to the regulation of catabolic or fat ty 
acid recycling systems, or both,  rather than to 
direct control  of plasma F F A  entry into 
triglyceride and phospholipid. A possible 
example is the lyso-phospholipid pathway. 

Finally, it might be added that since total 
myocardial  tissue consists of a variety of tri- 
glyceride and phospholipid containing cellular 
and subcellular particles, it is difficult to assess 
the incorporation of a fat ty acid into individual 
cell types or organelles from the analysis of a 
total  outer or inner myocardial  lipid extract.  
The present findings represent the net results of 
the actions of a number of fatty acid pools and 
pathways. 
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Partial Purification and Conversion of the Particulate-Bound 
Diglyceride Kinase of Escherichia coli to a Water Soluble, 
Detergent Free State 

WILLIAM L. HORVATH and RONALD A. PIERINGER, Department of Biochemistry, 
Temple University School of Medicine, Philadelphia, Pennsylvania 19140 

ABSTRACT 

Alkali (pH 11.5) treatment of a 
washed, ammonium sulfate-precipitated 
residue derived from a triton-X-100 ex- 
tract of a 30,000 X g particulate digly- 
ceride kinase preparation of E. coli  con- 
verts much of the enzyme to a 100,000 X 
g soluble, detergent free state. This pro- 
cedure improves the enzyme as an analy- 
tical tool for the structural analysis of 
triglycerides, and may be applicable for 
the solubilization of the many other 
glyceride- and phosphoglyceride-forming 
enzymes which have all resisted further 
purification because of insoluble, parti- 
culate properties. 

INTRODUCTION 

With probably only one exception (1), gly- 
ce r ide -  and  phosphoglyceride-synthesizing 
enzymes are always isolated from broken cell 
preparations of various forms of life as parti- 
culate-bound, water insoluble entities. These 
properties have been a major barrier to the fur- 
ther purification of these enzymes. While 
studying ways in which this obstacle might be 
overcome we discovered that the phosphatidic 
acid-forming enzyme, the diglyceride kinase of 
Escherichia coli (2),could be converted from a 
30,000 X g particulate-bound state to a deter- 
gent free, 100,000 X g water soluble form by 
treatment with alkali. The steps leading to this 
conversion also yielded a 15-to 30 fold purifi- 
cation of the enzyme and aided in the removal 
of endogenous glyceride type lipids from the 
diglyceride kinase. The further purification of 
this enzyme, which is stereospecific for 1,2- 
diglycerides (3,4) and which has been used in 
the structural analysis of triglycerides (3), 
should improve it as an analytical tool. 

EXPERIMENTAL PROCEDURES 
AND RESULTS 

Partial Purification and Solubilization 

A washed 30,000 X g particulate fraction 
obtained from 5.7 g of whole cells of E. coli 
grown to mid log phase (purchased from Gen- 

eral Biochemicals) was prepared according to 
the procedure of Pieringer and Kunnes (2). 
(Each step is presented sequentially in Table I.) 
This particulate pellet was resuspended in 20 ml 
of 0.1% cysteine hydrochloride and 0.01 M 
dibasic sodium phosphate (final pH of solution 
was 7) and lyophilized for 15 hr. The lyophi- 
lized material was then mixed for 10 min at 
room temperature with a 1% aqueous solution 
of triton-X-100 (isooctyl phenoxypolyethoxy 
ethanol from Rohm and Haas) in a ratio of 1 ml 
of solution to 10 mg of lyophilized preparation. 
This mixture was centrifuged at 30,000 X g for 
30 rain at 4 C. The pellet from this centrifu- 
gation was resuspended in 1.0% triton-X-100 in 
a volume equal to the volume of the suspension 
before centrifuging (Table I, Fraction 4). To 
the 30,000 X g supernatant (triton-X-100 ex- 
tract) (Table I, Fraction 5), ammonium sulfate 
in a concentration of 0.058 g/ml of extract 
(approximately 10% of saturation) was added 
with mixing at 4 C. The mixture was imme- 
diately centrifuged at 30,000 X g for 30 rain at 
4 C. The residue from this step was resuspended 
in 1 ml cold distilled water (1 ml water per 20 
ml of original triton-X-100 suspension). To the 
supernatant from the above centrifugation, 
0.058 g of ammonium sulfate per milliliter was 
again added to produce a concentration of 
0.116 g/ml (approximately 20% of saturation). 
This mixture was centrifuged at 30,000 X g and 
the resultant residue resuspended in 1 ml water. 

The concentration of ammonium sulfate in 
the supernatant from the above step was in- 
creased to 0.174 g/ml (approximately 30% of 
saturation) and the mixture was then recentri- 
fuged at 30,000 X g for 30 min. This centfifu- 
gation produced an insoluble residue that now 
floated or layered on top of a relatively clear 
solution. The solution was carefully removed 
with a Pasteur pipette leaving the residue, 
which adhered to the wall of the tube. This 
residue was resuspended in distilled water, 
mixed and centrifuged at 30,000 X g. The 
washed residue, which no longer floated in the 
absence of salt and detergent, was resuspended 
in pure water, in a volume of 1 ml water per 20 
ml of original triton-X-100 solution (Table I, 
Fraction 8). 
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DIGLYCERIDE KINASE OF E. COLI 

TABLE 1 

Fractionation of Diglyceride Kinase Activity 

995 

Fraction 

Protein Total 
conc., protein, 
mg/ml mg 

Specific Total 
activity, activity, 

nmoles formed nmoles per 
per mg protein total protein 

per hr per hr 

1. Disrupted whole cells 24.39 
2. Washed 30,000 x g pellet 9.28 
3. Lyoph 30,000 x g pellet in T-X-100 

before centrifuging 4.77 
4. Pellet from 30,000 x g Spin 

(T-X-100) 3.60 
5. Super from 30,000 x gspin 

(triton-X- 100) 0.86 
6. 10% (NH4)2SO 4 pellet 20.736 
7. 20% (NH4)2SO 4 pellet 0.861 
8. 30% (NH4)2SO 4 pellet 3.41 
9. 30% (NH4)2SO 4 super 0.465 

10. Base-treated 30% pellet in 
suspension a 2.37 

11. 100,000 xgpel le t  0,493 
12. 100,000 x g super 2.13 
13. First 45 ml from Biogel 200 col. 0,1 
14. First 25 ml from .02 M Tris-HCl 

eluted from DEAE cellulose col. 2.7 

770.00 32.8 25280 
181.0 154.8 28000 

95.4 562.8 53600 

71.3 369.2 26700 

17.0 1002.0 17050 
0.736 87.2 64 
0.861 69.7 60 
8.52 495.5 4082 
8.97 2.6 23 

7.75 64.2 497 
0.493 3.8 2 
6.65 120.0 800 
4.04 10.0 40.0 

1.08 32.6 35.2 

aWashed free of detergent. 

T r e a t m e n t  wi th  mild alkali was t h e n  carr ied 
ou t  on  this  suspens ion  by  the  sequen t i a l  addi- 
t i on  of  0.05 ml of 2 N po tass ium or sod ium 
h y d r o x i d e  wi th  2 rain mix ing  on  a magne t i c  
s t i r rer  be tween  each add i t ion  at  4 C unt i l  a pH 
of  11.5 was reached .  The  so lu t ion  was s t i r red 
and  kep t  at  th is  pH and  at 4 C for  30 rain.  The  
pH was t hen  r e t u r n e d  to 7 by t he  serial addi-  
t i on  of  0.05 ml a l iquots  of  2 N acet ic  acid 
(Table  I, F r a c t i o n  10). Cen t r i fuga t ion  of  this  
base- t rea ted ,  neu t ra l i zed  suspens ion  was t h e n  
carr ied ou t  at  100 ,000  X g for  30 min.  The  
res idue f rom this  s tep was r e s us pended  in a 
small  vo lume of  wate r  (Table  I, F r a c t i o n  11). 
The  act ivi ty of  the  diglyceride k inase  in each 
f r ac t ion  was measured  as descr ibed b y  Pier inger  
and  Kunnes  (2)  and  is s h o w n  in Table  I. P ro te in  
was d e t e r m i n e d  by  the  m e t h o d  of  L o w r y  et al. 
(5) .  

Supernatant (100,000 x g) Enzymes 
as a Soluble Protein 

A l t h o u g h  the  ins tab i l i ty  of  t he  enzyme  
appea red  to increase at  each po in t  b e y o n d  the  
t r i t on -x -100  e x t r a c t i o n  s tep (Table  I, F r a c t i o n  
5) several f u r t he r  p rocedures  were a t t e m p t e d  to 
d e t e r m i n e  the  workab i l i t y  of  the  100 ,000  x g 
e n z y m e  (Table  I, F r a c t i o n  12) as a soluble en- 
t i ty .  A p o r t i o n  of  the  100 ,000  x g s u p e r n a t a n t  
was p laced on  a Biogel 200  c o l u m n ,  wi th  
d imens ions  of 1.5 x 16 cm and  e lu ted  wi th  250  
ml of  0 .02 M Tris-HC1 buffer ,  pH 7.6.  Five rail- 

l i l i ter f rac t ions  f r o m  this  e lu t ion  were  co l lec ted  
at  4 C. A second  p o r t i o n  of  the  100 ,000  x g 
s u p e r n a t a n t  was p laced on  a DEAE cel lulose 
c o l u m n  1.6 x 11 cm prepared  in 0 .02  M Tris- 
HC1 buf fe r  pH 7.6 and  serially e lu ted  w i th  100 
ml each  of the  fo l lowing  so lu t ions :  0 .02  M Tris- 
HC1 pH 7.6;  0.05 M Tris-HC1 pH 7.6; and  0 .075  
M Tris-HC1 pH 7.6. Five mil l i l i ter  f r ac t i ons  were 
col lec ted  at  4 C. 

F rac t i ons  e lu ted  f r o m  the  DEAE cel lulose 
and  Biogel co lumns  were t e s t ed  qua l i t a t ive ly  
for  p ro t e in  by spo t t i ng  0.01 ml of  each  f r ac t i on  
on  W h a t m a n  No. 1 paper  and  s t a in ing  wi th  
0 .002% Nigrosin in 2% acet ic  acid. P ro t e in  was 
de t ec t ed  by  this  m e t h o d  in the  f irst  45 ml 
( tubes  1 t h r o u g h  9) e lu ted  f rom the  Biogel 200  
c o l u m n  and  in the  f inal  I 00  ml ( tubes  30 
t h r o u g h  50). P ro te in  was de t ec t ed  in the  first 
25 ml ( tubes  1 to  5 e lu ted  f r o m  the  D E A E  
cellulose c o l u m n  by 0 .02 M Tris-HC1, t he  first  
I0  ml e lu ted  by  0.05 M Tris-HC1, and  the  first  
10 ml e lu ted  by  0 .075  M Tris-HC1. The  frac- 
t ions  con ta in ing  p r o t e i n  were lyoph i l i zed  and  
t h e n  t a k e n  up  in a small  vo lume  of  water .  
Diglyceride kinase act iv i ty  was f o u n d  on ly  in 
the  first  45 ml f r o m  the  Biogel 200  co lumn ,  
and  in the  first 25 ml of  0 .02 M Tris-HC1 frac- 
t i on  of  the  D E A E  cellulose c o l u m n  (Table  I). 
These  resul ts  ind ica te  t h a t  the  100 ,000  X g 
s u p e r n a t a n t  e n z y m e  can be hand l ed  as a wa te r  
soluble  subs tance .  

F u r t h e r m o r e  the  100 ,000  X g so luble  en- 
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zyme was amenable to e lectrophoresis  on poly- 
acrylamide gels. In a typical  exper iment  6 0 / l g  
of  protein of the 100,000 X g supernatant  were 
found to move 0.3 cm toward the  anode in a 
Tris-HC1 buffer  of  pH 9.5 in 2 hr at 5 mamps 
per tube;  whereas four  bands of  prote in  f rom 
bovine serum a lbumin (50 / lg )  moved  1.25, 1.4, 
2 and 3 cm under  the same condit ions.  Only 
one band of the 100,000 X g supernatant  
material  was detected using a buffalo black 
stain for protein.  

The fact that  the enzyme is eluted early 
f rom the columns and does not  move  rapidly 
on polyacrylamide  gels may  indicate  that  the 
100,000 X g soluble enzyme is a protein of  
relatively high molecular  weight.  

Indication of Removal of Endogenous 
Glyceride-Containing Lipids 

The purif icat ion procedure  when taken 
through the alkali t r ea tment  step appears to 
assure the removal  of endogenous  glycerides of  
which diglyceride and phosphat idic  acid inter- 
fere slightly by increasing the blank value of  the 
assay for tr iglyceride s tructure (3). This re- 
moval  is demons t ra ted  in the fo l lowing exper- 
iment.  Phosphat idic  acid, 171,000 CPM, labeled 
with  14C in the glycerol moie ty  was added in a 
5 /11 al iquot of  ch loroform to a dry, lyophi l ized 
30,000 X g part iculate fract ion of  E. coli. After  
evaporat ing the 5 / l l  of solvent,  the enzyme  was 
subjected to the previously described procedure  
up to and including the alkali t r ea tment  step. 
The 100,000 X g supernatant  was extracted 
with ch loroform and methanol .  The ch loroform 
extract ,  after having been washed with  water ,  
contained no radioact ivi ty.  Thus the 14C- 
phosphat idic  acid did not  survive the t rea tment  
and did not  appear in the 100,000 X g water  
soluble enzyme preparation.  Al though  the 
14C-phosphatidic acid used here can not  be 
exact ly equated with endogenous  phosphol ipid ,  
it is unlikely that  an in t imate  association with 
protein would offer  much pro tec t ion  at pH 
11.5 to fa t ty  acylglycerides. The fat ty  acid 
ester bonds of  glycerides of  all types  are ex- 
t remely  labile to alkali (6-8). 

DISCUSSION 

To our knowledge,  this is the first demon-  
strat ion of the conversion of  a glyceride- or 

phosphoglycer ide-synthesiz ing e n z y m e  from a 
part iculate to a t ruly soluble state. However,  
alkali has been used in the past to successfully 
solubilize part iculate  proteins such as cyto-  
chrome oxidase (9), and certain cell membranes  
(10). This technique  may be applicable for the 
solubil ization of one or more of  the many  o ther  
part iculate,  l ipid-forming enzymes  found in 
nature.  The greatest fault of  the  procedure,  
which we have not  as yet  c i rcumvented  (even 
by the addi t ion of  a crude lipid extract  of  E. 
coli to the enzyme)  is the reduc t ion  of  the acti- 
vity of the diglyceride kinase beyond  the t r i ton-  
X-100 extract ion step. However ,  this difficulty 
may not  be encountered  with o ther  lipid- 
forming,  insoluble enzymes.  

For  use of the diglyceride kinase as an ana- 
lytical  tool ,  the t r i ton-X-100 ex t rac t ion  step, 
which produces a 30-fold increase in specific 
activity,  may have the greatest applicabili ty.  
However ,  the soluble enzyme does offer the 
advantage of being free of interfer ing lipid. 
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Conjugation of Polyunsaturated Acids1,2 
T.L. MOUNTS and H.,I. DUTTON, Northern Regional 
Research Laboratory3, Peoria, Illinois 61604, and 
D. GLOVER, Department of Chemistry, Bradley University, 
Peoria, Illinois 61604 

ABSTRACT 

The isomerization reaction of methyl 
linoleate and methyl linolenate with 
potassium t-butoxide has been investi- 
gated. The compositions of the reaction 
products formed at three temperatures 
have been determined and the relation- 
ships  between these analyses and 
observed differences in absorptivities by 
UV spectrometry are discussed. Con- 
clusions concerning the reaction mecha- 
nisms are based on compositional analysis 
and results of experiments using radio- 
active or stable isotope labeled reagent. 
Double bonds in molecules which are not 
conjugated during the reaction retain the 
original cis configuration. The double 
bond in the A12 position is the most 
susceptible to positional isomerization to 
form the conjugated system. With the 
diene, this selectivity is small, while with 
the triene, the shifting of the A 12 bond is 
the preponderant initial reaction. Isotopic 
experiments yielded direct evidence for 
the postulated carbanion mechanism of 
reaction. An activated methylene group is 
generally required for the formation of 
the carbanion. While the UV spectra of 
the reaction products formed from 
methyl linolenate at 140 C showed no 
peak in the diene region, 34% conjugated 
diene-triene was present. The intact con- 
jugated systems can migrate when the 
reaction is sufficiently energentic to 
produce conjugated trienes with double 
bonds other than the 10, 12, 14 system. 
The conjugation of triene is a stepwise 
reaction through the conjugated diene- 
triene. 

INTRODUCTION 

Alkali isomerization of polyunsaturated 
acids is an important step in the procedure for 

lThis paper reports in part research submitted to 
satisfy thesis requirements for a Master's Degree at 
Bradley University. 

2Bond Award paper. Award presented at the 43rd 
AOCS Fall Meeting, Minneapolis, October 1969. 

3No. Utiliz. Res. Dev. Div., ARS, USDA. 

spectrophotometric estimation of these acids in 
fats and oils (1). Davenport et al. (2) deter- 
mined that solutions of potassium t-butoxide in 
t-butanol, a strong base, readily produce con- 
jugation in diene and triene acids. Simul- 
taneously, Sreenivasan and Brown (3) were also 
studying this isomerization reaction utilizing 
UV spectrophotometry to measure the con- 
jugated acids. The latter investigators reported 
that potassium t-butoxide reagent could be 
successfully used in the spectrophotometric 
method. 

Screenivasan and Brown (3) performed the 
isomerization at 90 C, and a plot of the 
extinction coefficient vs. time of reaction 
showed that there was a crossover in the values 
determined at wavelengths characteristic of 
diene conjugation (233 m~) and triene conju- 
gation (268 m~). They contended their obser- 
vation indicated that the isomerization of 
linolenate occurs stepwise, i.e., diene conjuga- 
tion occurs first followed by conjugation to 
triene. Since absorptivity value continues to 
increase even after long periods, this effect is 
considered as evidence that the reaction at this 
temperature is not complicated by side 
reactions such as polymerization and deiso- 
merization. 

White and Quackenbush (4) performed a 
time study on the extent of the isomerization 
reaction of polyunsaturated acids with potas- 
sium t-butoxide reagent at 60 C. Their results 
with linoleic acid duplicated those reported by 
Sreenivasan and Brown (3). However, with 
linolenate, experimental evidence indicated 
t he r e  was no crossover point on the 
absorptivity value graph; i.e., the absorptivity 
value at wavelength 233 m/a at all times 
exceeded that found at 268 mkt. Based on this 
evidence they contended there was no reason to 
believe that conjugated diene is a precursor of 
c o n j u g a t e d  t r i e n e .  Furthermore,  while 
Sreenivasan and Brown observed that the 
absorptivity value at 268 mkt increased 
indefinitely, White and Quackenbush (4) 
observed maxima at both 233 and 268 m/a and 
these values simultaneously decreased with 
time. 

Sreenivasan and Brown (5) investigated the 
possibility that, at higher temperatures, further 
and possibly complete conjugation of the poly- 
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TABLE I 

Conjugation of Methyl Linoleate With Potassium t-Butoxide 
(Analysis of Products) 

UV abs. GLC analysis, wt % 

Reaction Conjugated diene 
temp., 233 Lit. Nonconjugated 

C m~t values diene cis, trans trans, trans 

60 42.1 76.7 (4) 34.3 55.1 10.6 
90  84.5  9 4 . 0  (3 )  1.5 98 .5  --- 

140  84.1 9 8 . 0  (5 )  0 . 0  5 1 . 0  4 9 . 0  

unsaturated acids might occur. Using a sealed 
tube they isomerized linolenic acid at 140 C for 
2 hr. UV absorptivity measurements indicated 
that there was no peak in the diene region of 
the spectra. They concluded that complete con- 
jugation of linolenic acid had been obtained. 

The AOCS standard method of isomeriza- 
tion involves the use of potassium hydroxide- 
ethylene glycol reagent at 180 C for 25 min (1). 
Products of this reaction were first examined 
by Nichols et al. (6) in 1951. Essentially a 
qualitative investigation, their identification of 
geometric and positional isomers formed during 
the isomerization of linoleic acid facilitated the 
presentation of theoretical considerations of 
the double bond shift mechanism. 

Products of isomerization of polyunsatu- 
rated acids with potassium hydroxide-ethylene 
glycol reagent at 180 C and above have since 
been investigated by Scholfield et al. (7) using 
countercurrent distribution and capillary gas- 
liquid chromatography (GLC); Cartoni et al. (8) 
using capillary GLC; Jamison and Reid (9) 
using packed column GLC; and Capella and 
Strocchi (10) using GLC-mass spectrometry. A 
limited examination has been made of the 
products of isomerization of polyunsaturated 
acids with potassium t-butoxide reagent (11). 

This paper reports the results of  compre- 
hensive analysis of products formed by iso- 
merization of linoleic and linolenic acids with 
potassium t-butoxide as the base. 

EXPERIMENTAL PROCEDURES 

Materials 

Methyl Linoleate. This ester was obtained 
pure by countercurrent distribution procedures 
(12) from soybean methyl esters. Preconjugated 
diene %1.0%; no hydroxyl by IR; GLC, one 
peak with relative retention time identical to 
that for methyl linoleate standard; thin layer 
chromatography (TLC), single spot elutes with 
methyl linoleate standard. 

Methyl Linolenate. This ester was obtained 

by countercurrent distribution procedures (12) 
from linseed methyl esters. Preconjugated diene 
<1.0%; preconjugated triene, <1.0%; no 
hydroxyl by IR; GLC, one peak with relative 
retention time identical with that for methyl 
linolenate standard; TLC, single spot elutes 
with methyl linolenate standard. 

Methanol. Purity same as for standard 
spectrophotometric procedure (1). 

Tertiary Butanol. Fractionally distilled, con- 
stant boiling 83 C fraction collected and used. 

Potassium. Bakers purified lump. 
Tritiated Water. From Nuclear Chicago Cor- 

poration. Specific activity 11 C/mole. 
D e u t e r a t e d  t-Butanol. From Bio-Rad 

Laboratories. Deuterium purity, 98%. 
Tritiated t-Butanol. Prepared by the addition 

of a small amount of high specific activity 
tritiated-water to t-butanol. After 100 ~1 of 
HTO (5 mc//al) was added to 1.0 ml of t- 
butanol, the solution was thoroughly mixed 
and allowed to equilibrate for eight days. The 
tritiated-t-butanol was dried over calcium 
hydride and microdistilled at 82-83 C. The 
activity of the tritiated t-butanol was 0.455 
mc//~l. 

Meth od 

Reagent. A piece of potassium was cleaned 
while immersed in heptane by shaving off the 
sides, and the quantity desired was weighed. 
The weighings were all done in heptane and are 
accurate to -+0.1 g. After lifting the pieces out 
and allowing the heptane to drain away, they 
were added to 100 ml of tertiary butanol in a 
125 ml stoppered flask. The flask was covered 
and allowed to stand overnight as suggested by 
Sreenivasan and Brown (3). Approximately 5 g 
of potassium was dissolved in the 100 ml of 
tertiary butanol, a molar concentration of 1.3 
M potassium-t-butoxide in t-butanol. Three 
separate batches of reagent were prepared from 
unlabeled, tritium-labeled and deuterium- 
labeled t-butanol. 

Apparatus. Isomerizations were performed 
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FIG. 1. Gas liquid radiochromatograms of aldehyde esters produced during ozonolysis-pyrolysis of 
cis,trans-conjugated dienes formed at 60, 90 and 140 C; 6 ftx 1/4 in. aluminum column packed with 
11% EGSS-X; temperature programmed 80-200 C at 4 C/rain; ZnO precolumn used to remove free 
acids; radioactive peak is displaced owing to time lag between detectors. 

in stoppered 40 cc centrifuge tubes at 60 C, in 
40 cc centrifuge tubes equipeed with air con- 
densers at 90 C and in a sealed tube (30 cc) at 
140 C. A 4 in. deep dish, obtained by sawing 
off the top of a 2 liter pyrex beaker, containing 
silicone oil served as the heating bath. Heating 
was thermostatically controlled to give the 
designated temperature (-+5 C), and the bath 
was equipped with a magnetic stirrer. 

Procedu re 

Approximately 500 mg of the sample was 
weighed into the isomerization flask. After the 
flask was flushed with nitrogen, 10 ml of the 
reagent was added. Three experiments were 
run, one each with the separate batches of 
reagent described above. Isomerizations were 
performed at 60 C for 20 hr, 90 C for 4 hr and 
140 C for 2 hr. After the reactions continued 
for the desired period, the centrifuge tubes 
were lifted out of the heating bath and placed 
in a water bath to cool the contents to room 
temperature. Each solution was washed into a 
100 ml volumetric flask with purified 
m e t h a n o l .  A f t e r  appropriate  dilutions, 
absorbance measurements were performed with 

a Beckman model DU continuous recording 
spectrophotometer. The methanol solution of 
the reaction products was acidified with HCI, 
diluted with water and extracted with hexane. 
The hexane solution, containing the extracted 
fatty acids, was dried over anhydrous sodium 
sulfate. After removal of the solvent on a rotary 
evaporator, the fatty acids were methylated 
with diazomethane and analyzed by gas liquid 
radiochromatography (GLRC). (Separatory 
column: 6 ft X 1/4 in. aluminum column 
packed with 11% EGSS-X, Applied Science 
Laboratory.) GLRC analyses were obtained on 
a Model 70 Cary-Loenco radiochromatography 
system, which provides for thermal con- 
ductivity detection of mass with simultaneous 
radioactivity determination by means of a 
spherical ion chamber contained in the detector 
oven (13). 

Separation and Analysis 

I n i t i a l l y ,  c o n j u g a t e d  polyunsaturated 
material was separated from nonconjugated 
material on a silver nitrate (Ag) treated resin 
column [50 cm X 13 mm (ID)] (14). Noncon- 

jugated material was eluted with methanol from 
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TABLE II 

GLC Analysis of Fragments Produced by Ozonolysis-Pyrolysis 
of Conjugated Dienes 

Temperature 
C 

Aldehyde ester, wt % 

Configuration 8 9 10 11 

60 

90 

140 

Cis, t rans  and trans,  c is  --- 49.6 50.4 -- 
trans,  t rans  --- 58 .1  4 1 . 9  --- 

Cis, t rans  and trans,  cis  --- 52.9 47.1 --- 
trans,  t rans  . . . . . . . . . . . .  

Cis, t rans  and trans,  cis  9.8 43.0 40.2 7.0 
trans,  t rans  12.5 39.3 38.7 9.5 

this  shor t  co lumn  af te r  the  con juga ted  mate r ia l  
as observed  by  E m k e n  ( u n p u b l i s h e d  resul ts) .  
Af te r  c o m p o s i t i o n  of the  c o l u m n  f rac t ions  was 
d e t e r m i n e d  by  GLRC,  those  con ta in ing  con- 
juga ted  mater ia ls  were c o m b i n e d  and  were 
r e c h r o m a t o g r a p h e d  on  a larger Ag resin c o l u m n  
[213 X 2 cm (ID)] to  isolate  i someric  conju-  
gated mater ials .  The  c o m p o s i t i o n  of  the  indi- 
vidual f rac t ions  col lected f rom the  co lumn was 
again d e t e r m i n e d  as descr ibed above.  

Pure mater ia ls  were ana lyzed  by  IR to deter-  
mine  the conf igura t ion  of  the  doub le  bonds .  
A p p r o x i m a t e l y  100 mg of  mater ia l  was dis- 
solved in 1.0 ml of ca rbon  disulfide.  IR analysis 
was accompl i shed  wi th  a Perk in-Elmer  621 
grat ing IR s p e c t r o p h o t o m e t e r  equ ipped  w i th  
sod ium chlor ide cells (cell w i d t h  0 .025-1 .0  m m  
as appropr ia te ) .  T r a n s m i t t a n c e  at the  10-11 
region was ut i l ized to d e t e r m i n e  the cis ,  t r a n s  

conf igura t ion  of the  doub le  b o n d s  (15,16) .  
Double  b o n d s  in the  f a t t y  acid molecule  

were loca ted  by  ozonolys is -pyrolys is  t echn iques  
based on  the  mic ro reac to r  appara tus  descr ibed 
by Bi tner  et al. (17).  F u r t h e r  i n f o r m a t i o n  con-  
cerning double  b o n d  loca t ion  was provided  b y  
nuclear  magne t i c  r e sonance  (NMR) spectra l  
analysis  of  the  samples (18) .  P roduc t s  f o r m e d  
dur ing i somer iza t ion  reac t ions  wi th  deu te ra t ed  
t -bu tano l  were analyzed by  mass s p e c t r o m e t r y  

to d e t e r m i n e  the  a m o u n t  of  deu t e r i um 
exchange  and  by  deu t e ron  magne t ic  resonance  
(19)  to  locate  the  d e u t e r i u m  in the  molecule .  

RESULTS AND DISCUSSION 

Isomerization of Methyl Linoleate 

Absorp t iv i t y  values ca lcu la ted  according  to 
the  AOCS S tanda rd  M e t h o d  (1)  are p resen ted  
in Table  I. All our  values are averages of the  
values d e t e r m i n e d  for the  t h r ee  expe r imen t s  
pe r fo rmed  at each  t empe ra tu r e ,  and d i f ferences  
be t ween  these  values are less t h a n  5.0%: Calcu- 
la ted absorpt iv i t ies  indica te  t h a t  the  degree of  
con juga t ion  in these  samples  general ly approxi -  
mates  tha t  wh ich  was r epo r t ed  by previous  
invest igators  (3 ,4) .  

Af te r  the  m e t h y l  esters of  the  p roduc t s  were 
regenera ted ,  they  were ana lyzed  by  GLC to give 
a p re l iminary  ident i f ica t ion .  Table I also 
presents  the  pre l iminary  analysis of  the  
p roduc t s  of  the  diene reac t ions  at 60, 90 and  
140 C (3-5). Baseline r e so lu t ion  was achieved 
b e t w e e n  t h e  c i s ,  t r a n s -  and t r a n s ,  t r a n s -  

con juga ted  dienes.  IR spect ra  of these  geo- 
met r ic  i somers  showed  two peaks,  at  10.16 and  
10.55 /J for c i s , t r a n s  conf igura t ion  (15 .16) ;  a 
single peak at 10.12 /~ was genera ted  by the  
t r a n s ,  t r a n s  conf igura t ion .  IR analysis was per- 

TABLE Ill 

Conjugation of Methyl Linolenate With Potassium t-Butoxide 
(Analysis of Products) 

GLC analysis, wt % 

UV Conjugated 
Reaction Conjugated triene 
temp., 233 Lit. 268 Lit. Nonconjugated diene 

C m/f values m~ values triene triene Z-type ~-type 

60 55.8 67.2 50.6 64.4 (4) 8.4 72.7 4.3 14.6 
90 66.6 63.2 72.7 74.2 (3) --- 73.0 6.4 20.6 

140 25.3 30.5 123.5 138.4 (5) --- 34.5 65.5 
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I . 1 
233 268 
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FIG. 2. UV spectra of products formed by iso- 
merization of methyl linolenate at 60, 90 and 140 C. 
Diene conjugation, 233 m/t; triene conjugation, 268 
m/,/. 

formed on the pure compounds obtained by 
successive liquid column fractionations on the 
short and long Ag resin columns. 

Nonconjugated material, which amounts to 
34% of the products of the 60 C reaction, was 
examined by IR and UV after recovery from 
the short Ag resin column. UV indicated that 
this material was free of conjugated material as 
had also been indicated by GLC. IR showed 
that there was no t rans  isomerization of the 
double bonds in the nonconjugated material. 

GLRC chromatograms of the fragments 
produced during pyrolysis of the ozonides from 
the cis, t rans  products are shown in Figure 1. 
The peak area relationships of the 9- and 
I 0-aldehyde esters provide a quantitation of the 
amount of 9 , 1 1 - a n d  10,12-conjugated diene 
present in the sample. The lower curve in 
Figure 1 is the radioactivity analysis of the 
effluent and indicates that in the 60 C reaction 
only the 10-aldehyde ester is labeled. This 
result would be predicted from the carbanion 
theory of the mechanism of reaction. Carbon 
atom 11 is the activated methylene group in the 

S \ 

90 C 

S_ 
Retention Tim e .,,,,,~ 

FIG. 3. GLC chromatogram of products formed by 
isomerization of methyl linolenate at 90 C. Conditions 
same as for Figure 1. 

diene system. With the shifting of the double 
bonds to form the conjugated system, pro- 
tonation of the molecule occurs at carbon atom 
9 to produce the 10,12-conjugated system and 
at carbon atom 13 to give the 9,11-conjugated 
system. Ozonolysis-pyrolysis of the former 
yields an aldehyde ester fragment labeled with 
tritium on the carbon atom a to the carbonyl 
group. With the 9,11 system there is no radio- 
activity in the aldehyde ester fragment. 
Deuteron magnetic resonance spectra of the 
conjugated diene formed during isomerization 
in deuterated t-butanol at this temperature (60 
C) confirms that the deuterium is exclusively 0~ 
to the double bond system. 

The ozonolysis-pyrolysis analysis of the 
cis, t rans  products of the 90 and 140 C reaction 
are also presented in Figure 1. While at 60 C 
only one radioactivity peak was detected, at 
higher temperatures the GLRC curve indicates 
that more than one fragment is labeled. 
Labeling of the molecule apparently also occurs 
by isotopic exchange at these temperatures. 
This increased labeling is also indicated by mass 
spectrometry, which showed that the conju- 
gated diene produced in the reaction at 140 C 
contained an average of three deuterium atoms 
per molecule. Double bond position analysis 
showed that there was no scattering of the 
conjugated system when the reaction was per- 
formed at 60 or 90 C. However, at 140 C there 
was significant scattering of the double bonds. 
Apparently at this elevated temperature the 
reaction is highly activated resulting in both 
increased isotopic labeling and shifting of the 
conjugated system. 

Ozonolysis-pyrolysis analysis of the conju- 
gated dienes is given in Table II. The results 
would seem to indicate that the A I2 double 
bond is shifted slightly more selectively in the 
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FIG. 4. Expanded NMR spectrum of conjugated 
diene triene isolated from products formed by iso- 
merization of methyl linolenate at 90 C. Spectrum 
range 8.8-9.3 7. 

initial reaction and that the elaidinization of 
the A9 double bond proceeds more readily than 
that of the A12 in the conjugated system. 

It can be postulated that elaidinization of 
bonds which are not shifted proceeds simal- 
taneously with the conjugation reaction 
through a mechanism which is subordinate to 
the primary prototropic shift mechanism. This 
secondary mechanism appears to require 
additional energy since trans,trans dienes were 
produced only in the 60 C reaction, which was 
prolonged, and in the 140 C reaction. The 
conjugated carbanions formed by proton 
extraction and the prototropic shift mechanism 
(9-cis, 11-trans)- and (i  O-trans, 12-cis)- would 
exhibit, according to Cram (20), considerable 
geometric stability. He states that evidence indi- 
cates the collapse of the anion is a kinetically 
controlled process favoring the retention of the 
geometric configuration. However, as the 
energy of the reaction is increased the trans 
configuration of the double bonds is favored, in 
this instance the trans,trans-conjugated dienes. 
The differences in amounts of trans formed in 
the reactions at 60 and i40  C apparently arises 
from the increased energy in the 140 C 
reaction. Strocchi and Capella (21) have 
reported a similar increase in all-trans conju- 
gated diene with increased reaction time. The 
energy required to produce the trans, trans iso- 
mer was not provided in the 90 C reaction. 

Isomerization of Methyl Linolenate 

The UV absorbance curves for the triene 
conjugation reaction products are shown in 
Figure 2. It should be noted that in the 140 C 
reaction there is no peak at 233 m/J in agree- 
ment with the findings of Sreenivasan and 
Brown (5); however, there are two shoulders on 
the short wavelength side of the triene 
absorption band corresponding to approxi- 

7AE 8AE 

I 

J 

/ I  I I I 
t f l  t 

I ~  I [  I 

J I I I 
I \ I \ ] 

/ \ / \ 

9AE IOAE 11AE 12AE 

I I 
I I 
I 

I I I ~ I I  

i"<j i ji 

1 

g 

Retention T i m e ~  

FIG. 5. Gas liquid radiochromatogram of aldehyde 
esters (AE) produced during ozonolysis-pyrolysis of 
conjugated trienes formed by isomerization of methyl 
linolenate at 140 C. Conditions same as for Figure 3. 

mately 249 and 239 m/J. The shoulder at 239 
m/l appears to be significant and the average 
absorptivity value calculated for this wave- 
length was 38.5. 

Average absorptivity values calculated for 
the  products of reactions with methyl 
linolenate are presented in Table III. The values 
indicate that the reactions approximate results 
obtained by previous investigators. As reported 
by White and Quackenbush (4) for the reaction 
at 60 C the value at 268 m/J does not exceed 
the value determined for the peak at 233. Their 
data indicated that this relationship would 
remain constant even at long reaction times. 
The absorptivity values determined for the 
products of the 90 C reaction confirm the 
findings of Sreenivasan and Brown (3) who 
found a crossover of values resulting in a higher 
value at 268 m/~ than that found at 233 m/a. 
Finally, the absorptivities for products of the 
140 C reaction approximate those recorded by 
Sreenivasan and Brown (5). 

GLC analysis of the reaction products is also 
given in Table III. Nearly complete iso- 
merization of the methyl linolenate is achieved 
at 60 C compared to 34% nonconjugated 
methyl linoleate retained at this temperature. 
This result is in agreement with the contention 
of Davenport et al. (2) that 1:4:7 trienes have a 
lower Arrhenius activation energy for conju- 
gated diene production than do 1:4 dienes. The 
GLC curve of the products of reaction at 90 C 
(Fig. 3) illustrates the separation achieved 
between conjugated diene-triene (CDT) and 
conjugated triene (CT) constituents. 

CDT was isolated free of CT by Ag resin 
chromatography. IR analysis indicated that the 
isolated constituent contained both cis and 
trans double bonds. UV indicated that the CDT 
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TABLE IV 

GLC Analysis of the Fragments 
Produced by Ozonolysis-Pyrolysis of 

Conjugated Diene-Triene 

Aldehyde ester, wt % 
Temperature, 

C 8 9 10 11 12 

60 --- 82.2 7.1 11.7 --- 
90 1.2 95.1 1.8 1.9 --- 

140 11.4 76.1 2.5 2.3 7.7 

absorbed  only at wavelength 233 mg. 
Ozonolys i s -pyro lys i s  analysis (Table IV) 
characterized the CDT as an unsaturated com- 
pound having a double bond mainly in the 9 
position. The attenuated NMR spectrum of the 
CDT (Fig. 4) is characteristic of a sample 
possessing a double bond /3 to the terminal 
methyl  group. This result places the double 
bond in the 15 position. The normal triplet 
expected to arise from the interaction of the 
protons of the terminal methyl group with 
those of the a-methylene appears as a double 
triplet. This phenomenon is thought to be due 
to the presence of two isomers of the CDT, 
where one has a conjugated system c~ to the 
methylene and the second has an isolated 
double bond occupying this position (22). The 
ratio of the two isomers, which possess 9,11,15 
and 9,13,15 double bond systems, is estimated 
to be approximately 50:50. 

The reaction products "formed at 140 C 
(Table IlI) present a different picture from that 
indicated by analysis of the other reaction 
products. Whereas Sreenivasan and Brown (5) 
had presupposed complete or nearly complete 
conjugation was attained at 140 C, present evi- 
dence indicates that 34% CDT remains. The 
CDT and CT constituents were isolated. UV 
analysis indicated CDT had one peak at 233 mg 
and CT had the triplet configuration with 
maxima at 268 m/~. The absorbance curve for 
isolated CT did not exhibit a shoulder at 239 
m/~. With the large amount of CT material 
present in this sample, it is reasonable to expect 
that the CDT maxima would shift and exhibit a 

shoulder (239 m/a) on the greater peak of the 
major component.  

Absorptivity values calculated from these 
absorbance curves are: CDT, wavelength 233 m/a, 
94.5 ; wavelength 239 m/2, 81.1 ; wavelength 268 
m/~, no value. CT, wavelength 233 m/a, 40.5; 
wavelength 239 m~, 55.2; wavelength 268 m/l, 
194.0. The absorptivity value calculated from 
the absorbance curve for the products of triene 
reaction was a268 = 123. This value approxi- 
mates that which would be expected from the 
per cent composition, as resported in Table III, 
and the absorptivity value reported for pure CT 
above: 

65.5 (%CT) X 194.0 (a268)= 127 [a268 (theo.)] 

CT formed by the reactions at 60 and 90 C 
was characterized as being heterogeneous. The 
initial GLC analysis indicated two partially 
resolved peaks having relative retention times 
roughly corresponding to a- and/3-eleostearate. 
The two triene constituents formed during 
the 90 C reaction were isolated, each in 
>90% purity. With the products of reaction at 
140 C, the CT was isolated completely from 
CDT. GLC analysis indicated that the CT 
formed at 140 C was a more complex mixture 
of isomers than had been formed at the lower 
reaction temperatures. The triene material iso- 
lated from the 90 and 140 C reactions was 
analyzed for double bond location by ozonoly- 
sis-pyrolysis. The composition of the aldehyde 
ester fragments as determined by GLC is 
presented in Table V. The composition indi- 
cated at 90 C has been corrected for 10% CDT 
impurity. The two triene constituents (~ and ~) 
isolated from the products of reaction at this 
temperature were further characterized by GLC 
and IR. Relative retention times for the consti- 
tuents were: a (1.850),/3 (1.961). Constituent a 
showed IR bands at 10.25 (strong) and 10.75 
(weak), whereas constituent/3 showed IR bands 
at 10.10 and 10.84 /1. The IR bands for a are 
quite similar to those reported previously for 
8-trans,lO-cis,12-trans (23); the appearance of 
only one strong band (10.25/~) was also noted 
by Mikolajczak et al. Wolff and Miwa (16) 
reported IR bands for 9,11,13 all-trans, which 

TABLE V 

GLC Analysis of the Fragments Produced by 
Ozonolysis-Pyrolysis of Conjugated Trienes 

Aldehyde esters, wt % 
Temperature, 

C 7 8 91 10 II 12 

90 --- 4.8 14.5 74.4 3.0 3.3 
140 11.1 17.5 25.6 27.9 10.5 7.4 
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were quite similar to those shown by/3. Based 
on results of ozonolysis-pyrolysis, GLC and IR 
the two main triene constituents are identified 
as (c~) 10-trans,12-cis, 14-trans and (13) 10-trans, 
12-trans, 14-trans. 

As indicated by GLRC (Fig. 5) the fragment 
analysis shows the CT formed at 140 C is quite 
complex, precluding any estimation of geo- 
metric configuration. Appearance of initial 
double bonds in the 7, 8, and 12 position may 
be caused by the high energy of the reaction. 
Tritium exchange has occurred all along the 
chain and each fragment has been labeled. Mass 
spectrographic analysis of CT formed at 140 C 
with the deuterated reagent indicated that the 
deuterium content was 11 atoms per molecule. 
Deuteron magnetic resonance of this sample 
showed how the deuterium atoms were 
scattered: 20.0% were olefinic, 38.0% were 
and 42.0% were/3 or farther to the double bond 
system. 

A brief discussion of the mechanistic theory 
involved may be helpful in understanding these 
experimental observations. Expanding Nichols' 
(6) theory of carbanion formation during the 
conjugation of diene, it can be postulated that 
d u r i n g  the conjugation of triene, two 
carbanions exist as resonance hybrids as 
depicted in Scheme 1. The CDT, produced by 
protonation of II and VI, lacks an activated 
methylene group and, therefore, has little 
tendency to form a new carbanion required for 
the formation of CT. Rather, in relatively low 
energy reactions (60 and 90 C) these com- 
p o u n d s  accumulate and are the main 
constituents of the products of reaction at 
these temperatures. On the other hand, CDT 
produced by the protonation of III and V 
retains the activated methylene group. These 

Scheme 2 

12 

�9 

R,/ 
-I  
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compounds can then exist as second resonance 
hybrid carbanions as shown in Scheme 2. 
Protonation of VIII and XII! yields the CT 
system shown to be present mainly in the 
products of reactions at 60 and 90 C. The 
composition of the mixture of CT from each 
reaction shows 75-80% of the all-trans com- 
ponent. This ratio of components approaches 
the equilibrium ratio of cis to trans isomers 
reported during the isomerization of oteic acid 
to elaidic acid (24). As noted before, the CDT 
retaining an activated methylene group is highly 
susceptible to the extraction of a proton. It 
may be that such a carbanion, already 
possessing a conjugated system, is an energetic 
molecule which is favorable to a prototropic 
shift accompanied by an equilibrium elaidiniza- 
tion of cis bonds. Protonation of 1X and XII 
yields CDT, which retains the activated 
methylene and provides a source for CT having 
double bonds in positions other than the 
10,12,14 system determined to be the pre- 
dominate CT in reactions at 60 and 90 C. 

The experimental evidence indicated that 
the initial removal of a proton from an 
activated methylene group proceeds fairly 
easily and complete isomerization of nonconju- 
gated material is accomplished at 90 C. At these 
lower temperatures the CDT formed is mainly 
9,11,15 and 9,13,15 (80-95%), whereas the CT 
is mainly 10,12,14 (74%). The small amount of 
CDT retained with the initial double bond in 
positions other than A9 indicates that the 
second deprotonation from molecules retaining 
the activated methylene group proceeds quite 
rapidly and yields the CT configuration. While 
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the shifting of  a single bond  to  form CT is 
favored,  the 26% of CT with initial double  
b o n d  in posi t ions A l l  and A9 (X and XIV) 
may indicate a migrat ion of the conjugated 
diene system to fo rm CT. The CT with  the 
initial double  bonds  in the A8 and A12 
posi t ions  may indicate  a migrat ion of  the conju- 
gated tr iene system. Under  d i f ferent  condi t ions  
intact  conjugated systems have been  shown to 
migrate (25). Whereas, in the  react ions at 60 
and 90 C some selectivity towards  the shif t ing 
of  the A12 b o n d  was observed,  at 140 C the 
a m o u n t  of CDT re ta ined indicates  tha t  there 
was less selectivity as to  which bond  in the 
tr iene sys tem was shif ted.  As men t ioned ,  when  
double  bonds ,  o ther  than A12, are shif ted the 
CDT formed retains the activated me thy lene  
group and rapidly forms CT. The energy 
supplied at this t empera tu re  results in a greater 
migrat ion of  the in tac t  conjugated sys tem 
producing,  in turn,  a larger amoun t  of  CT with  
the  initial double  bond  in posi t ions o ther  than 
A10. That  34% CDT was re ta ined  seems to 
substant ia te  the conclus ion  that  an activated 
me thy lene  group is necessary to provide for  the 
fo rma t ion  of a carbanion,  which leads to  the 
conjugated tr iene.  To test  this hypo thes i s  CDT 
isolated f rom the 90 C react ion and possessing 
double  bond conf igurat ions  9,11,15 and 
9,13,15,  wi thout  an activated me thy lene  group,  
was hea ted  wi th  10 ml potass ium t -bu tox ide  for  
4 hr at 90 C. There was no increase in UV 
absorp t ion  in the tr iene region of  the spectra,  
apparent ly  conf i rming the need for  an activated 
me thy lene  group for successful depro tona t ion .  
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The Acyl and AIk-l-enyl Groups of the Major 
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ABSTRACT 

The major phosphoglycerides from ox 
brain myelin and mouse brain micro- 
somal, mitochondrial and myelin frac- 
tions were separated by preparative thin 
layer chromatography. Alk-l-enyl groups 
f r o m  t h e  a l k - 1  - e n y l  a c y l  
gly c er o p hosphorylethanolamines were 
reacted with 1,3-propanediol to form the 
1,3-dioxolane derivatives. Acyl groups 
were converted to the methyl ester deri- 
vatives and the acyl groups from alk-1- 
e n y l  a c y l  g l y c e r o p h o s p h o r y -  
l e t hano l amines  and diacyl glycero- 
phosphorylethanolamines were also deter- 
mined separately. The acyl and alk-l-enyl 
group compositions of the phospho- 
glycerides from microsomal and mito- 
chondrial fractions were quite similar. 
The ethanolamine and serine phospho- 
glycerides contained large amounts of 
18:0, 18:1, 20:4 and 22:6 acyl groups. 
The choline phosphoglycerides had small 
amounts of polyunsaturated acyl groups 
and large amounts of 16:0, 18:1 and 18:0 
acyl groups. The mitochondrial cardio- 
lipins contained unusual amounts of 
several acyl groups including 18: 1, 52%; 
18:2, 6%; and 16.1, 4%. A large portion 
of the mouse brain 18:2 is in that 
fraction. The myelin phosphoglycerides 
were deficient in saturated and 22:6 
groups and markedly enriched in 18:1 
and 20" 1 groups when compared with the 
corresponding microsomal or mitochon- 
drial phosphoglycerides. 

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

The lipid compositions and the acyl group 
compositions of brain lipids are distinctly dif- 
ferent from the lipids of other organs. In 

1presented in part at the AOCS Meetings, New 
York, October 1968 and San Francisco, April 1969. 

2present address: The Ohio State University. 
Department of  Physiological Chemistry, 410 West 
Tenth Avenue, Columbus, Ohio 43210. 

addition, the comparison of mammalian brain 
myelin with other membranous fractions of the 
nervous system has revealed that myelin has a 
characteristic lipid and protein composition. 
Although the lipid composition of the myelin 
membrance has been reported for a number of 
mammalian species (1-7), very little infor- 
mation is available on the side chain com- 
positions of the individual phosphoglycerides 
(8-10). The acyl group composition of 
the alk-l-enyl acyl glycerophosphoryl- 
ethanolamine (GPE) (ethanolamine plasma- 
logen) has not been determined separately 
although it accounts for one third of the myelin 
phospholipids (11). A detailed knowledge of 
the lipid and the acyl and alk-l-enyl group 
compositions is required for the interpretation 
of metabolic, functional and structural relation- 
ships. For example, if the alk-l-enyl group 
compositions are different for the alk-l-enyl 
acyl GPE from myelin and microsomes, then 
the comparison of turnover rates is complicated 
and the site of biosynthesis cannot be deter- 
mined with certainty. 

The present investigation describes the lipid 
compositions and the alk-l-enyl and acyl side 
chain compositions of the major phosphogly- 
cerides from ox brain myelin and mouse brain 
myelin, mitochondria and microsomes. The 
acyl groups were converted to fatty acid methyl 
esters and the alk-l-enyl groups were converted 
to aldehyde cyclic acetal derivatives. The 
methyl esters and cyclic acetals were analyzed 
by gas liquid chromatography (GLC). 

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

Ox Brain Myelin 

Three ox brains were obtained from the 
slaughter house within 30 min of death of the 
animals and stored on ice for less than 1 hr 
before processing. The preparation of myelin 
from the ox medulla oblongata by method C 
and the procedure for lipid extraction were 
described previously (4). 

The tissue was dispersed in buffered 0.32 M 
sucrose and centrifuged for 15 min at 13,500 g. 
The pellet was suspended in 0.8 M sucrose and 
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BRAIN HOMOGENATE 

I isperse in IOvol of 032Msucrose 
Centrifuge 15min at 13,500g_ 

I 
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Centrifuge IOmin or IOOOg. I ~ lO5,OOO  i 

I 
I I I I 

Pellet Supernote Pellet Supernate 
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Centrifuge 15 I Disperse in H20 
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I I I 
Pe lle t Supernate MICROSOMES 

I d/scard 
Disperse in 0.eM sucrose 
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I 
Pellet 

I Disperse in OSMsucrose 
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Centrifuge 60rain at 4O,O00g 

Bot tom layers 

I Disperse in 0 9 %  NoCI 
Centrifuge 15minotl3,5OOg 

M I T O C H O N D R I A  

Floating /aver 

I Disperse in H20 
Centrifuge 15rnin at 13,500g 

Pellet 
I Disperse H20 , keep overnight at in 4C 

Centrifuge 15 min at 1~,500g 

Pellet 

I Disperse in 0.32 M sucrose 
Density gradient, I 0 to:O 32M sucrose 
Centrifuge (50 min at 40,000.9 - 

Middle layer 

I Dilute with H2O 
15 min at I Centrifuge 13,500 g 

M Y E L I N  

FIG. 1. An outline of the isolation procedure for mouse brain myelin, mitochondrial and micro- 
somal fractions. 
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centrifuged for 60 min at 40,000 g. The 
floating layer (crude myelin) was purified by 
osmotic shock, reflotation and water washing 
for the removal of sucrose. 

Mouse Brain Subcellular Fractions 

Genetically homogenous female C57BL/10J 
mice were used at approximately three months 
of age in groups of nine. The brains were re- 
moved and dispersed in 10 vol. of cold 0.32 M 
sucrose-0.001 M Na4EDTA-0.003 M Na2HPO 4. 
The isolation procedure is outlined in Figure 1. 
The SW 25.1 swinging bucket rotor was used in 
a Spinco model L ultracentrifuge. These proce- 
dures for myelin and microsomal fractions are 
similar to those described previously (4,5). The 
mitochondrial fraction was purified by further 
centrifugation through a continuous sucrose 
gradient. One or two brown homogenous layers 
were found at or near the bot tom of the centri- 
fuge tube. Samples of several fractions were ex- 
amined by electron microscopy (5). 

Lipid Extraction and Analysis 

The isolated fractions were washed twice by 
centrifugation and dispersed in I0 ml water. A 
small portion was taken for the determination 
of protein content. The remainder was mixed 
with 20 vol. of chloroform-methanol (2:1 v/v) 
and filtered through paper. The filtrate was 
taken to dryness with a rotary evaporator with 
several additions of ethanol. The residue was 
dissolved in 35 ml of chloroform-methanol (2:1 
v/v). Seven milliliters of 0.58% NaC1 was added 
(12) and the mixture was kept at 4 C overnight. 
The upper phase was discarded. The lower 
phase was washed twice with upper phase 
mixture, taken to dryness, and the residue was 
stored in chloroform at 4 C. 

The analytical methods for protein, choles- 
terol and lipid phosphorus contents (5) and for 
the determination of phospholipid com- 
positions by two dimensional thin layer chro- 
matography (TLC) (I 1) have been described. 
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TABLE I 

Lipid Compositions of Myelin, Mitochondria and Microsomes 

Component Ox myelin Mouse myelin Mouse microsomes Mouse mitochondria 

Protein a 18.5 31.9 31.8 44.4 , 44.1 71.6 , 72.8 

Cholesterol b 1.26 1.35, 1.29 0.64, 0.79 0.36, 0.28 

Acid-labile EPG b 0.33 0.32 0.19 0.12 

Acid-stable EPG b 0.09 0.14 0.18 0.21 
CPG b 0.21 0.25 0.34 0.38 
Sph b 0.17 0.06 0.06 0.05 

SPG + IPG b 0.20 0.24 0.23 0.20 
CL b . . . . . . . . .  0.04 

aper cent of protein plus lipid. 
bMole ratio, component to lipid P. 

Acyl and AIk-l-enyl Group Compositions 

The  major  phosphog lyce r ide  classes of  
mic rosoma l  and  myel in  lipids were separa ted  by  
p r e p a r a t i v e  T L C  u s i n g  c h l o r o f o r m -  
me thano l -15  M N H 4 O H  ( 6 5 : 2 5 : 4  v /v/v)  as the  
solvent  for  deve lopmen t .  For  the  m i t o c h o n d r i a l  
l ipids,  the  developing  solvent  was ch lo ro fo rm-  
m e t h a n o l - w a t e r  ( 6 5 : 2 5 : 4  v/v/v) .  Derivat ives of  
the  a lk - l - eny l  and  acyl  groups of  the  e thano-  
l amine  phosphog lyce r ides  (EPG)  were prepared  
by  a p rocedure  t ha t  gives a separa te  f r ac t ion  for  
the  acyl  groups  f rom the  a lk - l -eny l  acyl GPE 
(14 ,15) .  The Silica Gel G ( B r i n k m a n n  Inst ru-  
men t s ,  Des Plaines, Ill.) t ha t  c o n t a i n e d  the  EPG 
was placed in a c o l u m n  of  Unisil  silicic acid 
(Clarkson Chemical  Co., Wil l iamsport ,  Pa.) (5 
g). The  co lumn  was e lu ted  wi th  100 ml 
m e t h a n o l .  Cyclic acetal  derivat ives of  the  
a lk - l - eny l  groups were p repared  by  reac t ing  the  
EPG wi th  1 ,3-propanediol  in the  presence  of  
p - to luenesu l fon ic  acid. Af te r  removal  of  the  
excess p ropaned io l ,  t he  r eac t ion  m i x t u r e  was 
separa ted  by TLC to give bands  con ta in ing  
cyclic acetals,  acid s table EPG (diacyl  and  alkyl  
acyl GPE)  and  m o n o a c y l  GPE. The  cyclic 
acetals  were e lu ted  and  appl ied to a n o t h e r  TLC 
pla te  t ha t  was d e v e l o p e d  wi th  to luene .  The  
pur i f ied  cyclic acetals were e lu ted ,  t aken  to 
dryness ,  and dissolved in hexane  for  GLC. 

Methy l  ester  derivat ives of  phosphog lyce r ide  

a c y l  groups were p repa red  by  alkal ine 
m e t hano ly s i s  of the  phosphog lyce r ides  in the  
presence  of Silica Gel G (13) .  The m e t h o d  was 
mod i f i ed  by  adding  8 ml ch lo ro fo rm,  1 ml  
m e t h a n o l  and  3 ml wate r  to  the  3 ml o f  
reac t ion  mix ture .  The  m e t h y l  esters were  
recovered  f rom the  lower  phase,  pur i f ied  b y  
TLC wi th  to luene  deve lopmen t ,  t hen  e lu ted ,  
t a k e n  to  dryness,  and  dissolved in h e x a n e  for  
GLC. In  one case, par t  of  the  m e t h y l  es ter  
p r epa ra t i on  was sub jec ted  to TLC on plates  
i m p r e g n a t e d  wi th  silver n i t r a t e  (16).  

The  opera t ing  cond i t i ons  for  GLC wi th  a 
Var ian  Aerograph  Gas C h r o m a t o g r a p h  Model  
204B (Var ian  Aerograph ,  Walnut  Creek,  Calif.)  
were descr ibed previously  (15) .  In the  present  
inves t iga t ion ,  the  c o l u m n  t e m p e r a t u r e  was 
210  C for  the  separa t ion  of  cyclic acetals. Th ree  
gas  c h r o m a t o g r a p h i c  t racings  were t h e n  
averaged for  each of the  ox bra in  p repa ra t ions  
or for  each of  the  mouse  bra in  p repa ra t ions  
f rom n ine  poo led  brains .  

RESULTS 

For  the  isolat ion of  myel in  and  m i t o c h o n -  
drial  f rac t ions ,  the  emphas is  was on  pur i ty  of  
the  f r ac t ion  and  not  on  quan t i t a t ive  yield.  
When these  f rac t ions  were examined  u n d e r  the  
e lec t ron  microscope ,  the  pur i f ied  myel in  frac- 

TABLE II 

The Alk-l-enyl Group Compositions of Ethanolamine Phosphoglycerides 

Chain length, Ox myelin, Mouse myelin, Mouse mitochondria, Mouse microsomes, 
unsaturation wt % wt % wt % wt % 

16:0 24.3 16.6 22.2 22.1 
16:1 --- 0.9 -- 0.6 
17:0 1.7 --- l.O --- 
18:0 22.5  31.5  50.1 48 .9  
18:1 51.3 51.0 26.7 29.5 
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tion was free of other contaminants. The first 
microsomal pellet contained a few small 
mitochondria and nerve ending particles which 
may not have survived the osmotic shock with 
distilled water. In the mitochondrial fraction, 
part of the mitochondria were surrounded by a 
plasma membrane and some were swoilen; no 
myelin or other recognizable contaminants 
were found. The lipid compositions of the 
myelin, microsomal and mitochondrial frac- 
tions are shown in Table I. Two dimensional 
TLC of the mitochondrial lipids showed very 
small amounts of material with the chromato- 
graphic behavior of galactolipids. With the 
s o l v e n t  s y s t e m  containing chloroform- 
methanol-15 M NH4OH (65:25:4 v/v/v) for 
two dimensional TLC of the mitochondrial 
lipids, the cardiolipin (CL) was found just 
above and overlapping the acid stable EPG. For 
estimation of the CL content,  chloroform- 
methanol-water (65:25:4 v/v/v) was used in the 
first dimension. As obtained by preparative 
TLC, the EPG and choline phosphoglycerides 
(CPG) classes were not contaminated by any 
other glycerides. The serine phosphoglycerides 
(SPG) band from the TLC plates contained 
most of the inostol phosphoglycerides (IPG), 
but the latter accounts for a small amount of 
tile total lipid phosphorus in the myelin and 
microsomal fractions. The SPG band is com- 
pletely separated from sphingomyelin (Sph) 
and polyphosphoinositides. The CL band could 
contain some cerebrosides, but the latter do not 
release methyl esters during the alkaline 
methanolysis procedure. 

The results of the GLC analyses are given in 
Tables II through IV. The values represent the 
means from several analyses on each of two to 
four preparations of the subcellular fractions. 
The standard errors of the mean were similar to 
those given previously (13,15). The acyl group 
compositions of the total EPG fractions can be 
calculated from the relative amounts and the 
compositions of the alk-l-enyl acyl GPE and 
diacyl GPE. When the calculated acyl group 
composition of the total EPG was compared 
with the experimentally determined composi- 
tion (Tables III and IV), the agreement was 
quite good with a maximum absolute deviation 
of 21%. The deviations for 22:6 acyl groups 
were both positive and negative, indicating that 
the longer procedure for the separate deter- 
minations did not cause an appreciable loss of 
polyunsatured acyl groups. 

The saturated and monoenoic acyl groups 
from one ox myelin EPG preparation were 
separated by TLC on AgNO 3 impregnated 
plates. In addition to those acyl groups 
reported in Table I, traces of 14:0, 17:0, 20:0, 

22:0, 24:0, 19:1,21:1 and 24:1 were detected. 
The 24:1 is coincident with the 20:4 under our 
conditions. On the basis of the amount of 24:1 
in the monoene fraction, the ratio of 20:4 to 
24:1 in the total EPG methyl esters from ox 
myelin was estimated as 3:1. Only trace 
amounts of alk-l-enyl acyl gtycerophosphoryl- 
choline (GPC) were present. The alk-l-enyl 
group composition of one ox myelin CPG 
sample was 16:0, 43%; 17:0, 2%; 18:0, 21%; 
and 18:1, 35%. 

DISCUSSION 

Purified myelin preparations from the 
medulla oblongatae of three ox brains were 
made by a previously published procedure 
(4,5,17). The protein contents and lipid com- 
positions were in agreement with previous 
results for ox brain myelin (17,18), and squirrel 
monkey spinal cord myelin (4). The protein 
content of the mouse brain myelin is higher 
than found before (5), but the differences in 
protein content are probably due to differences 
in the washing procedure causing more or less 
extraction of proteins (17). The protein con- 
tents of the mouse brain microsomal fractions 
were the same as before (5). 

By the careful examination of electron 
micrographs, we found that a part of the 
mitochondria were enclosed by a plasma mem- 
brane and therefore were nerve ending particles. 
The lipids of the mitochondrial fraction were 
predominantly from mitochondria but may also 
include a small amount of lipid from the plasma 
membranes of the nerve ending particles. 
Values for the lipid composition of brain 
mitochondrial fractions are available for the ox 
(19), guinea pig (20), and rat (21-26). There is 
general agreement on a protein-lipid weight 
ratio of 2:1 and cholesterol-lipid phosphorus 
molar ratio of 1:3. The alk-l-enyl group content 
of the mitochondrial phospholipids is less than 
that of microsomal or myelin fractions. 

The CL from brain mitochondria have a 
distinctive composition. For the mouse, we 
found unusually large amounts of 16:1 (4.5%), 
18:1 (51%) and 18:2 (5.5%). The correspon- 
ding values for the rat (21) are 5.0%, 18.6% and 
10.3%, and for the ox (28) 8.4%,54% and 
17.8%. The content of 18:2 in brain mitochon- 
drial C1 represents a substantial portion of the 
1 8 : 2  content in the brain. 

The analytical scheme for the EPG (15) 
permits separate analyses of the alk-l-enyl acyl 
GPE and the diacyl GPE. These two types can 
be compared if the alk-l-enyl group and the 
acyl group compositions of the alk-l-enyl acyl 
GPE are added, then divided by two. As for 
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myelin EPG (Tables III and IV), it is apparent 
that the diacyl GPE have a higher content of 
20:4 and 22:6 polyunsaturated acyl groups and 
a lower content of 18:1 side chains. Among the 
saturated acyl groups, the ratio of 18:0 to 16:0 
in myelin diacyl GPE is about 3. For the 
saturated alk-l-enyl groups from the myelin 
alk-l-enyl acyl GPE, the ratio of 18:0 to 16:0 is 
about 2 for the mouse and 0.9 for the ox 
(Table II). These differences demonstrate the 
importance of separate analyses for the two 
types of EPG. 

The EPG from myelin are strikingly dif- 
ferent from the microsomal and mitochondrial 
EPG. The alk-l-enyl groups from the alk-l-enyl 
acyl GPE are about 70% saturated in  micro- 
somes and mitochondria and only 50% satu- 
rated in the myelin. The corresponding values 
for the 1-acyl groups of the diacyl GPE are 84% 
and 68%, if all saturated acyl groups are 
assumed to be at the 1 position. The 2 position 
of both EPG types is apparently mostly 
occupied by polyunsaturated acyl groups in the 
microsomal and mitochondrial EPG. A signifi- 
cantly lower polyunsaturated acyl group con- 
tent was found for both types of myelin EPG. 
Instead, both types of myelin EPG have an 
unusually high content of 18:1 and 20:1 acyl 
groups. The myelin CPG and SPG differ from 
the microsomal and mitochondrial CPG and 
SPG by a pronounced decrease in the poly- 
unsaturated acyl group content and a corres- 
ponding increase in 18: 1 acyl groups. 

From the chemical compositions and the 
examinations of electron micrographs, we have 
concluded that these subcellular fractions are 
quite pure. In general, the myelin phospho- 
glycerides are very low in polyunsaturated acyl 
groups of the linolenate family (n-3), low in 
polyunsaturated acyl groups of the linoleate 
family (n-6), low in saturated acyl or alk-!-enyl 
groups, very high in 18:1 acyl or alk-l-enyl 
groups, and high in 20:1 acyl groups. These 
differences in composition could be due to a 
specificity for particular molecular species of 
these phosphoglycerides by the myelin mem- 
brane or the differences could be due to the 
origin of the myelin sheath from the oligodend- 
roglial cells. A recent study has indicated that 
the oligodendroglial lipids are quite similar to 
the myelin lipids and important differences 
have been found in the lipid compositions of 
microsomes from white and gray matter 
(29,30). In liver and heart subcellular fractions, 
the lipid specificity seems to be only for the 
polar portions of the lipids (27). This concept 
has been supported by the demonstration of 
phospholipid exchange in vitro between micro~ 
somes and mitochondria (31). Fortunately, the 

LIPIDS, VOL. 5, NO. 12 



1012 G.Y. SUN AND HORROCK~q 

ex ten t  of phosphol ip id  exchange in the brain is 
quite  low under  the condi t ions  of  subcellular 
f rac t iona t ion  (32). Addi t iona l  analyses of  
specific types  of brain cells are required before  
the  unique acyl and a lk- l -enyl  group com- 
posi t ions  and the high c o n t e n t  o f  a lk- l -enyl  
acyl GPE of  myel in  can be ascribed to  an 
oligodendroglial  cell specif ici ty or to  a myel in  
membrance  specifici ty.  

Obviously,  the  molecular  species of  the  
myel in  phosphoglycer ides  have a compos i t ion  
tha t  is qui te  d i f ferent  f rom the  molecular  
species compos i t ion  of  the  microsomal  and 
mi tochondr ia l  phosphoglycer ides .  Since marked  
di f ferences  in the tu rnover  rates of  d i f fe rent  
molecular  species of  liver phosphoglycer ides  
have been repor ted  (33,34),  these differences  in 
compos i t i on  must  also be considered in the  
compar i son  of  the lipid metabol i sm of  sub- 
cellular f ract ions  f rom brain tissue. 
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SHORT COMMUNICATION 

Comparative Effects of Docosa-4,7,10,13,16-Pentaenoic 
Acid and Docosa-4,7,10,13,16,19-Hexaenoic 

Acid on the Desaturation of Linoleic Acid and 
a-Linolenic Acid 

ABSTRACT 

V a r y i n g  concent ra t ions  of free 
docosa-4,7,10,13,16-pentaenoic acid or 
its CoA ester were incubated with a given 
variable concentration of 1-14C-linoleate 
or 1-14C-a-linolenate as either the free 
fatty acid or the CoA ester, microsomal 
enzymes, and the appropriate cofactors 
for fatty acid desaturation. The results 
obtained were compared to the effects of 
d o cosa-4,7,10,13,16,19-hexaenoyl CoA 
when incubated in a similar manner in the 
presence of the labeled substrates. Both 
feedback and crossed inhibition effects 
were observed; these inhibition effects 
may play a role in the regulation of poly- 
unsaturated fatty acid biosynthesis. 

It has been postulated that the microsomal 
desaturation of linoleic acid and 0t-linolenic acid 
to 3' -linolenic acid (1) and octadeca-6,9,12,15- 
tetraenoic acid (2), respectively, may be regu- 
lated by competitive reactions with other unsat- 
urated fatty acids of 18 carbons and by product 
inhibition (3). Furthermore, it has been shown 
that intermediate members of the linoleic acid 
f a m i l y ,  eicosa-8,11,14-trienoic acid and 
arachidonic acid, inhibit linoleate desaturation 
(4,5). Docosa-4,7,10,13,16,19-hexaenoic acid, 
the terminal member of the a-linolenic acid 
family, also produces a feedback inhibition of 
~-linolenate desaturation (6). In this paper, evi- 
dence is presented for the existence of a feed- 
back inhibitory effect on the oxidative desatu- 
ration of linoleic acid to 3' -linolenic acid where- 
by docosa-4,7,10,13,16-pentaenoic acid, the 
terminal member of the linoleic acid series, 
could evoke an inhibition of either linoleate or 
~-linolenate desaturation. 

Docosa-4,7,10,13,16-pentaenoic acid was 
obtained from rat testicle. It was separated 
from the other fatty acids by thin layer chro- 
matography (ethyl ether-petroleum ether, 9:1 
v/v) on Silica Gel G impregnated with silver 
nitrate. Gas liquid chromatography (GLC) 

indicated that the final preparation contained 
less than 4% impurities. The chain length of the 
methyl ester derivative was verified by hydro- 
genation (7) and subsequent GLC. The 
positions of the double bonds were determined 
by ozonolysis (8). 

To prove that inhibitory effects are 
produced at the desaturation step and not at 
the acylation step, two types of experiments 
were performed. In the first type, increasing 
c o n c e n t r a t i o n s  of the  f ree  doc osa -  
4,7,10,13,16-pentaenoic acid were incubated 

0.10 / / / 
� 9  

, . .  o. .  / 
-.,_~ 

j/Ar ,.,~o.o0 / ~ , o  
>- z 

0,04 

o- -  ~ - - ,  , , 
0 I 2 3 4 

SUBS'I'RATE (~ H) 
FIG. 1. Effect of docosa-4,?,10,13,16-pentaenoic 

acid on the oxidative desaturation of linoleic acid to 
3'-linolenic acid and ~linolenic acid to octadeca- 
6,9,12,15-tetraenoic acid. Increasing amounts of 
linoleic acid were incubated in the absence (~-----O) 
and in the presence of 0.66 (o----o);  2.00 ( A - - A )  
and 3.33 (D D) ~r docosa-4,7,10,13,16-penta- 
enoic acid. Increasing amounts of ~-linolenic add were 
also incubated in the absence (e - - - �9  and in the 
presence of 0.66 (o---o) ;  2.00 (A-. .A) and 3.33 
(D - - -D) ~ docosa-4,7,10,13,16-pentaenoic acid. 
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/ 
0.5 / / 
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t" 
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0 I0 20 30 40 

INHIBITOR(.uM) 
FIG. 3. Comparative inhibitory effects of docosa- 

pentaenoyl CoA and docosahexaenoyl CoA on linoleyl 
CoA and ~linolenyl CoA desaturation. Fractional 
inhibitions (fractional inhibition = 1 - velocity in the 
presence of inhibitor/velocity in the absence of inhibi- 
tor) are calculated for a substrate concentration 7 pM. 
(+---+)  linoleyl CoA desaturation inhibited by 
docosapentaenoyl CoA. 0vlinolenyl CoA inhibited by 
(o (3) docosahexaenoyl CoA and (o- �9 �9 O)docosa- 
pentaenoyl CoA. 

/o 0.40 / 

/ / /  ~ o  0.4 

L o N 
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SUBSTRATE(~I,4) 
FIG. 2. Effect of docosa-4,7,10,13,16-pentaenoyl 

CoA on the oxidative desaturation of linoleyl CoA to 
3'-linolenyl CoA and fflinolenyl CoA into octadeca- 
6,9,12,15-tetraenoyl CoA. Increasing amounts of 
linoleyl CoA were incubated in the absence (o-----o) 
and in the presence of 4.00 (o o);8.00 ( A - - A )  
a n d  1 6 . 0 0  ([3 t~) /aM d o c o s a -  
4,7,10,13,16-pentaenoyl CoA. Increasing amounts of 
0~linolenyl CoA were also incubated in the absence 
(o---o) and in the presence of 20.00 (o---o) and 
40.00 (A - - -A) pM docosapentaenoyl CoA. 

for 4 min at 35 C in air with a variable concen- 
tration of either 1-14C-linoleic acid (52.9 
mC/mmole,  99% radiochemical purity) or 
1-14C-a-linolenic acid (22.0 mC/mmole, 89% 
radiochemical purity) in the presence of 4.5 mg 
of microsomal protein. The rat liver micro- 
somes were isolated by differential centrifuga- 
tion (2). The desaturase assay system con- 
tained, in /amoles: ATPNa2, 4; CoA, 0.2; 
NADH, 2.5; MgC12, 15; lysolecithin, 0.3; GSH, 
4.5 ; nicotinamide, 1 ; NaF, 125; and phosphate 
buffer (pH 7.0), 125; in 3 ml of 0.15 M KC1, 
0.25 M sucrose solution. Lysolecithin was 
added to visualize better the inhibitory effects 
(9). In the second type of experiment, 
increasing concentrations of either docosa- 
4 ,7 ,10,13,16-pentaenoyl  CoA or docosa- 
4,7,10,13,16,19-hexaenoyl CoA were incubated 
under the same experimental conditions with 
varying concentrations of either 1-14C-linoleyl 
CoA or 1-14C-a-linolenyl CoA in the presence 
Of 0.5 mg of microsomal protein. The total 
volume of the incubation medium was 0.5 ml, 

and it contained 0.2/amoles of NADH and 0.03 
/amoles of phosphate buffer (pH 7.2). The acyl 
CoA thioesters were synthesized by the proce- 
dure of Kornberg and Pricer (10). After a 4 min 
incubation, the desaturation reaction was 
stopped by the addition of 2 ml of 10% (w/v) 
KOH. The amounts of 3'-linolenic or octadeca- 
6,9,12,15-tetraenoic acid synthesized from 
1-1 4 C - l i n o l e i c  or 1-14C-a-linolenic acid, 
respectively, under the different experimental 
conditions were measured by gas liquid radio- 
c h r o m a t o g r a p h y  using a Pye apparatus 
equipped with a proportional counter, as 
described in a previous report (2). From these 
values the approximate initial velocities, 
expressed as/amole substrate converted per liter 
per minute, were calculated for duplicate 
samples, and the mean plotted versus substrate 
concentration. The velocities were referred to 
the aforementioned amounts of microsomal 
protein used. 

The curves shown in Figure 1 demonstrate 
that free docosapentaenoic acid, the terminal 
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m e m b e r  of  the  l inoleic acid family ,  inh ib i t s  the  
desa tu ra t ion  of  e i the r  l inoleic or a - l inolenic  
acid; however ,  no  p r o p o r t i o n a l  i nh ib i t i on  was 
seen in the  presence  of  increasing concen t ra -  
t ions  of  the  inh ib i to r .  Fo r  this  reason,  the  Ki 
was no t  calcula ted.  The  a p p r o x i m a t e  Km were 
3.9 x 10 -5 M and  3.2 X 10 -5 M for  l inoleic and  
ot-linolenic acid respect ively.  A n  i n h i b i t o r y  
effect  was also seen w h e n  the  acyl-CoAs were 
tes ted  (Fig. 2). The  a p p r o x i m a t e  Km were 2.4 x 
10 .5 M and  2.9 x 10 -5 M for  l inoleyl  CoA and  
a- l ino lenyl  CoA respect ively.  There fore  the  
i nh ib i t i on  is p roduced  at the  desa tu ra t ion  s tep 
and  no t  at  the  acyla t ion .  Docosapen taenoy l -  
CoA inh ib i t ed  the  desa tu ra t i on  of  e i the r  
l inoleyl  CoA or a - l ino lenyl  CoA. However ,  t he  
i n h i b i t o r y  ef fec t  of  this  acid was more  pro- 
nounced  on  the  desa tu ra t i on  of  its own  pre- 
cursor.  In a similar manne r ,  d o c o s a h e x a e n o y l  
CoA p roduced  an i n h i b i t o r y  effect  on  its ow n  
precursor ,  and  this  i nh ib i t i on  was greater  t h a n  
the  i n h i b i t i o n  evoked by  d o c o s a p e n t a e n o y l  
CoA on the  same subs t ra t e  (Fig. 3). Since b o t h  
of  these  h ighly  unsa tu r a t ed  acids are t e rmina l  
m e m b e r s  of  the  l inoleic and  a- l inolenic  acid 
families,  t hey  c a n n o t  be f u r t h e r  desa tu ra ted  in 
the  liver. Hence ,  in this  s i tua t ion  one  is deal ing 
wi th  the  p h e n o m e n a  of  f eedback  inh ib i t i on  and  
crossed inh ib i t i on .  Because the  on ly  s t ruc tu ra l  
d i f ference  be tween  b o t h  of  these  22-ca rbon  
acids is the  ex is tence  of a doub le  b o n d  at car- 
bons  19 and  20, t h a t  is the  specific doub le  
b o n d  t ha t  d is t inguishes  a- l inolenic  acid f rom 
linoleic acid series, the  desa tu ra t ing  enzyme or 
enzymes  for  l inoleic and  a q i n o l e n i c  acids mus t  
have a s t ruc tu re  capable  of  de tec t ing  this  small  
d i f ference  in the  f a t t y  acid e f fec tor  molecule .  
The  feedback  and  crossed i nh ib i t i on  f o u n d  

be t ween  b o t h  l inoleic and  ot-linolenic acid 
families may  have i m p o r t a n c e  in the  compli -  
cated regu la t ion  of  the  b iosyn thes i s  of  poly-  
unsa tu r a t ed  fa t ty  acids as it was pos tu l a t ed  in a 
previous  work  (3).  
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